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Series Editor’s Preface

The Indian Institute of Metals Series is an institutional partnership series focusing
on metallurgy and materials science and engineering.

About the Indian Institute of Metals

The Indian Institute of Metals (IIM) is a premier professional body (since 1947)
representing an eminent and dynamic group of metallurgists and materials scientists
and engineers from R&D institutions, academia, and industry, mostly from India.
It is a registered professional institute with the primary objective of promoting and
advancing the study and practice of the science and technology of metals, alloys, and
novel materials. The institute is actively engaged in promoting academia–research
and institute–industry interactions.

Genesis and History of the Series

The study of metallurgy andmaterials science and engineering is vital for developing
advanced materials for diverse applications. In the last decade, the progress in this
field has been rapid and extensive, giving us a new array of materials, with a wide
range of applications and a variety of possibilities for processing and characterizing
the materials. In order to make this growing volume of knowledge available, an
initiative to publish a series of books in metallurgy and materials science and engi-
neering was taken during the Diamond Jubilee year of the Indian Institute of Metals
(IIM) in the year 2006. IIM entered into a partnership with Universities Press, Hyder-
abad, and, as part of the IIM book series, 11 books were published, and a number
of these have been co-published by CRC Press, USA. The books were authored by
eminent professionals in academia, industry, and R&Dwith outstanding background
in their respective domains, thus generating unique resources of validated expertise
of interest in metallurgy. The international character of the authors’ and editors has
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vi Series Editor’s Preface

enabled the books to command national and global readership. This book series
includes different categories of publications: textbooks to satisfy the requirements of
undergraduates and beginners in the field, monographs on selected topics by experts
in the field, and proceedings of selected international conferences organized by IIM,
after mandatory peer review. An eminent panel of international and national experts
constitutes the advisory body in overseeing the selection of topics, important areas
to be covered, in the books and the selection of contributing authors.

Current Series Information

To increase the readership and to ensure wide dissemination among global readers,
this new chapter of the series has been initiated with Springer in the year 2016.
The goal is to continue publishing high-value content on metallurgy and materials
science and engineering, focusing on current trends and applications. So far, four
important books on state of the art in metallurgy and materials science and engi-
neering have been published and, during this year, three more books are released
during IIM-ATM 2021. Readers who are interested in writing books for the Series
may contact the Series Editor-in-Chief, Dr. U. Kamachi Mudali, Former President
of IIM and Vice Chancellor of VIT Bhopal University at ukmudali1@gmail.com,
vc@vitbhopal.ac.in or the Springer Editorial Director, Ms. Swati Meherishi at
swati.meherishi@springer.com.

About the Three Volumes of Handbook on Synthesis
Strategies for Advanced Materials

The Handbook on “Synthesis Strategies for AdvancedMaterials” is aimed to provide
information on (i) Variety of synthetic methods to prepare advanced materials
(stable and metastable hitherto unknown materials, chemically and crystallograph-
ically designed materials and assemblies) and their structure, micro-structure, and
morphology; and (ii) Functional properties like soft to hard, insulators to supercon-
ductors, crystalline to amorphous like glass or polymeric, nano- to thin films to bulk
single crystals. Keeping in mind the interests of students and young researchers, and
senior faculty members, the basic concepts of synthesis, processing and materials
aspects, and their recent developments are covered in three volumes.

The Editors Dr. A.K. Tyagi, Director, Chemistry Group, and Dr. S.R. Ningth-
oujam, Scientific Officer-F, Chemistry Group, fromBhabha Atomic Research Centre
have meticulously edited the three volumes with 20 each chapters for Vols. I and II,
and 18 chapters for Vol. III. These chapters have been prepared by the editors as well
as well-experienced authors from academia, R&D, and industry. This handbook will
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be a treasure for thosewho are interested in learning everything about advancedmate-
rials and pursue a career and study in the area of advanced materials. The editors
and authors are gratefully acknowledged for their excellent chapters covering wide
range of information on the subject matter.

Dr. U. Kamachi Mudali
Editor-in-Chief

Series in Metallurgy and Materials Engineering



Preface

The ever-developing human civilization thrives onmaterials whichmay be of techno-
logical, health, environmental or geological relevance. The development of materials
has, thus, been a constantly evolving process both in nature and by human efforts.
Over time immemorial, a continuous evolution of materials for the fulfilment of the
needs of healthy living or advanced lifestyle has been witnessed and that makes
the twenty-first century a century of materials. This is recognized by the surge in
advanced materials in engineering, electronics and communications as well as in
healthcare, medicine and societal sectors. The fascinating and ever-growing world
of materials extends from soft materials to super-hard materials, insulators to super-
conductors, extended solids to molecular solids, self-assembled materials, catalysts,
materialswith tailored thermal expansion, composites andhybridmaterials,materials
with multi-functionality, ceramics and glasses, metals–alloys–intermetallics, drugs
and drugs delivery systems, polymers, biomaterials, nuclear materials, optical mate-
rials, fast ionic conductors, soft and hard magnets, etc. Still the quest of humanity for
developing better and more efficient materials remains never-ending. The develop-
ment ofmaterials depends on the ability to synthesize them or to find amore cost- and
energy-efficient synthesis methodology or design newer materials with appropriate
constituents and functionalities to make them usable. Thus, the synthesis methods
play a pivotal role in thematerials research. Although the synthesis or syntheticmate-
rials chemistry originated just after the Stone Age, the understanding of chemistry
and physics of materials with the progress of time only could lead to the discovery of
newer materials as well as the targeted materials for desired purposes. This, in turn,
resulted in the development of state-of-the-art synthesis procedures. Further, new
functional materials are also being designed by the interplay of synthesis methodolo-
gies, crystallographic structures, morphologies and dimensionality for desired func-
tional properties.Many a time, thermodynamics and kinetic parameters are controlled
to overcome the barriers to achieve the desiredmaterials. Thus, themethodologies for
the synthesis of materials became multi-disciplinary which include the approaches
from chemists, biologists, physicists, metallurgists and engineers. This has been
witnessed as the development of several unconventional synthetic routes that involve
parameters such as extremely high temperature, high pressure, radiation, mechan-
ical attrition and unusually reactive intermediates. Some non-traditional synthesis
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routes have also been developed that follow a gentle chemical reaction favoring an
intermediate or alternate pathway to bypass hindrance to reach the targeted material
or utilizing the memory of the materials to introduce functionalities. The unconven-
tional synthesis methodologies play important roles in the direction of many new
and metastable materials which otherwise were not possible to prepare. Similarly,
the multi-functional materials, i.e., the materials which can perform two or more
synergistic or antagonistic functionalities, are being achieved by judicious adoption
of synthesis methods. In addition, varieties of soft chemical methods have emerged
that play important roles in the field of functional materials, in particular medicine
and healthcare products, to design materials for desired technological applications.
Thus, the material synthesis assumes an unprecedented role in this endeavor and
remains a challenge as well as an opportunity to chemists and materials scientists.
The synthesis methods and their scopes have been discussed in varieties of mono-
graphs as well as compilations and proceedings from time to time. Usage for various
synthetic methods for the preparation of newer and exotic materials as well as recent
modifications and their potentials as handy information is essentially a need for
researchers in today’s times and that has been achieved in this present compilation
“Handbook on Synthesis Strategies for Advanced Materials,” Volumes I, II and III.

This handbook series on “Synthesis Strategies forAdvancedMaterials” is aimed to
provide information on varieties of synthetic methods being adopted by researchers
to prepare different kinds of advanced materials covering from the viewpoints of
structure, microstructure and morphology of materials, stable and metastable hith-
erto unknown materials, chemically and crystallographically designed materials and
assemblies, as well as from the viewpoints of functional properties like soft to hard,
insulators to superconductors, crystalline to amorphous like glass or polymeric, nano-
to thin films to bulk single crystal. These have been achieved by adoption, alter-
ation or judicious selection of synthesis methods. Keeping in mind the interests
of students and young researchers, and senior faculty members, the basic concepts
of synthesis, processing and materials aspects and their recent developments are
covered in three volumes, namely Volume I: Techniques and Fundamentals, Volume
II: Processing and Functionalization of Materials and Volume III:Materials Specific
Synthesis Strategies. Each volume is made independent by taking care of minimal
overlap of the topics. Volume I is primarily focused on the principles and proce-
dures of various synthesis methods. The basic principles and scope/limitations of
various synthetic methods, like solid-state reaction to gentle molecular aggregation
methods and chimie douce, synthesis under high temperature, hot-injection, method,
polyol method, metal-organic frameworks, electrochemical method, mechanochem-
istry, hydro/solvothermal reaction, high-pressure and high-temperature reactions, arc
melting, induction heating, melt-quench method, ion exchange process, microwave
and visible to gamma radiations, green methods of synthesis, thermolysis, bio-
inspired synthesis, etc., are discussed along with the inputs from authors’ hands-on
experience and expertise. In Volume II, various processing methodologies for the
preparation of various types of functional materials or functionalization of materials
by chemical, structural or microstructural alterations are presented. This volume
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covers processing of nanomaterials, porous or sintered materials, composite mate-
rials, low dimensional like 1D to 2D materials, thin films, single crystals, template
method, self-assembly, biomaterials, inkjet printing, 3Dprinting, size and shape engi-
neering, etc., in a lucidmanner.Volume III is focused on the synthesis aspects ofmate-
rials like hybrid inorganic–organic,metal oxide frameworks, intermetallics, hydrides,
borides, carbides, nitrides, phosphides, silicide, selenides, fluorides, various bioma-
terials, materials for sensors and detectors, optical materials, carbon-based mate-
rials, colloids, noble gas compounds, lithium-based ceramics, materials with unusual
oxidation state, organo-selenium and platinum compounds, silicon-based materials
and lithium-based ceramics. The evolution and state-of-the-art synthesis methods
for practical requirements as well as new concepts with the most recent literatures
dealingwith their synthesis are presented in this volume. These volumes are expected
to serve as handy guides for synthesis and processing of advanced materials of wide
range and category.

The editors are immensely thankful to all the authors for their rich contributions
toward this book. Although due efforts have been taken tomake the book as error-free
as possible, some may have crept in as unnoticed. We shall be thankful to the readers
for bringing such unintentional errors to our notice. Finally, we sincerely hope that
our efforts will be of use to both new and experienced researchers in the field.

Mumbai, India
October 2021

A. K. Tyagi
Raghumani S. Ningthoujam
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Chapter 1
High-Performance Polymer-Matrix
Composites: Novel Routes of Synthesis
and Interface-Structure-Property
Correlations

K. A. Dubey and Y. K. Bhardwaj

Abstract No single material or a class of material meets the diverse set of prop-
erties required for different applications. Inherent advantages and disadvantages
of metals, ceramics, or polymers have made it necessary to develop combinato-
rial approaches, wherein their functional advantages are maximized and drawbacks
are abridged. Composites are the materials comprising two or more constituent
materials with significantly different physical, mechanical, electrical, or thermal
attributes. Composites offer material characteristics that are different from the indi-
vidual components and can be engineered to entail synergistic advantages such as
high strength, corrosion resistance, electrical or thermal conductivity, and low cost.
Notably, in composites, the individual components may remain separate and distinct
within the finished structure. The composite material is generally defined by the
matrix such as metal-matrix composite, ceramic-matrix composites, and polymer-
matrix composites, or by the type and morphological arrangement of the filler such
as particle reinforced, fiber reinforced, unidirectional, random, laminates, or honey-
combs. Fabrication of composite materials is accomplished by a wide variety of
techniques such as melt compounding, in situ polymerization, tufting, tailored fiber
placement and filament winding. Depending on the matrix and the filler, different
synthetic strategies are adopted. Further with the advent of nano-sized fillers, new
class of composites has emerged which have significant important advantages over
the conventional composites. This chapter provides details on the synthesis strategies
of different polymer-matrix composite materials. A detailed account of the strate-
gies to tailor interfacial adhesion, dispersion, filler asymmetry, filler orientation,
and high loading is made, and specific details on the synthesis of nanocomposites
and the morphology-interface-property correlation are presented. Recent advances
in the theoretical frameworks and the specific applications of the composites are also
discussed.

K. A. Dubey (B) · Y. K. Bhardwaj
Homi Bhabha National Institute, Mumbai 400094, India
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Radiation Technology Development Division, Bhabha Atomic Research Centre, Trombay,
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Keywords Polymer composites · Interface ·Mechanical properties · Percolation

Abbreviations

3D Three dimensional
AlN Aluminum nitride
BS Barium sulfate
BT Barium titanate
CaCO3 Calcium carbonate
CF Carbon fiber
CNF Conducting nano-fiber
CNT Carbon nanotube
CPC Conducting polymer composites
DVB Divinylbenzene
EB Electron beam
EPDM Ethylene propylene diene monomer
EPR Electron paramagnetic resonance
Epoxy-Br Brominated epoxy
ER Epoxy resin
EVA Ethylene vinyl acetate
FCE Fluorocarbon elastomer
FRPs Fiber-reinforced plastics
GO Graphene oxide
MA Maleic anhydride
MCFs Microcrystalline cellulose fibers
MMT Montmorillonite
MWCNT Multi-walled carbon nanotube
NCB Nano carbon black
NR Natural rubber
PAN-g-PDMS Polyacrylonitrile-graft-poly(dimethyl siloxane)
PB Polybutadiene
PBA Poly(butyl acrylate)
PC Polymer composites
PDMS Poly(dimethyl siloxane)
PP Polypropylene
PTFE Poly(tetra fluoro ethylene)
PVDF Polyvinylidene fluoride
PVP Poly(vinyl pyrrolidone)
SBR Styrene-butadiene rubber
SEM Scanning electron microscopy
SWCNT Single-walled carbon nanotube
Tg Glass transition temperature
TPC Thermoplastic composites
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TSCs Thermoset composites
TiO2 Titanium dioxide
TMPTA Trimethylolpropane triacrylate

1.1 Introduction

Polymer composites (PC) are materials consisting of two or more physically and/or
chemically different phases separated by an interface. Synthesis of PC aims at devel-
oping advanced materials through a synergistic combination of components with
significantly different properties. A judicious combination of fillers and polymer
matrices results inPCof bulkproperties significantly different from thoseof anyof the
constituents. Irrespective of the type of PC, interactions at the interface significantly
influence the PC properties. At the interface region of PC, the load is transmitted
between the filler and the matrix; hence, it is at the interface that stresses develop
during processing or during the service life of the PC. The interface may act as a
site for adsorption and nucleation as well. Application of PC particularly advanced
polymer composites in high-tech sectors such as aircraft and aerospace manufac-
turing has brought “interface” at the focus both for the industry and academia. Thus,
in the last two to three decades, there has been an increased interest in understanding
the filler–polymer interface and its modification [1–3]. The interface was initially
visualized as the two-dimensional boundary between adjacent phases in composites
where an abrupt change in properties was mandatory. However, now it has been
realized that it is not two-dimensional, but a three-dimensional zone where a gradual
change in properties from one phase to other phase is observed and a more appro-
priate term “interphase” has been coined to describe it [4]. This chapter describes
various strategies devised and adopted for the synthesis of PC. Choice of fillers
and polymers, processing strategies, and interface modification particularly through
modification of filler surface for various applications have been discussed in detail.

1.2 PC Constituents and Their Modification

1.2.1 Fillers

Fillers have different key properties like particle size and shape, density, purity,
surface chemistry, thermal, electrical, and optical properties. They were initially
employed in PC to reduce material costs and to improve processability. However,
the observation that they also alter properties provided an impetus to research on the
effect of filler properties on PC. The fillers can be of organic or inorganic origin with
geometries like particulates, spheres, fibers, ribbons, flakes, and platelets. Contin-
uous fillers like fibers or ribbons extend throughout the PC in a regular pattern while
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discontinuous fillers like flakes, short fibers, and spheres are dispersed throughout
the matrix. As the continuous fillers are arranged in a particular pattern/sequence in
the matrix, they are also termed as reinforcing fillers. Reinforcing fillers are charac-
terized by the relatively high aspect ratio (length/diameter) for fiber or the ratio of
diameter to thickness for flakes and platelets. Reinforcing fillers are primarily added
to enhance themechanical properties of the PC, but theymay significantly affect other
properties such as transparency and thermal stability. Reinforcing fillers sometimes
are a major component of the PC. Discontinuous fillers are randomly dispersed in
the matrix, and their orientation is governed by the processing and shaping methods.
Irrespective of the filler type (continuous or discontinuous), properties of PC are
highly dependent on key properties of fillers, the extent of filler loading in PC, type,
and extent of interaction with the polymer matrix, and fabrication protocol followed
for PC synthesis [5].

1.2.1.1 Types and Geometry of Fillers

A wide range of materials like talc, fly ash, glass, inorganic carbonates, synthetic
polymer fiber, carbon fiber, sisal fiber, banana fiber, conducting fillers, and agricul-
tural wastes such as crop husk, sawdust, groundnut shell, and aquatic animals shell
powder have been used as fillers in PC. An important parameter for evaluating the
effectiveness of filler is the ratio of its surface area (A) to its volume (V ). Higher
the ratio, the better is the reinforcement [6]. The size of the filler drastically affects
the properties of PC. Figure 1.1 illustrates that maximizing A/V and particle/matrix
interaction through the interface requiresα >> 1 for fibers andα << 1 for platelets[7].
A report on the effect of addition of micro- and nano-size aluminum nitride (AlN)
on properties of brominated epoxy (Epoxy-Br) has clearly shown that nano-AlN

Fig. 1.1 Plot of the surface
area-to-volume ratio (A/V )
versus aspect ratio (α =
length/diameter) for
cylindrical particle.
“Reproduced with the
permission of Elsevier” [7]
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decreases Tg while micro-AIN enhances the Tg of the matrix. The decrease in Tg

has been attributed to effective aggregation of nano-AlN and voids in the compos-
ites and to decrease in the cross-link density of the epoxy-Br matrix in presence
of nano-AlN [8]. Another interesting study on the effect of incorporating micron-
and nanometer-sized aluminum particles in polyester resin established that overall
fracture toughness increased monotonically with the volume fraction of aluminum
particles, for the given particle size, provided particle remains de-agglomerated and
dispersed. Also, nanoparticles led to a greater increase in fracture toughness for a
given particle volume fraction. Elastic modulus was in accordance with the rule-of-
mixtures [9]. Fu et al. critically reviewed the effect of particle size, particle/matrix
adhesion, and particle loading on composite stiffness, strength, and toughness of a
range of composites having micro and nano-fillers [10]. They report diverse trends of
the effect of particle loading on composite strength and toughness are observed due
to the interplay between these three factors. However, composite stiffness depends
on particle loading, not particle/matrix adhesion. There is also a critical particle size
(usually in nanoscale) below which the composite stiffness is greatly enhanced (by
the much larger surface area) imparting a nano-effect.

1.2.1.2 Filler Surface Modification and Its Effects on Composite
Properties

Surface modification of fillers is an easy and reliable method to bring out desired
changes at the interface and thus to improve the overall macroscopic properties
of composites [11]. The method employed for filler synthesis markedly changes
the surface energy. The widely used method for surface modification of inorganic
filler is by silane-coupling. The chemistry involved in this modification is a gener-
ation of reactive silanol group which undergoes a condensation reaction with other
silanol groups to form siloxane linkages. In a recent report on styrene-butadiene
(SBR)-based formulation for passenger car tires with ultra-low rolling resistance
and high wet-grip performance, it has been shown that the pyrogenic and precipi-
tated silica results in composites of very different properties. On the basis of struc-
tural phenomenological modeling using layered fiber model (LFM), it was noted
that depending on the filler surface properties in one class of composites, during
deformation, polymer chain slips-off from the polymer interphase around the filler
particles into the gaps between aggregates, resulting in uniaxially oriented high-
strength polymer fibers and significantly high tensile strength of composites [12]. In
another investigation, the problem of increasing the adsorptive and adhesive interac-
tion at the phase boundary between a matrix and reinforcing fibrous filler has been
successfully addressed bymodifying the surface of carbon-reinforcing fillers through
plasma treatment [13]. An interesting work on the ferroelectric-relaxor behavior
of nano-spun fiber of Ba(Zr0.3Ti0.7)O3 (BZT-NF)-polyvinylidene fluoride (PVDF)
composite reports enhanced dielectric constant and reduced loss tangents at a low
volume fraction of BZT-NF surface modified with poly(vinyl pyrrolidone) (PVP)
[14]. Both high-energy gamma radiation and electron beam (EB) irradiation have
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been used to modify filler surfaces to overcome organophobic character of inorganic
fillers and enhance filler–matrix compatibility. Radiation-induced surface modifica-
tion of fillers is a chemical-free, clean room temperature process. Thus, no residual
chemicals are left for post-modification and also temperature-sensitive fillers can be
modified using thismethod. In a study on radiation-modified fillers, maleic anhydride
(MA) was adsorbed on montmorillonite (MMT) surface through ionic interaction.
The modified filler was dispersed in polypropylene (PP) followed by EB irradia-
tion. It has been postulated that EB irradiation leads to a covalent linkage between
radicals generated on MA (of MMT surface) and PP matrix leading to a signifi-
cant increase in mechanical properties [15]. The EB irradiation of fillers enhances
mechanical properties and tribological properties of composites. It has been reported
that the introduction of EB irradiated PTFE in ethylene–propylene–diene–monomer
(EPDM) not only enhances mechanical properties but also tribological properties of
composites. The friction and wear processes (shown in Fig. 1.2) change drastically
for EPDM through breaking adhesive bonds on boundary layers, plastic deformation
of the contacting area zones, and plowing due to roughness peaks and wear debris
and elastic hysteresis due to damping on the incorporation of irradiated PTFE. The
coefficient and specific wear rate of irradiated PTFE-filled EPDM increased with
an absorbed dose of PTFE. Increase in absorbed dose also increases the energy
dissipation (tan δ) of the composite [16]. Recent work on radiation vulcanization of
styrene–butadiene rubber (SBR) silica composites reports use of γ-ray for grafting of
polybutadiene (PB) oligomer on the silica surface. The radiation-grafted silica was

Fig. 1.2 Friction andwear mechanisms involved in viscoelastic solid bodies sliding against a rough
counter surface. “Reproduced with the permission of Elsevier” [16]



1 High-Performance Polymer-Matrix Composites: Novel Routes … 7

dispersed in the SBR matrix. The electron paramagnetic resonance (EPR) investiga-
tion indicated that PB coating on silica is effective in enhancing the mechanism of
formation of filler SBR covalent links [17]. Gamma-ray irradiation technique was
used to functionalize graphene oxide (GO) with alkylamines of various alkyl chain
lengths. Scanning electronmicroscopy (SEM) analysis showed an increase in surface
roughness with an increase in alkyl chain length. The addition of alkyl chains on GO
surfaces also improved the thermal stability of the GO [18].

1.2.2 Polymer Matrix

The polymer matrix is the continuous component of the composite. Its primary
function is to hold the dispersed phase and is usually softer and ductile than the filler.
Choice of polymer matrix for the composite depends on the intended application of
the composite. The major advantages of polymers, as the matrix, are lightweight,
low cost, easy processability, and good chemical resistance. Low modulus and high
thermal sensitivity limit their applications [19].

1.2.2.1 Types of Polymer for the Composite Synthesis

Almost all type of polymers, thermosetting, thermoplastic, elastomers, or their blends
can be used for preparing composites. Thermosetting polymers, e.g., epoxies, pheno-
lics, and melamines, form covalently cross-linked polymer network structures. They
decompose on heating instead of softening. Thermosets are commonly used in fiber-
reinforced plastics. As initial viscosity of these mixes is low, they are easy to handle.
However, as thermoset resins undergo chemical reaction to cross-link the polymer
to form three-dimensional (3D) network, a single monolith of filler embedded in
3D polymer network is formed. The 3D network provides dimensional stability,
high-temperature resistance, and good solvent resistance. The inherent synthesis
process of thermoset composites (TSCs) leads to some design considerations of the
finished product. The TSCs are highly anisotropic. As the cured composite itself
takes the final structural form, there is poor scope for post-synthesis modification.
Recycling of TSCs is energy-intensive and difficult [20]. Thermoplastic polymers
are either semicrystalline or amorphous polymers consisting of linear or branched
chain molecules. Polyethylene, polypropylene, polystyrene, nylons, polycarbonate,
polyether ether ketone (PEEK), etc., fall in this class of polymer. They are charac-
terized by strong intramolecular interactions but weak intermolecular interactions.
Elastomers are highly amorphous polymers with glass transition temperature (Tg)
well below ambient temperature and are thus soft and flexible. They find applica-
tion as flexible molded parts, sealants, and adhesives. Natural rubber (NR), ethylene
propylene diene rubber (EPDM), butyl rubber, polysiloxanes, and fluoroelastomers
fall under the elastomer category [21]. A fast-evolving use of elastomers in compos-
ites is for electromagnetic (EM) shielding [22], where the introduction of conducting
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fillers like graphene and nano carbon black (NCB) negates its insulating behavior and
enhances its electromagnetic interference-shielding effectiveness, attenuation, and
reflection of electromagnetic waves. The fillers like graphene and carbon nanotube
(CNT) could also drastically improve the low stiffness of elastomers. Large volumes
of elastomer composite find use as automobile tires. Technologies have been now
developed for complete retrieval of different components of used tires leaving the
minimal environmental effect of waste tires [23].

1.2.3 Interface in Composites

The interactions between filler and polymer matrix at the interface vary considerably
from one combination of reinforcement/matrix to others. Interactions at interface
have been a debatable proposition. Some groups speculate the formation of primary
bonds (covalent and/or ionic) between two phases while others feel that secondary
bonding (weak van derWaals interactions) or hydrogen bonding has an important role
to play in adhesion of two phases. The interface being a key factor in the performance
of composite, rigorous efforts is still on tomodify, characterize, and understand it. For
a filler–matrix combination, interface is tailored depending on the desired properties
of the composite. Interfacial interactions are sometimes so strong that lead to the
formation of a distinct phase termed as “interphase.” Figure 1.3 illustrates composite
interphase [24]. Interphase is as a result of and controls the interaction between filler
and the polymer matrix. Strong chemical bonding and relatively weak interfacial
bonding would contribute to the improvement in different properties, e.g., in case of
structural composites, strong bonding between fiber and polymer leads to increased
tensile strength and stiffness, whereas weak interfacial bonding results in better

Fig. 1.3 Schematic representation of composite interphase. “Reproduced with the permission of
Elsevier” [24]
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damping characteristics. Interphase no doubt is the fulcrum of the properties of PCs;
however, the constituents of PC, the processing protocol followed, and morphology
and size of filler are equally important variables that decide final properties of PC.
The effect of these variables has been well understood and documented [25–31].

1.2.3.1 Interface Modification by Filler Treatment

Certain strategies are adopted to modify the filler surface. The interface tailoring for
reinforcing fibers ismainly done by (i) polymer deposition on fiber surface (ii) nanos-
tructuring of fiber surface, and (iii) sizing/coating of fiber [2]. The polymer coating
on reinforcing fiber surface results in gradient structure at interface, i.e., in such cases
the properties gradually change from fiber surface toward the bulk of the matrix (as
shown in Fig. 1.3). The polymer coating on fiber surface can be done by polymer
grafting, plasma polymerization, or through self-assembly. As the name suggests,
polymer grafting involves growing polymer chains on the filler surface. Conven-
tional thermochemical grafting and radiation-induced grafting have been adopted
for grafting purpose. Bayley et al. have used a copolymer, polyacrylonitrile-graft-
poly(dimethylsiloxane) (PAN-g-PDMS), as fibrous filler for poly(dimethylsiloxane)
(PDMS).Thegraft copolymerwas electrospun to produce thefiber filler. Itwas shown
that the PDMS content of the graft copolymer provides increased compatibility with
silicone matrices and excellent dispersion of the fiber fillers throughout the silicone
matrix. Presence of PAN-g-PDMS as filler further aided the incorporation of multi-
walled carbonnanotubes (MWNT) in the composites. The inclusionofPAN-g-PDMS
in PDMS in non-woven and aligned forms resulted in significantly different mechan-
ical properties [32]. In another interesting work, microcrystalline cellulose fibers
(MCFs), extracted from sisal fibers, were treated with functional end-group hyper-
branched liquid crystals (HLP). The treated HLP-MCFs was used for synthesizing
HLP-MCFs co-epoxy composites. Even at as low as 1.0 wt% of HLP-MCFs content
flexural strength, tensile strength, impact strength, and flexural modulus increased
by 60%, 69%, 130%, and 192%, respectively, for the composite [33]. Filler grafted
by mutual radiation grafting technique or post-irradiation grafting technique has also
shown an effective improvement in many composite systems. Chao et al. report γ -
irradiation grafting of poly(butyl acrylate) (PBA) onto pretreated nano-sized calcium
carbonate (CaCO3). The melt compounding of PP with grafted CaCO3 resulted in a
synergistic effect, due to the interlayer of grafted PBA between PP and CaCO3. The
composite displayed a significant increase in notch impact strength and elongation to
break of PP at a rather low content of grafted nano-CaCO3 [34]. An interesting study
on EB grafting of fillers reports grafting of trimethylolpropane triacrylate (TMPTA)
onto titanium dioxide (TiO2). The effect of modified and unmodified TiO2 onto PP
composites revealed, a modified filler not only enhances the mechanical properties
significantly but also the reinforcing effect of filler is fully felt even at low filler
loading for treated nanoparticles. The EB modification of fillers has many advan-
tages, like a simple process, lowcost, ease of control, and having broader applicability
[35].
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Sizing of filler alters the filler surface and hence the interface. Qing Wu et al.
reported the effects of sizing of carbon fiber (CF) using acetone at elevated temper-
ature on the CF-epoxy composite interface. It was shown that up to certain tempera-
ture (200 °C), interfacial shear strength of CF-epoxy composite improved markedly
post sizing reaction. The interface modulus also increased with a thinner gradient
distance. Further increase in surface roughness and a decrease in fiber wettability
with epoxy were observed [36]. In other research article influence of sizing compo-
nents, coupling agents and film formers of glass fiber on the interface of reinforced
polyurethane (PU) composites have been reported. The interfacial adhesion prop-
erties of untreated, extracted, heat-treated glass fibers, and polyurethane resin were
measured through themicro-droplet test. The results showed that the interfacial shear
strength of the glass fiber-reinforced PU composite mainly depends on the coupling
agents, in which the N-containing groups play a dominant role [37].

1.2.3.2 Interface Modification by Matrix Treatment

Altering the interactions at the interface by treatment of matrix is also another
potential strategy to enhance filler matrix compatibility. The matrix modification
is preferred over filler modification particularly when the filler surface modifica-
tion conditions are too demanding. It has been reported that compared to condi-
tions for filler modification, the matrix modification involves fewer solvent-based
processes [38]. In a recent study, wood polypropylene composites were prepared
using polypropylene (PP)modified using divinyl benzene (DVB) andMA to improve
interfacial compatibility. It was noted that compared to unmodified PP, composites
containing coupling agent or MA modified PP or PP modified by both (DVB and
MHA) improved the tensile, flexural, and impact strengths to a greater extent. Inter-
estingly, adding a small amount of DVB (0.4%) resulted in a significant increase
in impact strength in comparison with that of the composites modified with only
MA [39]. Lai et al. report high permittivity of barium titanate/epoxy resin (BT/ER)
composite through graft modification on the ER matrix. Polyether polyols were
employed to enhance the molecular polarity of epoxy, which brought more polar
oxygen atoms and produced more ester groups in the cured epoxy resin. The permit-
tivity of the composite films containing the same amount of BT fillers improved from
18.91 to 28.73,while the dielectric loss remainednearly unchanged [40].An excellent
article by Gutowski on theoretical principles of macromolecular design of interfaces
provides deep insight into contemporary theories on macromolecular “connector
molecules.” It explains how the chains grafted onto solid polymer surfaces effectively
improve adhesion and fracture performance of interfaces. The crux of the investiga-
tion is that the interaction between polymers and adjacent material happens through
one or both of the following mechanisms (i) chemical reaction/cross-linking with
the adjacent material and (ii) interpenetration into adjacent phase. It has been shown
that the effectiveness of the interface reinforcement by surface-grafted connector
molecules depends on the surface density of grafted molecules, length of individual
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chains of grafted molecules, and optimum surface density in relation to the length
of connector molecules [41].

1.3 Fabrication, Assembly, and Processing of Composites

The fabrication and shaping of composites into finished products often combine the
formation of the material itself during the fabrication process. The primary manu-
facturing methods used to produce composites include manual and automated layup,
spray-up, filament winding, pultrusion, and resin transfer molding.

Manual layup is the oldest and simplest method for manufacturing of reinforced
products. It involves cutting the reinforcement material to the desired size. The cut
pieces are impregnated with a wettingmatrixmaterial and spread over amold surface
pre-coated with a release agent. The impregnated reinforcement material is then
hand-rolled to ensure uniform distribution and to remove trapped air. More rein-
forcement material is added until the desired thickness of part has been built up.
Manual layup can also be performed using pre-impregnated reinforcement material,
called “prepreg.” The use of prepreg material eliminates separate handling of the
reinforcement and resin. It improves final composite quality but requires stringent
process control to prevent premature curing. The throughputs of the manual layup
can be increased through machine automation. There is virtually no limit to the size
of the work that can be tape-rolled (particularly through automation), but the shape
has to be relatively flat to butt each successive layer without gaps or wrinkles [42].

In spray-up, the resin is sprayed onto a prepared mold surface using a specially
designed spray gun. This gun simultaneously chops continuous reinforcement into
suitable lengths as it sprays the resin. It is suitable for making tub, boats, tanks,
and transportation components in a variety of shapes and sizes. Through spray-up,
the chopped laminate has a good conformability. It is faster to hand layup method
particularly when complex molded shapes are desired. After layup, the composite
parts can be cured at room temperature, with hot air, by oven baking, using heated
plates or in autoclaves. The curing time depends on the heating method and may
range from an hour to a day. Curing can also be accomplished by bag molding in
which a non-adhering plastic film is sealed around the layup material and mold plate.
Curing is done with heat and pressure, and vacuum is slowly created under the bag
forcing it against the layup as a result of which integrated molded part shaped to the
desired configuration is obtained [42].

Filamentwinding is used for themanufacturing of curved/circular surfaces such as
pipes, tubes, spheres, cylinders, and construction of large tanks and pipework for the
chemical industry. Filament winding is typically applied using either hoop or helical
winding. High-speed precise laydown of continuous reinforcement in pre-described
patterns is the basis of the filament winding method [42].

Pultrusion is a continuous process used to produce long, straight shapes of constant
cross section. Pultrusion is similar to extrusion except that the composite material is
pulled, rather than pushed, through a die. Pultrusions are produced using continuous
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reinforcing fibers that provide longitudinal as well as transverse reinforcement in
the form of mat or cloth materials. These reinforcements are resin impregnated by
drawing through a resinmix and shapedwithin a guiding or performing system. They
are then subsequently shaped and cured through a preheated die or set of dies [42].

Resin transfer molding (RTM) has proven to be the most economic process for
the fabrication of large, integrated, and high-performance products. In this process,
a set of mold halves are loaded with dried, cut reinforcement material shaped into
a preformed piece (called preform), and then clamped together. The resin is then
pumped or gravity fed into the mold infusing the reinforcement material. Once the
mold is filled with resin, it is plugged and allowed to cure. After curing, the mold
halves are separated and the part is removed for final trimming andfinishing.Reaction
injection molding (RIM) is similar to the injection molding except that here those
thermosetting polymers are used, which requires a curing reaction to occur within
the mold. Here the two parts of the polymer are mixed together, and the mixture is
then injected into the mold under high pressure using an impinging mixer. Among
polymers, polyurethane (PU) is the most common RIM processable material. If
reinforcing agents are added to the mixture of RIM, then the process is known as
reinforced reaction injection molding (RRIM). A subset of RRIM is the structural
reaction injection molding (SRIM), where meshes are a reinforcing agent. The fiber
mesh is first arranged in the mold, and then the polymer mixture is the injection
molded over it [42].

Cured composites may be sawed, drilled, or machined to desired dimensions
and shape using sharp tools. In view of high abrasiveness of composites, the use of
coolant is preferred to avoid heat buildup during machining. Composite parts can be
assembled using suitable adhesives producing strong permanent joints. Curing and
setting with the pressing of workpieces in a fixture at room temperature or elevated
temperature are common practice for composite assembly. Mechanical fastening of
joint configurations like a lap, double lap, overlays, and scarf joints using rivets,
screws, nut and bolts pins, and other fasteners is also adopted for multi-component
composite assembly [42].

1.4 Composites and Their Applications

Polymer composites were initially envisaged for lightweight high-strength material
but in last two decades, and another genre of composites, namely conducting compos-
ites has been the area of active research due to their application as chemiresistive
sensors, strain sensors, piezoresistive sensors, electromagnetic interference (EMI)
shielding, radio frequency (RF) shielding microelectronics, and antistatic protec-
tors. Conducting polymer composites (CPC) score over intrinsic conducting poly-
mers (polymer with a backbone of π–conjugated electrons) in terms of pronounced
mechanical and environmental stability as well as the option of tunable conduc-
tivity [43]. Polymers like poly(ethylene) (PE), PP, poly(urethane) (PU), elastomers,
conducting polymers, their blends, and fillers like electrically conductive functional
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materials like carbon black (CB), carbon fiber (CF), carbon nano-fiber (CNF), single-
walled carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT),
graphene, graphite, metals and metal oxides, and conjugated polymers have been
used for composite preparation. Solvent-based as well as solvent facile methods
have been practiced for preparing CPC [44]. Preferential percolation is a fast-
evolving promising strategy to develop conducting composites at a lower loading
of conducting filler. In an interesting development, recently synthesis and character-
ization of acrylonitrile butadiene styrene (ABS)-polycaprolactam (PCL)-NCB-based
conducting composites were reported. It was found that in the composites, ABS and
PCL exist as two separate non-interacting phases in which NCB selectively perco-
lates at the interface. The electrical conductivity of the composites as a function of
polymer ratio in the composites is shown in Fig. 1.4. Thermal investigation (Fig. 1.5)
of these composites established that an optimum composition of composite results
in sudden disruption of conductivity depending on Tg of the polymer matrices. Such
composites may find application as effective overcurrent protection devices [45].

Fig. 1.4 Variation of DC
conductivity with blend
(ABS-PCL) composition for
(a) 30 wt% NCB and (b) 50
wt% NCB. “Reproduced
with the permission of John
Wiley and Sons” [45]
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Radiation has proven to be an effective tool for the synthesis and processing
of CPC due to its inherent advantages. Dubey et al. recently reported strain sensing
behavior of fluorocarbon elastomer (FCE)-nanocarbon black (NCB) nanocomposites
of different network densities [44]. Different extent of cross-linking was achieved
by irradiating with high-energy radiation from Co-60 gamma source for different
doses. Figure 1.6 shows a synthesis protocol for these composites. The effect of
network density on AC, DC conductivity, and electromechanical performance has
been reported. Network density was found to have a profound effect on the sensing
range as well as on the gauge factor (GF) of the composites (Fig. 1.7). Cyclic strain
sensing responsewas also found to be affected by network density, and the best results
were observed for a network density of 73.2 μmol/g. At higher network density
(290μmol/g), twopeakswereobserved for each strain cycle, and the sensing response
was not stable (Fig. 1.8). For 5 and 10% cyclic strains, the gauge factor was around
14, and no change in gauge factor was observed within 2–5 mm/min strain rates [46].
Mondal et al. explored the development of FCE-NCB composite-based novel stand-
alone radiation processed chemiresistive sensor with high sensitivity and selectivity
for 2-propanone. They report significant, radiation absorbed dose-dependent change

Fig. 1.6 Schematic of FCE/NCB strain sensor/chemiresistor synthesis protocol (red lines depict
cross-linking). “Reproduced with the permission of Elsevier” [48]

Fig. 1.7 Variation in
elongation at break (EB) and
gauge factor for
nanocomposite with 0.35
weight fraction of NCB with
dose. (a) Elongation at the
break. (b) Gauge factor.
Inset: change in DC
conductivity with the dose
for nanocomposite with 0.35
weight fraction of NCB.
“Reproduced with the
permission of Elsevier” [48]
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Fig. 1.8 Sensing response
(R/Ro) of nanocomposite
(FCE-NCB) with 0.35
weight fraction of NCB
irradiated to different doses
at 5% strain at a strain rate of
1 mm/min. (a) 50 kGy,
(b) 200 kGy. “Reproduced
with the permission of
Elsevier” [48]
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in relative change in resistance (Ar) and sensing kinetics of chemiresistive sensors.
As shown in Fig. 1.9, the chemiresistor showed linear response with 2-propanone
concentration and also highly selective response for 2-propanone in comparison with
others like benzene, toluene, xylene, ethanol, methanol, and water (Fig. 1.10) [47].

Certain studies report the synergistic effect of two fillers on composite properties.
Hybrid nano-carbons have been reported to have synergetic advantages on several
mechanical and electrical applications. Recently, the development of PDMS-CNT-
NCB-based novel chemiresistive sensors through a solvent-free route was reported.
These sensors demonstrated high sensitivity and reversible response against benzene,
toluene, ethylbenzene, and xylene (BTEX) (Fig. 1.11). The sensing response had a
strong correlation with BTEX–PDMS interaction parameters (χ ). Introduction of
CNT in PDMS-NCB composite affected detection of each analyte differently. The
principal component analysis using an array of four chemiresistors with different
CNT content demonstrated distinct pattern only for benzene. The sensitivity and
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Fig. 1.9 Variations in theAr (relative change in resistance;�R/Ro) with an increase in 2-propanone
concentration (ppm), 2-propanone field nitrogen cycles are shown at each concentration to highlight
reversibility [static setup]; inset shows log–log linear fitting. For composite FCE:NCB (65:35)
irradiated to an absorbed dose of 100 kGy. “Reproduced with the permission of Elsevier” [47]

Fig. 1.10 Variation in the
relative change in resistance
for chemiresistors
{FCE:NCB (65:35)}
irradiated to an absorbed
dose of 100 kGy; [volatile
organic compound] =
500 ppm, static setup.
“Reproduced with the
permission of Elsevier” [47]
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the temperature coefficient of resistance of chemiresistors decreased; whereas, the
detection range increased considerably with the addition of CNT [49]. Majji et al.
report radiation degradation of Teflon scrap to micro-fine powder and utilization
of this polytetrafluoroethylene micro-powder (PTFEMP) for the synthesis of EB
cross-linked PDMS-PTFEMP composites [47]. A linear increase in modulus up to
an optimum cross-linking dose is reported. As shown in Fig. 1.12, the introduction
of PTFEMP did not affect the surface energy of PDMS but significantly reduced the
coefficient of friction of the composites [50]. Exceptional synergistic effects between
organic–inorganic dual filler in ethylene-vinyl acetate (EVA) composites have been



1 High-Performance Polymer-Matrix Composites: Novel Routes … 17

0 100 200 300 400 500 600 700

0.0

0.5

1.0

1.5

2.0

2.5 OFFOFF ONONOFF

 (a)
 (b)
 (c)
 (d)

C
.N

.R
. [

(Δ
R

/R
o)/C

]

Time (sec)

ON

0 %

(A)

0 100 200 300 400 500 600 700
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C
.N

.R
. [

(Δ
R

/R
o)/C

]

OFFOFF ONONOFF

 (a)
 (b)
 (c)
 (d)

Time (sec)

ON

2%

(C)

0 100 200 300 400 500 600 700

0.0

0.1

0.2

0.3

0.4

0.5

C
.N

.R
. [

(Δ
R

/R
o)/C

]

OFFOFF ONONOFF

 (a)
 (b)
 (c)
 (d)

Time (sec)

ON

3%

(D)

0 100 200 300 400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
.N

.R
. [

(Δ
R

/R
o)/C

]

OFFOFF ONONOFF

 (a)
 (b)
 (c)
 (d)

Time (sec)

ON

1 % (B)

Fig. 1.11 Concentration normalized relative change in the resistance [CNR = (�R/R)/C, μL/L]
for PDMS-NCB: 70:30 nanocomposites (a) Benzene. (b) Toluene. (c) Ethyl benzene, (d) Xylene.
(A) 0 wt% CNT, (B) 1 wt % CNT, (C) 2 wt% CNT, (D) 3 wt% CNT BTEX flow rate= 100 ml/min.
“Reproduced with the permission of Elsevier” [49]

Fig. 1.12 Coefficient of
friction PDMS-PTFEMP
composites
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Fig. 1.13 Stress–strain
profiles for EVA/organoclay
(5%) composites having
different loading of
PTFEMP (a) 5%, (b) 10%,
(c) 20%, (d) 50% inset:
effect of organoclay loading
on modulus (a) EVA, (b)
EVA/PTFEMP (15%)
composites. “Reproduced
with the permission of
Elsevier” [51]
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observed. Composites of EVA containing PTFEMP and organoclay were prepared
by melt compounding. The exceptional increase in the mechanical properties of
ternary composites demonstrated high synergy between fillers, leading to a manifold
increase in the modulus of dual filler-filled composites in comparison with single
filler-filled systems (Fig. 1.13). X-ray diffraction studies revealed ~10% intergallery
expansion in organoclay, in the composites having a high loading of PTFEMP; though
no significant change in the crystallinity of EVA was observed [51].

Composites are not confined to applications like improvement in mechanical
properties or electrical applications. They have been extensively investigated for
other applications particularly biomedical applications. MgSO4-EVA composites
were found to function as a wide range (15–4000 Gy) absorbed dose dosimeter
for industrial radiation processing (Fig. 1.14). During post-irradiation, the electron
paramagnetic resonance (EPR) signal of the composite dosimeters faded by ~20%
in a month’s period. The energy dependence response of the dosimeter was within
acceptable limits [52, 53]. Composites of high-density fillers have been investigated
for applications involving high-energy attenuation. Recently, interesting findings on
EVA-BaSO4 (EVA-BS) composite as highly radiopaque flexible polymer composites
for X-ray imaging application have been reported. As shown in Fig. 1.15a, 0.7-mm-
thick sheet of EVA-BS composites had markedly higher gray value (radiopacity)
than 1 mm sheet of aluminum while retaining more >1200% elongation at break
and complete flexibility [54]. On similar lines, Dubey et al. reported studies on
radiation cross-linked PDMS-Bi2O3 composites. As shown in Figs. 1.16 and 1.17,
the composites were highly flexible and showed effective attenuation of low-energy
(Am-241; 59.9 keV) γ-rays [55].
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Fig. 1.14 Effect of the
absorbed radiation dose on
the peak-to-peak amplitude
of the EPR signal (App) of
the composite (EVA:MgSO4:
50:50): (a) 500 Gy to 4 kGy,
(b) 10 Gy to 500 Gy.
“Reproduced with the
permission of Elsevier” [52]
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1.5 Smart Composites

The current focus of composite research is on the composites which would mimic
biological composites. These composites in addition to the desired role (say the
increase in mechanical properties) would also be able to sense the damage and
undergo self-healing. Thus, in this approach self-sensing of damage in composites
employs the reinforcing fibers as the sensing element, obviating the need for the
addition of sensing elements to the composite. The concept involves monitoring
overall strain in the composite unit in terms of overall resistance or conductivity in the
form of an electrical signal. An interesting investigation on this concept is of laminate
composites of fiber-reinforced plastics (FRP) proposed for a high-end application like
aerospace. Zhang et al. have reported the utility of an embedded CNTs network in
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Fig. 1.15 Radiopacity of the composites. (a) Actual X-ray radiographs of EVA25:BS (50:50)
composites of different thicknesses. (b) Variation in gray values for composites with composition;
dotted block presents gray values for aluminum sheets. (c) Variation in mass attenuation coefficient
variation of EVA12, EVA25, and EVA40 with X-ray energy (inset: variation in the mass attenuation
coefficient of BS with X-ray energy). “Reproduced with the permission of Elsevier” [54]

Fig. 1.16 Flexible radiation shield composite of PDMS-Bi2O3 (30:70). “Reproduced with the
permission of John Wiley and Sons” [55]
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Fig. 1.17 Variation in
attenuation of different
composites irradiated to
different doses. Inset:
variation in counts with
Bi2O3 (weight %) at two
different radiation doses.
“Reproduced with the
permission of John Wiley
and Sons” [55]
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FRP for sensing wear and tear in FRP. It was shown that change in the propagating
wear and tear (displacement) with applied stress disturbs the continuity of embedded
CNT network proportionately which is reflected as change is resistance of the FRP.
Thus, such introduction of CNT into FRP composite provides not only integrated
damage sensing capability but also leads to additional mechanical reinforcement
[56]. Another study on self-sensing composites for impact damage detection reports
the use of commercially available E-glass fabric as sensing as well as reinforcing
agent for commercial resin-based composite. The extent of damage induced in the
panel can be monitored visually or by light transmission. The system is capable
of detecting low-energy impacts within the panel. The progression of damage could
also be monitored, and multiple impact damage events could also be observed. It was
shown that this system is capable of not only identifying and locating the impact but
can also quantify the extent of damage within the composite [57]. A notable feature
of assemblies/componentsmade from such composites is that non-destructive (NDT)
inspection is required which otherwise results in significant reduction in downtime
of the system.

Irrespective of the composite application once cracks or faults have formed, the
integrity of the structure is significantly compromised. Therefore, to avoid drastic
deterioration in properties, the next logical step would be the initiation of a self-
repair mechanism on sensing the fault. In fact, the autonomic healing concept was
successfully demonstrated at the beginning of the twenty-first century by incorpo-
rating a microencapsulated healing agent and a catalytic chemical trigger within an
epoxy matrix [58]. An excellent review on the topic appeared recently [59]. As the
interface is often the weakest region in composites where failure starts, therefore, it
is obvious that self-healing action originates from the filler–matrix interface. In this
respect, two distinct approaches are generally followed [2].

(i) Capsule-based healing systems: In capsule-based self-healing systems, the
healing agent is in the form of discrete capsules. The damage to composite
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ruptures these capsules to release the contents at the interface. Thus, if
debonding between filler and matrix causes weak load transfer, the repair
mechanism rejuvenates bonding and hence the efficient load transfer.

(ii) Intrinsic self-healing behavior: Here reversible physical and chemical reac-
tions are exploited to bring out the repair. These physical/chemical reactions are
triggeredbydamage itself or some timebyan external stimulus. Predominantly,
processes like reversible polymerization, hydrogen or ionic bonding, molec-
ular diffusion causing entanglements, and melting of a thermoplastic phase
are involved in self-healing. The healing processes may happen in conjunction
also as all of them are reversible events.

1.6 Outlook and Future Trends

Composite materials have boundless engineering application where the strength-
to-weight ratio, low cost, and ease of fabrication are required. For certain applica-
tions, the use of composite materials as compared to metals has in fact resulted in
savings of both weight and cost. Polymer composites have been considered among
the five synthetic materials that will shape the future of the world. Presently, among
the different materials used by the aerospace industry, a large proportion repre-
sents fiber-reinforced composites. It is believed that as the cost of these compos-
ites decreases, they will find wider applications in automobile and other sectors.
Nanocomposites would also not remain confined to presently envisaged applica-
tions like lightweight sensors, wind turbine blades, powerful batteries, body scaf-
folds, etc., because they still are crude in comparison with natural composites
which possess incredibly complicated and intricate structure. As the nanocomposite
synthesis processes become more refined, it will be possible to design them in a very
controlled manner.
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Chapter 2
Synthesis of Advanced Nanomaterials
for Electrochemical Sensor
and Biosensor Platforms

Anu Prathap M. Udayan and Shilpa N. Sawant

Abstract Advent of advanced analytical techniques for nanoscale characterization
complemented by novel synthesis methodologies has led to a plethora of functional
nanomaterials. These nanomaterials have opened avenues for application of elec-
trochemical sensors in medical diagnostics, biotechnological, environmental moni-
toring, wellness monitoring and food markets. This chapter presents an overview of
the accomplishments of electrochemical sensor devices based on carbon nanoma-
terials, noble metals, nanostructured polymers, and metal/metal oxides/composite
nanostructures. Also, attempt is made to address several concerns around the selec-
tion of appropriate nanomaterials, their characterization and means to utilize the
interesting chemistry they offer, especially from the point of view of electrochemical
sensing.

Keywords Chemically modified electrodes ·Mesoporous nanomaterials ·
Electroanalysis · Conducting nanomaterials · Nanoscale characterization ·
Nanobioelectronics

2.1 Introduction

Nanomaterials could be wide term given to the materials having at least one dimen-
sion in nanoscale regime of 1–100 nm [1]. There are two broad categories of tech-
niques commonly proposed for synthesizing nanomaterials, the bottom-up approach
and the top-down strategy [2]. In the bottom-up approach, the nanoparticles are at
atomic scale to begin with, and later grow to the nanoscale level [1, 2]. The top-
down strategy begins with a bulk material at the macroscopic degree followed by
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trimming of the material to the required nanoparticles [1, 2]. Significant advance-
ments in nanotechnology in the previous years have offered numerous electrochem-
ical devices consisting of fuel cells, batteries, supercapacitors and sensors, to name
a few [3]. In contrast to traditional bulk-scale materials, nanomaterials have the
capacity for better performance due to their high surface-to-volume ratio [3, 4]. One
of the foremost impressive accomplishments has been to utilize nanoscale mate-
rials for detection of trace analytes such as environmental pollutants, heavy metals,
and biomolecules, employing tracking strategies based on electrical, optical, and
thermal measurements [5, 6]. Among these, electroanalytical strategies are getting
special attention for detection of analytes as a result of its simplicity, cost-effective
devices, and field-portability [7]. Conventional electrodes have problems as a result
of their slow electron kinetics which seriously impacts the level of sensitivity along
with selectivity of the electrodes [8]. Among the various types of sensing systems,
nanomaterial-based sensors presently generate highest possible performance owing
to their high surface-to-volume ratio which provides ample active sites for electro-
catalytic transformation [9].With considerable growth in the area of nanotechnology
over the past few years, conducting nanomaterials based on noble metals, carbon and
conducting polymers (CPs) have been integrated into electrochemical device [7–9].
The marvellous electrical properties of nanomaterials have permitted the advance-
ment of brand-new and enhanced electrical detecting platforms, mostly based upon
capacitance and cyclic voltammetry (CV), which respond to changes in resistance
or current [10]. Hence, the progression of electrochemical sensors has attracted a lot
of interest due to their high level of sensitivity and selectivity, and are being increas-
ingly utilized in many areas, including biological science investigation, biomedical
and environmental science research [11].

This chapter presents an overview of various kinds of conducting nanomaterials-
based electrochemical sensors. The chapter is organized based on the type of func-
tionalized electrode modifiers used to accomplish robust electrochemical sensing
units. Attempt is made to selectively concentrate on some materials which have
lately demonstrated tremendous success in design of electrochemical sensors having
high potential for real life application. A viewpoint on the possible future advance-
ments in electrochemical sensing by boosting the sensitivity for detection of trace
analytes using appropriate nanomaterials is also presented.

2.2 Nanomaterials and Nanostructures Relevant
to Electrochemical Sensing

Amperometric, potentiometric, conductometric and impedance-based electrochem-
ical sensing units, provide limitless opportunities for the selective and sensitive detec-
tion of chemicals and as well as biological targets [12, 13]. Conventional electrodes
such as gas electrode, ion selective electrode and chemically modified screen-printed
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Fig. 2.1 Electrochemical detection of analytes based upon nanostructured modified electrodes

electrode (SPE) or glassy carbon electrode (GCE) based on low surface area mate-
rials generally suffer from high over potentials and slow electron transfer kinetics. To
get over these constraints, electrode materials with a wide potential window and high
electrocatalytic activities are needed.Nanomaterials play a vital role in the fabrication
of selective electrodes for detection of analyte of interest. In current times, nanoma-
terials modified electrodes are attracting lot of attention as an active element in elec-
trochemical sensor for a plethora of analytes ranging from metal ions, small organic
molecules to biomolecules and whole cell (Fig. 2.1) [7, 11–21]. For modification of
electrodes with nanomaterials, four routes are commonly followed namely, adsorp-
tion, covalent binding, polymer film coating and composite [22, 23]. In adsorption,
the material is either physiosorbed by drop casting/spin coating or chemisorbed on
the surface of the electrode to obtainmonolayer accumulation. This technique has the
benefit of speed and simplicity, unfavourable orientations and decreased functionality
are likely. Covalent binding method utilizes chemical agents which link the desired
nanomaterial with functional groups present on the electrode via covalent bonds, thus
eliminating desorption issue [22, 23]. However, uncontrolled covalent binding of an
enzyme to surface of the nanomaterial can hinder access to active site or even dena-
ture the enzyme. Polymer film coatingmethod involves spreading a polymer solution
on the electrode and drying, which can be accomplished by dip coating, solvent evap-
orating or spin coating. Polymer film coating can also be obtained by electropolymer-
ization on the electrode surface. For composite modification, chemical modifier is
mixed with electrode matrix material. For example, electron transfer mediator can be
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mixed with carbon particles to prepare a carbon paste electrode. The modified elec-
trode with nanomaterials helps in fast electron transfer and afford enhanced sensi-
tively compared to other modified and unmodified electrodes. Substantial interest
has been drawn towards application of metal nanoparticles as active sensing material
in chemically modified electrodes due to their low cost, excellent electron transfer
kinetics, and biocompatibility. Since metal nanoparticles are zero-dimensional nano-
materials, they exhibit quantum tunnelling effects and have good electrical conduc-
tivity [24]. While looking in recent published articles in the area of electroanalytical
chemistry, most of the scientists suggested use of metal nanoparticles modified elec-
trodes for pharmaceutical drug detection purpose. For instance, Sildenafil citrate
was detected by using gold nanoparticles modified electrode [25], antituberculosis
drug (Isoniazid) detection by utilizing rhodium-based nanomaterial modified elec-
trode [26], metal praseodymium hexacyanoferrates modified electrode for sulphite
detection [27], samarium hexacyanoferrates for the catechol detection, to name a
few [28]. Metal nanoparticle modified electrodes are extremely simple to make and
these chemically modified electrodes will certainly play a vital function in the area of
electrochemical biosensors in future. Centring on the recent activity being pursued in
this area by scientists worldwide, this chapter provides an outline of electrochemical
sensors and biosensors based on various nanostructured materials.

2.3 Noble Metal Nanomaterials

Nanoscale form of gold (Au), silver (Ag), platinum (Pt), palladium (Pd), and their
alloys have been extensively utilized for the development of electrochemical sensing
systems for environmental monitoring as well as for in vivo and in vitro sensing
in biological systems [29]. Compared to other nanoscale scale-based system, noble
metal nanoparticles (NP) are more stable and less hazardous. NP finds applications
in immunoassay for improving signal for binding of macromolecules (i.e. RNA and
DNA), proteins, etc. Further,NP-based electrochemical sensingunits have an extraor-
dinary ability to improve level of sensitivity and selectivity by signal boosting [29].
This chapter mainly focuses on the intriguing qualities of noble metal nanopar-
ticles for electrochemical detection of organic molecules, inorganic species and
biomolecules.

2.3.1 Gold Nanoparticles

Gold nanoparticles (GNP) have received significant focus due to excellent chem-
ical stability, oxidation resistance, electrical conductivity, good biocompatibility,
wide electrochemical window and high surface-to-volume ratio [30]. Noble metal-
based catalysts, particularly Au, is one of the most appealing due to high abun-
dance and environmental benignity. Presently, the common strategies for synthesis
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of gold nanoparticles entail the reduction of gold chloride (HAuCl4) under aqueous
conditions. Reduction of HAuCl4 with common reducing reagents, such as sodium
borohydride (NaBH4) or sodium citrate enables to produce spherical nanoparticles.
However, this approach is not preferred as it results in gold nanoparticles with large
size distribution and are sensitive to presence of salts. The sol-gel route is one of the
preferred methods for the synthesis of gold nanoparticles. Interest to make use of
gold nanoparticles in recognition events with signal transduction is of great interest
because on modification of biological recognition elements with Au NP, its sensi-
tive and selective binding to the specific target molecules leads to large change in
electrical properties. GNPs are material of choice for the detection of mercury ion
(Hg2+) by anodic stripping voltammetry (ASV) since it can form amalgam with Hg
giving a large change in the output signal. It is carried out in two steps; first step
involves the pre-concentration step in which Hg2+ions are adsorbed at the electrode
surface. Second step involves striping of the adsorbed Hg2+ [31]. GNPmodified with
streptavidin has been used for sensitive detection of blood clotting protein, Factor
IX in human serum. The sensor showed a limit of detection (LOD) of 99.2 fM [32].
GNP-conjugated antibody sensing unit has been reported for influenza virus utilizing
genosensor technology, which is based on measuring the voltammetric reduction
signal of an intercalator label, Meldola’s Blue (MDB). The magnitude of hybridiza-
tion reactions between a single strand DNA probe and its complementary target
strain was established by utilizing differential pulse voltammetric signals of MDB
[33]. In another work, gold microwire electrode has been used for the electrochem-
ical detection of Cu2+ and Hg2+ in seawater employing anodic stripping voltammetry
[34]. Likewise, making use of a gold microwire electrode integrated with stripping
voltammetry, a rapid and affordable sensing unit was made for the electrochemical
detection of As3+, Cu2+, Hg2+ and Hg2+ in freshwater [35]. Ding et al. proposed deal-
loying of nanoporous gold leaf fromAu/Ag alloy by depletion of Ag, which results in
nanoporous structure entirely comprising of Au [36]. The process involves interfacial
phase separation inwhichAudoes not dissolve from the alloy thereby forming cluster.
The efficiency of the nanoporous gold leaf electrode showed amazing electrocatalytic
ability towards nitrite oxidation with much higher peak current compared to glassy
carbon electrode. The enhanced activity is ascribed to the expanded 3D nanoporous
material. In a recent study, an electrochemical sensor was developed by electrode-
position of GNP@polypyrrole(PPy) nanowires onto a GCE surface [37]. The GNP
having size of 15.0 nmwas uniformly dispersed in PPy nanowires. XPS examination
revealed FCC framework for GNP. The SEM images depict the nanoporous frame-
work of the Au microelectrode and shows up a favourable 3D framework with pore
dimensions of 200–400 nm. The 3D nanoporous framework boosted sensing abili-
ties and selectivity towards the oxidation of hydrazine, sulphite, and nitrite, simul-
taneously. Kaur et al. have outlined GNP modified nanocrystalline ZSM-5 zeolite
(GNP-Nano-ZSM-5) for detection of cysteine (CySH) and glutathione (GSH) simul-
taneously in nanomolar concentration range [38]. The SH bonds in CySH and GSH
can be oxidized at the electrode surface but the drawback is that the process is very
slow and it requires a large potential. Hence, surface of Nano-ZSM-5was functional-
ized with propylamine and protonated with acetic acid to generate positive charge on
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Fig. 2.2 Illustration for the preparation of GNP decorated Nano-ZSM-5, and the represented TEM
images of GNP@Nano-ZSM-5 for the detection of (CySH) and glutathione (GSH). Reproduced
from Ref. [38] with permission of RSC Publishing

the surface. Further, negatively charged citrate coated GNP was immobilized on the
Nano-ZSM-5 surface by electrostatic interactions (Fig. 2.2) [38]. The TEM images
demonstrated that 3–5 nm spherical GNP was upheld on the surface of Nano-ZSM-5
(Fig. 2.2). The size of Nano-ZSM-5 was found to be 300–500 nm from the HRTEM
image (Fig. 2.2). EDS mapping from the high angular dark field (HAADF) imaging
proved the incorporation of GNP inside the Nano-ZSM-5. The nanocomposite unit
revealed a linear response from 2 nm-800 μM and 3 nM-800 μM with LOD of
0.3 nM and 0.6 nM for CySH and GSH, respectively. The application of the GNP-
based nanocomposite sensing unit was examined in drugs like CySH syrup and GSH
injections. The authors proposed that the nanostructured zeolite can increase the
electrode stability where GNP acted as redox mediator for the electro-oxidation of
–SH group.

2.3.2 Platinum Nanoparticles

Platinum nanoparticles (PtNPs) have been used in numerous areas counting elec-
trochemical sensor, biomedical chemistry, neurochemistry, and diagnostic research
[39]. Recently, PtNPs with high surface-to-volume ratio has received much inter-
ested because they provide better electrochemical performances compared to the
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bulk PtNPs. These NPs can be synthesized through hydrothermal method, electro-
chemical synthesis, sol-gel synthesis, template synthesis, and electrochemical deal-
loying. Ideally, PtNPs should be synthesized by simple method, free from chemical
contaminant. However, the above-mentioned methods are complicated and involve
multiple steps. Substantial initiatives have been taken to lower the quantity of plat-
inum use by broadening the catalytic efficiency of Pt catalysts considering the fact
that their electrocatalytic sensitivity depends on their morphology [40]. The chem-
ical composition, crystal framework, crystallographic axis, etc. are critical criteria
for PtNPs that enhances electron transport [41]. PtNPs are involved in many biomed-
ical applications through exploitation of these impressive properties such as PtNPs
therapies, which appear to fix a broad collection of human problems within the
scientific setup [42]. PtNPs have broad possible applications in pharmacogenomic
discovery, pharmaceutical assessment, diagnostics, microbial affirmation, disclosure
of bio-warfare and bioterrorism drivers [42]. In a study, PtNPs were used in combi-
nation with multi-walled carbon nanotubes (MWNTs) for the development of an
electrochemical DNA identifying device [43]. The LOD obtained was 1.0 × 10−11

M. The advancement of non-enzymatic glucose sensor is one of the wonderful steps
towards the advancement of sensing units for diabetic individuals. Detailed studies
have revealed the mechanistic aspects of the electrochemical oxidation of α-glucose
in addition to β-glucose on Pt surface in phosphate buffer where gluconic acid and
H2O2 are formed as the product. Unique glucose sensing unit based upon 3D Pt/Pb
and Pt/Ir nanostructures on titanium substratum have also been reported [44]. CV
was used to study glucose oxidation at pH = 7 in the presence of chloride ions,
which revealed that the sensor current response for chloride ions was negligible.
The interference studied show that nanoporous PtPb electrode has negligible inter-
ference with uric acid (UA), 4-acetamidophenol, and ascorbic acid (AA) [44]. In
an another study, a sensing unit was created for bisphenol A (BPA) using dendritic
platinum nanoparticles (DPNs) with high surface areamodified onAuNPs/SPE, with
the deposition of a polyethyleneimine-phosphatidylcholine (PEI-PC) layer (Fig. 2.3)
[45]. The HRTEM images of DPNs showed particles with size of 2–4 nm (Fig. 2.3a).
The XRD revealed fcc crystal structure (Fig. 2.3b) and the HAADF-STEM analysis
showed {111} and {200} facets confirming fcc crystal structure (Fig. 2.3c). The
SEM image of PEI-PC/DPNs/AuNPs electrode showed uniformly distributed DPNs
on the electrode surface (Fig. 2.3d). The CVs of DPNs and Pt black were recorded
in 0.5 H2SO4 to find the electroactive surface area (ECSA). The DPNs showed more
hydrogen adsorption peak compared to the Pt black electrode. The electrochemical
surface area (ECSA) for DPNs electrode and AuNPs were found to be 5.46 m2/g
and 3.78 m2/g, respectively (Fig. 2.3e). The electro-oxidation of Bisphenol A (BPA)
was carried out by CV in phosphate buffer saline solution at PEI-PC/DPNs/AuNPs
electrode and at Pt black/AuNPs electrode (Fig. 2.3f,g). In the absence of BPA, no
oxidation peak was obtained at both the electrodes. With the addition of BPA, a
sharp oxidation peak at +0.27 V was obtained (Fig. 2.3f,g). The voltammetric peak
height and sensitivity at PEI-PC/DPNs/AuNPs electrode was found to be twice that
of Pt black/AuNPs electrode which can be seen from the calibration plot (Fig. 2.3 h).
The PEI-PC layer secures the sensor against common interferents such as from AA,
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Fig. 2.3 Characterizations: a TEM image of the prepared DPNs, bXRD pattern c HAADF-SAED
image (inset: magnified image), d SEM image of the PEI-PC/DPNs/AuNPs electrode (inset: photo
of the electrode), e determination of ECSA for DPN and Pt black f determination of various
concentration of BPA at Pt black/AuNPs electrode, g determination of various concentration of
BPA at PEI-PC/DPNs/AuNPs electrode, and h calibration curves for Pt black/AuNPs electrode and
DPNs/AuNPs for BPA. Reproduced from Ref. [45] with permission of Elsevier

acetaminophen, UA, and DA. The sensing unit under the optimized test condition
gave two wide linear range of 0.01–1.0 and 1.0–300 μM having LOD of 6.63 nM.
These promising results open the door for tailoring of the novel biosensing platforms
with platinum nanoparticles.

2.3.3 Silver Nanoparticles

Silver nanoparticles (AgNPs) have made tremendous progress within the globe of
nanoscience [46]. Specific and sensitive detection units based upon AgNPs have
truly opened the opportunity of making detection systems for screening of infectious
disease because of its biocompatibility and high conductivity [27]. AgNPs, with their
excellent catalytic activity, reduced poisoning, high conductivity and antibacterial
activity, are made use in biological sensing, clinical and environmental applications
[47]. The stable and non-aggregated AgNPs are preferred, for this objective [48].
Lindane is an organochlorine pesticide that has been extensively used in agriculture
as well as for the treatment for head and crab lice, and nits [49]. Kaur et al. reported
silver nanoparticles (5%) modified conductive polyaniline (PANI)-nanocrystalline
zeolite ZSM-5 for the nanomolar detection of lindane having a linear range from
10 nM-900 uM and a LOD of 5 nM (Figs. 2.4, and 2.5) [50]. The TEM image of
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Fig. 2.4 a, b Low magnification TEM images, c SAED pattern, d HRTEM image of AgNPs(5%)-
PANI-Nano-ZSM-5, and e HRTEM image of a single crystal of AgNP. Reproduced from Ref. [50]
with permission of RSC Publishing
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Fig. 2.5 Schematic illustration showing the construction processes of AgNPs(@PANI@Nano-
ZSM-5/GCE for the detection of lindane. Reproduced from Ref. [50] with permission of RSC
Publishing
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the composite showed that AgNPs are uniformly distributed over PANI-Nano-ZSM-
5 (Fig. 2.4a,b,d). SAED pattern showed concentric circle with diffraction patterns
corresponding to fcc-Ag with a measured d-spacing of 2.32 Ao corresponding to
(111) interplanar spacing (Fig. 2.4c,e). The size of AgNPs varies from 5–20 nm
from the HRTEM image (Fig. 2.4d).

Electrochemical reduction of lindane has been carried out using AgNPs(5%)-
PANI-Nano-ZSM-5/GCE (Fig. 2.5), PANI-Nano-ZSM-5/GCE, PANI/GCE and
Nano-ZSM-5/GCE modified electrodes. The ECSA was found to be 1.32, 0.86,
0.34, and 0.32 cm2, respectively. The higher ECSA obtained at AgNPs(5%)-PANI-
Nano-ZSM-5/GCE was due mesoporosity and high surface area. Here, AgNPs and
PANI provided electrons required for lindane reduction. The conductive polyaniline
on nanocrystalline ZSM-5 facilitated transport of electrons. The CV results indicated
that the electrochemical reduction of lindane at modified electrode can be a dissocia-
tive electron exchange transfer process. In another strategy, electrochemical synthesis
ofAgNPs@GCEwithmodification of p-isopropyl calixarenewas proposed forH2O2

detection. The sensor evaluation confirmed that the H2O2 reduction under optimum
condition lead to a linear range of 5.0 × 10−5 to 6.5 × 10−3 M having LOD of 2.7
× 10−5 M. A recent study showed a sensing system in which hybrid AgNPs-DNA
nanoparticles were electrodeposited onto a GCE. The DNA prevented accumulation
of AgNPs and the sensor displayed remarkable electrochemical reduction of H2O2

[51].
Hydroxyapatite (HAP) nanoparticles spread on Ag ion-exchanged ZSM-5 for

the detection of Cd2+, Pb2+, As3+, and Hg2+ in water bodies was reported by Kaur
et al. (Fig. 2.6) [52]. HAP@Ag-Nano-ZSM-5was synthesized by incubatingAgNPs-
Nano-ZSM-5 in simulated body fluid (SBF). Ag-Nano-ZSM-5 has a significant
surface area silanol groups to ion-exchange, which assist the adsorption of calcium
and phosphate. Physico-chemical characterization verified that a substantial quantity
of hydroxyapatite with nanosheet morphology settled within the Ag-Nano-ZSM-
5 structure when it was kept in SBF for 20 days. The elemental composition of
HAP@Ag-Nano-ZSM-5 was estimated using HAADF (Fig. 2.6a). EDS mapping
confirmed presence of elements such as Ag, Ca, Si, O, Al, and P (Fig. 2.6b) and
successful anchoring of Ag-Nano-ZSM-5 with HAP (Fig. 2.6c,d). It was reported
that no hydroxyapatite nanoparticles were formed on Nano-ZSM-5 which indicates
that Ag+ is needed for its growth. Larger number of silanol in the Nano-ZSM-5 is
responsible for growth of HAP in the HAP@Ag-Nano-ZSM-5. Square wave strip-
ping voltammetry (SWSV) studies revealed excellent performance of the sensor for
detection of heavy metals such as Cd2+, Pb2+,As3+, and Hg2+ (Fig. 2.7) due to high
adsorbing capability and mesoporosity of HAP@Ag-Nano-ZSM-5 [52].

2.3.4 Palladium Nanoparticles

Palladium nanoparticle (PdNPs) based catalysts show prominent capability for
hydrogen absorption and are extensively used in hydrogenation reactions, hydrogen
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Fig. 2.6 a TEM-HAADF image of Ag-Nano-ZSM-5. b EDX spectra from different areas of
Ag-Nano-ZSM-5. c STEM-HAADF image of HAP/Ag-Nano-ZSM-5. d The chemical maps of
HAP/Ag-Nano-ZSM-5. Reproduced from Ref. [52] with permission of RSC Publishing

purification, and more [53]. They have shown excellent electrocatalytic performance
in the oxidation of formic acid, methanol, ethanol, and hydrazine [54]. Palladium
nanomaterials have played an essential role in fuel cell innovation. In all these appli-
cations, the shape and size of PdNPs is one of the essential criteria in order to achieve
optimum efficiency. Consequently, different nanostructures are required for various
catalytic applications. PdNPs have also shown application in the area of electrochem-
ical biosensor [55]. The relativelymassive plenitudeofPdNPsover other noblemetals
makes it amore economical substitute in numerous electrochemical biosensing appli-
cations. Owing to one-of-a-kind electronic properties, upgraded catalytic, a variety of
PdNPs and its derivatives have been investigated. Brucellosis, a transmittable disease
is impacted by the genus Brucella and this illness can be transmitted to humans via
microbes spotted pets or pet dog. A genosensor for Brucella was reported utilizing
PdNPs exchanged on an Au surface [56]. This detecting device showed a linear cali-
bration from 1.0 pM to 0.1 aM and a LOD as low as 27 zM. An electrochemical
sensor based on rGO/PdNPs nanocomposite was proposed for detection of chlo-
ramphenicol (CAP). In a typical synthesis, sonication of GO was carried out for
3 h in deionized water till uniform and homogeneous solution was obtained. The
GO was reduced by utilizing ethylenediamine as a reducing agent. PdCl2 was grad-
ually added to homogenous rGO suspension with consistent stirring. The mixture
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Fig. 2.7 Schematic representation of the electrochemical sensor for the sensing of Cd2+, Pb2+,
As3+, and Hg2+ based on HAP/Ag-Nano-ZSM-5. Reproduced from Ref. [52] with permission of
RSC Publishing

was washed and dried in air. The schematic for synthesis procedure and electro-
chemical detection are shown in Fig. 2.8 [57]. The nanocomposite was characterized
by TEM, UV-Vis, FT-IR, and XPS analysis. The textural characterization proved the
successful formation of the nanocomposites. Electrochemical characterization of the
rGO/PdNPs nanocomposite modified electrode was carried out using chronocoul-
metric studies. A plot of Q vs. t1/2 gave a slope from which effective surface area
for GCE (0.408 cm2) and rGO/PdNPs nanocomposites (0.95 cm2) was obtained. In
another study rGO/PdNPs nanocomposite modified electrode was used as an elec-
trochemical sensor for chloramphenicol (CAP) (Fig. 2.8). The appealing sensing
unit revealed high level of sensitivity, good stability, reproducibility, and excellent
recovery rate for CAP in real sample. The electrochemical attributes of the sensing
unit were evaluated by DPV and CV, where a linear range from 50 to 1000 nM with
an LOD of 50 nM was obtained for detection of CAP.
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Fig. 2.8 Schematic illustration of preparation procedures of rGO/PdNPs nanocomposite for its use
in electrochemical detection for CAP. Reproduced from Ref. [57] with permission of Elsevier

2.4 Metal Oxide Nanomaterials

Metal oxide nanomaterials have been taken advantage of a credible electrocatalyst
for detecting numerous analytes in the area of clinical research and biomedicine
[58]. Semiconducting metal oxides are the most popular nanomaterial explored in
chemical and biosensing because of their tunable redox and conducting properties,
high degree of sensitivity, fast response/recovery time, as well as ability to recognize
a significant wide array of analyte/biomolecules. Transitionmetal oxides are actually
much more attractive compared to silicate because of tunable redox activity. Sol–gel
method is widely employed for the synthesis of micro-/nanostructured metal oxides.
Semiconducting metal oxide are classified into two types: n-type (consisting of ZnO,
SnO2, TiO2, and many others) and p-type (e.g. NiO, Fe3O4, etc.). Cost-effective
metal oxide-based, enzyme-free glucose sensors based on NiO,MnO2, Ag2O, Cu2O,
and CuO have been extensively explored. Metal oxide with high adsorption ability
and electron affinity has been used for organic molecule sensing such as pesticide,
herbicide, and phenolic compound. These metal oxides have reduced detection limit
and increased the sensitivity of the sensor. Metal oxides have high isoelectric points
(IEP) therefore immobilization of enzymes is easier. Some of the metal oxides have
electrocatalytic capacity for oxidation of glucose with high selectivity. A selection
of metal oxide nanoparticles has been made use of in electroanalysis.

An electrochemical sensing unit for the detection of bisphenol A (BPA) has been
reported using ZrO2 nanoparticles (Fig. 2.9) [59]. A coordinate, one-step proce-
dure was utilized to get nanocrystalline ZrO2 using F127 tri-block copolymer, a mix
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Fig. 2.9 Schematic representation of electro-oxidation of bisphenol A at ZrO2/Nano-ZSM-5.
Reproduced from Ref. [59] with permission of RSC Publishing

of phloroglucinol, formaldehyde, and additionally zirconylnitrate. The DPV results
show that BPA was oxidized at lower oxidation potential (Fig. 2.9) [59]. Zr4+ at the
electrode surface helps in the oxidation of BPA with a linear range of 6 nM-600 μM
and LOD of 3 nM. A comparison of overall results of this work with numerous
other published works confirmed the sensing system was able to distinguish BPA
with higher sensitivity. The abundant Si–OH and Al–OH group in Nano-ZSM-5
helps to interact with –OH (hydroxyl group) in BPA due to hydrogen bonding which
resulted in faster electro-oxidation of BPA. Also, inter-crystalline mesoporosity in
Nano-ZSM-5 facilitated diffusion of reactants/products. In another work, an electro-
chemical H2O2 sensor based upon the composite of single-walled carbon nanohorns
(SWCNH) with CeO2 (CeO2/SWCNH) was reported. The produced CeO2/SWCNH
electrode showed efficiency for H2O2 detection having LOD of 100 μM. The sensor
showed good performance in other matrix like milk and cleaning fluid, giving
an extraordinary selectivity. CuO-based nanomaterials have also been proficiently
utilized in many biosensing applications. A non-enzymatic glucose sensor is demon-
strated by Yang et al. utilizing nanoneedle-like CuO on N-doped rGO (CuO/N-rGO).
The CuO/N-rGO-based sensor showed oxidation to glucose at 0.6 V with a linear
range of 0.5–639.0 μM [60]. Li et al. have developed Cu2O@CeO2-Au sensor for
the detection of prostate antigen (PSA). The sensor showed higher H2O2 reduction
efficiency compared to Cu2O, AuNPs, and Cu2O@CeO2 [61]. A protein sensing unit
based on choline oxidase (ChO) immobilized externally on α-Fe2O3 nanoparticles
and poly(3,4-ethylenedioxythiophene) (PEDOT)-rGO nanocomposites were made
use for sensing of acetylcholine, a neurotransmitter [62]. This biosensor showed a
linear range of 4.0 nM-800.0μMwith aLODof 4.0 nMfor detection of acetylcholine.

Various advancements based upon metal oxides and their nanocomposites have
been reported. Anu Prathap et al. described a novel electrochemical lindane sensors
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Fig. 2.10 NiCo2O4 modified electrode for selective detection of lindane. Reproduced from Ref.
[19] with permission of Elsevier

based on NiCo2O4 nano-microstructures (Fig. 2.10). Direct reduction of lindane in
aqueous solution is very difficult task because of its insolubility and high reduc-
tion potential [19]. The reported work was performed in 60:40 (v/v) methanol–
water electrolyte. Polarographic examination of lindane revealed a six-electron irre-
versible reduction. A linear range from 10–170 μM and a LOD of 3.6 μM was
obtained (Fig. 2.10) [19]. NiCo2O4exhibited electrochemical activity as a result of
the contributions offered by Ni2+ and Co2+ions existing in NiCo2O4, as compared to
the individual oxides namely, NiO and Co3O4.

2.5 Carbon-Based Nanomaterial Modified Electrodes

Electroanalysts are constantly looking for next finest electrodematerials. The electro-
analytical qualities looked for are substantial enhancement in the voltammetric peak
height and enhancement in the analytical level of sensitivity [63]. Carbon nanomate-
rials are being thoroughly investigated to see if they fulfil these standards. Carbon is
without doubt one of the most frequently used electrode material in electroanalysis
and also, according to the level of graphitization, carbon is morphologically diverse
and a selection of frameworks exists in a plethora of micro- and also nanostruc-
tures such as GCE, carbon fibre, nanotubes, Buckminster fullerenes and graphene
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(Fig. 2.11) [64]. Carbon electrodes are much more extensively used over metal elec-
trodes because of their large potential windows in aqueous medium. Carbon elec-
trodes display low background currents, high electric conductivity, plentiful surface
chemistry and relative chemical inertness. Additionally, low cost of carbon nano-
materials has given further impetus to widespread use of these electrodes. One key
architectural distinction between carbon electrodes that considerably affects their
electrochemical performance is the relative percentage of edge plane over that of
basal plane. This affects its electrochemical sensitivity and it is well established that
electron transfer process occurs mainly at edge plane sites while the basal plane is
electrochemically inert. Thus, a carbon electrode or carbon nanomaterials containing
a high thickness of edge plane sites will certainly show a reversible voltammetric
signature while if it is composed mainly of basal sites it will show irreversible
behaviour [65]. This is certainly one of themost crucial specifications when choosing
carbon-based nanomaterials as electrode modifier.

Objective of this section is to illustrate relevant examples of carbon nanomaterials
used in electroanalysis by researchers with the sole objective to improve the elec-
troanalytical performance. As a result of the large variety of available carbon nano-
materials, it is impossible to overview every material without creating a committed
book on the topic, as a result, only essential examples are discussed here.

Allotropes of Carbon

1D 0D

2D 3D

Diamond

Buckminsterfullerene

Graphene

Single walled carbon nanotubes 

Fig. 2.11 Various allotropes of carbon. Reproduced from Ref. [64] with permission of Elsevier
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2.5.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are sp2 hybridized carbon particles which were discov-
ered as a by-product during fullerene synthesis. Carbon nanotubes are divided into
twocommoncategories types: single-walled carbonnanotubes (SWCNTs) andmulti-
walled carbon nanotubes (MWCNTs) and have at least one dimensionwithin the nano
range. Particularly, CNTs have been used in biosensing systems as a result of their
properties such as high conductivity and ease of functionalization for biomolecules
immobilization. A variety of CNT have been reported used for immobilization of
biomolecules (protein, nucleic acid, and carbohydrate). Acid treatment of CNT intro-
duces oxide group at the tube end and at defective sites on the nanotube. Thus, CNT
can be covalent immobilized with biomaterial through covalent linkage chemistry.

2.5.2 Single-Walled Carbon Nanotubes

There has been a big interest in single-walled carbonnanotubes (SWNTs) as electrode
as they are pure and free from metal contamination. Their high electric conductivity
combined with diminutive dimension makes them perfect as nanoelectrodes. This
ability prevents the need of costly electronic tools; leading to ultrasensitive elec-
trochemical sensing units for the detection of chemical along with organic analytes
in addition enhances the S/N ratio, for the detection of analytes. Functionalized
carbon nanotubes render interesting properties that might help in clinical applica-
tions comprising of treatment of cancer cells, transmittable sickness, and central
nervous system disorders. Diabetes mellitus is a chronic disease that has influenced
171 million people around the globe. Hyperglycaemia, or raised blood sugar, is
a consequence of unchecked diabetes and in time brings about major damages to
organs, particularly the eyes, kidneys, and nerves. As a result, the standard screening
of physiological glucose levels is critical. Various electrochemical biosensors have
been applied successfully for the detection of glucose. A needle microsensor based
on SWNT-GOx for the detection of glucose inside a 21-gauge needle was reported
to have a wide linear range of 35 mM [66]. Monitoring of lactate is fundamental for
continuous surveillance in surgery, sports medication, medical diagnostics, and food
assessment. Rubianes and Rivas employed SWNT-mineral-oil adhesive immobilized
lactate oxidase for electrochemical detection of lactate [67]. The efficient electron
transfer of hydrogen peroxide at the SWNT electrode resulted in fast detection of
the analyte at a low potential (−0.10 V). Similarly, enzymatic biosensors obtained
by incorporation of polyphenol oxidase for the detection of polyphenolic substances
were also reported. High sensitivity was observed, which showed that SWNT exhib-
ited electrocatalytic activity for enzymatically generated catechol–quinone redox
couple. Dopamine is a catecholamine neurotransmitter which plays important func-
tion as an extracellular chemical messenger. Inadequate levels of dopamine can result
in neurological disorders such as schizophrenia and Parkinson’s disease. However,
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one essential concern for the detection of dopamine in blood is its reduced concentra-
tion level, which is further complicated by the interference signal from various other
constituents such as glucose, ascorbic acid (AA) and uric acid (UA). SWNTmodified
electrode have been used to solve this inconvenience. For example, in a recent study,
poly(3-methylthiophene) was covered with Nafion-SWNTs for selective detection of
DA in the presence of other biological molecules such as AA andUA. Nafionworked
as a dispersant and helped in uniform distribution of SWNTs over the electrode to
form an even filmwhich served as a barrier for the interfering species [68]. This elec-
trode combined the benefits of P3MT, CNTs and Nafion thus exhibiting dramatic
effect on the electrocatalytic oxidation ofDAwith high selectivity. ASWNT-polymer
composite consisting of poly(styrenesulfonic acid) sodium salt, was cast onto the
surface of glassy carbon electrode and the electrochemical behaviour of the modi-
fied electrode was investigated. The negative charged poly(styrenesulfonate) ions
attracted positively charged dopamine at pH 7 which rendered selectively for DA in
the presence of other interfering biomolecules. An Au@SWNTs modified electrode
was used for the electrochemical detection of rutin, which involved an electrochem-
ical reaction with two electrons transfer [69]. A linear range from 2.0 × 10−8 to
5.0 × 10−6 M with a LOD of 1.0 × 10−8 M was obtained. The sensor was used
for estimation of rutin in Chinese medications. Magnetic nanoparticles (MPs) of
unique dimensions with an electroactive tag, Fc (ferrocene), in conjugation with
SWCNT electrical wiring can act as an electrochemical sensor of non-electroactive
targets (Fig. 2.12) [70]. Modification with Fc was performed by EDC/NHS chem-
istry (Fig. 2.12). A sensing unit could be used for the detection of detergents and
antibodies. In these initial experiments, binding of Tween 20 onto sensor could be
traced by DPV. In addition, affinity capture of biotinylated antibody by streptavidin
MP-Fc could be determined in much less than 30 min.

Fig. 2.12 Schematic of fabrication process for fabrication magnetic nanoparticles-based sensing
system for electrochemical assay performance. 1 EDC/NHS chemistry was used for conjuga-
tion of Fc-COOH. 2 Target binding and washing with Tween followed by SWCNTs mixing.
3 Electrochemical detection by SWCNT. Reproduced from Ref. [70] with permission of RSC
Publishing
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2.5.3 Multi-walled Carbon Nanotubes

Multi-walled carbon nanotubes (MWCNTs) are lengthened cylindrical nanoobjects
crafted from sp2 carbon. Their diameter is typically in the range of 3–30 nm but
their length can extend to a few cm, thereby their aspect ratio can easily vary
between 10 and ten million. Multi-walled carbon nanotubes have outer diameter
between 2 and 100 nm relying on number of coaxial tubes present. MWNTs are
generally mesoporous in nature and find biomedical applications. MWCNTs are
one of the most fascinating nanomaterials from the nanotechnology revolution.
MWCNTs offer several functions such as boosted electron transfer kinetics, mechan-
ical toughness, electrical conductivity, biocompatibility, and electrocatalytic activity.
Additionally, MWCNTs can be integrated with other nanomaterials to boost sensor
performance in terms of level of sensitivity and specificity. It is well known that
electrocatalytic activity of nanomaterials can be increased by making a composite
material. Nanomaterials with large surface area, such as CNT, graphite, graphene,
and carbon nanofibers are the appropriate choice, of which MWCNTs are most
used.ADNAelectrochemical sensor based on self-assembledMWCNT@Au surface
has been reported where the DNA was grafted to MWCNTs by utilizing diimide.
Hybridization between probe and target DNA was detected by monitoring the alter-
ation in current. Another study describes Ag-4-ATP-MWCNT nanocomposite modi-
fied with a double-stranded DNA (dsDNA) to detect daunorubicin-DNA interac-
tions making use of DPV [71]. This sensing unit displayed amazing selectivity
in the range from 0.10 × 10−8 to 1.0 × 10−5 mol L−1, with the LOD of 3.0 ×
10−10 mol L−1. A novel and sensitive electrochemical DNA biosensor having a
LOD of 7.5 × 10−11 mol L−1 was fabricated by immobilizing oligonucleotides
on MWNTs@nanoZrO2@chitosan@GCE [72]. The hybridization reaction on the
electrode was monitored by DPV analysis using electroactive daunomycin as an
indicator. In another study, CNT paste electrode for adsorption and electrochemical
oxidation of nucleic acids was reported wherein incorporation of MWNT into the
carbon paste matrix supplied 29 and 61-fold increase in current values for ss-DNA
and 21-mer oligonucleotide, respectively. Epinephrine (EP), a cis-diol compound
present in the mammalian nervous system can bring about glycogenolysis in the liver
as well as skeletal muscle. Various diseases depend upon the concentration of EP,
such as Parkinson’s disease, Alzheimer’s disease, high blood pressure, and multiple
sclerosis. A study shows a strategy for the detection of AA, EP and UA making
use of a composite film of functionalized MWNTs with Nafion, which incorporated
Pt and AuNPs. All the analytes showed well-separated oxidation peaks for these
three compounds, thus enabling their simultaneous detection. Cholesterol is a waxy
sterol in mammalian cells membrane which plays a crucial role in brain synapses,
body immune system and protection against cancer. However, higher concentration
of cholesterol in blood, particularly reduced thickness lipoprotein (LDL), leads to
high blood pressure, heart diseases, and nephrosis. Therefore, monitoring of choles-
terol level in the blood is an essential criterion for the diagnosis and prevention of a
variety of diseases. A sensor based on SPE@MWNT immobilized with cholesterol
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Fig. 2.13 Schematic representation of Cu@MWCNT-POAP preparation and detection principle
for H2O2. Reproduced from Ref. [73] with permission of RSC Publishing

oxidase had the capability for the detection of cholesterol in blood. The MWCNT
facilitated electron transfer and increased sensitivity providing good result for clin-
ical assays of blood. A unique electrochemical sensing method for H2O2 making use
of Cu@MWCNT-POAP was proposed where the composite was prepared by elec-
trochemically depositing Cu nanospheres on the MWCNT (Fig. 2.13) [73]. After the
electrochemical polymerization, both copper (Cu) and poly(o-aminophenol) (POAP)
are deposited on the MWCNT. The result suggests that Cu is chelated with oxygen
and nitrogen functional groups of aminophenol and stably anchored in between the
MWCNT. The excellent performance could be attributed to the stable immobiliza-
tion of copper species on the surface of POAP dispersedMWCNT. The electrochem-
ical sensor showed excellent electrochemical response to H2O2 in the concentration
range of 20–360 μMdue to significant amplification capacity of MWCNT thin layer
(Fig. 2.13). The sensor showed good performance even in the presence of common
interfering agents such as dopamine, ascorbic acid, NaCl, and uric acid.

2.5.4 Carbon Nanohorns

Carbon nanohorns (CNHs) are cone-shaped carbon nanostructures derived from a
sp2 carbon sheet and have typical size of 30–50 nm with 2–5 nm diameter [74].
SWCNHs can be prepared via CO2 laser ablation of a graphite target. Unlike CNTs,
nanohorns call for no metal catalyst in their synthesis [75]. They provide a realistic
and beneficial choice to SWCNTs due to their protracted shape. SWCNHs are a new
material, comparable to SWCNTs and are categorized into three variations, namely,
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dahlia, bud and seed [76]. SWCNHs have internal and interstitial nanopores. There-
fore, they find applications in gas adsorption, catalysis and electroanalysis. Though
SWCNHs have not been extensively utilized in electroanalysis, unlike their CNT
counterparts, yet as a result of the similar architectural properties, insights from
CNTs may be applied to this potential electrode material. From the structure of
SWCNHs, the proportion of edge plane sites is reduced with a high percentage of
basal plane sites, suggesting that an electrode modified with SWCNHs will certainly
offer an inadequate voltammetric reaction. Nevertheless, among the first examples
of their uses was reported in the direction of the electroanalytical determination
of UA, DA, and AA [77]. Linear sweep voltammetric response was acquired at a
bare GCE where no signals were obtained, however when the electrode is modified
with SWCNHs, three distinct and well-resolved peaks are observed. Such a modi-
fication in feedback was credited to the boost in edge plane density and adsorption
ability of the SWCNHs, which is rather surprising. The authors reported peak sepa-
rations between uric acid-dopamine, and dopamine-ascorbic acid as 152 mV and
221 mV, respectively. The calibration curve for UA, DA and AA were in the range
of 0.06–10 mM, 0.2–3.8 mM, and 30–400 mM, with detection limits of 20 nM,
60 nM, and 5 mM respectively. The sensing approach was applied for the deter-
mination of uric acid, dopamine, and ascorbic acid in urine samples. Zhao et al.
made use of SWCNHs modified with GNP to offer a disposable immunosensor and
utilized α-fetoprotein as a design target analyte and demonstrated its applicability
for detection in serum samples. Valentini et al. [75] used oxidized single-walled
carbon nanohorns that were immobilized onto SCE. These electrodes were explored
for the electrochemical detection of epinephrine, in the presence of serotonine-5-HT,
DA, epinephrine, AA, acetaminophen, and UA. A linear range of 2–2500 μM was
obtained for epinephrine with a LOD of 0.1 mM [75]. A CNHs/β-CD nanohybrid
was reported for sensing 1-chloro-4-nitrobenzene (CNB) (Fig. 2.14) [78]. The β-
CD formed by partly unzipping CNHs give abundant active sites, additional rise in
surface area along with enhanced dispersibility of the CNHs/β-CD which resulted in
fast electron transportation. TEM, FT-IR spectroscopy, Raman spectroscopy, XRD,
and electrochemical methodswere used to characterize the structure andmorphology
of CNHs/β-CD. The results show that the sensor exhibits excellent electrochemical
sensing performance (linear response range of 2–2500 mM and a LOD of 0.1 mM)
to CNB.

2.5.5 Fullerene

The fullerene (C60) is a unique electron pool of π-conjugated systems that has
gotten noteworthy attention as electrode modifier [79]. The derived nanostructures
of fullerene with different morphologies have produced huge amount of progress
in nanotechnology due to their physical properties [79]. 1D fullerene nanorods
stemmed out of 0D C60 have special physical properties including large surface
and outstanding electron accepting properties. Covalent immobilization of fullerenes
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Fig. 2.14 Preparation of the CNHs/β-CD nanohybrids electrode for CNB detection. Reproduced
from Ref. [78] with permission of RSC Publishing

onto solid surface and films is being persuaded to understand their chemistry at the
interface for future applications in electronic gadgets [80]. Undoubtedly, composite
of C60 with nanomaterials such as nitrogen-doped carbon nanotubes, AuNPs and
PdNPs has been shown to be helpful for incorporating the special physical proper-
ties of these materials which results in novel applications [81]. Moreover, C60 exhib-
ited inner redox activity, reproducible catalytic reaction, and high chemical stability
which have brought about considerable interest in scientists to explore the possi-
bilities of utilizing this material in biosensing devices. Biomolecules bearing NH
groups are anticipated to bond chemically to the C60 molecule, leading to the forma-
tion conjugates. Therefore, functionalization of fullerene to prepare water-soluble
derivatives and conjugates with enzymes urease, glucose oxidase, haemoglobin,
myoglobin, has been reported. The dispersion of the functionalized C60@AuNPs
modified electrode revealed excellent catalytic activity for the non-enzymatic detec-
tionof glucose [82].C60 groups functionalizedwith hydroxyl groups canbemediators
in biosensor applications. A recent study used antibody immobilized C60 to identify
immunoglobulin G (IgG) and haemoglobin (Hb) [83]. The carboxylic acid functional
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group also plays remarkably imperative component to make a contact in between
fullerene and biomolecules thus improving the level of sensitivity of the biosensor.
A potentiometric urea biosensor was constructed by immobilizing urease enzyme
onto C60-COOH for sensing urea in urine samples. In this study, urease enzyme was
immobilized the C60-COOH [84]. Real sample analysis of diluted urine solution has
shown promising results.

2.5.6 Graphene

The Nobel Prize in Physics was awarded to Geim and Novoselov in the year
2010, for their simple yet ingenious method to fabricate graphene from highly
oriented pyrolytic graphite (HOPG), the so-called “Scotch tape” method, where
graphene layers are mechanically cleaved which resulted in graphene and few-
layer graphene [85]. Graphene is an indeterminately extended two-dimensional
(2D) carbon network with a hexagonal lattice resembling a honeycomb structure
which exhibit high sensitivity, great selectivity, good stability, low overpotential,
wide potential window, negligible capacitive current, and excellent electrocatalytic
activity. The first instances reporting graphene to be potentially utilized as an elec-
trode material was towards the detection of NADH and dopamine. The authors
reported that via the addition of graphene onto an electrode surface the voltam-
metric peak heights increased at reduced overpotentials. Such work was the begin-
ning of the graphene where scientists anxiously modified electrodes, analysed these
towards target analytes and reported electrocatalysis compared with the unmodi-
fied electrode. Porous graphene (PG), as a new kind of graphene derivatives, has
good dispersibility in aqueous medium, because of π-π stacking of graphene [86].
As a result, PG possesses high surface area and mechanical stability contrasted to
graphene. Furthermore, the pore framework in PG facilitates quick movements of
charge, which Renders electrical conductivity to this material. PG has been widely
utilized in the area of electrochemical sensor. A glucose sensor based on CuCo2O4

polyhedron/porous reduced graphene oxide (PrGO) composite with hollow struc-
ture have high sensitivity for glucose. A novel electrochemical sensor making use of
PG prepared by chemical vapour deposition for the detection of dopamine showed
no interferences of UA and DA. A recent work compared the electrochemistry of
graphene making use of CV and DPV. The DPV result showed that several elec-
troactive substances AA, serotonin (ST), and DA were very well resolved, because
of quick electron transfer in graphene. Hybrid nanocomposites of 3D graphene with
NPs have pulled in consideration for the advancement of H2O2 sensors. Cheng et al.
reported Cu2O microcrystals embedded porous 2D and 3D graphene aerogel (GA)
by hydrothermal and filtration strategies for the electrochemical detection of H2O2

(Fig. 2.15) [87]. Textural characterization proves that Cu2O is uniformly distributed
over the GA. Electrochemical sensing performance of 3D Cu2O-rGO-P is higher
compared that of its 2D analogue. Both sensors based on 3D Cu2O-GA and 2D
Cu2O-rGO-P nanocomposites appeared good selectivity towards the detection of
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�Fig. 2.15 Image of 3D-Cu2O-GA (a).The obtained 2D Cu2O-rGO-P nanostructure after filtration
(c). Schematic diagrams of the synthesis of 3D Cu2O-GA composite (b) and 2D Cu2O-rGO-P (d).
(e and f) SEM images obtained at different magnifications of the 2D Cu2O-rGO paper without
thermal annealing. Inset in (f) shows size distribution histogram. SEM images of the 2D Cu2O-
rGO paper before (g) and after (h) thermal annealing. The insets in (i) and (j) show the magnified
cathodic current response for lowH2O2 concentrations. Reproduced fromRef. [87] with permission
of American Chemical Society

H2O2 having no interference. The high electrocatalytic activity of the 3D Cu2O-GA
is due to the large surface area provided by the rGO and good conductivity which
helps the transfer of electrons.

2.6 Conducting Polymer Nanomaterials

Typically, plastics are associated with excellent electric resistivity and are often used
as protection for electrical cables [88]. However, lately with the advent of conducting
polymers, plastics have been associated as semiconducting or even conducting mate-
rials for various applications ranging from electrocatalyst to product oriented scien-
tific research [88]. Conductivity of these polymers increases on addition of dopant
(Fig. 2.16). For all intents and objectives, CPs can be called Nobel Prize-winning
materials, given the fact that they find real life application in various fields such as

Insulators Semiconductors Metallic 
Conductors 

Electroactive Polymeric 
Composites/Blends

Conducting  Polymers

Uncharged (undoped) Charged (doped)

10-18 10-14 10-10 10-6 10-2 102 106

Conductivity
Scm-1

Fig. 2.16 Conductivity range of CPs and conductive polymeric composites. Reproduced from Ref.
[85] with permission of Elsevier
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Fig. 2.17 Various conducting polymer reported in the literature. Reproduced from Ref. [88] with
permission of Elsevier

rechargeable batteries, capacitors, sensors, and electrochromic devices. Three scien-
tists, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded
Nobel Prize in Chemistry in the year 2000 for the discovery of conducting polymers
[88].

In this section, an overview of a few prominent conducting polymer (Fig. 2.17)
based nanomaterials for electrochemical sensing applications is presented. Poly-
acetylene, the first polymer discovered to have intrinsic conductivity on doping, has
the most basic molecular framework [88]. However, its insolubility and inadequate
stability restricts its technological applications. Among CPs, the highly appropriate
front runners belong to essentially three families: polyaniline (PANI), polypyrrole
(PPy), and polythiophene (PT). The various strategies for synthesis of CPs include
(i) templates method (hard-template and soft-template), template-free approaches
and (ii) polymerization methods (dispersion polymerization, interfacial polymeriza-
tion, vapour polymerization, and also electrochemical polymerization) (Fig. 2.18)
[88]. Soft templating method includes use of surfactants for generating porosity in
the nanostructured material. The hard-templating method uses the pore structure of
mesoporousmaterial (e.g. mesoporous silica) to create a newmaterial (also known as
nanocasting). A precursor to the desired end material can infuse into the mesoporous
structure of the silica. This is then heated to a suitable temperature for thermal degra-
dation to form the required product. Chemical synthesis is carried out by polymeriza-
tion of themonomer in acidicmedium using oxidants such as ammonium persulphate
((NH4)2S2O8), andFeCl3. Electrochemical synthesis can be carried out in threeways:
(1) potentiostatic (constant potential) method; (2) galvanostatic (constant current)
method; (3) potentiodynamic (potential scanning or cyclic voltammetric) method.
In the interfacial polymerization technique, the radical reaction occurs at the inter-
face of two immiscible solvents and the result is polymer nanofibers. Dispersion
polymerization (DP) is a heterogeneous polymerization process carried out using
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Fig. 2.18 Route of CP nanomaterial synthesis by using the template method and polymerization
methods. Reproduced from Ref. [88] with permission of American Chemical Society

polymeric stabilizer in the reaction medium. Dispersion polymerization is a conve-
nient method to obtain bigger solid particles. Uniform-sized polymer beads with
diameters between 0.1 and 10 μm are obtained by this method which finds appli-
cation in coatings, biomedical, electronics and microelectronics. In vapour phase
polymerization, monomer vapour is introduced to the oxidant coated substrate and
the polymerization happens at the oxidant vapour interface. The above methods can
also be used for synthesis of polymer-based nanomaterials.

2.6.1 Polypyrrole

Among conducting polymers, polypyrroles (PPy) is without doubt the most thor-
oughly examined polymer due to its water solubility, low oxidation potential, and
reasonably priced monomer pyrrole [89] PPy along with its derivatives are typically
made use of as immobilizing substrate for biomolecules. Ability to be polymerized
in aqueous media, one-step electrodeposition on the electrode surface, extremely
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simple enzyme entrapment, long-lasting ecological environmental stability are all
favourable highlights that allow them tobe used in chemical sensing units, biosensors,
and solar batteries [89]. PPy has been efficientlymade use of in fabricating transistors
for sensing purpose. For the synthesis of polypyrrole, electrochemical polymeriza-
tion is an often-made use of technique considering that it demands small amount of
monomer and enables examination of in-situ growth during polymerisation [89]. The
technique is easy, and it gives direct grafting of the polymer onto electrode surface
area without the requirement of doping after synthesis. Even though polypyrrole was
one of the very first conducting polymer to be electrochemically synthesized, there is
an ongoing controversy concerning its polymerization mechanism [89]. Regardless,
the polymerisation is considered to include formation of cation which is observed
through either radical cation coupling or reaction of a radical cation with a neutral
monomer [89]. A new sort of bio-nanohybrid product consisting of functionalized
multiwall carbon nanotubes and PPy was proposed for an enzymatic amperometric
biosensor [90]. It is produced by enveloping the enzyme GOx by electrochemical
polymerization where PPy grows in the sites of the functionalized-MWCNTs giving
enough space for enzyme immobilization (Fig. 2.19) [90].Nafionwas used for disper-
sion of MWCNTs which also prevented leaching of GOx from the electrode. The
enhanced glucose biosensor electrode showed a wide detection range spanning upto

Fig. 2.19 Glucose detection scheme using ternary Nf-GOx-fMWCNTs-PPy/Pt electrode. Adapted
and reproduced from Shrestha et al. [90] under a Creative Commons Attribution 4.0 International
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4.1 mM, with a response time less than 4 s. The applicability of the biosensor was
examined for the determination of a real serum sample. The high performance of
the sensor is due to π-stacking of MWCNTs with PPy which increases the electrical
conductivity of the composite. Nafion, having a negative charge due to hydrophilic
anion, helps to repel most of the negatively charged interfering analytes such as AA,
DA, and UA, thus rendering good selectivity to the biosensor [90]. An organic elec-
trochemical transistor (OECT) consisting of an interdigitated microarray electrode
coated with Nano-PPy and a penicillinase membrane layer was reported. Pencilline-
G in contact with device is converted to pencillonic acid on hydrolysis by enzyme.
The enzyme reaction acidifies the PPy membrane, causing an increase in the electric
conductivity of Nano-PPy. In a recent report, an electrochemical sensing unit with
exceptionally high selectivity for detection of p-nitrophenol (p-NP) has been demon-
strated using nanoPPY@sodium dodecyl sulphate@GCE. The biosensor showed a
good detection range from 0.1 nM-100 μM for estimation of p-NP with LOD of
0.1 nM [91]. The pores of the thin layer can serve as minicells which can also act
as capillary tubes for the diffusion of p-NP right into the electrode surface area
[91]. In another study, nanofiber PPy(PPyNFs) film was grown on n-type silicon
substrate by electropolymerisation to fabricate Schottky junction diode for detection
of m-dihydroxybenzene by CV [92]. The introduction of Pt layer on p-aligned PPy
NFs/n-Si film resulted in non-linear I-V curves due to the development of Schottky
barrier between PPyNFs/n-Si and Pt layer.

A highly sensitive electrochemical sensor for nitrate and nitrite ions was reported
using copper nanoparticles, zinc superoxide dismutase (SOD1) modified with nitrate
reductase (NaR) co-immobilized on a CNT-polypyrrole (PPy) nanocomposites
(Fig. 2.20) [93]. The electrochemical behaviour of nitrate and nitrite ions on the
sensor was investigated. The high surface area provided by PPy helps to bind
CNT. The PPy also provides enough porous structure for the immobilization of two
enzymes (SOD1) and (NaR) [93]. The CNT acted as a molecular wire which helped
in accelerating the electron transfer. The sensor showed best selectivity against inter-
fering agents because of the cellulose acetate membrane. The results showed that
the sensor exhibited electrocatalytic activity for nitrite oxidation at +0.8 V and at
−0.76 V for nitrate ions (Fig. 2.20). The findings show that CNT–PPy nanocom-
posites helped co-immobilization of SOD1 and NaR which enhanced the sensitivity
of the biosensor [93]. Lin et al. described biosensor transducer of carboxyl capped
overoxidized PPy nanowire electrode for sensing tripeptide (Gly-Gly-His) cognitive
of Cu2+ [94]. Result from the electrochemical sensor showed to be extremely specific
to Cu2+ within the concentration range of 20–300 nM [94].

2.6.2 Polythiophene

Polythiophenes (PThs) nanomaterials are conjugated polymers which are environ-
mentally and thermally stable. The density of polymer film can be tuned by altering
the polymerization time using electropolymerization technique [89]. PThs forms
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Fig. 2.20 Construction of a NaR–SOD1–CNT–PPy–Pt electrode for the detection of NO2
− and

NO3
−. Reproduced from Ref. [93] with permission of Elsevier

films with good adhesion to the substrate and also help in transmission of signals
between the substrate and the biomolecules. PThs finds application in various areas,
such as electric gadgets, sensing units, batteries, electro-magnetic material, artifi-
cial noses, muscular tissues, solar batteries, microwave absorbing products, memory
gadgets, nano-switches, and polymer digital interconnects [95]. Earlier, the non-
substituted polythiophene was rarely used due to its insolubility in common organic
solvents as a result of its extended π-conjugated structure. Hence, alkyl chains are
introduced into the thiophene systems using functionalized monomers to synthe-
size soluble polymers [95, 96]. Electropolymerization utilizing monomers can be a
fast, useful and well-understood approach. An electrochemical sensor with poly(3-
thiopheneacetic acid) as a nanostructure has actually been produced by linking
cholesterol oxidase, for detection of cholesterol [97]. Even though fluorescent tag
and surface plasmon resonance have actually been made use as hybridization trans-
duction, these techniques might be expensive and lengthy [97]. There are reports
such as DNA hybridization immobilization of oligonucleotide. The development of
hydrogenbonds in between corresponding regions ofDNAbut also the functionalized
PThs has altered their electrochemical characteristic which creates the exploration of
particular DNA in PThs-based biosensors. A label-free electrochemical sensing unit
for DNA was prepared by electrochemical polymerization of Poly(4-hydroxyphenyl
thiophene-3-carboxylate) (PHPT) onto GCE (Fig. 2.21) [98]. In the hybridization
process, DNA labelled oligonucleotides (ODN) complementary to another target
were combined in equivalent quantities (Fig. 2.21) [98]. A biological recognition can
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Fig. 2.21 Schematic representation of the fabrication of PHPT/ODN bioelectrode. Reproduced
from Ref. [98] with permission of Elsevier

be checked by comparing CV of single and double-stranded oligonucleotide. The
double strand oligonucleotide has lower oxidation current than that of single strand,
which leads to decrease of PHPT electroactivity due to stiffness of the polymer chain.
One of the reasons is probe and target in the polymer chain caused restricted move-
ment and rotation of the polymer chain which result into decrease in conductivity.
The sensitivity of the electrochemical sensing unit was 0.02 μA/ nmol with an LOD
of 1.49 nmol [98].

2.6.3 Polyaniline (PANI)

Among CPs, polyaniline (PANI) is well-known semi-flexible rode-like CP, having
high conductivity, ease of synthesis, and environmental stability. PANI with different
nanostructures ranging from nanoplates, tubes, fibres to brain-like structures are
reported (Fig. 2.22) [89]. PANI and its derivatives have a remarkable number of
active sites for immobilization of enzyme without any additional treatment. The
nanostructured PANI also finds applications as matrix material in microelectronic
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Fig. 2.22 Morphology of different PANI structures

devices. PANI has been generally made use of in numerous biosensors applications
such as biomedical gadgets and biosensors for detection of biomolecules such as
glucose [22, 63, 99–101]. Commonly, PANI is synthesized through electrochemical,
chemical oxidation of the aniline monomer in acid solution, vapour-phase deposi-
tion polymerizations, plasma polymerizations, technique, photochemical polymer-
ization, inverse emulsion polymerization, and enzymatic polymerization. PANI has
several structural forms among which the emeraldine salt (ES) form is the highest
conducting form. ES is formed by protonation of the emeraldine base, which takes
place preferentially at the imines N atoms creating radical cations accompanied by
an increment in conductivity by several orders of magnitude. Early mechanism used
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for biosensor developed in the 1980s depended on the pH alterations which stem
from chemical responses, though with poor LOD. In a much more sensitive method-
ology, reduction of oxidized PANI was coupled with the oxidation of glucose by
GOx [11, 23, 99]. The greater surface area and ease of incorporation of biological
materials are some of the main advantages for the nanofibers type of polyaniline
over traditional dense films. Polyaniline has been used in DNA sensing considering
that the redox activity of the polymer comes with oligonucleotide binding occa-
sions likewise provides signal increasing. Whereas PANI is identified for being a lot
more chemically and mechanically stable than various other conducting polymers,
its utilization was restricted in biological sensing applications which typically need
neutral pH range. This is because electropolymerisation generally requires acidic
pH whereas most of the biomolecules are known to lose their activity in low pH
range. This problem can be overcome by making use of self-doped polyaniline. For
example, doping polyaniline with polyacid such as poly(styrenesulfonate) can help
to maintain electroactivity of PANI even in neutral pH range. The sulfonate groups
on the polyacid retain local acidity even in neutral electrolytes. Lee et al. suggested
use of poly(aniline-co-metanilic acid) copolymer for detecting progesterone [102].
Sulfonate group in themetanilic acid formhydrogen bondwith progesterone. Proges-
terone is imprinted into the poly(aniline-co-metanilic acid) on the working electrode
surface. In another study electropolymerization method was carried out to produce a
PANI nanotube cluster that had an extremely reduced LOD of 1.0 fM conjointly,
illustrated the capacity to set separated single base pair mismatches. The ultra-
sensitivity was due to oriented nanotubes having high conductivity. Sawant et al.
established a highly sensitive microbial biosensor for electrochemical detection of
pesticide lindane utilizing PANI nanofibers immobilized with genetically modified
E.coli cells overexpressing γ-hexachlorocyclohexane dehydrochlorinase (LinA2)
gene (Fig. 2.23) [103]. Results showed that the LinA2 gene present in the genetically
modified cells helps degrade lindane to produce HCl causing protonation of PANI
microenvironment and an enhancement in its conductivity, which was determined

Fig. 2.23 Scheme of enzymatic biotransformation of HCH by step-by-step dehydrochlorination
making use of the LinA2 HCH dehydrochlorinase. Reproduced from Ref. [103] with permission of
American Chemical Society



60 A. P. M. Udayan and S. N. Sawant

by pulsed amperometry. The biosensor detects lindane at part-per-trillion concentra-
tion range having a linear range from 2 to 45 ppt (Fig. 2.23) [7]. Over the last few
years, electrochemical immunosensors based upon different electrochemical analyt-
ical methods has been widely applied in biochemistry and biology, clinical chemistry
and ecological surveillance. The detection selectivity of electrochemical immunosen-
sors relies on molecular recognition between antigens and antibodies. The label-free
immunosensor becomes an appealing and promising method due to its simplified
working procedure, high sensitivity and selectivity, reduced instrumentation expense,
simplicity of usage and rapidity of the assay. Detection of circulating tumour cells
(CTCs) in the bloodstream of patients diagnosed with Stage III cancer and under-
going treatment is important for monitoring the effectiveness of the treatment and
to implement any additional intervention necessary towards a cure. However, iden-
tifying and enumerating very few CTCs present among billions of normal blood
cells remains a challenge. Melanoma (melanotic carcinoma) is a kind of deadly cuta-
neous cancer which is metastatic in nature. The incidence of cutaneous cancer malig-
nancy has proliferated over the last few decades, making it a leading cause of death.
Realizing the lethality of cancer malignancy, scientists have developed varied tech-
niques to diagnose the primary as well as metastatic cancer malignancy. Anu Prathap
et al. reported antibodyMC1R-functionalizedPANI@SPE-basedmicrofluidic device
(PANI@SPE-MFD) for the detection of cancer malignancy skin CTC (Figs. 2.24,
and 2.25) [104]. The polyaniline nanofibers (PANI-NFs) were prepared by inter-
facial polymerization technique. XRD confirmed the formation PANI having high
crystallinity (Fig. 2.24a). Electron microscopy showed that the nanofibers having
a size of ~95 nm (Fig. 2.24b). XPS analysis confirmed the presence of that C1s,
N1s, and O1s, respectively (Fig. 2.24c). N2 adsorption shows type IV isotherm indi-
cating presence of mesopores (Fig. 2.24d). PANI-NFs modified electrode was used
as a sensor for melanoma cells (Fig. 2.25).The fabricated device shows LOD of 1
cell/1 mL and an excellent linearity with cell concentration ranging from 10 to 9000
melanoma cells/10 mL [104]. The high electrochemical activity of the sensor was
due to high surface area and amine nitrogen linkages in PANI-NFs which facilitated
the antibody immobilization. Moreover, the biocompatibility and non-cytotoxicity
makes the PANI matrix easier for higher amount antibody loading which lead to
higher linear range of detection and lower limit of quantification (LOQ) compared
to reported literature [105]. Sawant et al. have reported a very sensitive electrochem-
ical strategy for monitoring the extracellular acidity (pHe) in the microenvironment
of cells in real-time (Fig. 2.26) [106]. The mechanism includes doping of PANI
by the acidic metabolites released by the cells which bring about conversion of the
emeraldine base of PANI to salt form (Fig. 2.26) [106]. This triggers an increase in
conductivity of the sensing unit, which is evaluated by amperometry. Various cell
types (MCF7, DU145, PC3, and PBMC) are used in this study. By innovative layout
of the electrodes, it was possible to detect as low as 5 cells. The sensor could also be
used to examine the effectiveness of glycolysis inhibiting drugs on cancer cells. It
is anticipated that further information and comprehensive research on nanobiosen-
sors will lead to their application in personalized clinical diagnosis, which could
eventually decrease the health problems and improve quality of human life.
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Fig. 2.24 Characterization of PANI-NFs: a XRD pattern, b SEM image (inset: HRTEM image),
c XPS spectra, and d N2 adsorption isotherm (inset: pore size distribution). Reproduced from Ref.
[104] with permission of Elsevier

Fig. 2.25 a Schematic drawing of parts of the gadgets. b Electrochemical detection scheme for
CTC. c Schematic of fully constructed device. Reproduced from Ref. [104] with permission of
Elsevier
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Fig. 2.26 Schematic for conversion of the emeraldine base form of polyaniline to emeraldine
salt form on interaction with acidic metabolites with concomitant increase in its conductivity.
Reproduced from Ref. with permission of Royal Society of Chemistry. Adapted and reproduced
from Sawant et al. [106] under a Creative Commons Attribution 3.0 Unported License

2.7 Conclusions and Outlook

Introduction of electroanalytical technologies based on unique functional nanomate-
rials implies a significant opportunity for the development of electrochemical sensor
and biosensor devices for a wide range of applications. Property of nanostructured
materials can be further enhanced with introduction of porosity. Nanostructured
materials with porosity are very important for catalytic and electrochemical sensing
applications. In this chapter, the relevance of nanomaterials-based electrochemical
sensor as well as biosensor systems for environmental and biomedical applications
is highlighted. Detailed electrochemical sensing and biosensing strategies based
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on vast array of nanomaterials including semiconducting metal oxide nanomate-
rials, noble metals, conducting polymer nanomaterials, carbon nanomaterials, as
well as their nanocomposites are described. Applications of these nanomaterials for
single and simultaneousmultiple analyte detection using electrochemical sensorwere
discussed.Compared to other techniques such asmass spectrometric and optical tech-
niques, the electrochemical measurements are more affordable, simple and easier for
miniaturization, whichmakes it better for online detection. Nanomaterials with small
size, high surface area, inter-crystalline mesoporosity and high dispersion of active
metal species on the porous materials were some of the key feature for displaying
high catalytic activity and electrochemical sensitivity. The promising results obtained
using nanomaterials provides scope for future development of several new class
of tailored nanomaterials targeting specialized applications. Although remarkable
advances have been obtained in exploring nanomaterial-based signal boosting tech-
niques for the progression of ultrasensitive biosensing approaches, the nanomaterials-
based biosensors utilizing biomolecules often suffer from problems of poor stability
and reusability. The detection of cancer cells and specific proteins at ultra-low levels
in real sample is particularly challenging. Hence, substantial effort is still an urgent
demand to boost the reproducibility and practicability of the nanomaterials-based
signal boosting strategies. However, with further advancement in nanotechnology,
innovative sensing platformswill certainly be developed to detect trace target analytes
with enhanced sensitivity and selectivity.
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Chapter 3
Synthesis of Noble Gas Compounds:
Defying the Common Perception

Adish Tyagi

Abstract Although they were not assigned a place in original Mendeleev periodic
table, noble gases found a special place in popular science history. Their discovery,
prediction about their reactivity, and preparation of first compound of noble gases are
a display of utter determination, innovation, scientific temperament, and conviction.
Since discovery, noble gases have been considered as inert or rare gases that are
unable to react with other elements. This notion was shattered in 1962 when Bartlett
prepared first noble gas compound. Subsequently, a flurry of synthetic and structural
work ensued in hundreds of noble gas compounds. This chapter will take the readers
on a journey of how the noble gases were discovered from the 0.1% discrepancy in
assigning the density of nitrogen. Moving further, the chapter will shine light on how
a 60 years long dogma related to the inertness of noble gases was overthrown in one
master stroke. In addition to this, the chapter will also provide the discussion on the
synthesis of compounds of noble gases and how the compounds which are almost
impossible to prepare under ambient conditions become reality under high pressure.
Furthermore, an enigma related to missing xenon phenomenon and proposed models
to explain this paradox has also been included in this chapter. In the last, the chapter
would like to draw the attention of the readers toward a question; was coaxing
reactivity from these intractable elements not remarkable?

Keywords Noble gases · Neil Bartlett · Missing xenon · Noble gas compounds ·
Xenon oxides

3.1 Introduction

Noble gases were believed to be inert gases but they are not; many of noble gas
compounds have been prepared and isolated since 1962. They were labeled as lazy
elements however they are not; once they were provided them suitable conditions,
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theywill surprisewith the unusual chemical behavior, intriguing structures, and unex-
pected properties. Calling them as noblesse oblige is imprecise and misleading [1].
These elements work diligently and exhibit several applications. Helium (He) plays
a pivotal role in space, defense, and energy program encompassing pressurization of
liquid propellants, weapons development, and nuclear fusion experiments. Further-
more, liquid helium is used for cooling the magnets of NMR instruments, biological,
climate and weather forecast, and superconductivity research. In combination with
neon (Ne), it produces powerful He-Ne laser with immense applications. Ne, apart
from being utilized in lasers, also finds application as lightening arresters. Argon
(Ar) is extensively used by chemists for creating inert atmosphere in round bottom
flask or glove boxes. Xenon (Xe) and krypton (Kr) find significance in electronics
and medical field. Xenon-131 is used in CT scans and MRI as a contrasting agent.
Being NMR active xenon-129 is extensively used to understand the bonding in Xe
compounds and recently as a probe to understand the biological processes. Further-
more, xenon ion thrusters are used to propel spacecrafts whereas krypton flashes
enable photographers to capture images at high speed [2]. Diversified applications
of noble gases are depicted in Fig. 3.1.

Fluorides of xenon and krypton are considered as powerful oxidizing agents and
also used for fluorination of compounds. Xenon difluoride finds utility in synthetic
organic chemistry and is used for preparing the intermediate for the syntheses of
18F-labeled radiopharmaceuticals like L-[18F]6-fluorodopa which finds application
in positron emission tomography [3].

Apart from above-mentioned applications, the most predictable and recognizable
use of these gases is in illuminated signs, light bulbs, and lamps (Fig. 3.2). Their lack
of chemical reactivity helps to preserve filaments in light bulbs and grants distinctive
colors when used in gas-discharge lamps.

Fig. 3.1 Fascinating noble gases and their application
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Fig. 3.2 Colors of electric discharge in noble gases (Credit Wikipedia)

From thebrief introduction, it canbe realized that noble gases and their compounds
have the potential to find space in both fundamental and applied fields. On the one
hand, synthesis of novel compounds and their fascinating structures has garnered
the attraction in basic science, while on other hand, their utilization in various fields
has cemented their place in applied sciences. In this chapter, the strategies which
compelled noble gases to lose their identity if inertness and types of noble gas
compounds formed are discussed. However, prior to that it will be interesting to
know about their discoveries.

3.2 Discovery of Noble Gases

The discovery of noble gases is one of the most interesting events in the history of
science. It is the story of creativeness and intuition, as well as scientific adventure
and determination. It is also a real showcase of fundamental and applied science
working in concert.

Rare gases or noble gases constitute a group of elements which form about one
percent of the volume of earth’s atmosphere. It can be visualized, in a room which is
12 feet long 12 feet wide and 8 feet high than this room is likely to contain inert gases
of about 11.5 cubic feet. In universe, helium is the second most abundant gas after
hydrogen, while in earth’s atmosphere, argon is the most abundant gas among all
noble gases. It is approximately 800 timesmore abundant than neon, the secondmost
common. It will be interesting to know that whenever a normal human being takes
a deep breath it is likely to inhale about 5cm3 of argon. So calling argon as rare gas
is rather unfair. Nevertheless, while apparently so accessible, the existence argon in
earth’s atmosphere remained unknown till 1890s, when physical methods, especially
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spectroscopy and liquification of gases, became sufficiently well developed. It was
not correct to say that scientists had not earlier encountered them. It was documented
that in 1785, Cavendish had actually isolated argon during his “Experiments on air.”
Cavendish was trying to convert atmospheric nitrogen into nitrous acid but could
not do so. He was always left out with a bubble of air as unconverted. He called it
as mysterious bubble [4]. However, he did not realized that this residue as a new
element and the matter was rested for almost 100 years, when Lord Rayleigh in 1892
had observed 0.1% discrepancy in the density of nitrogen obtained from air [5]. Prior
to this, something interesting had happened in Guntur, India in 1868 which marks
the discovery of helium.

Discovery of Helium: Noble gases were unknown till 1868, when a total solar eclipse
took place in Guntur, Andhra Pradesh, India. During the solar eclipse, sun central fire
ball is totally obscured leaving the incandescent gases in its vicinity clearly visible.
Pierre Janssen, a French astronomer, had visited India in 1868 to measure the solar
spectrum during the solar eclipse through his rudimentary spectroscope. He made a
careful investigation of the sun’s spectrum and observed a yellow line at wavelength
of 587.49 nm emanating from chromosphere (sun’s atmosphere) of the sun where
no yellow line was expected. This indicated the existence of an element that is not
yet discovered [6]. Same line was observed by English astronomer Norman Lockyer
through London smog, just two months after Janssen. Lockyer along with English
chemist named this element helios, a Greek word for the sun [7]. Later, both Jenssen
and Lockyer unraveled a new way of observing the chromosphere without actually
waiting for eclipse to happen and had made a similar observation. Coincidently both
communicated their result to French Academy of Sciences which arrived on the
same day. Consequently, the discovery of Helium was credited to both Jenssen and
Lockyer (Fig. 3.3).

However, helium was considered to be a celestial element as no trace of helium
was found on earth. Some even thought that the yellow line from the chromospheres
could be due to previously undetected emission of hydrogen. Famous among non-
believers was a rather intimidating opponent, Dmitrii Mendeleev (Fig. 3.3a) who
brought periodic table into existence.

Discovery of argon and other noble gases: During 1880s, Lord Rayleigh endeavored
to assign accurate densities to the gases than had ever beenmade before.He calculated
the accurate densities of oxygen and hydrogen. However, in case of nitrogen, he
found 0.1% discrepancy [8]. Nitrogen he got from air appears to be 0.1% denser
than the nitrogen obtained from ammonia. This discrepancy was enough to attract
the attention of Prof. William Ramsay, an English chemist. With the permission of
Rayleigh, Ramsay begins experiments to discover the unknown thing which was
responsible for 0.1% error in density of nitrogen. Ramsay removed all the known
components from a sample of air, i.e., oxygen, carbon dioxide, and nitrogen. After
doing this, he was left with an unknown gas which is 20 times heavier than hydrogen
and no matter what he did to it he could not alter its density further. He investigated
the gas with spectroscopy and found that its spectrum did not match with that of any
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Fig. 3.3 Images of a Pierre Janssen and b Norman Lockyer (Credit Wikimedia Commons)

known element [9]. Ramsay and Rayleigh made the joint announcement about their
discovery in August 1894 and the new gas was named as argon [10].

Mendeleev and Ramsay (Fig. 3.4) were not on the same side over the discovery of
Argon. Mendeleev claimed that argon was actually triatomic nitrogen N3. However,
spectroscopic evidence and specific heat measurement clearly indicated that argon
consisted of single atom and convinced the scientific fraternity that argon was an
element which does not belong to any group in the Mendeleev periodic table. This
became a major setback for the Mendeleev as there was no space for argon in the
original periodic table. Nevertheless, more relevant question at that time was, if
argon belongs to a group not mentioned in periodic table, then where were the other
members of that group. Whether they exist and not discovered yet? Ramsay was also
aware of this and decided to discover other elements of this group.

Ramsay came to know that Dr. Hillebrand in 1888 obtained an unreactive gas from
the reaction of uranium ore with boiling H2SO4 [11]. The gas was initially thought
to be nitrogen. However, Ramsay, based on his previous experience, wondered that
Hillebrand’s gas might be argon. Spectroscopic evidences indicated that the gas
was neither nitrogen nor argon. Instead its spectrum closely matched with helium,
previously detected in chromosphere. All efforts to combine helium with any other
substance failed which led Ramsay to conclude that helium is the second member
of noble gases [12]. After the discovery of helium and argon, Ramsay predicted that
there were at least two more inert gas elements to be discovered. Subsequently, he
along with his coworker Morris Travers discovered neon, krypton, and xenon [13]
while radon was discovered by a German Physicist, Friedrich Dorn from radium
emanation and is radioactive. Radon was initially named as niton, but since 1923 it
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Fig. 3.4 Images of a Dmitri Mendeleev and bWilliam Ramsay (Credit Wikimedia Commons)

has been known as radon (named after his original source radium) [14]. Apart from
discovering the noble gases, Ramsay determined their properties such as density as
well (Table 3.1). The phenomenal effort put for the discovery of inert gases was
appreciated and recognized in 1904 when Rayleigh was awarded Nobel prize in
Physics for his “investigations of the densities of the most important gases and for
his discovery of argon”whileWilliamRamsaywas awardedNobel prize inChemistry
“in recognition of his services in the discovery of the inert gaseous elements in air,
and his determination of their place in the periodic system.”

Although the discovery of noble gases was a major bolt to Mendeleev Periodic
Table, these gases also follow theMendeleev periodic lawwhichwas a kind of sigh of

Table 3.1 Properties of the noble gases (Credit: Wikipedia of individual gases)

Noble gas
(symbol)/atomic
no.

Greek/Latin
meaning

Atomic
mass

Abundance
ppm by
volume

Density
at 0 °C

Specific
gravity

Polarizability
(Å3)

Helium (He)/2 Sun element 4.003 5 0.178 0.138 0.205

Neon (Ne)/10 New 20.183 18 0.899 0.696 0.396

Argon (Ar)/18 Lazy or
inactive

39.944 9430 1.783 1.379 1.641

Krypton (Kr)/36 The hidden
one

83.8 1 3.745 2.896 2.484

Xenon (Xe)/54 Strange 131.3 0.1 5.897 4.561 4.044

Radon (Rn)/86 Shining 222 6 × 10−14 9.73 7.526 5.3
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relief for Mendeleev. The astute observation of Rayleigh and the phenomenal work
by William Ramsay led to the addition of a new group called zero group comprising
of noble gases to the Mendeleev table.

Recently a new member having atomic number 118 has been added to this group.
The element was named as Oganesson (Og) in the honor of Yuri Oganessian who
played a leading role in the discovery of the heaviest element. The element was
synthesized in year 2002, however it was recognized as a new element in 2015 by
international scientific bodies IUPAC and IUPAP. This element although belongs to
group 18 is predicted to have reactivity considerably higher than the rest of the group
members. Under ambient conditions, it is predicted to be a solid due to relativistic
effects.

3.3 Reactivity of Noble Gases and Discovery of First Noble
Gas Compound

In a milestone paper, Ramsay and Rayleigh also reported their unsuccessful attempts
to chemically combine argon with other element/group [10]. They found that new
element was unaffected by elements of very opposite characters ranging from
alkali/alkaline elements on the one hand to oxygen and chlorine on the other. Further
they wrote that it will be interesting to see whether fluorine also remains without
action. On the basis of above observation, they wrote in conclusions that; we do not
claim to have exhausted the possible reagents. But this much is certain; that the gas
deserves the name “argon,” for it is a most astonishingly indifferent body. The reac-
tion of argon with fluorine was tried by Henry Moissan (1906, Noble prize in chem-
istry for isolation of fluorine) but without any success. These failures only helped the
traditional scientificwisdom that noble gases elements are so noble that they could not
form compounds owing to their extremely stable electronic structure. G. N. Lewis in
his monumental and revolutionary paper “The atoms and the molecule” and Kossel
explained the concept of bonding on the basis noble gas electronic configuration
known as “Octet Rule.” They postulated that atoms lose, accept, or share electrons
to attain noble gas configuration. However, few chemists raised doubts over the abso-
lute non-reactive behavior of noble gases. These includedWaltherKossel himself and
two times Nobel Prize winning chemist Linus Pauling. They postulated that highly
electronegative fluorine might induce reactivity in krypton and xenon because their
electrons were not as tightly held as those of the lighter noble gases. Kossel, based
on the first ionization potential of xenon, made an astute observation that xenon was
most likely to have the ability to combine with oxygen and fluorine [15]. Pauling had
even predicted the existence of H4XeO6, and of KrF6 andXeF6 in his paper published
in 1933 [16]. Gaining inspiration from this, Prof. Yost and coworkers attempted to
combine xenon and fluorine by passing electric discharge [17]. They came close to
preparing xenon fluoride compound; however, they were unsuccessful in isolating
measurable amounts. Prior to them many researchers like Andreas von Antropoff,
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OttoRuff,Menzel [18, 19], etc., had also endeavored to prepare noble gas compounds
but all in vain. Ruff and Menzel were fantastic chemist and when fluorine is consid-
ered they were among the best, but unfortunately they tried to induce reactivity in
argon and krypton by reacting them with fluorine instead of xenon which is least
noble among noble. All these failures only strengthened the perception that noble
gases are indeed un-reactive, and this became a dogma which was embraced in all
common science textbooks of the time and up until 1962.

However, the dogma, that noble gases were absolutely inert, was abandoned when
Neil Bartlett announced the synthesis of Xe[PtF6] compound (Eq. 3.1) on March 23,
1962, nearly 30 years after Yost and Kaye’s attempts to induce chemical reactivity
in xenon [20, 21]. Nonetheless, the discovery was not so straightforward. It was the
result of sheer acumen and observation of Bartlett that led to the discovery. He was
synthesizing PtF2 by reducing PtF4. So for the experiment Bartlett was requiring
pure PtF4. He attempted the purification of PtF4 by heating it in the presence of
dilute fluorine gas and obtained a red sublimate which he initially thought was plat-
inum fluoride oxide, PtF4O, but subsequently recognized correctly that an oxida-
tion reaction had occurred and dioxygen hexafluorplatinate, O2

+PtF6−was formed.
Interestingly, in above reaction, oxygen was oxidized by PtF6. While the discovery
was accidental, Bartlett subsequent reasoning and experiments were phenomenal.
He realized that the first ionization potential of oxygen (12.075 eV) and xenon
(12.129 eV) is comparable and if PtF6 can oxidize molecular oxygen then it can
oxidize Xe also. This reasoning convinced Bartlett to react xenon gas with PtF6 and
it did in a visually rapid dramatic fashion (Fig. 3.5). A non-stoichiometric amor-
phous product of composition [Xe][PtF6]x was isolated whose structure is still not
well understood. It is widely believed that PtF6 oxidizes xenon to form xenon cation
(Xe+) which subsequently underwent fluorine transfer and redox reaction to form
different fluoroxenon fluoroplatinum salts [22].

Fig. 3.5 a Neil Bartlett and b innovative experiment that led to the preparation of first noble gas
compound (With the permission from Springer publisher, Ref. [22])
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Xe + PtF6
Room−−−−−−→

Temperature
Xe(PtF6)x

- x depends upon reactant ratio

- Sticky, redtinged yellow solid (3.1)

Neil Bartlett discovery ignited a worldwide interest in this area and many new
compounds of noble gases were reported in subsequent years. Large amount of
synthetic and structural work pertaining to behavior of xenon and krypton is appeared
in literature in the following years which revealed their true nature.

3.4 Initial Progress in the Synthesis of Other Xenon
Compounds

Year 1962, in which Neil Bartlett had demolished the common belief about the inert-
ness of noble gas elements, will also be remembered for the synthesis of different
composition of xenon fluorides. A report by Howard H. Claasen, Henry Selig, and
John G. Malm, at Argonne National Laboratory on the synthesis of xenon tetraflu-
oride (XeF4) by fluorination of xenon with F2 under high temperature (400 °C) and
high pressure (6 atm) conditions appeared in literature [23]. In the same year, Prof.
Rudolf Hoppe (Fig. 3.6) announced the synthesis of xenon difluoride (XeF2) by elec-
tric discharge method and this synthesis was not accidental. It was a result of many
years of studies and analyses.Hoppe and his teamwereworking on this problem since
1949 and from preliminary thermodynamic analysis, and they were convinced that

Fig. 3.6 a Prof. Rudolf Hoppe and b crystal of XeF2 (Credit Wikimedia Commons)
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XeF2 and XeF4 would be thermodynamically stable. Their study led to the conclu-
sion that the formation of these compounds would be exothermic. Furthermore, the
synthesis of XeF4 confirmed Hoppe that his forecasts about noble gas fluorides were
correct, a vindicated Hoppe synthesized colorless crystalline XeF2 solid by simple
electrical discharge method and at ambient pressure condition. The paper was an
experimental verification of his decade old prediction [24].

Hoppe confirmed the absence of higher fluorinated xenon species in the product
by mass spectrometric analysis. Moreover, he had also investigated the room temper-
ature stability of XeF2 as well as its chemical reactivity with various chemi-
cals including acids, bases, water, alcohols, etc. Later Weissenberg obtained the
photographs of XeF2 crystals and found that they belong to monoclinic crystal
system. Experiments revealed that, Xe combines with fluorine in different ratios
usually under high pressure to form di, tetra, and hexa fluorides (Fig. 3.7).

Unlike direct fluorination of xenon, direct combination of xenon and oxygen was
not possible. Xenon fluorides particularly XeF2 constitute the only starting materials
forXe-Ocompounds and compounds of other elements also. Thus,monumentalwork
of Rudolf Hoppewhich led to synthesis of XeF2 under ambient conditions had served

Fig. 3.7 Different fluorinated products of Xe and F2 reaction



3 Synthesis of Noble Gas Compounds: Defying the Common Perception 81

as an impetus for the synthesis of a plethora of compounds having Xe-O, Xe-N, Xe-
C, Xe-Xe bonds. In basic inorganic chemistry, XeF2 acts as a convenient fluorinating
agent. Moreover, XeF2 being room temperature stable and least strongly oxidizing
and air-sensitive noble gas fluoride was easy to handle and found applications as
an electrophilic fluorinator to generate 18F labeled radiopharmaceuticals for use in
imaging through positron emission tomography (PET). It is also extensively used in
electronic industry as a dry gas phase etchant [3].

3.5 Synthesis of Compounds of Noble Gases

This section will present a brief chemical perspective of noble gases highlighting the
important developments. Since xenon is the most reactive among noble gases (radon
being radioactive gas, so excluded from the discussion), “synthesis of compounds of
noble gases” is mainly emphasized on the compounds of xenon. Least noble among
noble gases, xenon frequently forms bond with highly electronegative elements like
fluorine, oxygen, etc., and exhibit oxidation states +2, +4, +6, +8 (Fig. 3.8). Apart
from the fluorine and oxygen elements, xenon has enjoyed a good chemistry with
powerful oxidizing agent as well. This section is dedicated to the compounds of
xenon and other noble gases with different elements.

Oxides: Discovery of noble gas reactivity by Bartlett was followed shortly there-
after by the discovery of XeO3 [25] which is white solid at room temperature and
XeO4 [26] which is gas at room temperature and exist as yellow solid only at lower
temperature. Pitzer [27] predicted that xenon oxides would be unstable as well
as explosive in nature. The prediction was verified by Bartlett and Rao who had

Fig. 3.8 Xenon compounds in different oxidation states
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isolated XeO3 white powder evolved from the hydrolysis of XeF4 (Eqs. 3.2 and 3.3).
Unfortunately, the powder gets exploded which led to the hospitalization of both the
researchers [28].

4XeF4 + 8H2O → 2XeO3 + 2Xe + O2 + 16HF (3.2)

XeF6 + 3H2O → XeO3 + 6HF (3.3)

Na4XeO6 + 2H2SO4 → XeO4 + 2Na2SO4 + 2H2O (3.4)

Bartlett and Rao initially analyzed the hydrolysis product as Xe(OH)4 of
XeO2·2H2O. However, later with the help of infrared spectroscopy and single crystal
analyses, it was unambiguously established that the solid was xenon trioxide instead
of xenon hydroxide or xenon dioxide dihydtrate [25, 29]. The geometry of XeO3 was
found to be trigonal pyramidal which was same as predicted by valence shell electron
pair repulsion theory (VSEPR). Recently, it was established that XeO3 exhibits crys-
tallization condition-dependent polymorphism. When crystallized by the slow evap-
oration of HF solution of XeO3, α-phase (orthorhombic, P212121) was formed, while
slow evaporation of aqueous solution resulted in β-phase (rhombohedral, R3) and
γ -phase (rhombohedral, R3c) respectively (Fig. 3.9). All three polymorphs exhibit
Xe=O-Xe bridge interactions amongXeO3 molecules resulted from the amphoteric
donor–acceptor nature of XeO3 in extended forms and are consistent with σ-hole
bonding. This Xe-O-Xe bridge is responsible for the kinetic instability of XeO3. The
bridge interaction provides an efficient channel to propagate the detonation shock
wave across the crystal lattice [30].

Fig. 3.9 Crystal structure of α, β and γ phase of XeO3. (With the permission of ACS Ref. [30])
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XeO3 is a potent oxidizer and has an ability to oxidize primary and secondary
alcohols to CO2 and H2O in aqueous medium. However, its shock-sensitive nature
has limited its practical utility. Adduct formation by lewis base is an efficient way to
improvise the stability of XeO3 to an extent where its potential can harnessed [31].
With this perspective, Prof. Schrobilgen et al. prepared thefirst ever stable crownether
complex of XeO3 and characterized it structurally (Fig. 3.10) and from theoretical
calculations. The crystal structure revealed that XeO3 core is bonded through five
oxygen atoms from crown ether molecule. The bonding between polydentate crown
ether and XeO3 proved to be instrumental in significantly reducing the detonating
ability of XeO3 [31].

On the other hand, XeO4 was prepared by the reaction of xenate salts (Na4XeO6

or Ba2XeO6) with concentrated H2SO4 and has a tetrahedral shape (Eq. 3.4). From
infrared spectroscopy it is found that Xe-O bond length in XeO3 (176 pm) is slightly

Fig. 3.10 Crystal structure of (CH2CH2O)5XeO3 formed by the reaction of XeO3 and 15-crown-5.
Redrawn from Marczenko Ref. [31]
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Fig. 3.11 Monomeric and extended structure of XeO2. (With the permission of ACS, Ref. [33])

longer than that in XeO4 (173 pm). Solution phase purity of XeO4 has also been
evaluated from low-temperature 17O, 129Xe, and 131Xe NMR spectroscopy. Just like
XeO3, XeO4 is also deliquescent, extremely shock and temperature sensitive. XeO3

and XeO4 upon decomposition releases 402 and 642 kJ/mol of energy, respectively,
on slightest of mechanical provocation [3].

Immediately after the discovery of reactivity of noble gas, Xe(VI) and Xe(VIII)
oxideswere preparedwhereas theXe(II) andXe(IV) oxides, i.e., XeOandXeO2 were
missing from the list. Theoretical prediction suggested that XeO will have unstable
ground state which limits its prospects to exist as monomer [32]. XeO2, although
predicted theoretically, experimentally it was never successfully synthesized in labo-
ratory. Nevertheless, there were incidents when researchers suspect that XeO2 was
formed in chemical reaction. Once such incident was the synthesis of XeO3 where
the product was initially assumed to be hydrated XeO2. However, recently research
group of Schrobilgen succeeded in the preparing XeO2 compound by the hydrolysis
of XeF4 at 0 °C and in presence of 2 M conc. H2SO4 [33]. The structure of XeO2

(Fig. 3.11) was established on the basis of Raman spectroscopy and 16/18O isotopic
enrichment investigations which indicate that Xe(IV) in XeO2 is bonded to four
neighboring oxygen atoms giving rise to square planar XeO4 geometry.

In another study by Zhu and coworkers [34], it was concluded that the xenon
which is not very reactive at room temperature shed its inertness under high pressure.
Furthermore, they predicted on the basis of theoretical calculations that it can forms
mono, bi, and tri oxides under high pressure (Fig. 3.12).

Apart from thermodynamic stability of XeO, XeO2, and XeO3 at high pressure,
a separate experimental study discloses that xenon can directly react with oxygen
at high pressure (above 50 GPa) to form two oxides having xenon in mixed valence
state, viz. Xe3O2 and Xe2O5 under oxygen-deficient and oxygen-rich environment,
respectively [34]. The oxidation state of xenon is 0 and+4 inXe3O2 and+4 and+6 in
Xe2O5. The three-dimensional morphology of Xe3O2 reveals that it consists of XeO4

planar chain having Xe in +4 oxidation state while unoxidized xenon is sandwiched
between the parallel chains. On the other hand, extended network of Xe2O5 consists
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Fig. 3.12 Existence of xenon oxides under high pressure. (With the permission from Nature
publishing group, Ref. [34])

of oxygen sharing XeO5 pyramids in addition to XeO4 chains. Theoretical studies
looking at the highest molecular orbitals indicate that Xe2O5 is likely be an insulator
while Xe3O2 has characteristics close to small bandgap semiconductor.

Halides and compounds derived from them: As previously discussed, xenon reacts
with different moles of fluorine to form XeF2, XeF4, and XeF6 (Fig. 7). XeF2 is
a linear symmetrical molecule; XeF4 is square planar while XeF6 adopts distorted
octahedral structure. The distortion in the latter molecule arises due to the interaction
among the extra pair of non-bonding electrons in xenon valence shell [35]. Solid-
state existence of XeF6 is even more interesting, where it crystallizes in at least seven
different crystal systems, most of them features tetrameric and hexameric rings of
nearly undistorted square pyramidal XeF5+ joined by fluoride ion bridges [36]. Apart
from fluorides, higher halides (Cl, Br) of xenon (XeCl2, XeBr2, XeCl4) were also
prepared mostly by photochemical or electric discharge method [37]. However, due
to the thermodynamic instability, no neutral halide of xenon other than XeF2 has
been isolated in large quantity. XeF2 is a colorless solid in which individual XeF2
molecules are linearly arranged with strong electrostatic interaction between the
XeF2 molecules. The strong interaction among the XeF2 molecules explains its high
heat of sublimation [38]. It exhibits strong fluoride donor ability and coordinates very
well with fluoride acceptor molecules like AsF5, SbF5, and BiF5. This highlights
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the ligand properties of XeF2 which can be coordinated to metal center [39]. First
compound where XeF2 was acting as a ligand was prepared in 1991 with silver metal
center to form [Ag(XeF2)2] (AsF6) [40]. Realizing this ability of XeF2, researchers
coordinated XeF2 with different metal centers appearing in different oxidation states
like M(I) Ag, Li; M(II) Mg, Cu, Zn, Ca, Cd, Hg, Sr, Pb, Ba; M(III) Ln (Ln = La,
Nd, Sm, Eu, Gd) stabilized with fluorinated counter anions like AsF6, PF6, SbF6,
NbF6, etc., center [39]. Few representative examples of such complexes are shown
in Fig. 3.13.

Monohalides of xenon XeE (E = F, Cl, Br, I) have been prepared by electron
bombardment method or irradiation method. Although they are thermodynamically
unstable and short lived in gas phase, these monohalides of xenon are of significant
interest owing to their usage as light emitting species in gas lasers (qv) [41, 42].

Xenon also forms variety of oxidefluoride compounds such as XeOF2, XeOF4,
XeO2F2, XeO3F2, and XeO2F4. The latter two are thermodynamically unstable
containing xenon in +8 oxidation state and their existence were confirmed mainly
by 129Xe and 19F NMR spectroscopy and mass spectrometric technique [43]. On
the other hand, xenon oxide fluorides, featuring xenon in lower oxidation state,
were relatively well explored and were prepared from xenon fluorides. Their
shapes/geometries were explained on the basis of valence shell electron pair repul-
sion theory (VSEPR theory). XeOF2, XeOF4, XeO2F2; possess V-shape geometry,
square pyramidal geometry, and triagonal bipyramidal geometry, respectively.

Fig. 3.13 Compound formed by coordinating XeF2 ligand with different metal centers. (With the
permission from Elsevier, Ref. [39])
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Xenon is also known to form alkali metal xenates (XeO4
2−) and perxenates

(XeO4
2−) compounds. The xenates salts were prepared by freeze drying xenon

trioxide, and alkali metal hydroxides in 1:1 mixture while perxenates salts were
synthesized by the hydrolysis of XeF6 in strong alkali solution where some portion
of xenon is evolved as gas while rest precipitated as perxenate salts. Xenates are
unstable and explosive while perxenates are a stable compound which gradually
loses water of hydration on heating. Apart from alkali, several transition metal and
actinide perxenates have also been prepared and characterized. In chemistry, perxe-
nates solution is known as powerful oxidizing agents capable of oxidizing iodate ion
to periodate, manganous ion to permanganate, etc. [44].

Other than xenon, krypton is the only noble gas known to form isolable in macro-
scopic quantities. The chemistry of krypton, unlike xenon is limited to +2 oxidation
state. The simplest and most explored of krypton compounds is krypton difluoride
(KrF2). It is thermodynamically unstable and strong oxidizing agentwhich has poten-
tial to oxidize xenon to xenon hexafluoride, metallic silver to AgF3, andmetallic gold
to AuF6−. Moreover, it can also oxidize chlorine, bromine, and iodine to their +5
oxidation state. Due to thermodynamically unstable (�Hf = 60 kJ/mol), KrF2 cannot
be prepared following strategy of high-temperature high-pressure strategy used for
the preparation of thermodynamically stable xenon fluorides (�Hf for XeF2, XeF4,
and XeF6 are−162,−267,−338 kJ/mole, respectively) [45, 46]. KrF2 was prepared
by electric discharges, UV-photolysis, hot wires reactor, and by use of high energy
particle (electron, proton, or alpha particle) bombardmentmethod,which can atomize
fluorine at low temperatures [47]. In spite of its aggressive chemical behavior, KrF2
has been studied extensively by using variety of spectroscopic techniques like UV-
vis, UV-PES, IR, Raman, rotational, XANES, 19FNMR, and Mossbauer techniques.
These studies not only revealed information about the electronic structure but also the
molecular structure of KrF2. Moreover, KrF2 exists in two different crystallographic
forms which is unambiguously established by X-ray crystallography in solid state
and by electron diffraction in gaseous state (Fig. 3.14).

3.6 Missing Xenon Paradox

The earth atmosphere contains 90% less xenon than meteorites similar to the rocky
material that constitute the earth [48]. The surprisingly strong depletion of xenon
compared to light noble gases from the earth’s atmosphere has become one of the
most challenging puzzles for the researchers across the science disciplines spanning
planetary, mineralogical, geological, nuclear, and other physical sciences as well as
theoretical and computational sciences. Therefore, various alternative models have
been proposed to explain the xenon missing enigma. These include possibility of
xenon hydrodynamic escaping from the earth atmosphere into the space. This expla-
nation, however, does not explain scarcity of xenon compared to argon because the
xenon being heavier than argon would be less affected by this process. An alterna-
tive hypothesis is that xenon may be hidden in the earth atmosphere. Then there are
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Fig. 3.14 Two crystallographic forms of KrF2 (redrawn from ICSD database)

researchers having strong consensus that the missing xenon are entrapped in ices,
water clathrates, and sediments [49]. However, no such xenon rich pool has been
identified in nature. Furthermore, a study had predicted the reactivity of xenon with
water ice but under a pressure and temperature conditions around 50 GPa and 1500 K
which will be available in the interiors of giant planets like uranus and neptune only
[50]. It has also been postulated that xenon might have displaced silicon from quartz
(SiO2) under high temperature and pressure conditions. Such types of conditions are
encountered in the continental crust. It indicates that xenon may be captured within
silicates as XeO2 instead of SiO2 [51]. Although there were indications and a subse-
quent experiment reported the synthesis of XeO2, first principle calculations have
excluded this possibility as incorporation of Xe in SiO2 matrix would be requiring
very high positive formation energywhich is energetically unfavorable [52]. Applica-
tion of high pressure on xenon not only causes structural transition from face centered
cubic (fcc) to hexagonal close packed (hcp) structure but also instigate behavioral
changes from insulator tometallic xenonbybandgap closure [53]. Such structural and
behavioral transformation in xenon is the basis of next hypothesis which suggested
that xenon may be concentrated in Earth’s core by forming intermetallic compounds
with Fe and Ni, the main constituents of the earth core, in different stoichiometries
(XeFe3, XeFe4, XeFe5, XeFe6 or XeNi3, XeNi4, XeNi5, XeNi6). Moreover, through
DFT studies, it was predicted that under high pressure there will be negative elec-
tron transfer from xenon to Fe(Ni) contrary to the expected behavior [48]. However,
high-pressure experiments up to 155 GPa did not provide evidence for a chemical
reaction between Xe and Fe. Furthermore, the difference between the atomic sizes of
Xe and Fe is more than 30%, formation of solid solution is unlikely event according
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to Hume-Rothery rule, although both Xe and Fe have same hexagonal close pack
structure under high pressure.

Overall, so many hypothesis have been put forward to explain the xenon missing
paradox. They were proposed on the basis of theoretical predictions while few of
them were found to be true in certain set of conditions, however none of them could
be able to explain this enigma completely and still the origin of xenon depletion is
poorly understood. Nevertheless, the above-mentioned theoretical predictions and
experiments have shined some light on the probable explanation for xenon missing
mystery and quite possible that researchers will unravel this paradox shortly.

3.7 Summary and Outlook

This chapter provides an overview of the discovery of noble gases and their journey
from being non-reactive as per conventional scientific wisdom to form thousands
of compounds. Synthetic strategies adopted to prepare and stabilize the noble gas
compounds as discussed in this chapter clearly indicates that making noble gas
compounds is not for the faint of heart. Since electrons in noble gases are comfort-
able and do not have an urge to interact with other elements, the researchers had
gone and have to go to the extreme conditions to make them dislodge from where
they are. Synthesizing the first noble compound was like discarding the decades old
belief, shattering the basic fundamentals of chemistry that noble gases which have
eight electrons in the valence shell do not react. Already many compounds of noble
gases have been synthesized but many more have been theoretically predicted which
are yet to be experimentally verified, thus providing ample scope of research for the
chemists. Moreover, the paradox related to xenon depletion is still not fully under-
stood and this could be an opportunity for the researchers to solve the puzzle created
by nature.
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Chapter 4
Synthesis of Inorganic Fluorides

S. N. Achary, S. J. Patwe, and A. K. Tyagi

Abstract In this chapter, a brief introduction to fluorine and fluorides with an
emphasis on their preparation is presented. The general procedures for preparation of
fluorides, in particular inorganic fluorides, are explained. Preparation of F2 and HF,
and their properties are discussed in light of their importance to fluoride chemistry.
Since the fluorine and fluorides are hazardous, corrosive and reactive materials, the
need for special experimental conditions are explained. In addition to F2 and HF,
other fluorinating reagents are also briefly mentioned. The common experimental
procedures used for fluorides and oxyfluorides, like solid-state reactions, solid–liquid
and solid–vapor reactions as well as non-conventional fluorides preparation methods
like sol–gel, hydrothermal, displacement and precipitation reactions are presented.
The specific examples of preparation and properties of fluorides and oxyfluorides
are presented at the end. The chapter is concluded with a mention of the scope of
innovative needs in preparative fluorine chemistry.

Keywords Fluorine · Fluoride · Oxyfluorides · Inorganic fluoride · Preparative
chemistry

4.1 Introduction

Inorganic fluorides find wide range of applications as optical, ionic conducting mate-
rials and in metallurgical processes. Low melting temperature coupled with high
reactivity of fluorides render high metallurgical values to fluoride and fluorine chem-
istry. In particular, high pure metals, especially nuclear materials, like U, Th, Pu as
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well as refractory metals like Zr, Hf, Ta, etc. are conveniently obtained from their
corresponding fluorides. Also due to their wide band gap and low phonon loss, they
are often used as host materials for luminescent ions and laser crystals. In general,
fluorides of most of the elements have electrostatic interactions and hence they form
non-molecular crystals with more symmetric structures than oxides. In the field
of solid inorganic fluorides, significant efforts have been paid on the synthesis of
metal fluorides by fluorination of the oxides and metals with various fluorinating
agents. Due to wide practical applications and rich fundamental chemistry, prepara-
tive chemistry of inorganic fluorides has been of interest since long. The preparative
chemical reactions for fluorides in general are carried out by homogenous or hetero-
geneous media using solid, liquid and gas phases. The preparation conditions are
often dependent on the materials to be synthesized as well as their final applications.

Since the discovery of fluorides, which predates to the preparation of fluorine
itself, wide varieties of materials having relevance either for fundamental chemistry
or applied chemistry have been prepared in the laboratories. Many fluorides and
their preparations methods have been extensively investigated and also extended to
industrial scale productions for various practical applications. Though the fluorides
have tremendous scope for applications, they are always less preferred compared to
oxides for practical applications due to their challenging synthesis procedures and
limited stabilities in normal environmental conditions. However, several applications
need only fluorides because of their superior properties and also non-availability of
materials in other system to meet them. Thus, solid fluorides have occupied unique
places in both inorganic and organic materials due to their specific physical as well
as chemical properties. Though wider and highly specific applications are known for
fluorides, they remain as lesser investigated research area compared to oxides till date.
The limited investigations in fluorides can be due to the higher reactivity, stringent
preparation conditions, availability of limited preparation facilities and involvement
of toxicity of the reactants to be used for preparations. Also, the preparation of fluo-
rides needs a special source for F2 or F− for reactions, and the availabilities of these
reactants limit the rapid growth of fluoride chemistry. Later developments on the
large-scale industrial production of F2 and HF, materials and alloys as well as avail-
ability sophisticated machineries and equipments widened the research opportunity
in fluorine and fluoride chemistry. The developments of fluorine chemistry and prepa-
ration of fluorides have been documented from time to time in many monographs,
chapters and reviews [1–11]. Of late, the research activities in organic fluorides
surpass the inorganic fluorides, due to the demand of organic fluoro-compounds for
chemical and medical applications. The widely used typical fluoro-pharmaceuticals,
like flurocortisones, 5-fluorouracil, varieties of fluoro-glucose, are to name a few.
Presently, a number of fluoro-pharmaceuticals are available in market, and they
form a separate branch of fluorine chemistry. However, the inorganic fluorides are
still remaining as a challenge in materials chemistry due to their need as advanced
synthetic optical and ionic conducting materials, like doped CaF2, PbF2, PbSnF4,
LiYF4, LiCaAlF6, BaY2F8, etc. and materials with unusual functional properties



4 Synthesis of Inorganic Fluorides 95

like superconducting (like AFeAsF (A = Sr, Eu and Ca) [12, 13], magnetic, dielec-
tric and multi-ferroelectric properties (examples: BaMnF4, Pb8Fe3F24, Pb5Al3F19,
etc.) [14, 15].

In this chapter a brief overview on the progress and general methodologies of the
preparative fluoride chemistry and preparation of novel fluorides and oxyfluorides
are presented. The chapter initially explains the preparation of F2 and HF and their
importance in preparative fluoride chemistry, and subsequently general preparation
methods are explained with typical examples.

4.2 Fluorine

Fluorine is a unique element which forms compounds with all known elements
except helium, neon and argon, and is the 13th most abundant element in earth crust.
The abundance of fluorine in earth crust (540 ppm) is more than that of chlorine
(170 ppm), and it exists in various rock minerals. The principle minerals for fluorine
source are fluorspar (CaF2), cryolite (AlF3–3NaF) and fluorapatite (Ca5(PO4)3F).
Besides these several other secondary minerals, namely, topaz (Al2SiO4(F, OH)2),
amblygonite (LiFePO4(F, OH)), etc. are also the known fluorine sources. But the
later minerals are not used for extraction of fluorine due to lesser fluorine content
and limited commercial benefits. Due to the higher reactivity of fluorine, it is widely
accepted that all the fluorine in earth crust exist as fluorides, even though there had
been claims of existence of molecular fluorine before the isolation or preparation of
molecular fluorine. The claims of existence ofmolecular fluorine in naturewere based
on the smell produced by the crystal of fluorites occurring near radioactive sources
[16]. Only recently the existence of molecular fluorine in such fluorite crystals had
been confirmed by NMR [17]. The β-ray induced reduction of Ca2+ ions of fluorite
has been attributed to the formation of trapped F2 and precipitated elemental Ca in
CaF2 [17].

The discovery of fluorine and its characterizationwas a result of continuous efforts
from the seventeenth century onwards till it got its preliminary unraveling by Gay-
Lussac in nineteenth century and its identity as fluorine by Sir Humphry Davy
(1813). The isolation attempts on fluorine and research on fluorine and fluorides
bear a long tragic history, like severely injured and fatalities [18]. Thus, fluorine had
been considered as one of the most dangerous elements to work with. However, the
studies physical and chemical properties of fluorine and fluorides have got impetus
after Prof. Henri Moissan (1886) demonstrated large-scale production of fluorine by
electrolyzing dry KHF2 in anhydrous HF [18]. Moissan used a typical U type elec-
trolysis cell made from platinum and platinum or iridium electrodes for electrolytic
separation of H2 and F2 from HF. He had carried out the electrolysis of anhydrous
HF containing KHF2at lower temperature (around 250 K) to separate H2 and F2 at
cathode and anode, respectively [19]. He confirmed the isolated gas as molecular
F2byitscombustion reaction with silicon.
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The reactivity of fluorine due to its anion like character or as neutral radical
and small ionic radius have been the key features in the fluorine chemistry. The
low dissociation energy of F2 (the bond energy of fluorine molecule (F–F) is only
157 kJ/mol, lower than the bond energies of hydrogen H–H (434 kJ/mol) and chlo-
rine Cl-Cl (242 kJ/mol), https://labs.chem.ucsb.edu/zakarian/armen/11---bonddisso
ciationenergy.pdf) makes it highly reactive. Due to its smaller ionic and atomic radii,
fluoride chemistry shows similarity with oxide chemistry and hydride chemistry, and
also with chemistry of other halides due to one electron deficient inert gas electronic
configuration of F. Thus, fluorine forms compounds similar to oxides, hydrides and
other halides. Also, it can replace hydrogen of organic compounds forming fluoro-
organic compounds and fluorocarbon stable compounds. Due to high electroneg-
ativity and low polarizability, most of the fluorides in general crystallize in highly
ionic lattice, and have very high band gap and weak phonon loss. Very commonly
fluorides are more stable compared to other analogous halides. The oxidation state
of fluorine is always −1 and the anion is named as fluoride, which is analogous to
other halides. F2 is a pale greenish yellow color gas with highly pungent and pene-
trating odor. A detailed description of the general properties of fluorine and their
compounds are available as monographs [7–10]. Some of the typical properties of
fluorine are given in Table 4.1, and its comparisons with other elements are given in

Table 4.1 Some general
information on fluorinea

Symbol F (Fluorine)

Atomic number 9 (1s22s22p5)

Mass number 19 (100% abundance)

18 (artificial)*

Melting point 54 K

Boiling point 85 K

Atomic radius 0.71 Å

Ionic radii (F1−) 1.33 Å

Dissociation energy of F2 37.8 kcal/mole

F–F bond distance in F2 1.42 Å

Electronegativity 4.10 (Allred-Rochow), 3.98
(Pauling)

Electron affinity −79 kcal/mol (−3.6 eV/g atom)

Ionization potential 404 kcal/mol (17.4 eV/g atom)

Polarizability 0.81 × 10–24 cm3

aCompiled from data from CRC hand book for Chemistry
and Physics; and webpage: http://hyperphysics.phy-astr.gsu.edu/
hbase/pertab/pertab.html#c1
*18F (half-life: 1.83 h) is generally produced by irradiation of 16O
or 18O by 2H (deuterium) or 1H (proton). TheAccelerated 2H+ and
1H+ from a cyclotron are bombarded on the target containing the
desired isotopes of oxygen. The nuclear reactions for production
18F are below

https://labs.chem.ucsb.edu/zakarian/armen/11{-}{-}-bonddissociationenergy.pdf
http://hyperphysics.phy-astr.gsu.edu/hbase/pertab/pertab.html%23c1
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Table 4.2 Comparison of electronic properties of F with other nonmetallic elementsa

Pauling
electrnegativity

Electron affinity
(kcal/mol)

1st IP (eV) covalent radius
(Å)

Atomic volume
(cm3/mol)

H 2.20 17.7 13.598 0.32 14.4

F 3.98 79.5 17.422 0.72 17.1

Cl 3.16 83.3 12.967 0.99 22.7

Br 2.96 72.6 11.814 1.14 23.5

I 2.66 70.6 10.451 1.33 25.7

C 2.55 29.0 11.260 0.77 4.58

N 3.04 −6.2 14.534 0.75 17.3

O 3.44 33.8 13.618 0.73 14.0

aCompiled from data from CRC hand book for Chemistry and Physics; and webpage: http://hyperp
hysics.phy-astr.gsu.edu/hbase/pertab/pertab.html#c1

Table 4.2. In addition to the high reactivity, fluorine and fluorides also pose potential
toxicity, and can form varieties of products and complicate the biological and chem-
ical systems. The chemical toxicities of fluorine are mainly arising from its potential
to replace hydrogen or OH of biological molecules and strong bonding with metal
ions in biological system.

16
8 O + 2

1H → 18
9 F;

18
8 O + 1

1H → 18
9 F + 1

0H

Besides, 18F, at least there are 16 other isotopes which are produced by various
nuclear reactions. All these istopes are highly unstable and radioactive.

Though the preparation of fluorine knowingly or unknowingly has been docu-
mented from seventeenth century onwards, the credit for its preparation goes to the
Prof. Henri Moissan due to his proper characterization and scalable method produc-
tion. The redox potential for F–F is 2.85 eV and thus the electrochemical method
is the best and adopted method for production of fluorine. Early trials for electrol-
ysis with anhydrous HF were unsuccessful due to the poor electrical conduction
of HF. However, the early method of Moissan was expensive for commercial and
large-scale productions of F2. Thus, several modifications in electrolysis cell and
electrolyte composition as well as optimization of power have been carried out in
later periods. These successive developments in the electrochemical cell resulted
in commercial and economical methods for large-scale production of F2. Effect
of composition of electrolyte for viable production of F2 has been investigated by
Caddy before the world war-II [20]. Electrolysis of the compositions containing KF
with about 42 wt % of HF produces about 40 wt % F2 at temperature 120 °C [21].
Commercial production of F2 is usually carried out fromKF-HFmixture, molar ratio
1:2–1:2.2, where the mixture provides suitable melting temperature (60–150 °C) for

http://hyperphysics.phy-astr.gsu.edu/hbase/pertab/pertab.html%23c1
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A
C

NaF

F2

H2

Molten KHF2

Fig. 4.1 Typical sketch of early electrolysis cell used for fluorine preparation. A and C are anode
and cathode. Central column is reservoir of electrolyte. The figure is not to be scaled for real
experiments and based on Dennis’ methods for fluorine production. For more details, refer: L. M.
Dennis, J. M. Veeder and E. G. Rochow, The preparation of fluorine by electrolysis, J. Am. Chem.
Soc., 53 (1931) 3263–3269

carrying out electrolysis. Such intermediate electrochemical cells are best suited
due to necessary conductivity arising from the KF in the molten mass and electrol-
ysis of HF produces H2 and F2 [20–23]. In common the electrochemical reaction
for electrolysis of HF is carried out in a non-reactive container using various types
of electrodes, viz. noble metals like platinum, or graphite and the containers are
made from fluorine and fluoride compatible materials like cupper, graphite, nickel or
monel. The materials compatible with F2 and fluorides have been explained in other
sections of this chapter. The entire reaction chamber needs to be free from moisture
and air or oxygen. The electrochemical reactions are given below and a schematic
of a typical electrochemical cell used for electrolysis of HF is shown in Figs. 4.1
and 4.2. The representative phase diagram of KF-HF relevant for HF electrolysis is
shown in Fig. 4.3. The electrolysis is carried out by applying potential between elec-
trodes while the electrolyte is maintained in molten state. Typical operation voltage
ranges in between 7 and 12 V and current density 1.0–1.5 kA/m2 for yield of F2 in
the range of 90–98% [20]. The F2 is purified from the contaminated HF by passing
over dry NaF, where the HF is trapped by forming NaHF2.

KHF2 → KF + HF

HF → H+ + F−

2H+ + 2e− → H2 (At cathode)

2F− − 2e− → F2 (At anode)
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A: Anode (graphite)
B: Graphite tank (Cathode)
C: Cooler
H: Hydrogen line
F: Fluorine line 
S: Steel plates
W: Insula�ng seals

Molten KF-HF

A A

B

H

F

CwS

H

F

Fig. 4.2 Schematic diagram of a modern electrolysis cell for fluorine production. The exact design
and materials are decided by the operation mode and capacity of fluorine production

Fig. 4.3 KF–HF phase
diagram. Reproduced from
Ref. [24] with permission of
American Chemical Society
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Besides this electrochemical reaction, a number of other chemical reactions are
also used for production of F2 in laboratory. The common mode of F2 productions
is based on the decomposition of fluorides of high oxidation state transition metal
ions or their complex fluorides [25, 26]. Although there are large number possible
materials like CeF4, UF6, CF3NF2, N2F3, etc. which can decompose to produce F2,
they are not generally considered for preparation of F2. This can be attributed to the
difficulty to prepare such materials as well as high exothermicity and violent process
where the produced fluorine often reacted with the reactor itself. Decomposition
of K3PbF7 producing detectable amount of fluorine is the first well documented
procedure for preparation of molecular fluorine [27]. The most common prepara-
tion methods are decomposition of K2NiF6, CaNiF4, MnF4, NiF4, etc. [25–27]. The
reaction of K2MnF6 with SbF5 for lab scale production of fluorine is known for long
time. K2MnF6 can be prepared by interaction of KF with KMnO4 in aqueous HF in
presence of hydrogen peroxide as oxidizing agent. The controlled reduction of Mn7+

to Mn4+ is achieved by a mild oxidizing medium of H2O2 [28].

K2MnF6 + 2SbF6
40%aqHF−−−−−→ 2KSbF6 + MnF4

2KMnO4 + 2KF + 10HFaq + 3H2O2
aqHF−−→ 2K2MnF6 + 8H2O + 3O2

MnF4
380 ◦C−−−→ MnF3 + 1

2
F2

MnF4 can also be prepared by action of F2 gas under high pressure with MnF2 at
relatively lower temperature, viz. around 70 °C or by action of KrF2 with MnF2 [29].
Also, the fluorides of tetravalent Mn and its complex derivatives can be obtained by
controlled reductivefluorinationofKMnO4 in aqueousHFandH2O2 [30].Analogous
NiF4 has been prepared fromNiF2by the reaction with KrF2, XeF2, AsF5, BF3, SbF5,
etc. at lower temperature [31]. Some typical reactions for preparation of NiF4 are as
below

K2NiF6 + 2AsF5
anhydrousHFat−65 ◦C−−−−−−−−−−−→ 2KAsF6 + NiF4

K2NiF6 + 2BF3
anhydrousHFat−65 ◦C−−−−−−−−−−−−→ 2KBF4 + NiF4

NiF4
−55 ◦C−−−→ NiF3 + 1

2
F2

In addition, the catalytic electrochemical methods of oxidation of F− to F2 are
also known [32]. The photo-generated holes of suitable semiconducting oxides and
oxyfluorides can oxidize F− to F0. Wang et al. have produced molecular fluorine
using semiconducting n-type TiO2 as catalyst for electrolysis of anhydrous HF-NaF
solution [32] while illuminating the assembly with light of 365 nm light (band edge



4 Synthesis of Inorganic Fluorides 101

Cathode  
(pla�num)

Porous anode 
(graphite)

La1-xBaxF3-x
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Before electrolysis
On electrolysis

Fig. 4.4 Schematic of a solid electrochemical electrolyser for F2 production. Adapted from Ref.
[33] with permission of Elsevier

of TiO2). The corrosion product TiO2-xFx also serves the similar purpose for oxida-
tion of F−. The electrolysis of anhydrous HF-NaF using Pt as cathode and TiO2

or TiO2-xFx as reference electrode produces F2with photochemical yield of about
55%. Additionally, electrochemical methods for productions of molecular fluorine
using solid electrolytes are also reported in literature [33]. Electrolysis of solid elec-
trolytes, like Ba doped LaF3 (as La1-xBaxF3-x, where 0.03 ≤ x ≤ 0.10; high fluoride
ionic conductivity ~4–8 × 10–5 S/cm at 20 °C and relatively higher stability in air or
moisture) can liberate F2. Usually the solid electrolyte is placed in between two elec-
trodes (generally a porous graphite anode and thin layer of noble metal as cathode)
and the electrolysis is carried out by applying electric field higher than the equi-
librium decomposition potential of LaF3 (5.81 V). The electrolysis of La1-xBaxF3-x
leads to migration of La3+ toward the cathode while F− ions toward the anode. The
La3+ reduces to a metal at the cathode and forms dendrite like metal deposits on the
surface of cathode. The F− ions migrate through the electrolyte to the anode and
oxidize to F, and that escapes through the porous anode as F2. The schematic of an
electrochemical F2 generator is shown in Fig. 4.4.

Although there can be many methods for preparation of molecular fluorine, the
laboratory scale preparations are mainly carried out by decomposition of MnF4 and
NiF4.

4.3 Hydrogen Fluoride

The preparation and properties of hydrogen fluorides have been realizedmuch before
identity of fluorine. Hydrogen fluoride (HF) is the most widely used primary reagent
for preparation of fluoride and source for industrial scale production of F2. It is
also one of the most commonly used laboratory reagents. Some of the properties
of HF are given in Table 4.3. Both pure anhydrous HF and diluted aqueous HF are
commercially produced in large scale.
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Table 4.3 Some of the
general information on HFa

Chemical formula HF

Molar mass 20.01 g mol−1

BP 19.5 °C

Density 1.15 g/L, gas (25 °C)
0.99 g/mL, liquid (19.5 °C)
1.663 g/mL, solid (–125 °C)

Melting point −83.6 °C

Boiling point 19.5 °C (67.1 °F; 292.6 K)

Solubility in water Completely miscible

Vapor pressure 783 mmHg (20 °C)

aCompiled from data from CRC hand book for Chemistry and
Physics, and Wikipedia sources

The commercial preparation of HF is based on the reaction of fluorspar and fluoro-
apatite with concentrated sulfuric acid. However, the commercial production of HF
is relied only on the fluorspar and sulfuric acid reaction [34, 35] and typical chemical
reaction is as below

CaF2 + H2SO4
600K−−−→ CaSO4(solid) + 2HF(g)

A typical flow sheet for HF production is shown in Fig. 4.5. Usually fine powder
fluorspar is mixed with anhydrous and preheated concentrated sulfuric acid in a
rotary retort made of iron. Hot concentrated sulfuric acid and fluorspar powder are
continuously fed from reservoirs into the retort. The temperature of the retort is
maintained at around 600 K and the gaseous products are collected from another end
of the retort. The purity of the HF produced depends on the purity of the fluorspar and
corrosion from the reactor. The common impurities in HF are fluorosilicic acid and
sulfates, and they are produced from the impurities in raw materials and corrosion of
reactor. The gaseous products are passed through scrubbers to remove sulfuric acid
vapor, and gaseous SiF4 and H2SiF6. The purification of gaseous HF is generally
carried out by repeated distillation. The gaseous SiF4 which originates from the silica
impurity in the fluorspar reacts with water producing H2SiF6, which is collected as a
byproduct from HF plants. The concentrated HF free from these impurities is finally
collected in a copper, lead or steel vessel. Hydrogen fluoride of purity of >99.9% can
be achieved by distillation in copper or steel vessels.

Aqueous hydrofluoric acid is obtained by dissolving HF in water. HF and water
form a miscible liquid in all proportions at certain temperature, and the solutions of
different concentration of HF in water is used as aqueous HF. Typical concentrations
of HF in water used for technical applications are between 42 and 85%. Aqueous
solutions and liquid HF are stored in gutta-percha, a natural rubber material or poly-
thene bottles and also large tanks of stainless steel with rubber-linings. Aqueous
solutions of HF stored in plastic bottles are used as a common laboratory reagent.
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Fig. 4.5 Typical flow sheet for HF production from fluorspar and concentrated H2SO4. Schematic
is based on the method of HF production in fluorspar plants. For more details, see references 23
and 35

Anhydrous HF is also prepared by direct reaction of H2 and F2. The H2 and F2
reacts exothermically producing HF with large amount of heat and a self-sustaining
flame under a condition of continuous feed of H2 and F2 but the reaction needs
to be activated. Presence of small amount of impurity gases, like HF or ignition
by a spark or heating can initiate the reaction violently. The reaction of H2 and F2
produces heat about 540 kJ/g-mol. Thus, this reaction is often useful for carrying
out fluorination reactions where this excess heat and HF are simultaneously used.
The mechanism of the H2 and F2 reaction has been a subject of debate while it is
accepted that the reaction proceeds through a chain and branching reaction involving
several radicals and molecules in vibronically exited states. The rate constant of the
H2 and F2 reaction have been investigated in several literatures and they are reported
in the order of 10–11–10–20 cm3/s at around 300 K and the activation energy is around
50–60 kJ mol−1 [36]. The typical chemical reaction and mode of chemical progress
of chain reactions [36] are summarize mentioned below.

H2 + F2 → H + HF + F

H + F2 → HF + F

F2 + H2 → HF + H
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H2 + F2 → 2HF

Thus, it can be mentioned here that H2 and F2 react spontaneously producing pure
anhydrous HF gas. However, this reaction is rarely used for preparation of HF unless
it is required to use for specific chemical reaction. As an example, preparation of
UF4 from UF6 gas is carried out by using H2 and F2 mixture, where H2 reduces the
UF6 in presence of excess heat of H2 and F2 reaction.

The laboratory synthesis of HF is commonly based on the decomposition of
NH4HF2, NH4F or KHF2 [34]. The widely usedmethod is decomposition of Fremy’s
salt (KHF2).KFalso absorbsHF formingKHF2 and thus used to trapHF formfluorine
line and residual HF from HF reactors. The dry KHF2 is generally decomposed in a
steel, copper or platinum retort at around 573K to produce gaseousHF. TheHF vapor
is cooled to lower temperature by using freezing mixture to get anhydrous HF. The
quality ofHFdepends on themoisture content in theKHF2 and the reactors. Similarly,
the decomposition reactions of NH4HF2 and NH4F also used for production of HF,
but usually the gaseous products are accompanied with ammonia. So often they form
complex fluorides containing the NH4+ ions.

KHF2
�−→ KF + HF

NH4F
�−→ NH3 + HF

NH4HF2
�−→ NH3 + 2HF

The hydrous HF can be dehydrated by reaction with thionyl chloride. The reaction
can be represented as

HF · H2O + SOCl2
�−→ 2HCl + SO2 + HF

Asmentioned earlier, apatite type silicate and phosphateminerals can also be used
for preparation of HF. Usually fluorosilicic acid (H2SiF6) is the produced as the main
aim and subsequently that is used for preparation HF as a side product. Similarly,
apatite type phosphates are used for phosphate production and HF is obtained as
a side product. Silica reacts with in situ formed HF forming H2SiF6 and that is
decomposed to HF in presence of moisture. The fluorosilicic acid is commonly
prepared as a byproduct in phosphoric acid production from fluorapatite ore.

DepletedUF6 is also used asHF source, where theUF6 is hydrolyzed by Steam-H2

mixture to defluoridize the uranium producing gaseous HF and solid U3O8. Mostly
such plants are used for their need and to maximize the HF or F2 utilization.

3(H2 · nH2O)(g) + 3UF6(g)
�−→ U3O8 + 6HF + 3mH2O
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4.4 Inorganic Fluorides and Oxyfluorides

4.4.1 Fluorides of Metals

As explained earlier, under certain conditions fluorine reacts with almost all elements
in periodic table except lighter inert gases, and usually form compounds with F−
ions. Depending on the electronic configuration of the metal ions, they can form
compounds with their different oxidation states. The compounds of fluorine with
variable oxidations state elements are commonly similar to their oxide counterparts
but their structure and properties are often different due to the nature of bonding, unit
oxidation state of F− and no back-bonding probability. The preparation of fluorides
of metal ions depends on the nature of the metal as well as stability, reactivity and
solubility of the products. Depending on these properties, the preparations of such
metal fluorides are carried out by reaction of HF, F2 or some suitable fluorinating
agents. Preparation procedures for such fluorides are explained in the later sections.
In this section, the general crystal chemistry and structure of such metal fluorides
are explained.

4.4.2 Binary Fluorides

Among the binary fluorides, alkali and alkaline earth metals form stable fluorides
with AIX and AIIX2 (AI = monovalent alkali ions and AII = divalent alkaline earth
ions) compositions. All the AX type fluorides have rock salt type structure where
both the AI and F−ions have octahedral coordination polyhedra. Except, Be2+ and
Mg2+, all the alkaline earthmetal ions forms fluorite type structure where theAII have
cubic eight coordinated polyhedra while F− ions have tetrahedral coordination poly-
hedra. Due to smaller ionic radius of Be2+ ions, they form tetrahedral coordination
polyhedra with F−ions and SiO2 type chain structures while Mg2+ forms octahedral
coordination with F−ions and that in turn leads to rutile type structures. However,
structures of theMF2 are susceptible to thermodynamic parameters, like temperature
and pressure. Thus, most of them show polymorphism under pressure while all have
congruent melting temperature. Rutile type MgF2 is the only thermodynamically
stable polymorphs of MgF2, and analogous to TiO2 no other polymorphs are known.
Only temperature induced structural transition has been known for BeF2. However,
the divalent fluorides, with cations containing lone pairs, like Sn2+ and Pb2+ form
distorted polyhedra with fluoride ions and they exhibit polymorphism. SnF2 and
HgF2 have distinct square pyramid type coordination polyhedra around the divalent
cations and they form relatively open structure or layered structure. These structures
of such fluorides depend on temperature, pressure and also on preparation methods.

The structural diversities in fluorides of trivalent cations originate from the ionic
radii of the cations. The coordination polyhedron for the trivalent cations varies from
3 to 11 and hence they form wide varieties of structures. Additionally, they exhibit
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extensive temperature and pressure induced transitions as well as polymorphism
depending on preparation conditions. B3+ ions form triangular coordination with
F− ions and the BF3 units show structural and vibrational properties similar to the
carbonatesand nitrates in oxides. The larger coordination polyhedra are formed with
larger ionic radii cations, like trivalent lanthanides, actinides, Bi3+, Tl3+, etc. and they
form distinct class crystals with trigonal prismatic, cubical, capped triangular pris-
matic or capped cubical polyhedra around the cation. MF4 type fluorides are widely
encountered as stable or unstable depending on the stabilities of the tetravalent ions.
The structural features of most of the tetravalent cations are originated from the
MF6, MF7 or MF8 type polyhedra. Also, tetrahedral coordination polyhedra (MF4)
are observed for smaller cations, like Si4+, Ge4+ while the octahedral MF6 units are
observed in case of ions like Ti4+, Mn4+, Ni4+, Ge4+, Te4+, Ru4+, etc. In MF3 or
MF4 materials the electronic configuration also plays crucial role for their structure,
stability as well as properties. The higher valent cations, Nb5+, Ta5+, Mo6+ andW6+

are formedmostly with coordination number 6 and they can sublime easily due to the
less binding interaction between the polyhedral units. Different coordination poly-
hedra around the metal ions in some binary metal fluorides are shown in Fig. 4.6a, b.
Compared to oxides, the back-bonding form F− to Mn+ ion is not observed and thus
the M–F bonding is mostly ionic in nature, and hence fluorides show lower meltin-
gand boiling temperature. These properties were extensively exploited in recovery,
production and purification process in metallurgical and electronic industries.

Fig. 4.6 Local structure of some binary fluorides with different coordination number (CN) of metal
ions
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4.4.3 Nonmetal Fluorides

Among the nonmetal fluorides, theHF showsdistinct and interesting structure in solid
and also in liquid states due to strong intermolecular hydrogen bonding between H
and F from different molecules. HF molecules arrange as a zigzag chain in solid HF
due to such strong hydrogen bonding. Due to same reason, they show higher boiling
points than other halides of hydrogen. A comparison of some typical properties of
HF with other halides of hydrogen is given in Table 4.4. Typical structure of HF in
solid state is shown in Fig. 4.7.

Almost all nonmetals form compounds with fluorine which can be treated mostly
asmolecular crystal where the fluorine oxidizes them to lager oxidation states. Due to
high reactivity and high electronegativity of F, it also forms diversified inter-halogen
compounds and compoundswithO, andnoble gases too.Unusual and commonoxida-
tion state cations like Kr2+, Xe2+, Xe4+, Xe6+, P5+, S6+, Se4+, Se6+, etc. are known in
fluorides. However extended structures are also formed in most of the nonmetal fluo-
rides. The coordination polyhedra around the cations varies from 2 to 8, depending
on the ionic radii, electronic structure and composition of the fluorides, and they

Table 4.4 Comparison of some physical properties of halides of hydrogena

dH-X Å μ (Debye) MP (°C) BP (°C) Acidity (pKa)

HF 0.92 1.86 −83.6 19.5 3.17

HCl 1.27 1.11 −114.22 −85.05 − 5.9

HBr 1.41 0.788 −86.9 −66.8 − 8.8

HI 1.61 0.382 −50.80 −35.36 −9.5

aCompiled from data from CRC hand book for Chemistry and Physics, and Wikipedia sources

Fig. 4.7 Crystal structure of solidHF.The stronghydrogenbondinggives intermolecular interaction
and hence the H+ site becomes disordered in between two F− ions (Redrawn with structural details
reported by M. Atoji and W. N. Lipscomb, The crystal structure of hydrogen fluoride, Acta. Cryst.
7 (1954) 173)
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Table 4.5 Typical inter-halogen compounds

F Cl Br I

F F2(g) ClF(g)
ClF3(g)
ClF5(g)

BrF(g)
BrF3(l)
BrF5(l)

IF(s)
IF3(s)
IF5(l)
IF7(g)

Cl Cl2(g) BrCl(g)

Br BrCl(g) Br2(l)

I ICl(l)
ICl3(s)

IBr(s) I2(s)

are included in Fig. 4.6. Extended network structures in these are also encountered
depending on the temperature, pressure and compositions. Compounds with highest
oxidation state of halogens are formed only in fluorides. (viz. I is oxidized to 7 +
while Cl and Br are oxidized to maximum 5 + state). Some of the examples of
inter-halogen compounds are given in Table 4.5. For example, IF3 has T-shaped, IF5
has trigonal pyramidal while IF7 has pentagonal bi-pyramidal structure. Some of the
shapes of suchmolecular fluorides are included in Fig. 4.6. Inter-halogen compounds
are formed with one heavier halogen atoms combining with odd number of lighter
halogen atoms and their structure depend on electronic configuration, oxidation state
of heavier halogen and compositions. They are unstable and strongly oxidizing and
hence used as fluorinating reagents.

4.4.4 Complex Fluorides

Similar to oxides chemistry, diversified complex fluorides with more number of
cations are also known. The possibilities of diversified compositions of complex
fluorides render wide varieties of compounds with distinct physical and chemical
properties, and hence they provide an opportunity to tune their functional properties.
Such complex fluorides are formed with the polyhedral suitable for the respective
cations or with altogether different polyhedra depending on the composition and
ionic radii of the cations. In such cases, the structure building principles govern their
coordination polyhedra.As an example, inBaF2 theBa2+ ion is coordinatedwith eight
fluorides ions and forms regular cubical polyhedra, and in LiF, Li+ is octahedrally
coordinatedwith F− ions. But, in BaLiF3, which is analogous to perovskite (CaTiO3).
In this composition, the octahedral LiF6 units build the structure and the interstitial
spaces are occupied by Ba2+ ions. Thus, in such cases, the Ba2+ is surrounded by 12
F− ions with identical Ba-F bond lengths.

Though large varieties of complex fluorides are formed with different combi-
nations of cations analogous to complex oxides, they are still less diversified than
complex oxides. This can be attributed to the nature of F− ions and high ionic char-
acters of M-F bonds. Since F− is less polarizable, due to small size with complete



4 Synthesis of Inorganic Fluorides 109

filled octet electronic configuration, the structures of complex fluorides are more
symmetric compared to the oxides. The complex fluorides provide more opportunity
for substitution of aliovalent ions as well as ions of different ionic radii and hence
they have been extensively synthesized for introducing various functional proper-
ties, and in particular optical and ionic conduction properties. As a general rule, the
complex fluorides with distinct structure are formed when the cations have different
ionic radii, charge and electronic configuration. Also, fluorides of smaller cations as
well as higher charge can form complex anionic fluoride species in the structure. This
is a parallel situation to the complex oxides. The disordering of cations in general
occurs with cations with similar size and charge, and they form a solid solution
or totally disordered structure as glass. It may be noted that the randomization of
cations leading to amorphous state is less commonly observed due to their highly
ionic nature and strong interaction to next nearest neighbors and relatively weaker
M–F bonds compared M–O bonds. Thus, the fluoride glasses are mainly prepared
by arresting the molten liquid by rapid quench methods, which otherwise undergoes
phase separation to different crystalline phases. Also, it can be mentioned here that
complex fluorides can form crystalline structures easily compared to the complex
oxides. Some of the cases of complex fluorides are explained later section while
dealing their preparations.

4.4.5 Oxyfluorides

Apart from fluorides, oxyfluorides form a large class material and they are formed
with both O2− and F− ions together as anions. Despite the charge difference, the fluo-
rides ions of fluorides can be replaced by oxide ions or oxide ions of oxide can be
replaced by fluoride ions provided the charge neutrality is appropriately maintained.
Also, oxide and fluoride ions may be randomly distributed or may also arrange in
an ordered manner. Usually at lower concentration of the substituent (F− or O2−)
concentrations these anions are randomly arranged in the parent structure while they
are orderly arranged in the higher concentration forming district crystal structures.
Additionally, the hydrolysis of the certain fluorides forms oxyfluorides through inter-
mediate hydroxyl group substituted phase. Owing to the close similarity of the radius
of F−, O2− and OH− ions, the O2− and OH− are easily incorporated in the fluorides
lattice, and that often hinders the preparation of pure fluoride, i.e., fluorides devoid
of the minor O2− and OH− ions.

Oxyfluorides exhibits wide range of functional properties, like fast oxide or
F− ions conductions, tunable electrical and optical band gaps, or unusual accen-
tricity leading to ferroelectric or piezoelectric properties. Even though the incor-
poration of fluorine into La2CuO4+x does not exhibit any drastic change in crystal
structure, it alters the electronic properties, viz. they induce superconductivity in
La2CuO4+xFy [37]. A large number of high temperature superconducting materials
in oxide fluorides systems have been reported in literature [38].
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The crystal chemistry of oxyfluorides can be formed by involving polyhedra with
oxide ions or fluoride ions or both ions together. Varieties of oxyfluorides exist in
nature, and they are either formed from oxides by the interactions of fluoride ions
in ground water or from fluorides by the process of hydrolysis. A variety of silicate
and phosphate minerals exists in earth crust as oxyfluorides’topaz (Al2SiO4F2) and
apatite (Ca5(PO4)3F are the representative examples. Bastnasite, a fluoro carbonate
mineral (Ln(CO3)F) is a rich source of rare-earths, usually mined for rare-earth. A
number of mica group minerals contain fluoride ions in the structure and in general
they existas disorderedfluoro and hydroxyl groups. In analogy of hydroxideminerals,
a number of oxyfluorides have also been prepared in laboratory by different exper-
imental methods, like hydrothermal, solvothermal and controlled hydrolysis or by
fluorination reactions with F2 or HF. Some examples are explained in later sections.
The oxyfluorides with almost all metallic cations except with alkali and alkaline earth
metal ions are formed, while with more cationic species, more possible number of
oxyfluorides can be expected. In some of the compounds, fluoride ions also exist
as anion (F−) centered coordination polyhedra which are classed as “naked F−”
containing oxides. Usually the structures of oxyfluorides are relatively complex due
to the variations in the nature of bonding of O2− and F−, and difficult to characterize
by technique like X-ray diffraction due to similar scattering power of these anions.

4.5 Preparative Strategies

The preparation of fluorides always needs special attentions compared to oxides
which are due to.

(i) Reactivity and stability of the reactants to be used for fluorine source
(ii) Reactivity of container materials with fluorine or F− ions
(iii) Uncontrolled side reactions and incorporation or unwanted elements (cations

and anions) and
(iv) Hazardous effect of fluorine or F− to health and environment.

All these special needs arise from the fundamental properties of F2 and F− ions.
Thus, judicious selection of appropriate reactants and experimental equipments as
well as physical and chemical environments are extremely important in preparative
chemistry of fluorides. It also needs to mention here that there are a large number of
organic molecules of technological and medical relevance being prepared in labo-
ratories and industries in present time. However, the experimental setup and envi-
ronmental conditions are more or less similar, except they use mild fluorinating
agents and require lower temperature as well as a medium suitable for final products,
reactants and F− ions. For controlled fluorine release, mostly organic fluoride while
some time inorganic fluorides are used. In this chapter the details of fluororganic
and fluoropolymeric materials are not covered in the aim to restrict this compilation
to the inorganic fluoride materials. Some of the important aspects of experimental
conditions and methods are explained in subsequent sections.
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4.5.1 Fluorinating Reagents and Common F− Ion Sources

In general, F2 and HF serve as most common reactants for preparation of fluorides.
However, a large number of inorganic or organic fluorides can also be used for
preparation of fluorides.Often organic fluorides are prepared using the solidfluorides,
likeNaF,AlF3, PVDF, etc. or suitable reagents, like fluorinated organic acids, alcohol
or esters as fluorinating and/or reactants. These reagents provide F radicals or F− ions
under certain thermodynamic conditions and they react with other reactants forming
fluorides. In additions some of the fluorinating reagents, like NH4F, NH4HF2, KHF2,
etc. can also form a complex fluoride or oxyfluorides depending on their nature and
they subsequently decompose to fluorides or oxyfluorides. However, some of the
fluorinating the reagents can also change the oxidation state of the metal or nonmetal
during the course of the reactions. Such redox properties of the fluorinating reagents
are governed by the other ion or radical produced by them. For example, the reagents
like BrF3, XeF2, NF3, etc. have strong tendency to oxidize other elements due to
the strong electron affinity of Br+, Xe2+ and N3+ ions. Similarly, hydrazine fluoride
acts as a mild reducing agent due to the formation of native H radicals during the
fluorination process. Some of the fluorinating reagents commonly used for fluoride
preparation and their reaction process are summarized in Table 4.6.

4.5.2 Materials Compatibility

It has been mentioned earlier that F2 or HF reacts with almost all the elements except
a few rare gases under some conditions, and hence the working equipments with
these reactants need special attention. Because of their high reactivities, only limited
materials are used as reaction equipments, like container, storage and flow lines in
preparative fluoride chemistry using F2 or HF. But the reactivity other fluorides,
like metal or nonmetal solid fluorides are less compared to F2 and HF and thus a
relatively wider choice of materials exist. However, still the choice is limited due
to the corrosive nature of the F− ions as well as their hydrolysis and subsequent
corrosion from the generated HF. The F2 can also oxidize water giving a mixture of
O2, O3 and HF. At ambient conditions, F2 reacts slowly with metals except higher
electropositive ones, but at higher temperature it reacts vigorously with all metals.
This can be attributed to higher free energy of formation of metal fluorides. The
equilibrium constant between the metal to fluorine or fluoride reactions and free
energy of formation of fluorides govern the suitability of that metal as container for
fluoride preparation. The typical temperature dependent free energy traces for metal
fluorine reactions are also used for extraction of metal from fluorides.

Depending on the temperature, nature of reactants and products, different types of
materials are selected for container and other accessories for proportion. Some of the
materials and their usability are summarized in Table 4.7. All the equipments need to
be free from moisture as well as OH− groups while using F2, HF as well as fluorides
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Table 4.6 Typical
fluorinating agents used for
fluoride preparation and
fluorination of materials

Reagents Physical state Process

F2 Gas, liquid Oxidation and
fluorination

HF Liquid, Aq. Soln.,
gas

Acid–Base and
halide exchange

BrF3 Pale yellow liquid Oxidation,
Fluorination

AgF2 Solid Oxidative
fluorination

AsF3 Liquid Oxidative
fluorination

ZnF2, CdF2, PbF2 Solid Displacive
fluorination

SF4 Gas Moderate
fluorination

SbF5 Colorless oily liquid Oxidative
fluorination

NF3 Colorless gas Oxidative
fluorination

XeF2 Colorless solid Oxidative
fluorination

NH4F Colorless solid Fluorination

NH4HF2 Colorless solid Fluorination

N2H6F2 Colorless solid Reductive
fluorination

NaF, KF, RbF, CsF Solutions Displacive
fluorination

Metal fluorides Solid Additive or
displacement

Teflon Solid Mild fluorination

CF3COOH Liquid Mild fluorination

PVDF Solid Mild fluorination

for preparing fluorides by moderate or high temperature reactions. Platinum is prac-
tically inert to fluoride salts up to very high temperature while the presence of oxygen
and water also limits their repeated usability. At lower temperature, below 100 °C,
Teflon and Teflon-like polymeric materials are best suited for fluoride preparation
reactions. Common laboratory glassware free from hydroxyl group and moisture
may be used to carry out reactions with fluorine gas under low pressure and lower
temperature. Glassy carbon coating on glassware can provide some protection while
working with fluoride salts.
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Table 4.7 Typical reactor and container materials for fluorine chemistrya

Material Composition Compatibility Max.
Temp.
(°C)

Solid fluoride Molten
fluoride
and HF

Gases
fluoride

F2 HF

Nickel Ni Yes Yes Yes Yes Yes 650

Monel 67% Ni, Cu Yes Yes Yes Yes Yes 550

Copper Cu Yes Yes Yes Yes No 400

Brass Cu (50–65%),
Zn

Yes Yes Yes Yes Yes 200

Stainless
steel

Fe
Cr 11–20%

Yes Yes Yes Yes Yes <200

Aluminum Al Yes No No Yes No 400

Platinum Pt Yes Yes Yes Yes Yes 1000

Hasteloy Ni
Mo-15–17%,
Cr 14–17, Fe
4–7,
W 3–5

Yes Yes Yes Yes Yes 800

Teflon (C2F4)n Yes Yes Yes Yes Yes 100

Graphite C Yes Yes Yes Yes Yes 800

Glassy
carbon

C Yes Yes Yes Yes Yes 800

aCompositions of alloys are compiled from various Internet sources

4.5.3 Toxicological Effects

The fluorine and fluorides have hazard potential to health and environment which
are related to their high reactivity. Due to their hazardous natures for long time the
fluorine was considered as a “devils’ element” to work with. It is now accepted that
fluoride ions have dual health effect, like at lower concentration they have beneficial
effect to human, particularly on tooth and bone formation, while at higher concen-
tration they become hazardous. From a number of case studies as well as from the
knowledge on chemistry and biochemistry of fluorine and fluorides, safety limits for
exposure or intake have been formulated and guidelines for their usage have been
documented. With the advancement of materials and infrastructure as well as safety
guidelines for handling, the fluoride chemistry becomes more popular and usable
in common laboratories. But it needs to mention here that the careful handling and
safety precaution are essential to remain within the tolerance limits. The compounds
of fluorides are readily absorbed by the stomach and intestines, and excreted through
the urine. Urine tests have been used to follow the F2 or F−exposure and to set upper
limits for exposure to them.
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Apart from toxicity of other associated elements in fluorides, the chemical toxicity
issues in fluorine chemistry are due to molecular fluorine, F− ion and acidic HF. The
toxic effect of fluoride salts is in general due to HF or F- produced by hydrolysis.

Toxicity of fluoride (F−) ions

The contact of high concentrations of any fluoride salts to skin or eye is dangerous.
Due to higher electronegativity of fluoride ions, they are attracted to calcium ions of
teeth and bones. The toxic levels of fluoride have been associated with the weakening
of bones and increasing risk for hip and wrist fractures due to precipitation of CaF2
in bone from apatite. Dental fluorosis, skeletal fluorosis and deformation of bones
are the results of excess fluoride ions in animals. In the high dosage, F− ions can also
interfere with the metabolism of carbohydrates, lipids, protein, vitamins, enzymes
and minerals. Skeletal deformation and weakening of joints in plant and animals are
typical for the high levels fluoride intake. About 0.5–1.0 mg/L in drinking water has
been recommended byWorld Health Organization (WHO) for optimal dental health.
Bureau of Indian Standards (BIS) has recommended 1.0 ppm (maximum tolerable
limit is 1.5 ppm) in drinking water in India.

Toxicity of HF

Apart from all the F− ion induced hazards, HF also has additional hazardous potential
due to its acidic and corrosive properties. The threshold limit value (TLV) for HF
intake is 3 ppm (parts per million). HF produces fume which can directly go to body
through inhalation and forms an aqueousHFsolution. HFaq reacts with biochemically
important ions like Ca2+ and Mg2+ of human body and at higher concentration these
ions are precipitated as CaF2 orMgF2. Thus, HF in animals primarily causes hypocal-
caemia and hypomagnecia. Severe or over-exposure can cause death also. HFaq also
interacts with many other metal oxides in the body, forming fluoride compounds.
Exposure of HF to skin causes itching, scaling, reddening, blistering, etc. Exposure
of HF in low concentration (<20 ppm) shows delayed effect, like the symptoms are
realized in about 24 h. However, all effects are immediately felt in exposure of high
concentration of HF (above 50 ppm). Severe or over-exposure HF can cause death
within few hours also.

Toxicity of F2

The toxic effect of F2 is due to its strong oxidizing nature and also due to its trans-
formation of HF by reacting with water. Fluorine is accepted as a toxic gas (LC50 =
185 ppm). Fluorine is the most powerful oxidizing material and hence it enhances
the burning rate, and also can cause ignition. A leak of pure fluorine will usually
cause a fire. Also, F2 can produce ozone, hydrogen peroxide and oxygen fluoride
with water and they are also strong oxidants. The corrosive and oxidizing actions of
F2can burn soft tissues. Fluorine has a low odor and hence can be easily sensed by
nose.

Due to the chemical and biochemical reactivities, fluorine and fluorides need to be
handled with care. Thus, appropriate hand gloves and gas masks as well as goggles
are required while working with fluorine or fluorides. The preliminary remedies for
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fluoride exposures are: dipping or washing with lime solutions or application CaCl2
or Ca(OH)2 solutions or slurries or paste. These solutions usually counter the effect
of F− ions on tissues. Lotions containing Ca2+ andMg2+ ions are also used for minor
contaminations. Solutions of calcium gluconate also injected for remedy of internal
F− ion contaminations. Any exposure of F− ions needs a consultation from doctor.

4.6 General Preparation Chemistry

4.6.1 Gas–Gas

Several fluorides can be prepared by reaction of gaseousmixture of reactantswhere at
least one of themneeds to be a fluorinating agent.Usually gaseous F2,HF, PtF6,XeF4,
etc. are used as fluorinating agent. Such reactions are often violent and exothermic,
and spontaneous or self-propagating. Depending on the nature of reactants, it may
require external parameters like ignition, heating or irradiation to initiate the reac-
tion and the reaction completes spontaneously or the reaction continues as a chain
reaction.

The preparation ofHF can be done by simplemixing ofH2 and F2 gases. However,
the reaction of liquid H2 with F2 is more spontaneous than the gaseous mixture,
which can be attributed to higher stability of H2 to dissociate as in the case H2 and
O2 reaction. The reactions proceed through the interaction of atomic hydrogen and
molecular F2. Thus, irradiation with light, presence of smaller impurity or catalyst
and temperature activate the F2or break hydrogen molecules. Mostly the gas phase
reactions are carried out in closed container or a container with provisions to feed
the gases and to collect products. The gas phase reactions involving F2 can be carried
out in pyrex or quartz glass rector, but they corrode very fast. These reactions can be
carried out in monel, inconel or nickel reactors.

Similar homogeneous gas phase reactions have been used to prepare noble
gas compounds. A number of ionic salts of Xe and PtF6, like [XeF]+[PtF5]−,
[XeF]+[Pt2F11]−, and [Xe2F3]+[PtF6]− have been prepared at room temperature by
the reaction of Xe and PtF6 gases in a gaseous medium of SF6 [39]. Also, XeF2, XeF4
and XeF6 are also prepared by gas phase reaction of PtF6 and Xe [39]. Xe and F2 also
react under high pressure at room temperature to form xenon fluoride compounds
and the XeF6 is favored with the increase in pressure and decreasing temperature
while XeF2 is favored with decreasing pressure and increasing temperature [40].
At room temperature a mixture Xe and F2 exposed to day light also produces XeF2
[41]. However, reaction of Kr with F2 is not favorable in gas phase, but can occur fast
on the interaction of F2 with liquid Kr. Similarly, reaction of NF3 with BF3, AsF3,
PF5, etc. occur in gas phase at low temperature under the UV or γ-ray irradiation or
electric spark. Compounds like NF4BF4, NF4AsF6, etc. have been prepared by such
processes [42]. The gas phase reactions involving F2, PtF6, SF6, etc. are usually free
radical reactions and thus they occur on exposure to different radiations, including
the visible lights.
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4.6.2 Liquid/Solid–Gas

Preparative fluorine chemistry has also been extensively exploited by using gaseous
fluorinating agentswith solid/liquidmaterials. It has beenmentioned earlier thatKrF2
can be conveniently prepared by reacting liquid Kr and gaseous F2. Such reactions
depend on the pressure of fluorinating gas and temperature. The reaction of liquid
H2 with F2 gas is spontaneous and forms liquid HF. Gaseous HF and F2react with
organic materials by displacement or additive reactions. Unsaturated hydrocarbons
form fluoro or polyfluoro hydrocarbon by the interaction of F2 gas. Varieties of
fluoropolymers have been prepared by such solid gas reactions. These reactions
again proceed by homolytic cleavage of bonds forming radical.

Highly pure metal fluorides are prepared by reaction of HF with solids where the
elimination of oxygen occurs by fluorine substitution. The reaction involving F2 can
be oxidative fluorination while with HF they are usually substitution reaction. As
an example, UO2 reacts with HF forming UF4 while with F2 gives UO2F2 or UF6.
U3O8 reacts with H2–F2 mixture to produce UF4 while with only F2 it transforms to
UF6. Solid UF4 powder on mixing with F2 at temperature above 300 °C explosively
form UF6 gas.

Most commonly fluorides are non-reactive to fluorinating agents, however, fluo-
rides with cations of higher oxidation can be prepared by the reaction of gaseous
fluorine (F2), PtF6, MoF6, etc. with their stable fluorides. For example, TiF3, CeF3,
MoF4, SnF2 can be transformed to TiF4, CeF4, MoF5, SnF4, etc. by reacting them
with F2 gas. Thus, such oxidative fluorination by gaseous F2 is becoming popular for
purification of materials, managements of wastes, and in particular nuclear waste.
The volatile nature of fluorides of metals in high oxidation state are used for separa-
tion of actinides, noble metals, transitions metals, like Mo, W, etc. in nuclear waste.
Ti metal under red hot condition reacts with gaseous HF to produce TiF4 while Ti
metal can react with F2 gas faster to form TiF4. The reducing atmosphere created
by H2 generated Ti-HF reaction prevents the highest oxidations state of Ti [43, 44].
Zr metal can be reacted with both HF and F2 to produce ZrF4 by high temperature
fluorination. However, pure ZrF4, TaF5, NbF5, etc. are usually prepared by reaction
of their hydrides with F2 gas at high temperature. ZrO2 reacts with gaseous F2 or HF
forming wide varieties of oxyfluorides rather than ZrF4, while at high temperature
complete ZrF4 is formed [45]. Similarly, reductive fluorination of fluorides or oxides
can also be carried out using HF and H2or H2 and F2 mixture. For example: TiOF,
CeOF type oxyfluorides can be prepared by reaction TiO2 and CeO2 with H2 and F2
mixture.

4.6.3 Solid/Liquid–Liquid

Liquid HF and aqueous HF are common reagents for fluorination and preparation
of fluorides. Almost all metals react with liquid HF and aqueous HF analogous to
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metal acid reactions producing salt. Similarly, metal oxides or carbonates also react
with the HF producing metal fluorides. All the metal fluorides of electropositive
elements, like alkali, alkaline earth and rare-earths, can be prepared by reacting their
oxides, carbonates or hydroxides with liquid as well as aqueous HF. Depending on
the natures of the metal ions, like electro-positivity and charge they may form a
homogenous solution from which the fluorides can be crystallized by evaporating
the solution. Also, in several cases, pure fluorides can be directly precipitated from
aqueous solutions due to their low solubility in water. For example, all the alkali
metal fluorides can be separated from reaction medium by evaporating the solvent.
Alkaline earth metal as well as rare-earth fluorides are less soluble in water and
thus they precipitate out from the aqueous medium. In general fluorides are less
soluble compared to their corresponding chlorides, and thus they can be prepared
even from chlorides. Solution and solid liquidmethods of preparation of fluorides can
be grouped as precipitation, solution crystallization, and controlled crystallization as
in hydrothermal and sol–gel processes.

4.6.3.1 Solid–Liquid

The solid and liquid HF reaction methods for preparation for fluorides can be acid–
base type or diffusion of F− into the solid. The reactions of metal and liquid and
aqueous HF have been investigated widely to study corrosion behavior as well as for
preparation of fluorides [44]. In a diffusion assisted reaction, the reaction occurs only
at surfaces in the initial stage and then propagates slowly to the interior. The etching
of crystal surfaces as well as cleaning of crystal or film surfaces can be carried out
by such process.

For preparation, such reactions are usually carried out at higher temperature and/or
higher pressure. Since the diffusion-controlled reactions are slow processes, they are
exploited to grow single crystals of fluoride and oxyfluorides. BiOF, LnOF (Ln
= Lanthanide ion) type oxyfluorides though can be prepared by such liquid solid
reactions, like Bi2O3/Ln2O3 + HF = BiOF/LaOF, the stoichiometry is difficult to
ascertain by such reaction, as they are usually controlled by time and nature of solid
materials. The morphology and structure of oxides are also dominating features for
such reactions; viz. Al2O3 is less reactive to both liquid and gaseous F2 and HF but
the oxides of alkali, alkaline earth and rare-earths are more reactive. Al2O3 reacts
with aqueous HF forming Al2OxFy (where x + y = 3) and gradually ended with
gamma AlF3 and finally to alpha AlF3 on prolonged reactions. Also by controlling
the fluorination time and temperature varieties of porous AlF3 structures can be
obtained by such solid Al2O3 and HF reactions.

4.6.3.2 Liquid–Liquid

Liquid phase fluorinations are the most commonly used method for preparation
of fluorides. This can be carried out by reaction of reactants with at least one of
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them as fluoride ion source. Commonly the soluble salts of fluorides, like NaF,
KF, RbF, CsF, NH4F, NH4HF2, NaHF2, KHF2, as well as salts of PtF6, SF6, BF3,
SiF4, XeF6, KrF4, etc., and solutions of HF are used as fluoride ion sources. Also
a number of fluoro-organic compounds, like trifluoroacetic acids, fluoroalcohols, 4-
iodotoluene difluoride, silver trifluoro methane sulfonate, HF-amine complexes, like
HF-pyridine, etc. are used for mild fluorination of organic compounds. Some of the
organic synthesis use intermediate fluoride during the path for the desired product.
Typically, such reactions are carried out in open Teflon containers or closed Teflon,
Ni, monel or inconel lined autoclaves. The solvent can be aqueous or organic liquids
while the environment can be inert or air, depending on the stability and reactivity
of the products. Some of the examples of liquid–liquid reactions for preparations are
explained below.

In general, the fluorides are less soluble compared to chlorides and nitrates, and
thus they can be precipitated from the solution by adding soluble fluoride salt to the
medium. For precipitating fluorides, soluble salts, like HF, NaF, KF, NH4F, NH4HF2,
etc. are added to thehomogenous solutionofmetal ions.Temperature andpHofmedia
have importance in such precipitation processes. Wide varieties of binary fluorides,
in particular fluorides of heavier ions and higher charge ions can be precipitated
from solutions. SrF2, BaF2, LnF3 (Ln—lanthanides), PbF2, BiF3, etc. can be easily
prepared by treating their nitrate solutions with aqueous HF. Often incorporation
of OH− in fluorides is encountered due to similar charge and size. On subsequent
heat treatment they can also lead to formation of oxyfluorides. TiF2-x(OH)x type
hydroxide fluorides prepared by such process for catalytic and photocatalytic appli-
cations. Several types of complex fluorides can also be prepared by precipitation
or slow crystallization of solutions. Cubic NaYF4 can be precipitated by treating
YCl3 or Y(NO3)3 solution with NaF solution. Similar complex fluorides of other
lanthanides can be conveniently prepared by analogousreactions. Some cases of
such preparations are explained in later section.

Complex fluorides, likeNa3MF6 (M=Al. Ga, Fe, etc.) can be prepared from solu-
tion containingNa+,M3+ and F− ions by slow crystallizations. Such processmay also
crystallize their hydrated compounds. The small cations usually form anionic fluoride
units and they remain in solutions. Thus, slow evaporation of solvent leads to crys-
tallization of the stoichiometric complex fluorides. In an analogous procedure, the
molten mixture of fluorides on slow cooling crystallizes the stoichiometric complex
fluorides. The formations and cooling procedure form the basis of crystal growth
of complex fluoride and they are mainly guided by the phase diagram. However,
complex fluoride salts of NH4+ ions need to be prepared by slow evaporations of
their homogenous solutions.

From the homogenous solutions, simpler or complex fluorides can also be crystal-
lized by using hydrothermal or solvo thermal procedures. Salts of desired cations and
some fluoride ion sources are dissolved in suitable solvent and filled in a Teflon-lined
stainless steel autoclave or directly in monel or inconel autoclaves. Water, alcohols,
or their mixtures are in general used as solvent in such processes. The autoclave
is heated at different temperature and time to optimize the conditions for forma-
tion of desired products. Size and shape-controlled preparation of complex fluorides
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can be achieved by this method. The vapor pressure generated from the solvent at
higher temperature generate pressure due to closed reactor assembly, and the reaction
proceeds analogous to high temperature and high pressure or variation of solubility
and reactivity of the components under simultaneous pressure and temperature condi-
tion. In such hydrothermal process, even colloidal solutions, solid and liquid mixture
can also be used as reactants. Often dissolution of insoluble solid is enhanced due
to the increasing corrosive nature of F− ions. Further additional salts can also be
used as mineralizer to enhance the solubility of reactants. The basic procedure and
principles are closely similar to those used for oxides except the medium contains
F− ion or some fluorinating reagent.

Sol–gel methods for synthesis of fluorides are also carried from homogeneous
liquid medium. Depending on the medium, method of hydrolysis, presence of addi-
tional ions and nature of the final fluorides, the method can lead to fluoride or oxyflu-
orides. This procedure is extensively used to prepare fluoride or oxyfluorides with
controlled morphology, like, nanosized, porous, particles with large surface area.
Stable binary fluorides, of alkaline earth, rare-earth, and several transitionmetal fluo-
rides, like Fe, Co, Zn, Cd and Al, Ga, Pb, Bi, etc. can be prepared by aqueous sol–gel
process due to the higher stabilities of their fluorides. However, the aqueous sol–gel
process for fluorides of Fe, Ti, Zr, Hf, etc. may lead to fluoro hydroxy compounds.
Non-aqueous sol–gel process, using alcohol or alcoholic solutions are used to prepare
pure nanosized fluorides.

In general, the sol–gel processes for preparation of fluorides are two types, one
involves synthesis nano metal oxides followed by fluorination while the other is
preparation of a fluorinated gel followed by thermolysis. In the first process, the
procedure is similar to sol–gel chemistry adopted for oxides while in the second
process, a gelating agentwhich acts as afluorinating agent and anon-aqueousmedium
are used. The second process of preparation can also be carried out by hydrolyzing
metal alkoxides in a medium containing F− ions. The controlled hydrolysis of the
alkoxides leadsto the formation of a clear sol, which on slight heating form a gel. The
metal ions are encapsulated inside gel where the precipitation of the metal ions either
as fluoride or oxide is prevented. On decomposition, the metal fluoride is separated
out from the gel. The fluoro-acids are often used as gel forming agent so that the
network structure of gel is stabilized. Sol–gel synthesis for MF2 or MF3 are carried
out by using metal alkoxides (M2+ = Zn, Cd, Mg, etc.; M3+ = Al, Ga, Fe, etc.) in an
alcoholic mixture of trifluroaceteic acid. A complex gel containing alkoxide groups,
trifluroacetate groups and metal ions is formed on slow evaporation of the solvent.
The fluorination of metal ions occurs inside the gel by the trifluoroacetic acid and on
thermolysis they separate out.

4.6.4 Solid–Solid

Solid-state reactions of fluorides have been exploited extensively to prepare complex
fluorides with more than one cation. Such reactions are carried out by heating
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homogenous mixture of component fluorides at higher temperature. Owing to the
limited stabilities of fluorides these solid-state reactions need to be carried out under
controlled atmosphere or in vacuum. These are diffusion-controlled reactions, and
owing to higher mobility and lower melting points of fluorides, these reactions can
occur at relatively lower temperature compared to oxides. Also, to avoid the incor-
poration of moisture or hydroxyl groups in the reactants, all the preprocesses like
weighing and homogenization of the reactants are carried out in argon filled glove
box with permissible moisture and oxygen content. This is essential to prepare as
well as to use hygroscopic reactants, like RbF, CsF, etc.

In thismethod, pellets of homogeneousmixture of reactants are placed in platinum
tube or foil and placed inside a quartz tube and sealed under vacuum or inert atmo-
sphere like argon. Such double sealed ampoules are commonly used for preparation
of complex fluorides free from oxide impurities. A typical double sealed ampoule
used for preparation of fluorides is shown in Fig. 4.8. Also, some of the complex
fluorides can be prepared by heating the mixture of fluorides under a flowing inert
atmosphere.

Similar to the preparative oxide chemistry, the fluoride preparation by solid-state
reactions are also affected by external thermodynamic parameters, like pressure and
temperature. Mechanical pressure on solid fluorides also shows polymorphic tran-
sitions like oxides and the high pressure phase may or may not revert back to the
original ambient pressure phase. Simultaneous application of pressure and tempera-
ture is also used to prepare single and multi-component fluorides with unusual and
metastable structures. For example, cubic PbF2 which is metastable under ambient
pressure and temperature, can transform to stable orthorhombic PbF2 under pres-
sure, and retains the stable structure on releasing the pressure. Similarly, mechanical
mixing with high energy milling can cause the reactions of the fluorides, where the
local temperature and stress under grinding favor for the formation of products. FeF3,
LaF3, UF4, etc. can be prepared by mechanical mixing of their corresponding oxides
and excess of NH4F or NH4HF2 in high energy ball mill.

Fig. 4.8 A double sealed
sample ampoule used for
preparation of fluorides by
high temperature solid-state
reaction
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High temperature solid-state reactions are also carried out to prepare oxyfluorides
using desired amounts of component oxide and fluorides. As mentioned earlier, the
O2− and F− in oxyfluorides can form an anion disordered lattice due to closely
similar ionic radius. The desired reaction and ordering of oxide and fluoride ions
depend on the nature of the final products as well as heating and cooling procedures.
However, the anion ordering can be easily observed with the multiple cations having
different bond strengths of M–O and M-F bond and the preference for oxide or F−
ions. Oxyfluorides show rich composition-structure relations and exhibit diversified
crystal structures depending the O:F stoichiometry and degree of ordering of the
anions. As an example, Bi2O3–BiF3, ZrO2–ZrF4, Ln2O3–LnF3 and so many others
with different metal oxides and fluorides can form different structures with different
degrees of O2− and F− ion ordering. These reactions can be carried out by using
desired amounts of oxides and fluorides at same or different temperatures.

A variety of fluorides and oxyfluorides can also be prepared by using NH4F,
NH4HF2, KHF2, NaHF2, etc. which can act as both fluorinating agent as well as
reactant. The reactions of these materials are fast as the reaction can occur by solid–
solid, solid–liquid and solid–gas. In presence of moisture, they form a concentrated
solution ofHF and hence the reactions become faster like solid–liquidHF reaction. In
addition, these materials have lower melting point and thus the molten materials can
fluorinate and react in a similar solid–liquid reaction mode. However, the solid–solid
reactions proceed very slowly at ambient or just above ambient temperature. Most
commonly a little excess of NH4HF2 or NH4F is used to compensate any loss due
to sublimation and/or decomposition. These reactions proceed through intermediate
complexfluorides ofNH4

+ andmetal ions, and subsequently they decompose tometal
fluorides or oxyfluorides oxides. Thus, these reactions provide a simper pathway to
prepare complex fluorides and oxyfluorides of transition metal and rare-earth ions,
but not limited only to them. A complex oxyfluorides of V5+ with both NH4+ and
K+ ions has been prepared by reacting desired amounts of NH4HF2 and KHF2with
V2O5at RT which has been explained in later section.

4.6.5 Fluorides of Cations with Unusual Oxidation State

As mentioned earlier, fluorides can be prepared with metal and no metal ions with
their highest oxidations states. F2 itself can oxidize the metals and nonmetal to the
highest possible oxidation states while fluorinations with F2. Several instances for
high oxidization cation fluorides have been explained earlier and they are subse-
quently used as a F2 source or strong fluorinating reagents. The preparation of such
high oxidation may require high pressure of F2 and a suitable temperature. Complex
fluorides with Pr4+, like BaPrF6 and Li2CaPrF8 have been prepared by fluorinating
reaction of F2 gas at high pressure [46]. However, the fluorides with lower oxidation
state of metal ions can also be prepared under suitable conditions. In such cases,
the oxidation states are controlled by using metal or strong reducing agents. The
stabilities of low valent fluorides are less compared to their analogous compositions



122 S. N. Achary et al.

with other halides. Example, CeF2 is extremely difficult to prepare while CeI2 can be
easily prepared by metallic Ce end I2 reactions. A large number of binary fluorides
of divalent rare-earths ions, like Eu, Sm, Tm, Yb can be prepared by using rare-earth
metal and LnF3 reactions [47, 48]. Also, reduction of LnF3 by graphite or H2 at
higher temperature can also be used for preparation of LnF2 [48, 49]. Among the
lanthanides, EuF2 has higher stability and can be prepared by interaction of EuSO4

with alkaline solution of NaF [49] Similarly, FeF2,MnF2 can be prepared by reaction
of metal with gaseous or liquid/aqueous HF. InBF4, a complex fluoride with mono-
valent In+ has been prepared by interaction of In metal with anhydrous HF and BF3
[50]. Series of fluorides with In+ and Tl+ ions as InPF6, InAsF6, TlPF6 and TlAsF6
have been prepared by solvothermal reaction of In or Tl metal with PF6 or AsF6 in
anhydrous HFmedium [51]. TlF can be prepared by reaction of Tl2CO3 and aqueous
HF. Fluorinating reactions of oxides or carbonates of lower valent metal ions with
aqueous HF under mild conditions generally retain the oxidation states of the metal
ions.

4.7 Representative Examples

a. Preparation of LiBaF3 and LiEuF4

LiBaF3 and LiEuF4 are the examples of simpler perovskite and scheelite type
compounds which show significant interest as optical material. These fluorides are
stable and almost insoluble in water under normal conditions. Thus, they can be
preparedby awidevariety ofmethods, like crystallization fromsolvent, hydrothermal
or solvothermal, sol–gel processes or conventional solid-state reactions. BaF2 and
LiF are immediately formedwhen the aqueous solutions containingBa2+ andLi+ ions
(either as nitrate or chlorides) ions are treated with aqueous solutions of HF. Since
LiF is more soluble than BaF2, the solution of LiF progressively reacts with solid
BaF2to crystallize BaLiF3. In hydrothermal process, aqueous or alcoholic solution
or colloid containing Ba2+, Li+and F− ions is heated in an autoclave under auto-
genously generated pressure of water vapor. In such process, slow crystallization
of LiBaF3 occurs from the solutions. Solid-state reaction of LiF and BaF2 occurs
around 600 °C giving the LiBaF3 phase. In all these process, LiEuF4, LiYF4, etc.
can also be prepared. Since these materials are congruently melting solids, slow
crystallization of melt can produce their singe crystals. Large crystals of LiEuF4,
LiYF4, etc. are grown by Bridgeman crystallization method from molten solutions
LiF and BaF2 orYF3/EuF3, etc. [52]. The composition dependent phase evolutions
in LiF-BaF2 system (Fig. 4.9) have been studied by heating different compositions
at 750 °C followed by cooling to room temperature [53].

Compared to LiYF4, preparation of NaYF4 has interesting behavior due to its
polymorphic nature. Different polymorphs of NaYF4can be prepared by controlling
the preparation conditions [54, 55]. The cubic (c) fluorite type phase of NaYF4is the
high temperature polymorph and exists as a metastable phase at ambient conditions.
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Fig. 4.9 Evolution of phases in LiF-BaF3 system with composition at 750 °C and preparation of
phase pure LiBaF3. Reproduced from Ref. [52] with permission of Elsevier

The cubic NaYF4 can be prepared by suitable low temperature synthesis procedures.
NaYF4 precipitated from YCl3 solution by aqueous solution NaF has cubic fluo-
rite type structure, while sample prepared by solid-state reaction at higher tempera-
ture has hexagonal (P-6) structure. Typical reaction for preparation of c-NaYF4 by
precipitation method is given below

YCl3, aq. + 4NaFaq.
H2O,RT−−−−→ c − NaYF4 ↓ + 3NaCl

The precipitate is washed with water to remove NaCl and the dried around 100 °C
to get cubic fluorite typeNaYF4. In thisNa andYare disordered and eight coordinated
as in the fluorite lattice. The solid-state reaction ofNaF andYF3 can lead to hexagonal
NaYF4 phase and the conditions for reaction are written below

YF3 + NaF
930 ◦C, 24 h−−−−−−→ h − NaYF4 ≡ Na1.5Y1.5F6

In the hexagonal structure, the cations are ordered as well as partially intermixed.
In this (P-6) lattice, there are three sites for the cations. Two cation sites are nine
coordinated, one of them occupied by Y3+ while the other one is occupied equally by
Y3+ and Na+. The third cation site is half occupied by only Na+ and is coordinated
with six F− ions.

The cubic NaYF4 on heating at higher temperature and pressure forms another
hexagonal (P63/m) polymorph, which is related to ambient hexagonal (P-6) phase.
The preparation of high pressure hexagonal phase from cubic NaYF4 is reported in
references 53 and 54. The typical procedure is briefly mentioned here. Cubic NaYF4
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sample is placed inside a platinum tube of 2mm in diameter and 3.5mm in height and
placed in an octahedral geometry pressure transmitting medium made from MgO–
Cr2O3 (w/w = 95/5). The pressure is applied along the eight faces of octahedral
pressure transmitting medium by a multi-anvil press. LaCrO3 is used as heating
elements to heat the sample while the assembly is under pressurized condition. The
time and temperature and pressure are usually varied to optimize for preparation of
desired sample.

c − NaYF4
P,T−−→ h′ − Na1.5Y1.5F6

P(pressure) = 11GPa, T(temperature) = 873−1373K.

Crystalline single phase hexagonal (h′ −NaYF4; P63/m) phase could be obtained
by heating at 1373 GPa and pressure 11 GPa. This phase is closely similar to ambient
condition stable hexagonal h-NaYF4phase except both the nine coordinated sites are
intermixed with Na+ and Y3+ ions.

Nanosized hexagonal h-NaYF4can also be prepared by using yttrium nitrate and
NaOH in acetic acid medium. A clear solution of Na+ and Y3+ in acetic acid is
prepared and isopropyl alcohol (CH3)2CHOH) and trifluoroacetic acid (CF3COOH)
are added to this solution. The solution is stirred continuously at 50 °C to form a
clear gel, which on heating in protective atmosphere gives NaYF4 [56, 57].

b. Preparation of phases in between SrF2–YF3

Solid-state reaction of SrF2 and YF3 in the complete range of stoichiometry has been
investigated by heating the homogenous mixture at temperature 1073 K [58]. Pellets
of homogenous mixture of predried YF3 and SrF2 (dried under flowing argon around
300 °C) were wrapped in a platinum foil and then placed inside a quartz tube as an
ampoule shown in Fig. 4.8. The tube is evacuated to a vacuum of the order of 10–6 bar
and then sealed under vacuum. The tubes containing different nominal compositions
were heated in air. Since the materials are not in contact with air, they remain well
protected from air or moisture at high temperature. The obtained products have been
analyzed by powder XRD to study the evolution of phases. A systemic evolution of
phases with increasing Y3+ content has been delineated and it is shown in Fig. 4.10.
The evolution phases have been attributed to the cation disordering and ordering of
cations and anions.

Single crystal of the complex fluorides suitable for crystal structure analyses can
be prepared by a similar solid-state reaction but at relatively higher temperature.
Single crystal of rhombohedral phase observed in SrF2–YF3 has been prepared by
heating homogeneous mixture of well dried SrF2 and YF3, in 7:6.1 molar ratio [59].
A pellet of the homogenous mixture was placed inside a tantalum tube and crimped
at the ends and then heated in a stream of dry argon atmosphere at 1300 °C, for
18 h followed by cooling to 900 °C in a span of 12 h and then by putting off the
furnace. The tantalum ampoule is allowed to cool to room temperature under same
flowing argon atmosphere. Colorless single crystal of the rhombohedral phase has
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Fig. 4.10 Evolutions of phases in SrF2–YF3 system with YF3 concentration; C: Cubic fluorite
type, CS: Cubic super structure of fluorite, R: Rhomhohedral, H: hexagonal LaF3 type phase, O:
orthorhombic YF3 phase (Plotted with the information presented in reference 57)

been investigated by single crystal XRD analysis. The analysis of crystal structure
revealed that the sample is an oxyfluorides and the composition is concluded as
Sr7Y6F30O. This indicates the traces of moisture or oxygen lead to the incorporation
of O2− ions into lattice of fluoride. Typical crystal structure of Sr7Y6F30O is shown
in Fig. 4.11.

7SrF2 + 6YF3
1300 ◦C/18h−−−−−−→ Sr7Y6F32

Final confirmed composition is Sr7Y6F30O as against the expected Sr7Y6F32 indi-
cates incorporation ofO2− fromair ormoisture present in themedium.The compound

Fig. 4.11 Typical crystal structure of Sr7Y6F30O. YF8 polyhedra are shown in the figure. A cluster
of Y6F36 and their linkages are shown in right hand side figures. The isolated yellow spheres are
incorporated O2− ions inside the clusters of Y6F36. Adapted from Ref. [59] with permission of
Elsevier
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has a rhombohedral structure (Space group;R-3; a= 14.498(2)Å and c= 9.926(1)Å)
which is closely related to fluorite (SrF2) type structure [59]. The structure is built by
arrangements of Y6F36clusters which are formed from six square anti-prismatic YF8
polyhedra. The interstitials formed by the arrangements of these Y6F36 are occupied
by Sr2+ ions. The Sr2+ ions have 10 and 11 coordinated polyhedra with F− ions. More
details on such structures are available in the reference [59, 60] and references cited
therein. Similar solid-state reactions have been used to prepare a number of cation and
anion ordered fluorite-related anion rich fluorides in the EuF2-EuF3, SmF2-SmF3,
YbF2-YbF3 systems [48, 49]. Anion excess fluorite-related complex fluorides, like
Ba4Er3F17, Pb4Y3F17, Ba4Nd3F17, etc. have been prepared by solid-state reaction of
alkaline earth and rare-earth fluorides at high temperature [60–65].

c. Preparation of tysonite type Sr0.25Yb0.75F2.75

Pure rare-earth fluorides can be prepared by a number of methods, like reaction of
metal and oxides with liquid, aqueous and gaseous HF. They can also be prepared by
reaction of oxides ormetalswithNH4HF2 at around 400 °C.Asmentioned earlier, the
structure of trivalent rare-earth fluorides (LaF3, tysonite) form two types of structures,
hexagonal (P63/mmc) or rhombohedral (P-3c1) for larger trivalent cations (La3+–
Nd3+) while orthorhombic (Pnma) for all heavier rare-earth ions. Thus, increasing
the average ionic radii of the cationic sites by substitution of cations of larger size
transform the orthorhombic structures of smaller lanthanide trifluorides to hexagonal
or rhombohedral structures. However, such structures usually have higher symmetric
P63/mmc due to the anion disorder in the lattice. The structures of such cationic
substituted compositions depend on the nature of the cations. Also, they are formed
in an optimum range of composition only, as can be seen from Fig. 4.10 for SrF2–
YF3 phase relations. The hexagonal tysonite type phases with heavier lanthanides
fluorides have been prepared by heating MF2 (M = Ca, Sr) and MF3 (M = Sm,
Eu, Gd, Er, Yb, Y, etc.). These solid-state reactions are fast and most of the time
rehomogenization and reheating are not required for completion of reaction.

xMF2 + (1 − x)M′F3 →T MxM
′
1−xF3−x

M = Divalent cation and M’ = Trivalent lanthanides ions from Sm3+ to Lu3+ and
Y3+.

The temperatures of reactions are usually above 750 °C and higher up to 1200 °C.
Such solid solution samples have cation disordered tysonite type (hexagonal) struc-
ture and no ordering of cations has been observed even on cooling slowly and
annealing at 1200 °C for longer time. This phase has also been prepared by heating
the pellets of homogenous mixture of SrF2 and YbF3 at 1100 °C for 8 h followed by
quenching in cold water. Typical XRD pattern and structure of tysonite type phase
formed at Sr0.25Yb0.75F2.75 prepared by solid-state reaction under vacuum are shown
in Fig. 4.12 (hexagonal: P63/mmc, a = 3.9606(4) Å and c = 6.9731(5) Å [66, 67]).
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Fig. 4.12 Preparation mode and crystal structure of Sr0.25Yb0.75F2.75. Adapted fromRef. [52] with
permission of Elsevier

d. Preparation of Li3TiF6

Similarly, the solid-state reaction of LiF and TiF3 in argon atmosphere or vacuum
has been used to prepare Li3TiF6 [68]. TiF3 can be prepared by using gas–solid
reaction between gaseous HF and TiH2 at 700 °C. Granulated or fine powder of
TiH2 is placed on a graphite or tantalum crucible and then heated under flowing
HF atmosphere. This process can give high pure TiF3 without any oxygen impurity.
Pellets of homogenous mixture of LiF and TiF3 in 3:1 molar ratio was heated at
820 °C and then cooled slowly to room temperature. The platinum used as sample
container and sealed inside a quartz tube under vacuum. Purple colored single crystals
are formedwithin the polycrystalline aggregate of cooled sample. The compound has
a monoclinic lattice with unit cell parameter, a = 14.452(2) Å, b = 8.798(1) Å, c =
10.113(1) Å and β = 96.30(1)° (space group: C2/c) and is isostructural to β-Li3VF6.
Typical crystal structure of Li3TiF6is shown in Fig. 4.13. Similarly, Li3ScF6 can also
be prepared by solid-state reactions of ScF3 and LiF [69]. Almost all the Li3VF6
type fluorides and other similarcomplex fluorides can be prepared by such method
[7, 68–71].

2TiH2 + 6HF(g)
700 ◦C−−−→ 2TiF3 + 5H2

TiF3 + 3LiF
820 ◦C−−−→ β − Li3TiF6
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Fig. 4.13 Crystal structure of Li3TiF6 as observed from single crystal XRD studies (Crystal
structure is redrawn with the details reported in reference [68])

e. Preparation of BaMgF4

This material can be prepared by conventional solid-state reaction of BaF2 andMgF2
at high temperature above 800 °C in a protective atmosphere as well as by simple
precipitation from aqueous solution of Ba(NO3)2 and Mg(NO3)2 using aqueous HF
or solutions of NH4F, NH4HF2 or NaF and subsequent suitable heat treatment [15,
72–76]. Hydrothermal method can be conveniently used to prepare this material at
lower temperature. Pure BaMgF4 has been prepared by hydrothermal method using
aqueous solution of Ba(NO3)2, Mg(NO3)2, and NH4HF2 in a Teflon-lined autoclave
[73]. A typical flow sheet adopted for its preparation and details of crystal structure
are shown in Fig. 4.14. Judicious optimization of initial stoichiometry of Ba2+ and
Mg2+ ions in solution and amount of NH4HF2 as well as duration and temperature
are important in the formation of phase pure BaMgF4. Using Ba2+:Mg2+ as 1:1.5
(molar ratio) and excess NH4HF2 (~9.4 mol), pure BaMgF4 can be prepared by a
hydrothermal reaction at 160 °C for 60 h. Similar method can also be used to prepare
analogous materials but all need an optimized ratio of reactants as well as time and
temperature.

f. High pressure-high temperature synthesis of LiScF4

Solid-state reactions of LiF and ScF3 in the LiF–ScF3 system show only one stable
phase Li3ScF6 [69]. Li3ScF6can be prepared by solid-state reaction of LiF andScF3 at
820 °C in argon atmosphere. Li3ScF6 prepared under ambient condition has a rhom-
bohedral lattice (P-3c1) with unit cell parameters: a = 8:783(1) Å, c = 9:518(1) Å.
However, reaction of these two reactants (in 1:1 molar ratio) under high pressure and
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Fig. 4.14 Hydrothermal reaction for preparation of BaMgF4 and its crystal structure. The reaction
parameters and unit cell details are based on reference [73]

high temperature shows the formation of LiScF4 phase. LiScF4prepared under such
condition has a scheelite type structure where Li and Sc, respectively, have tetrahe-
dral and cubic coordination with F− ions. This difference in phase formation can be
attributed to effect of pressure, where the smaller trivalent (Sc3+) ions form cubic
eight coordinated ScF8 polyhedra which otherwise favor for six coordinated ScF6
polyhedra. In a typical experiment, homogenous mixture of LiF and ScF3 is filled
in a platinum tube and closed with a platinum cap. The tube is encapsulated inside
a LaCrO3 resistive heater and then placed in octahedral MgO pressure transmitting
medium of a belt press. The optimization of synthesis temperature and pressure need
to be carried out by trials and single phase LiScF4 could be prepared at pressure
and temperature of 5.5 GPa and 775 °C, respectively for 4 h. Typical structure of
scheelite type LiScF4and the flow sheet of preparation are shown in Fig. 4.15.

Thus, pressure and temperature are simultaneously used to prepare unusual oxida-
tion and unusual coordination polyhedra around the cations and anions as well as
denser structures. By such high pressure and high temperature reactions, a number of
unusual fluorides can be prepared, which is a less explored area of fluoride chemistry.

g. Preparation of complex mixed cation oxyfluorides

The oxyfluorides can be conveniently prepared by solid-state reaction of oxides and
fluorides. These reactions occur by the diffusion of ions through the bulk grains
of reactants. Preparation oxyfluorides by high temperature reactionsare carried out
in protective environments to control the O2− and F− stoichiometry. For example,
LnOF (Ln—Lanthanide ions) can be prepared by heatingmixtureLn2O3–LnF3 above
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Fig. 4.15 The flow sheet for preparation of LiScF4 and its crystal structure (Crystal structure is
redrawn with the details reported in reference [69])

600 °C in flowing argon or in vacuum-sealed quartz ampoule [77, 78]. V2GeO4F2, an
oxyfluorides ofV3+ionhas beenpreparedbyheatingV2O3,VF3 andGeO2 in vacuum-
sealed ampoule at high temperature (700 °C/18 h) [79]. Similarly, Cd4Si2O7F2, a
mineral analogous oxyfluorides with Cd2+ can be prepared by heating CdF2, CdO
and SiO2 in sealed platinum tube at 650 °C for 24 h [80].

The oxyfluorides which has limited stability with temperature need to be prepared
by alternate routes, like fluorination with reactive fluorides. In particular preparation
of oxyfluorides and fluorideswithNH4

+ ion, N2H6
+ ions can be prepared by reactions

of fluoride salts of ammoniumor hydrazinium ions. (NH4)3TiOF5, (NH4)2TiOF4, and
NH4TiOF3 type oxyfluorides can be prepared by controlled hydrolysis of (NH4)3TiF6
in water containing NH4OH and NH4F [81]. The hydrolysis products depend on
the pH and different oxyfluorides can be prepared controlling the pH followed
by slow crystallization from the solution. Similarly, a number of oxyfluorides like
(NH4)3VO2F4, Na(NH4)2VO2F4, and (NH4)3NbOF6, etc. have been prepared by
reactions of NH4HF2 at ambient or little above ambient temperature or evaporating
solutions of containing soluble salts and NH4HF2 [82–84].

Preparation procedure of (NH4/K)3VO2F4, a typical example oxyfluorides with
mixed cations has been explained here [85]. This complex oxyfluorides of V5+ with
both NH4

+ and K+is prepared by reacting desired amounts of NH4HF2 and KVO3

at ambient temperature. The homogeneous mixture of the reactants was kept in
polyethene bag and stored for 2 days inside a desiccator having silica gel as desic-
cant. The mixture was ground after each 12 h and the progress of reaction was
monitored by powder XRD. The absence of peaks due to NH4HF2 and KVO3in
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Fig. 4.16 Preparation procedure and crystal structure of (NH4/K)3VO2F4. The exact concentration
of NH4+ ions has been obtained from thermogravimetric studies. The crystal structure is redrawn
from the data reported in Ref. [85]

XRD pattern of sample and no further change in XRD pattern with time were used
to monitor the progress of reaction and product formation. Slow diffusion of F− ions
from NH4HF2 transforms oxide to oxyfluorides and the negative anionic oxyfluo-
rides group finally forms a stable complex with K+ and NH4

+ ions. The V5+ ion
form an anionic [VO2F4]3− species with the F− and O2− ions and they are arranged
periodically as in elpasolite type structures. The K+ and NH4

+ ions are statistically
occupied in lattice to provide charge neutrality. Typical flow sheet for preparation and
crystal structure of (NH4/K)3VO2F4 is shown in Fig. 4.16. Often such preparations
also lead to formation of hydrated complex fluorides, and degree and stoichiometry
of hydration can be controlled by the moisture content in the atmosphere.

Usually such reactions are slow but can be used to prepare complex fluorides with
NH4

+ ions as they are usually unstable at higher temperature. Also, a small excess
of NH4HF2 are desired to avoid the loss of NH4HF2. These reactions need several
trials to get the desired product. The compositions of such oxyfluorides need to be
supported from complementary techniques, like elemental analysis, thermal analyses
and other spectroscopic methods like IR, Raman, etc.
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4.8 Summary and Conclusions

In this chapter a brief overview of inorganic fluorides is explained with an emphasis
on their preparation and stabilities. The chapter begins with an introduction to fluo-
rine and hydrofluoric acid, and subsequently other metal and nonmetal fluorides
have been explained. The general methods for preparation which can be adopted are
explained with different type chemical reactions, reactants and targeted products.
The fluorides and their crystal chemistry are also touched upon. Different prepa-
ration methods have been explained with selected examples. A brief overview on
preparation oxyfluorides is also presented. The fluorine chemistry, once considered
as devils’ chemistry, is becoming a frontier research area due to the advancement
of technology, materials and technological applications. Wide varieties of fluorides
and oxyfluorides prepared in recent times have shown interesting properties while
many others have been tuned to obtain desired functional properties. Fluoride crystal
chemistry is a growing field of research for discovery of newer materials and under-
standing their formation conditions. The non-conventional preparative chemistries
like solvothermal, hydrothermal and high pressure-high temperature methods are
still to be exploited for finding unusual and novel materials. Undoubtedly, the func-
tional properties and applications of fluorides range in a wide spectrum and they
have not been covered in this chapter to focus only on the preparative chemistry.
Also, fluorine chemistry occupied a major space in the field of organic and polymer
chemistry which are not covered in this chapter. Also, this chapter does not deal
with fluoride glasses, which is also a reverent part in inorganic fluorides. The prepa-
ration of fluoride glasses is a highly specialized and a subject by itself, and hence
deliberately spared in this chapter.
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Chapter 5
Synthesis of Materials with Unusual
Oxidation State

S. N. Achary and A. K. Tyagi

Abstract Materials having ions in unusual oxidation states have been of interest for
long time due to their relevance in understanding the oxidation–reduction process of
various physicochemical phenomena, fundamental ionization process of elements as
well as their challenging chemistry to prepare them. The ions in unusual oxidation
states are usually unstable, and in turn they transform to stable state under ambient
conditions or by feeble alteration of thermodynamic parameters or chemical environ-
ments. Since attaining such oxidation states is energetically unfavourable, they are
generally achieved by either extreme or non-equilibrium thermodynamic conditions
or diagonally opposite mild reactions where alternate paths are adopted. The vari-
eties of unusual oxidation states can be conveniently obtained in solutions, but they
are extremely reactive and short-lived, and are often encountered as intermediates in
various chemical reactions. Cations with such oxidation states can also be stabilized
by a variety of organic ligands. However, this chapter is mainly focussed on solid
materials where the ions are stabilized primarily by inorganic counter ions and have
significantly higher stability for further studies. In this chapter, a brief overview on
preparation of materials having unusual oxidation state is presented. The chapter
initially explains about the unusual oxidation state and their interest, and then the
modes of their stabilization. There are several case studies explaining the process
of stabilization of lower and higher valent states, and the role of judicious chemical
and thermodynamic conditions, and crystal structure to stabilize them are presented.
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5.1 Introduction

It is known that the property ofmaterial, whether it is physical or chemical, is predom-
inantly arising from the elements constituting it, and in turn from the electronic
configurations of the constituent elements. The electronic configuration of elements
plays the guiding role for their existence either as elemental form or as compounds
of elements in various oxidation states. A large number of solid elemental materials
whether metal or non-metals like Fe, Al, Ti, Au, Ag, Pt, Si, Ge, W, Mo, Ta, P, I,
etc., have been used by humankind, and most commonly, they exist as compounds in
nature. Only few elements like Au and Pt are known to exist in nature in elemental
state aswell as compound state. But the elemental state (i.e. oxidation state 0) is stable
state only for the noble or inert gases. For example, iron exists as Fe2O3 or Fe3O4

in nature, while the elemental form of Fe (Fe0) is also practically used everywhere.
However, zero oxidation state is not the stable oxidation state of iron under ambient
environmental conditions. Hence, with time, the elemental Fe gradually transforms
to Fe3O4 or Fe2O3 in a normal environmental condition, which is known as rusting.
Thus, it can be understood as Fe is stable in Fe0 state only under a given thermo-
dynamic and environmental conditions, while the Fe2+ and Fe3+ are the favoured
oxidation states of iron in earth’s atmospheric or under geological conditions. The
elemental Fe on heating also transforms to FeO and Fe3O4, and then to Fe2O3, while
all these FeO, Fe2O3, Fe3O4 phases are abundantly occurring in nature. This indicates
that both Fe2+ and Fe3+ states have significant stability under ambient conditions.
Similarly, the elemental Au and Pt do not tend to rust in earth’s atmospheric condi-
tions, which suggests that the Au0 and Pt0 are the stable oxidation states for them.
Thus, increasing oxidation state of Au or Pt is not a favourable chemical process
and hence needs an alteration of chemical or thermodynamic conditions to achieve
them. Thus, a terminology like “common oxidation states” is being used to indicate
commonly observed oxidation states of elements in nature.

5.2 Oxidation States

The oxidation state of an atom means a formal or hypothetical charge on it when it
is ionically bonded with other atoms or ligands, and is a relative measure of energy
required to remove further electron from it or energy released on addition of an
electron to it. It is a description of the degree of oxidation occurred in an atom
in bonded system or compound. It can be a positive or negative number or zero.
In a chemical or electrochemical process, if an increase in oxidation number from
the initial oxidation number occurs, then it is known as oxidation process, while if
there are decreases of oxidation number then it is called as reduction process. This
is equivalently reflected in the change in oxidation number in other atoms in the
system.
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The driving force for the stable oxidation state can be attributed to the tendency
of element to achieve stable electronic configuration, i.e. completely filled electronic
shells like noble gas electronic configurations. The occurrence of different oxidation
states of atoms is generally explained as a first course in general inorganic chemistry
and can be referred to general inorganic chemistry textbooks [1–3]. The electrons
from outermost orbitals are relatively easy to remove than that in inner orbitals. Also,
once an electron is removed, the increasing attraction due to effective nuclear charge
makes it difficult to remove the further electrons. Similarly, the unpaired electrons
in outermost orbitals tend to accept an electron for making stable paired electronic
configuration, and thus, such atoms have tendency to form negatively charged ions.
Typical electronic configurations of Ar, Fe and Pt are compared in Fig. 5.1. It can
be seen that Ar has stable filled configuration and thus does not have any tendency
to accept or lose electrons. Fe can lose two outermost electrons easily to form Fe2+

state, while the loss of one additional electron can make it Fe3+ with half-filled (3d5)
outermost electronic configuration. In the case of Pt, the 5d96s1 outermost electronic
configurationmakes it amenable for varieties of oxidation state ranging from−2 to+
10, while experimentally Pt−3 to Pt6+ are observed. Typical experimentally observed
oxidation states for some of the elements are compiled in Table 5.1.

The formation of stable or common oxidation states is also evident from the redox
potentials or enthalpy of formation of element in particular oxidation state, which is
representative for energy required to change the oxidation state. This can be simply
understood from the ionization energy, the energy required to remove an electron
for making positively charged ion of the element. The ionization energy progres-
sively increases with increasing the charge of the ions and beyond certain oxidation
state the ionization energy becomes extremely high, and that limits for further oxida-
tion. Typical variation of enthalpy of formation of different oxidation states of some

Fig. 5.1 A comparison of electronic configuration of argon, iron and platinum
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Table 5.1 Oxidation states of some of the common elementsa

Element At.
no.
Z

Negative oxidation states Positive oxidation states

−5 −4 −3 −2 −1 0 +1 +2 +3 +4 +5 +6 +7 +8 +
9

H 1 −1 0 1

B 5 −5 −1 0 +1 +2 +3

C 6 −4 −3 −2 −1 0 +1 +2 +3 +4

N 7 −3 −2 −1 0 +1 +2 +3 +4 +5

S 16 −2 −1 0 +1 +2 +3 +4 +5 +6

Cl 17 −1 0 +1 +2 +3 +4 +5 +6 +7

Mn 25 −3 −2 −1 0 +1 +2 +3 +4 +5 +6 +7

Ru 44 −4 −2 0 +1 +2 +3 +4 +5 +6 +7 +8

Xe 54 0 +1 +2 +4 +6 +8

Ir 77 −3 −1 0 +1 +2 +3 +4 +5 +6 +7 +8 +
9

Pt 78 −3 −2 −1 0 +1 +2 + 3 +4 +5 +6

aCompiled from the list reported in the website https://en.wikipedia.org/wiki/Oxidation_state (for
all the elements, the list of known oxidation states can be seen from given site)

elements is shown in Fig. 5.2. From the figure, it is evident the ionization enthalpy for
Ar, Fe and Pt though not significant at lower oxidation states, and the final stability
of even Ar+ and Ar2+ are not supported by any matrices. Hence, high electric field
discharge or high energy radiations like X-ray or γ-ray only can produce Ar ions in
gaseous state, and this approach is used in argon ion laser or Ar gas-filled radiation
detectors.

5.3 Unusual Oxidation States

Although the unusual oxidation state materials have less stability and difficulty to
attain, they bear significant fundamental and practical relevancies. Thus, the chem-
istry for preparation or stabilization of compounds with atoms in unusual oxidation
state bears significant interest to chemist, physicist and technologist.Most commonly,
such unusual oxidation states are observed as intermediate stage in oxidation–reduc-
tion process and they are short-lived. It is known that the atoms in unusually high
oxidation state act as strong oxidizer while those on unusually low oxidation state act
as strong reductant. Thus, they are potentially exploited in redox processes in chem-
ical and biological reactions. Because of their affinity to undergo changes in oxidation
states, they also play crucial roles in various catalytic reactions, synthetic chemistry
and separation sciences. The electron transfer reactions in organic synthesis and
biological processes often rely on the oxidation states of the metal ions [4]. However,

https://en.wikipedia.org/wiki/Oxidation_state
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Fig. 5.2 Variation of enthalpy of formation of elements in different oxidation states. The plot is
based on the data reported in WebElements data (https://www.webelements.com/)

in spite of their short lives, they are effective for several biological processes like
transfer of oxygen in blood, photosynthesis in green plants, abetment of toxic pollu-
tants, etc. [5]. Because of tremendous application potential of the compounds with
such unusual oxidation states, the investigations on preparation and properties of
such compounds became a challenging and interesting field in synthetic organic,
organometallic and inorganic chemistry. Further, these compounds also play a crucial
role for selective separation and segregation of ions from mixtures. Thus, they are
used as highly desired chemicals in separation and management wastes, in particular
in nuclear and mineralogical or industrial waste treatment as well as water purifica-
tion processes. In addition, thesematerials also exhibit novel physical properties, like
electrical conductivity, magnetic properties and optical properties. As an example,
it can be mentioned here Cr2O3 is an antiferromagnetic material, while CrO2 is a
ferromagnetic material [6]. V2O5 shows semiconducting behaviour, while the oxides
in lower oxidation state of vanadium showmetallic or insulating behaviour andmetal
to insulator transitions [7].

The change in oxidation state of atoms is reflected in several of their crystallo-
graphic properties, like ionic radius, bond lengths and coordination numbers and
also in their chemical properties. It is expected that a gradual decrease in ionic
radii occurs with increasing oxidation state and vice versa for any atom due to the
columbic attraction between nucleus and electron cloud. Hence, the coordination
number can decrease with increasing oxidation state. Typical examples are oxides
of uranium which may have coordination numbers of 8 (in UO2) or 6 (in UO3)
depending upon the oxidation states of uranium. Similarly, the stability of higher

https://www.webelements.com/
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oxidation states of atoms decreases with deceasing atomic radii. Thus, highly posi-
tive charged ions can be obtained relatively easily with larger atoms. Also, the acidic
character of an ion increases with increasing oxidation state; for example, MnO is
basics, while Mn2O7

2− and MnO4
− are acidic ions and the oxides with Mn3+ and

Mn4+ have amphoteric natures. Further, the oxidation state of an element can be
positive or negative or zero depending on the nature of the compound and also can
vary in a wider range than that expected from the stable electronic configurations.
For example, oxidation state of hydrogen (Z = 1) can be −1, manganese can be
−3 to +7 and iodine can be −1 to +7. The negative oxidation state of metal and
metalloids is usually observed in intermetallic samples [8]. The highest oxidation
state of +9 has been reported for iridium in IrO4

+ [9].

5.4 Preparation and Stabilization of Materials
with Unusual Oxidation States

As thematerials with unusual oxidation state are usually unstable and stabilization of
unusual oxidation states in appliedmaterials is not energetically favourable, a careful
and challenging chemistry is often involved in their preparation. The challenge and
application potential of such materials have been pointed out by Jørgensen as “One
of the major goals of inorganic chemistry is to prepare compounds of elements in
unusual oxidation states” [10]. Subsequently, wide varieties of preparation strategies
and theoretical analyses have been devoted to stabilize unusually charged ions in the
matrices of organic and inorganic moieties as well as to understand their stability
and properties. Such studies not only make way to prepare them but also lead to
discovery of unusual structural and electronic effects in materials. Based on wide
experimental and theoretical understanding, the typical approaches to prepare mate-
rials with unusual oxidation states can be understood as some guidelines. Some of the
guidelines for preparation of unusual oxidation state material are mentioned below
[11].

1. Use of strong oxidizer or reductants in suitable chemical environment and
temperature.

2. Extreme temperature and pressure conditions, like high-pressure and high-
temperature anvils, laser bombardment-induced ionization, accelerated ion
collision, etc.

3. High gas pressure, like F2, O2, H2, CO, moist gas mixtures, etc., for increasing
or decreasing oxidation states.

4. Electrochemical process.
5. Free radical, energetic electron or gamma radiation.

Unusual oxidation states of varieties of elements can be stabilized as
organometallics using suitable organic ligands,whichmaybe either electrondonating
or accepting. In addition, variation of bulkiness of ligand can suitably alter the steric
hindrance and stabilizes the unusual oxidation states. These approaches have been
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exploited in stabilization of higher aswell as lower valent states of transitionmetals in
organometallics. Due to structural complexity and bulkiness of organic ligands, stabi-
lization of unusual oxidation state materials is relatively common in organometallics
compared to other types of inorganic compounds. Some of the typical stabilization
methods are as follows:

1. Stabilization through coordination (p-electron-accepting ligand like CO or
electron-donating ligands such as pyridine can stabilize the cations in the lowest
oxidation states).

2. Highly bulky ligands render sterically hindered surrounding around the cations
and help them to saturate coordination. Such ligands can stabilize the cations in
low oxidation states as well as high oxidation states. Ligand like [(RN)2CNR’2]
where (R, R’= alkyl, aryl, silyl, etc.) can stabilize monovalent states of Al, Mg,
Mn, etc., by coordinated bonds through the N atoms.

3. Synthesis of materials under non-ambient conditions can retain the unusual
compounds asmetastable phasewhere the high energy statematerials are formed
bypassing the hindrance from the thermodynamically stable phases.

4. Matrix stabilization approach is an efficient method to stabilize the unusual
oxidation state. The desired oxidation state for the crystal structure and coordi-
nation number requirement of a given structure facilitates the cation in unusual
oxidation states. Also, the judicious selection of counter ions on the basis of
coordination saturation, acidity, electronegativity or electro-positivity provides
a guiding role for stabilization of unusual oxidation states. The criterias of
coordination polyhedra, packing density and counter group effect are useful for
stabilizations of cations or anions in unusual oxidation states.

5. Synthesis ofmaterials under extremely low temperaturewhere the excess energy
for obtaining other normal oxidation states is prevented.

Some of the examples of preparation of materials with elements in their unusual
oxidation states are explained in subsequent sections. In particular, the focus of this
chapter is made for inorganic materials and molecules. The organometallics and
clusters with unusual oxidation states are excluded in this chapter.

Before discussing to the specific preparations, it may be noted that the unusual
oxidation state of any atom can be achieved by applying desired amounts of energy.
However, they may not be stable in a compound. Thus, stabilization of such oxida-
tion state is essentially related to the counter species present in the compounds.
As a general rule, to stabilize the high oxidation state of cation it is desired to
have highly electronegative and low polarizable counter ions or species. Thus, most
commonly higher cationic charge can be easily stabilized as fluorides and then as
oxides. For example, UF4 and UF6 have higher stability than UO2 and UO3. Because
of similar reason, TbF4 and PbF4 have higher stability compared to TbO2 and PbO2.
Elements like Pt, Os, Rh, Ir can be stabilized with exceptionally higher oxidation
states, like+7,+8,+9, etc., in fluoridematrices. Such higher oxidation states cannot
be easily obtained with any other anionic species. However, there may be several
exceptions and they are due to structural and steric reasons; viz. CeF3 has higher
stability compared to CeF4, while Ce2O3 is less stable compared to CeO2. Similarly,
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the cations with low oxidation states are stabilized by lower electronegative and
highly polarizable anions. Tl and Bi in +1 oxidation states can be easily stabilized
by I− ion. Also, varieties of reactions are being carried out by using different types
of reducing agents, like CO, C, Si, H2, metals, etc. or by electrochemical processes
to obtain materials with lower oxidation states ions. In metallurgical process, such
reactions are commonly used to extract metals from ores. The molecular anions or
molecules having HOMO level just below the lowest occupied level of the cations
can easily stabilize the higher oxidation by electron transfer from LUMO of cation to
LUMO of counter species. Further, a preferential coordination of a cation in a struc-
ture, availability of space for additional anions or expansion of coordination poly-
hedra to reduce steric and inter-anion repulsion plays significant roles in stabilization
of cations in higher oxidation states. Typical examples are CaCrO4 and YCrO4 in
which structural requirements coupled with high electro-positivity of counter cations
lead to the stabilization of 6+ and 5+ oxidation states of Cr. Most of silicates can
stabilize Cr, Mn, etc., in +4 states. In case of solutions, the stabilities of the unusual
oxidation states depend on the nature of solvent, like its oxidation potential and
stability, pH, the electron-donating functional groups and tendency to form solvation
are important parameters. As an example, Ce4+ and Tb4+ easily transform to Ce3+ and
Tb3+ in acidic media compared to the alkaline media. Thus, most commonly higher
oxidation states of transition metal ions are obtained from alkaline solutions. In alka-
line medium, Mn can reach up to +7, while in acidic medium the stable oxidation
states are mostly +2 or +3. Cr in hexavalent state can be obtained as K2Cr2O7 and
Na2Cr2O7, and also in acidic conditions like concentred HCl as CrO2Cl2. Cr2O7

2−
can be obtained by reacting with Na2CO3 at high temperature in air. In weakly acidic
solutions, like phosphoric acids, both Ce4+ and Tb4+ can also be stabilized. Thus,
it is essential to have judicious lattice or molecular structure architect and suitable
counter species for stabilization of unusual oxidation states of desired elements.

As mentioned earlier, the compounds with unusual oxidation state are in general
metastable and will transform to their stable counterpart(s) on alteration of chem-
ical environments like medium, solvent, pH, mixing with other materials or physical
environments, like change in atmosphere, temperature or pressure. This can be under-
stood as the compounds with unusual oxidation states are metastable and in higher
energy states compared to their counter stable counterparts and hence need to be
prepared by judicious thermodynamic and chemical environments.

5.5 Preparation Strategies for Materials with Unusual
Oxidation States

5.5.1 High Temperature Reactions

High-temperature solid-state reaction with strong elemental reducing agents, like
metals, carbon, silicon, etc., is effective to obtain compounds with lower oxidation
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states. Such reactions need to be carried out in either vacuum or protective gaseous
environments to prevent oxidation by air. Often, He, Ar, N2 can provide efficient
protective environment. N2 beyond certain temperature (>1500 °C) becomes reactive
and thus hinders the reduction; instead, it undergoes chemical reactions or oxidizes
the system. Several metals like, Al, Ti, Zr, Hf, etc., are oxidized by N2 gas at high
temperature. Additionally, elemental reactions in a definite composition can also be
a method for synthesizing materials in lower oxidation states. Some of the typical
examples are given below.

Divalent rare-earth ions

Divalent rare-earth iodides can be prepared by high-temperature reduction using
rare-earth metal as reductant. Alternatively, a slow oxidation or controlled chemical
reaction composition can stabilize the elements in lower andunstable oxidation states.
In a usual procedure, an intimate mixture of LnI3 and Lnmetal is placed in evacuated
or argon-filled quartz or tantalum tube, and then heated at desired temperature for
prolonged time to complete the reaction and to increase the crystallinity. The crystal
structure of the product is similar to tetragonal SrBr2.

2NdI3 + Nd
540 ◦C, 3 days (evacuated Ta ampoule)−−−−−−−−−−−−−−−−−−−−→ 3NdI2

The divalent states of rare-earth ions in fluorides are known only for Eu, Sm
and Yb. However, the divalent states of most of the rare-earth ions can be retained as
iodides [12]. The divalent rare-earth fluorides or chlorides disproportionate at certain
temperature with an exception of EuF2 and EuCl2 which are congruently melting
solids [13]. The thermal instability of trihalides of rare-earth ions like Sm3+, Eu3+ and
Yb3+ as chloride, bromide or iodide also offers amethod to prepare them as dihalides.
Thus, SmI2, EuI2 and YbI2 can be prepared in pure form by thermal decomposition
of trihalides (LnI3) [14].

For stabilization of divalent lanthanides in halides, a variety of methods has been
reported in literatures.Anumber of complexfluorides of Sm,EuandYbwith different
concentrations of +2 and +3 states have been prepared by high-temperature solid-
state reaction of trivalent fluorides andmetal [15–19]. Divalent Eu2+ can also be stabi-
lized as oxide or halides by high-temperature reduction using gaseous hydrogen [15].
Most commonly, Eu2+-doped complex oxides and fluorides are prepared by reaction
in reducing Ar-H2 atmosphere. Among the Ln2+ ions, Eu2+ has higher stability due to
half-filled f7 electronic configuration. Hence, it can be prepared relatively easily than
other divalent rare-earth ions. EuF3 can be reduced to EuF2 using calciothermic reac-
tion, at moderate temperature like around 400 °C in sealed ampoule [15]. However,
for practical synthesis of EuF3 is most commonly carried out by metallothermic
reduction using Eu metal or by reductive reactions using Si or H2 as reductants [15,
19]. Highly pure EuF2 can be obtained by using Si which is due to easier separation
of Si as SiF4 gas. Sobolev et al. have adopted such silicothermic reduction to prepare
complex fluorides of Eu, Sm, etc. [19]
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EuF3
1000 ◦C, 24h under flowing pure H2−−−−−−−−−−−−−−−−−−→ EuF2 + HF(g) ↑

4 EuF3 + Si (powder)
900−1100 ◦C−−−−−−−→ 4 EuF2 + SiF4(g) ↑

Single crystals of YbF2 have been prepared by reaction of Yb metal with Teflon
(C2F2)x. The Yb metal and Teflon in 4:3 molar ratio are heated at 1100 °C for 3 days
in welded Nb tube to get YbF2 single crystal with leftover amorphous unreacted or
decomposed products of Teflon [20]. Solid-state metathesis or exchange reactions
also provide a method to prepare the halides, in particular iodides of lower valent
rare-earth ions. DyI2 and YbI2 can be prepared by reaction of stoichiometric HgI2
with Dy or Yb metal [21, 22]. It can be mentioned here that stabilization of La2+ as
LaO or LaF2 is not achievable experimentally while they can be obtained as LaI2
either by elemental La and I reaction or LaI3 and La metal reactions. The reactions
are often facilitated by application of high pressure [14, 15, 19].

Tetravalent rare-earth ions

Tetravalent halides of the rare-earth ions are conveniently prepared for Ce, Pr and
Tb due to their higher stabilities dictated by their electronic structures. However,
they also transform to trihalides due to higher stabilities of Ln3+ ions in fluoride
lattices. Among these rare-earth ions, the CeF4 has better stability and hence can be
prepared easily. Metallic Ce and Tb or CeF3 and TbF3 can be oxidized by F2 gas at
300–500 °C to CeF4 and TbF4 [23]. Also, CeF4 and TbF4 can be obtained by reaction
of CeO2 or Tb4O7 reaction of F2, XeF4 or ClF3 gases at temperature around 500 °C
[24–26]. Preparation of compounds with Pr4+ ions is usually carried out by taking the
advantages of lattice stabilities. The stability of Pr4+ in fluorite-type Pr6O11 lattice
is well known. Similarly, the Pr4+ has substantial stability in the crystalline lattices
as Na2PrF6 or Na7Pr6F31, but these compounds need to be prepared by high F2 gas
pressure. PrF4 in pure form can be obtained by leaching Na+ ions from such lattices
by anhydrous HF [26]. Higher valent Pr4+ as chlorides, bromides and iodides is never
conclusively prepared. However, existence of Pr5+ as PrO2

+ has been reported in gas
phase and deposition of vapour species in noble gas cages [9, 27].

Due to higher Lewis acidic characteristics of PO4
3− and VO4

3−, the+3 oxidation
state of cerium has higher stability in phosphate and vanadate matrices than Ce4+.
CeP2O7 is the only complex cerium phosphate with Ce4+ which has appreciably
higher thermal stability [28]. As mentioned earlier, the nature of counter ions and
ligands, like ionic or molecular dimensions, electronegativity, bulkiness and rigidity
as well as structural stabilities play important roles in stabilization of the oxida-
tion states of rare-earth elements. As a case, Clearfield has investigated a variety of
compositions with P2O5 and observed that only stable phase with Ce4+ is observed
as CeP2O7 [29]. Later, it has been observed that the Ce4+ can also be stabilized as
complex phosphates [29, 30], they remain stable up to significantly higher temper-
ature, viz. around 900 °C, and then they decompose to Ce3+PO4 with evolution of
oxygen. The Ce4+ ion can be stabilized using larger counter cations with high electro-
positivity. K2Ce(PO4)2 can be prepared using CeO2, K2HPO4 and (NH4)2HPO4 at
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around 700° in air [31, 32]. The stabilization of Ce4+ has been confirmed from XPS
and XANES spectra (Fig. 5.3).

Transition metal ions

Compounds of transition metals in lower oxidation state can also be obtained by
reducing lower oxygen partial pressure atmosphere using CO, CO-H2O mixture,
hydrogen, etc., or by metallothermic reductions. As an example, the FeO and MnO
can be obtained by heating Fe2O3 and Mn2O3 or MnO2 in inert or reducing atmo-
sphere [33]. Complete transformation of Fe2O3 or Mn2O3 to FeO or MnO usually
requires mild reducing atmosphere like CO than the inert atmosphere or reductants
like C or dilute H2 to avoid the formation of Fe3O4 and Mn3O4. The formations of
these later compounds hinder the completion of reactions. The easier formation of
the intermediate Fe3O4 and Mn3O4 phases is due to their higher structural stabil-
ities. However, FeF2 and MnF2 can be easily prepared by reaction of metal with
dilute HF solutions. Similarly, high oxidation states of the transition metal can be
obtained by heating in oxidizing atmosphere and in some cases higher gas pressure
may be required to facilitate the oxidation process [34, 35]. High oxygen pressure is
commonly used to stabilize higher oxidation states of transition metals. Stabilization
of Ni3+, Fe4+, Mn4+, etc., has been carried out by such approach. Mn can be easily
stabilized in oxidation state of Mn4+, Mn5+ and Mn6+ by oxidation in alkaline media
[36]. In addition, the structural stability often drives the stabilization of higher oxida-
tion states and such concepts are extensively used for preparation and stabilization
of unusual oxidation state compounds of transition metal ions. Some of them are
explained below.

High temperature reaction or controlled reduction methods are used to prepare
compounds with lower oxidation state of V, Mo, W, etc. For example, V2O3 can
be prepared by reduction of V2O5 in dilute H2 atmosphere [7, 37, 38]. However,
formation of oxidation states lower than+3 often requires strong chemical reductants
like metal or electrochemical reductions [39, 40].

Fig. 5.3 XPS and XANES spectra of K2Ce(PO4)2. The XANES L-II edge of Ce in CeO2 is
shown for comparison (Reproduced from Bevara et al. [31] with permission from Royal Society of
Chemistry)
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V2O5
800−900 ◦C, flowing pure H2−Ar gas−−−−−−−−−−−−−−−−−−−→ V2O3 + H2O(g) ↑

Controlled reduction by H2 (in H2-Ar mixture) can also be used to obtain tetrava-
lent V4+ compounds, but often they reduce to+3 states. Hence most often, pure VO2

is prepared by solid-state reaction of V2O5 and V2O3. V2O3 is a common reactant
to prepare compounds with V3+ and V4+ ions. Several of compounds with V3+ and
V4+ ions show significantly higher-temperature stabilities, but only in non-oxidizing
or inert atmosphere. Vanadium in +4 oxidation state can be prepared easily by mild
reductions usingmildly reducing agents like oxalic acid or phosphoric acid. Addition
of V2O5 to aqueous solutions of oxalic acids or mild heating with H3PO4 transforms
the solutions of V5+ or VO2

+ ions to solutions of V4+ ions. V(oxalate)2 is air stable
complex of V4+ ions, and its thermal decomposition in inert atmosphere leads to the
formation of pure VO2. Dark blue-coloured VP2O7 (Fig. 5.4) with V4+ ions shows
exceptional high-temperature stability in air; i.e. it remains stable even up to 900 °C,
and it can be easily prepared from the reaction of V2O5 and (NH4)2HPO4 [38].
The formation is assisted by a mild reducing effect from decomposed ammonia and
stabilization effect from the lattice structure.

V2O5 + 4(NH4)2HPO4
200 ◦C (2h) + 650 ◦C (6h)−−−−−−−−−−−−−→ 2VP2O7 + 2NH3(g) ↑ +3H2O ↑

Solid-state reactions using reactants having trivalent vanadium are carried in
protective or inert gas environments or in vacuum, and usually, they need higher
temperature. Solid-state reaction of V2O3, VF3 and GeO2 at 700 °C for 18 h, in
argon-filled platinum ampoule, has been used to prepare V2GeO4F2 (dark green
coloured, Fig. 5.5) an oxyfluoride of V3+ [37]. V2GeO4F2 is stable in air and water
once prepared and remains stable up to 700 °C in inert atmosphere [37, 41].

Fig. 5.4 Crystal structure ofVP2O7 (α-VO(PO3)2) prepared by reaction ofV2O5 and (NH4)2HPO4
in air (Adapted from Ref. [38] with permission of Elsevier)
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Fig. 5.5 Crystal structure of V2GeO4F2 prepared by reaction of V2O3, VF3 and GeO2 in inert
atmosphere (Adapted from Ref. [37] with permission of Elsevier)

2V2O3 + 2VF3 + 3GeO2
700 ◦C (18h) (argon-filled sealed Pt ampoule)−−−−−−−−−−−−−−−−−−−−−−−→ 3V2GeO4F2

P-block cations

The unusual oxidation states of p-block metals and metalloids can also be prepared
by suitable reactions at higher temperature. Some of the cases are explained here.
Ge and Si as such have stable oxidation state +4 and widely occur as GeO2 or SiO2

and germanates (GeO4
2−) or silicate (SiO4

2−). But, GeO with unstable+2 oxidation
state of Ge can be prepared by reduction of GeO2 using elemental Ge or also other
weaker reducing agents, while such reductions are not feasible for preparation of
SiO [42]. At extremely higher temperature, like laser or H2-O2 flame heating SiO2

or GeO2 is ablated with such species in vapour phase. Similarly, in vapour phase
AlO is produced by flame ablation. Also, Al2O3 reacts with Si at around 1800 °C
in high vacuum to form SiO (g) and Al2O (g) [43]. Typical chemical reactions and
reaction conditions are given below. The latter is essentially an adduct of Al and
AlO. However, the stability of GeO, SiO and AlO is limited, and they either oxidize
or disproportionate to metal and stable oxides, like GeO2, SiO2 and Al2O3.

GeO2 + Ge
540 ◦C, 3 days (evacuated Ta ampoule)−−−−−−−−−−−−−−−−−−−−→ 2GeO

GeO2 + CO
>700 ◦C−−−−→ GeO + CO2

Al2O3 + Si
1800 ◦C (high vaccum)−−−−−−−−−−−→ SiO + Al2O

Although formation of Sn(III) in Sn3O4 prepared from reaction of SnO, SnO2

and Sn is reported [44], the confirmation of Sn3+ is still debatable. The +
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3 oxidation state of Sn is never confirmed in literature; rather, it has been
suggested to be the average of Sn2+ and Sn4+, and the similar arguments have
been made for Sn3+ in SnN also [45]. However, Jensen et al. have suggested
that certain organometallics, (bis(2-1,4,7-tris(4-t-butyl-2-mercaptobenzyl)-1,4,7-
triazacyclononane)diiron-tin bis(tetraphenylborate) acetonitrile solvate) and (bis(2–
1,4,- tris(4-t-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane)-diiron-tin triper-
chlorate acetone solvate) are likely to have Sn3+ species [45].

Similarly, In+ exists as InF only in gas phase, while it disproportionates to In0 and
In3+ states in solids [46].However, it can be stabilized in suitable crystalline lattice but
needs to be prepared under controlled thermodynamic and chemical environments
[47]. Crystalline lattices of InBF4, InMF6 (for M = P, As, Sb), InHfF4, etc., can
stabilize the In+ ion due to the Lewis acidic characteristics of BF4−, HfF4− or MF6−
ions [48, 49]. InHfF4 can be prepared by solid-state reaction of InF3, HfF4 and In
metal at 750 °C, and the product once formed remains stable in air and moisture. The
structure is stabilized by sheets of HfF8 bisdisphenoids having a net negative charge
of −1 (Fig. 5.6) [47].

InF3 + 3HfF4 + 2In
750◦C (in Ar filled platinum ampoule)−−−−−−−−−−−−−−−−−−−→ 3InHfF5

Often, low temperature reactions are also useful to stabilize the unusually lower or
higher oxidation states. Lower temperature plays an important role in preventing the
decomposition of the materials by disproportionation of unusual oxidation states.
A number of examples are known where ions with higher oxidation state have
been prepared by using strong oxidants and lower temperature. Higher valence states
of Pt, Au, Ru, Mn, Fe can be obtained by fluorinating F2 gas or liquid fluorine. Noble
gases like Kr, Xe and Rn can react with molecular fluorine liquid at low tempera-
ture by oxidizing then to +2, +6 states [50]. Compounds Kr2+, Xe2+, Xe4+, Xe6+,
P5+, S6+, Se4+, Se6+, etc., can be obtained by reacting their elements with liquid or

Fig. 5.6 Crystal structure of InHfF8 (projected along <010>). Reference [47] (Authors’ unpub-
lished work)
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gaseous F2 at low or ambient to moderate temperature. Xe can be oxidized to +
2, +4 and +6 states by F2 gas at moderate temperature, like 120, 150 and 200 °C,
respectively. Once the products like XeF2, XeF4 and XeF6 are formed, they remain
stable at ambient conditions [51, 52]. Iodine can be oxidized to +7 state using state
obtained by F2 gas to form IF7 gas. Even cation with halogens can be achieved by
the reacting them with fluorine. Usually, high electronegativity of fluorine plays an
important role to stabilize the higher oxidation states. Number examples of fluorides
with cations in high oxidation states are explained in another chapter on “inorganic
fluorides” in this book. Similarly, several cations in higher oxidation states in oxides
are stabilized by oxidation of O2 gas or strong oxidizer like KClO3, KClO4, KMnO4,
K2MnO4, etc.

5.5.2 High Pressure and High Temperature Reactions

High pressure and high temperature reactions have been quite often used to stabilize
the unusually higher oxidation states. The typical experimental set-ups used for such
reactions are closely similar to the conventional high pressure and high temperature
reactions presented in another chapter on “high pressure synthesis” in this book.
Mn4+, Fe4+ and Ni3+ can be stabilized in oxide lattices by high temperature reactions
in high oxygen pressure. MnO or FeO can be transformed to Mn2O3 or Fe2O3 by
heating in air or O2 atmosphere, while the formation ofMnO2 or FeO2 is not feasible.
However, MnO2 is also a naturally occurring mineral known as pyrolusite. The
formation of MnO2 mineral in nature has been attributed to the oxidation of lower
valent Mn ions in alkaline conditions. MnO2 can also be prepared by interacting
the salts of Mn2+ with strong oxidizers like KMnO4, while the freshly precipitated
hydroxides Mn(OH)2 in alkaline medium can be transformed to MnO2 at ambient
or lower temperature (Fig. 5.7) [36]. The extent of oxidation is reflected by the
incorporation of additional cationic species in the structure.

Perovskite-type LnNiO3 (for Ln = Y, La, Nd, Sm, Eu, Gd, Ho, Tm, Yb, Lu) with
Ni3+ ion has been prepared by reaction of Ln2O3 andNiO in the presence of KClO3 in
belt apparatus [34, 35]. The authors have indicated that a temperature around 950 °C
is desired to create oxygen pressure of 60 bar, where the Ni2+ is oxidized to Ni3+.
Once the Ni3+ state is formed in the perovskite structure, it remains stable even up to
appreciably higher temperature. Demazeau et al. have prepared a number of double
perovskite-type materials with iridium in unusually higher oxidation state, up to Ir6+,
by using high O2 pressure generated by KClO3 decomposition in a belt apparatus
or compressed O2 gas pressure in closed environments [34]. Pressurized F2 gas has
been used to stabilize Pr4+ in several fluoride lattices [53]. Several complex fluorides,
like Na7Pr6F31, K7Pr6F31, K2PrF6, K3PrF7, etc., have been prepared by solid-state
reaction under high F2 gas pressure.

7Na/KF + 6PrF3 + F2
350 ◦C, F2 pressurized cell−−−−−−−−−−−−−→ Na/K7Pr6F31
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Fig. 5.7 Crystal structure of Birnessite-type phyllomangante NaxMn2O4 xH2O (Adapted from
Ref. [36] with permission from John Wiley and Sons)

2KF + PrF3 + 1

2
F2

350 ◦C, F2 pressurized cell−−−−−−−−−−−−−−→ K2PrF6

The iron can be stabilized in highest oxidation states, up to+6, by suitable exper-
imental conditions, appropriate crystalline lattice and using additional electropos-
itive cations. However, the oxidization of Fe beyond +3 state needs high oxygen
pressure, high temperature and pressure or electrochemical means. The compounds
or ions with hexavalent iron are being routinely prepared in laboratory by electro-
chemical methods, and they find extensive applications owing to its strong oxidizing
nature and environmental-friendly residuals. A number of materials, like AI

2FeO4

and AIIFeO4, are prepared by high pressure of oxygen [54, 55].

5.5.3 Reaction at Lower or Moderate Temperature
and Stepwise Reactions

Strong oxidizers like F2, XeF4, KrF2, etc., can also fluorinate and oxidize Ce3+, Pr3+

and Tb4+ easily to +4 state. PrF4 has limited stability with temperature and decom-
poses to PrF3 and F2 at around 90 °C. However, it can be stabilized at lower to
moderate temperature in compound states. There are several oxide matrices known
to stabilize Pr4+ easily. Usually, perovskites with larger cations like Ba2+ can stabi-
lize by solid-state reaction in oxygen atmosphere or decomposition of nitrates in
oxygen atmosphere. They are the convenient precursors for preparation of complex
fluorides of Pr4+ ions, but usually they are unstable and sensitive to moisture. Typical
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procedures adopted for preparation of BaPrF6 are given below [56].

6BaCO3 + Pr6O11
3 aqueous HCl or HNO3−−−−−−−−−−−−→ 6BaPrCl5 or 6BaPr(NO3)5 (aqueous)

BaPr(NO3)5(solid)
800 ◦C, 24h, O2 flow−−−−−−−−−−−→ BaPrO3

BaPrO3orBaPrCl5
350 ◦C, 24h, F2 gas 1 bar−−−−−−−−−−−−−→ BaPrFx

500 ◦C, 24h, F2 gas 500 bar−−−−−−−−−−−−−−→ BaPrF6

It has been observed that crystal structure of several oxides drives the stabili-
ties of unusually higher oxidation ions. Such structures are used as intermediates
for preparation of materials with unusual oxidation states. As an example, Fe in 4+
oxidation state can be achieved while preparation of Fe-doped Li2MnO3. Li2MnO3

can be prepared by conventional low-temperature sol–gel method using LiNO3,
Mn(II)(NO3)2 and citric acid [57]. The decomposed gel products on heating at around
750 °C in air can produce phase pure Li2MnO3 with complete Mn4+ ions. Similar
preparations with the gel precursors containing Fe2+ ions result in the formation of
Fe4+ ions in the lattice. The presence of appreciable fractions of Fe4+ and Fe5+ has
been shown in the Li3Mn0.7Fe0.3O4 lattice prepared from its corresponding gel [54].
Tetravalent Fe can also be stabilized in the lattices of Na4FeO4 and AFeO3 (A = Ca,
Sr and Ba). Such materials are generally prepared by using high oxygen gas pressure
and commonly inside a high pressure and temperature apparatus [54, 55].

2CaCO3 + Fe2O3
900−1100 ◦C, in air−−−−−−−−−−−→ Ca2Fe2O5

900 ◦C, CrO3/CrO2 at > 15 kbar pressure−−−−−−−−−−−−−−−−−−−−−−−→ CaFeO3

However, the Na4FeO4 can be easily prepared by solid-state reaction using Na2O2

as oxidizer even in high vacuum [55].

2Na2O2 + FeO
400 ◦C, in sealed or static vacuum−−−−−−−−−−−−−−−−−→ Na4FeO4

Cr4+ is easily stabilized in silicate glasses where the Si4+ of SiO4 is replaced by
Cr4+ forming CrO4 tetrahedra [58]. The stable LnCrO4 with Cr5+ can be obtained by
reactions of Ln2O3 and CrO3 in air at moderate temperature (less than 850 K).
Pyrolysis of rare-earth nitrates and Cr(III) nitrates in air or decompositions of
LnCr(C2O4)nH2O and citrate gel products in air can also produce the LnCrO4 with
Cr5+ states [59–61]. In these, the areal oxidation of Cr3+ to Cr5+ leads to the forma-
tion of tetrahedral CrO4 ions. The tetrahedral CrO4 ions are held by the Ln3+ ions
and hence stabilize the Cr5+ oxidation state of chromium. Depending on the ionic
radii of rare-earth ions, they form stable lattices with either monazite or zircon-type
structures.
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5.5.4 Electrochemical Reactions

Additionally, preparation of materials with unusual oxidation states has also been
demonstrated by using electrochemical oxidation or reduction of ions in suitable
medium and temperature. Often, the solutions ormolten salts are used as electrolytes,
while the pH, counter ions in the medium and electrodes play important roles. The
reactors, electrodes and species are considered depending on the potential desired,
while their stabilities depend on the reactivity of the medium (electrolyte) or species
being generated in the medium. Such electro-oxidation and reductions are routinely
used for extractive metallurgy, electrolytic degradation and removal of toxic species
and ions from medium.

By controlling the potential between suitable electrodes, extremely high energy
can be applied to reduce or oxidize a specific ion to the desired oxidation states. The
species formed can be stabilized by the counter ions present in themedium or treating
them with addition reactants to get a desired stable product. Formations of several
unusual oxidation states of number of d block elements like Cr, Ti, Nb, Ta, Zr, Hf,
Re and Ir, viz. Ti2+–4+, Cr2+–6+, Zr2+−4+ or Hf2+−4+, Nb4+−5+ or Ta4+−5+, Re3+−7+, etc.,
have been observed by electrochemical redox reactions in molten fluoride, chloride
or oxyfluoride medium [58, 62]. In addition, it has been pointed out that higher
oxidation states of the cations can be stabilized by changing the oxygen concentration
of electrolyte or by using molten oxyfluoride or fluoride electrolytes.

Complex oxides with high oxidation cations, like PbO2, TbO2, KBiO3, NaNiO2,
NaBaCu3O5, SrNiPtO6, can be crystalized by electro-crystallization from hydroxide
melts [63, 64]. In such methods, the voltage across the electrodes is applied at the
maximum current state using other sacrificial cation electrolytes where the cations
with oxidation states are deposited as complexes at the anodes while sacrificial cation
deposited asmetal at cathode; viz.KBiO3 can be crystalized at the anode usingmolten
mass of Bi2O3 and ZnCl2 in KOH by application of 1.1 V across the cathodes [64,
65]. However, the time and temperature and sacrificial electrolyte components need
to be optimized for the electrochemical oxidation. Electrochemical reduction is also
carried out by using the materials itself as either electrode in a desired medium of
or electrolysis in suitable medium. Reduction of vanadium from V5+ to V2+ and
subsequent stabilization as complexes like V(II)-EDTA and V(II) (picolinate) or
V(II) formate are known by electrochemical process [39, 40]. The progressively
decreasing oxidation state from 5+ to 2+ of V is reflected in change in colour of the
solutions from yellow to blue to green and purple [40].

5.5.5 Electron or γ-radiation-Induced Redox Reactions

Several elements with unusually low oxidation states are also obtained by electron
irradiation or by utilization of in situ generated electrons or radicals formedbygamma
radiolysis of water or liquidmedium. The aqueous solution of ions on irradiationwith
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γ-radiation or electron causes radiolysis of water to produce species like OH, H, e−,
eaq−. Though these species have shorter life, they are highly reactive. The reducing
species generated by radiolysis can reduce the cations or molecules present in the
solution to lower oxidation states. The reduced species are generally transient and
need to be stabilized by solvation. The life of the reduced species can be increased
by either additional stabilizing species, lowering temperature or solidifying the solu-
tions. Large number of studies have been reported in scattered literature indicating
the formation of diversified cations like Zn1+, Cd1+, Hg1+, Ga2+, In2+, Tl2+, Ge3+,
Sn3+, Pb3+, Sb4+, Bi4+, etc. [66, 67].

Similarly, the glasses containing various cations on irradiation with electron or
gamma ray also cause reduction. These reduced species have sufficient stability and
may revert to stable oxidation states only after prolonged time or upon heating or
irradiation with lights [68]. As an example, lead borosilicate glasses containing Zn,
Ge, Sb, Sn, Ti, etc., on gamma irradiation show the presence of Zn+, Ge3+, Sn3+,
Sb4+, Ti2+ ions [68, 69]. Glasses prepared using highly oxidizing species can also
stabilize Cr4+ and Fe4+ in the glass matrix or also oxidized during the normal glass
preparation conditions. Li4SiO4 and Li2ZnSiO4 glass ceramics containing Cr3+ ions
can partially oxidize Cr3+–Cr4+, and the Cr4+ ions are occupied at tetrahedral Si sites
of the ceramics or glasses [70, 71]. However, the concentrations of the oxidized
species are often low and suitable for optical applications [58].

Besides these methods, there are procedures like laser flash and high energy
electron beam and high energy plasma interactions can also produce highly positive
charged cations. However, often they are stable only in gas phases. However, such
species are difficult to stabilize or need special care experimental conditions to trap
and stabilize. Most commonly used methods are stabilization by organic ligands,
and they are extensively being investigated to stabilize lower valent oxidation states
for synthetic organic chemistry. However, these methods are excluded from this
chapter as they are extensively available in the literatures dealing with organic and
organometallic chemistry.

5.6 Conclusions

From the details presented in this chapter, it can be concluded the preparation ofmate-
rials with unusual oxidation states is not favourable energetically while a judicious
preparation condition can stabilize them. A wide variety of experimental procedure
can be used to achieve these oxidation states in laboratory, while the stabilization
is predominantly dependent on the lattice structure, composition and counter ionic
species present in the stabilizing matrices. In addition, it can be mentioned that
though the high positive charge or high negative charge can be obtained by applying
extremely high energy they may not be stabilized due to their strong oxidizing or
reducing nature. Such species may alter the compound or decompose the compound,
or they themselves may disproportionate to other stable oxidation states. It can be
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added here that the unusual oxidation states once stabilized can be exploited for vari-
eties of applications using their chemical and physical properties. Hence, it remains
as a challenge for chemists to prepare them as well as to understand and utilize them.
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Chapter 6
Up-Converting Lanthanide Ions Doped
Fluoride Nanophosphors: Advances
from Synthesis to Applications

Chandresh Kumar Rastogi

Abstract The up-converting nanophosphors are the nano-crystalline materials that
produce luminescence by converting low-energy radiation (e.g., infrared or near-
infrared) into high energy radiation (ultraviolet and visible) via an anti-Stokes
shift process. These can be prepared by incorporating up-converting luminescent
centers such as lanthanide ions (Ln3+ ions, where Ln = Nd, Ho, Er, and Tm) and/or
transition metal ions (e.g., Mn2+, Ti2+, Ni2+, Mo3+, Re4+, and Os4+) into a suitable
nano-crystalline host material. The choice of dopant–host combination is decisive
in determining the luminescence characteristics of a nanophosphor. Inorganic fluo-
ride hosts such as ALnF4 and LnF3 (where A and Ln refer to alkali metal ions and
lanthanide ions, respectively) and BF2 (B stands for Ca and Sr) are found suitable for
up-converting Ln3+ ions as they exhibit; (i) low phonon energy, (ii) promising doping
conditions, (iii) favorable electronic structure, and (iv) excellent chemical, thermal,
and photo-stability. Ln3+ ions dopedfluoride nanophosphors (where Ln=Ho3+, Er3+,
and Tm3+) exhibit unique up-conversion luminescence characteristics such as strong
emission in visible window, substantial anti-Stokes shifts (>600 nm), prolonged
luminescence lifetimes (up to several milliseconds), and sensitization under infrared
(IR) or near-infrared (NIR) irradiation. Due to these fascinating luminescence prop-
erties, they find potential applications in bio-imaging, drug delivery, tumor targeting,
solid-state lighting, energy harvesting. Interestingly, their luminescence characteris-
tics can be altered by varying the doping concentration, dopant–host combination,
morphology, crystal structure, and the functional group present over the surface of the
nanoparticles. This has given prime focus toward developing novel synthesis tech-
niques that are promising in preparing the fluoride-based nanophosphors of desired
morphological, compositional, structural, and optical characteristics. The solution-
based synthesis methods or wet chemical methods are very promising in producing
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nanophosphors of controlled size–shape, phase, and chemical composition. Several
solution-based methods were developed in past for the preparation of fluoride-based
nanocrystals, with each of them having some merits and demerits. Therefore, a prior
understanding of each method is essential before adapting it for material preparation.
In this regard, this chapter provides a brief description about a few of solution-based
synthesis methods such as hydrothermal, co-precipitation, and thermolysis, which
are most versatile in the controlled preparation of a variety of Ln3+-doped fluoride
nanophosphors (e.g., ALnF4, BF2, and LnF3, where A, B, and Ln stand for alkali
metal, alkaline earth metal, and lanthanide ions, respectively).The critical role of
reaction parameters such as pH of the reaction medium, precursor amount, ligands,
reaction temperature and time on the controlled preparation of Ln3+-doped fluoride
nanophosphors will be discussed in light of available literature. Further, the impact
of morphological, structural, and compositional characteristics of the nanophosphors
on their luminescence behaviorwill be discussed in regard to their biomedical, energy
harvesting, and lighting applications.

Keywords Morphology · Crystal structure · Fluorides · Lanthanides ·
Up-conversion · Luminescence

Abbreviations

CT Computed tomography
CTAB Hexadecyltrimethylammonium bromide
EDTA Ethylenediaminetetraacetic acid
EMU Energy migration up-conversion
Er Erbium
ESA Excited-state absorption
ETU Energy transfer up-conversion
FITC-BSA Fluorescein isothiocyanate-bovine serum albumin
FRET Förster resonance energy transfer
GSA Ground-state absorption
LbL Layer-by-layer
Ln Lanthanide
Ln-NPs Lanthanide-doped nanoparticles
MRI Magnetic resonance Imaging
NCs Nanocrystals
NPs Nanoparticles
PAH Polyallylamine hydrochloride
PDADMAC Polydiallyldimethylammonium chloride
PDDA Poly(diallydimethylammonium)
PDT Photodynamic therapy
PEG Polyethylene glycol
PET Positron emission tomography
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PSS Polystyrene sulfonate
PTT Photothermal therapy
PVA Polyvinyl alcohol
PVP Polyvinylpyrrolidone
QDs Quantum dots
TEOS Tetraethoxysilane
Tm Thulium
UC Up-conversion
UCNPs Up-converting nanoparticles or up-converting nanophosphor
UV Ultraviolet
Vis Visible
Y Yttrium
Yb Ytterbium

6.1 Introduction

Luminescence is a phenomenon of producing light from the substance upon excited
with some sort of energy. It is to be distinguished from incandescence, which is a
type of emission from a substance by virtue of it being at a high temperature. The
luminescence can be considered as cold emission which involves two processes, viz.
(i) the electronic excitation of a solid material to a higher energy state and (ii) subse-
quent emission of photons due to their de-excitation. Different types of luminescence
are distinguished depending upon the source of excitation. As an instance, if a light
source is used for excitation, the phenomenon is referred to as photo-luminescence.
Lanthanide ions (e.g., Eu3+, Tb3+, Dy3+, Er3+, Tm3+) and transition metal (TM)
ions (e.g., Mn2+, Ti2+, Ni2+, Mo3+, Re4+) are the important luminescent centers for
inorganic host materials. Such luminescent centers are known as activator ions and
produce a variety of luminescence upon excitationwith suitable radiation. Lanthanide
ions exhibit novel luminescence properties such as emissions over a widewavelength
range (200–2400 nm), narrow line-like emission bands, and longer luminescence
lifetime due to photo-physical phenomena such as up-conversion, down-conversion
and Stokes shift (vide infra). Due to these fascinating luminescence properties, they
find potential applications in lighting, displays, lasers, photo-catalysis, drug delivery,
bio-imaging, photo-thermal therapy, and so forth [1–4].

Though, the Ln3+ ions produce fascinating luminescence characteristics, however,
it is difficult to excite them as they poorly absorb the radiation. To circumvent
this issue, Ln3+ ions are introduced into a suitable host which excites them using
mechanisms like “energy transfer or charge transfer.” Furthermore, the host plays
a vital role in keeping Ln3+ ions separated from each other to minimize their self-
interaction related luminescence quenching. In case the host too has limited absorp-
tion capacity over the desired wavelength region, the excitation of the Ln3+ ion can
be realized with the help of another type of ions (known as sensitizer) which have



162 C. K. Rastogi

strong absorption characteristics. Such sensitizer ions are co-doped with activator
Ln3+ ions and provide efficient sensitization to activator ions via charge transfer,
energy transfer, and cross-relaxation processes. As an instance, the Yb3+ ions can
efficiently absorb near-infrared radiation of wavelength ~980 nm and are, therefore,
used as the sensitizer for Er3+ ions incorporated into crystals of low phonon energy.

The selection of host is important for obtaining desired luminescence from Ln3+

ions. A host is said to be suitable for the incorporation of Ln3+ ions if it qualifies the
following criteria: (i) low phonon energy, (ii) favorable electronic and geometric
structures, (iii) good photo-stability, and (iv) improved crystallinity. Generally,
fluoride-based inorganic compounds such as LnF3 [5], ALnF4, [6–8], and LnOF
[9] (where A and Ln stand for alkali metal ions and lanthanide ions, respectively),
BF2 (B= Sr, Ca, and Ba) [10] are considered to be most suitable hosts for Ln3+ ions.
As a result, they display unique luminescence properties and are potentially useful
for lasers, displays, general lighting, bio-imaging, drug delivery, and bio-labeling
[1–4]. In particular, to the biological applications of Ln3+-doped nanophosphors, it
is essential that they must qualify certain additional criteria such as (i) particle size
must be small enough (lower than few microns) so that they can be internalized into
the biological cells, (ii) stability in biological media (iii) minimized non-specific
binding with cells, and (iv) non-toxicity.

The up-converting luminescent materials are very suitable for biomedical appli-
cations as they exhibit: (i) near-infrared (NIR) excitation which is beneficial in mini-
mizing radiation-induced tissue damage and auto-fluorescence, (ii) several sharp
emission peaks which enable new options for multiplexed encoding, (iii) large
conventional anti-Stokes shift which allows differentiating between excitation and
emission signals, (iv) biocompatibility and non-toxicity over wide-ranging cell lines,
and so forth. Most of the practical applications of these materials rely on their ability
of dispersion in aqueous, biological, or other organic media. The nano-crystalline
luminescentmaterials have a stronger dispersion ability compared to that of their bulk
counter phase. Therefore, they are of high demand despite the inferior luminescence
characteristics compared to that of the bulk phase of the same composition. Further,
the surface functionality of the nano-crystalline material can be significantly altered
to improve its physico-chemical properties. In the present context, the terms “up-
converting nanoparticles” or the “up-converting nanophosphors” are interchangeably
used and an acronym UCNPs are used to denote either of them.

Most of the biomedical applications require UCNPs of desired size, shape,
uniformity, and functionality. Despite the recent advancement in materials synthesis
techniques, the formation of UCNPs with desired structural features and chemical
composition is still very challenging due to complexity involved in synthesis mono-
dispersed nanoparticles. The solution-based synthesis methods (also known as wet
chemicalmethods) are found to be very promising forUCNPpreparation as a number
of process parameters (e.g., reaction temperature [11], reaction time [12], pH [13],
ligands [14], additives [15, 16], and precursor salts) can bemodulated simultaneously
so as to alter the reaction kinetics and produce a variety of nanostructure [17, 18,
20–22]. In past, wet chemical synthesis employing hydrothermal, co-precipitation,
thermal decomposition, sol–gel, and microemulsion methods were developed for
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the controlled preparation of a variety of up-converting NPs (e.g., LnF3, ALnF4, and
MF2, where A = alkali metal ions, M = alkaline earth ions, and Ln = lanthanide
ions [7, 17, 23–27]. In this direction, the current chapter describes a few of the
most commonly used wet chemical methods for the preparation of fluoride-based
up-converting nanophosphors. The role of various synthesis parameters (e.g., reac-
tion temperature–time, pH, ligands, and so forth) on the morphological, structural
and compositional characteristics of UCNPs, will also be discussed. The detailed
discussion about the effect of doping concentration, choice of dopant, morphology
and crystal structure of host on the luminescence properties of up-converting LnF3,
MF2, and ALnF4 NPs will also be presented in the light of the information available
in the existing literature. The scope of this chapter is limited to the solution-based
synthesis methods for the controlled preparation of fluoride-based UCNPs, and is
not, intended to provide a comprehensive review on nanomaterials synthesis.

6.2 Luminescence from Lanthanides Ions

6.2.1 Lanthanides

Lanthanide (Ln) elements belong to period 6 in periodic table. The atomic number
(Z) for Ln ranges from Z = 58–71, following lanthanum (La) in series, and, their
4f shell is successively filled (Fig. 6.1). Scandium (Z = 21), yttrium (Z = 39),
and lanthanum (Z = 57) are also included in lanthanide series due to their similar

Fig. 6.1 Modified periodic table displaying different elements of the lanthanide (Ln) series. The
spheres represent the luminescence colors that can be produced by various Ln3+ ions across the
lanthanide series
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chemical behavior. Amajority of lanthanides exhibit 3+ oxidation state as the stable
state with a few existing as divalent (Sm, Eu, and Yb) and tetravalent (Ce, Pr, and
Tb) ions as well. The ionic radii of lanthanides decrease with an increase in atomic
number (Table 6.1). For example, the sizes of cerium (Z= 58) and lutetium (Z= 72)
ions are 1.143 Å and 0.977 Å, respectively, for coordination eight [28]. The trend of
decrease in size of lanthanides with an increase in atomic number is popularly known
as lanthanide contraction and arises due to a progressive increase in attraction by
nucleus because of weak shielding of 4f electrons caused by their complicated shape
of orbitals. The electrons in (4f) shell give rise to useful electronic, magnetic and
optical properties in the solid state. They possess close-packed structures (fcc and
hcp) with a few exceptions (Sm-rhombohedral, Eu-bcc).

6.2.2 Origin of Luminescence

Luminescence in Ln3+ ions arise due to intra-configurational transitions within their
4f shell. Their 4f shell is shielded by filled 5 s and 5p orbitals, and consequently, their
absorption and emission characteristics are not influenced by the ligand environment.
Accordingly, they exhibit sharp spectral line similar to those of free atoms or ions
with high color purity. Moreover, Ln3+ ions exhibit low molar absorption coefficient
(10 cm−1) but long luminescence lifetime as the transitions involved conserve parity
and therefore forbidden by Laporte selection rule [29]. However, these transitions
may occur via mixing with allowed 4fN−1 → 5d1 transitions [30]. Table 6.1 lists
some important data of trivalent lanthanide ions such as ionic radius, term symbol
for ground state configuration, and the electronic transition responsible for producing
a variety of emissions.

Figure 6.2 shows an energy-level illustration of trivalent lanthanide ions (Ln3+).
The ions (Eu3+, Er3+, Tb3+, Dy3+, Tm3+ ions) have well-defined discrete excitation
states and so produce sharp emissions, while a few (e.g., Eu2+ andCe3+) exhibit bands
in excitation states and give rise to broad emission spectra. The energy states of ions
with a given electronic configuration is described by the term symbol (2S+1LJ) nota-
tion. The letters L, S, and J represent the total orbital, spin, and angular momentum,
respectively.

6.2.3 Photo-Physical Mechanism

Lanthanide ions (Ln3+) doped inorganicmaterials exhibit novel luminescence proper-
ties such as emissions over awidewavelength range (200–2400 nm), narrow line-like
emission bands, and longer luminescence lifetime due to photo-physical phenomena
such as up-conversion, down-conversion, and Stokes shift.
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Fig. 6.2 Energy-level
diagram of a few of trivalent
lanthanide (Ln3+) ions.
Reprinted (adapted) with
permission from Ref. [31].
Copyright (2005) Royal
Society of Chemistry

(a) (b) (c)

Fig. 6.3 Schematic representation of a Stokes shift, b quantum cutting, and c up-conversion
photoluminescence

6.2.3.1 Down-Conversion

Stokes Shift Emission

Down-conversion is a photo-physical process of absorption of a higher energy photon
to produce photon(s) of lower energy (Fig. 6.3a). The Stokes shift emission is an
example of a down-conversion process in which the excess energy (difference of the
absorption and emission energies) is liberated as heat. For example, (i) Eu3+, Tb3+,
Tm3+, Sm3+ ions emit red, green, blue, and orange colors emission, respectively,
when excited with UV light [32, 33], and (ii) Nd3+, Er3+, Yb3+, Pr3+, Sm3+, Dy3+,
Ho3+, and Tm3+ ions produce near-infrared luminescence with irradiation of UV or
visible light [34, 35].



6 Up-Converting Lanthanide Ions Doped Fluoride Nanophosphors … 167

Quantum Cutting

Quantum cutting is a type of down-conversion process that involves absorption of a
single photon of higher energy and emission of two or more photons of lower energy.
Accordingly, the theoretical efficiency of quantum cutting process is considered to
be more than 100%. The process of photo-absorption and emission involved in a
typical quantum cutting phenomenon is displayed in Fig. 6.3b.

6.2.3.2 Up-Conversion

This is a nonlinear optical process that involves sequential absorption of two or more
photons of lower energy (via an intermediate metastable energy state) followed by
the emission of a photon of higher energy (Fig. 6.3c). The general concept of an
up-conversion process was first formulated by Auzel [36]. A variety of lanthanide
ions (Ln3+ where Ln = Er, Tm, Ho, and Pr) exhibit up-conversion. Upon excitation
with 980 nm near-infrared radiation, Er3+ ions in NaYF4: Er3+, Yb3+ produce green
and red color emissions via two photon up-conversion process, while Tm3+ ions in
NaYF4: Tm3+,Yb3+ produce blue color emission due to both two and three photon up-
conversionmechanism [37, 38]. Depending upon the excitationmechanism, there are
five different types of up-conversion processes proposed so far, namely,(a) ground-
state and excited-state absorption (GSA andESA), (b) energy transfer up-conversion,
(c) cooperative up-conversion, (d) photon avalanche up-conversion, and (e) energy
migration up-conversion. The detailed description of the mechanism involved in
these up-conversion processes can be found in the existing literature [39–42].

6.3 Photoluminescence Measurement Technique

A fluorimeter equipped with a continuous or pulsed laser source is used to record the
up-conversion luminescence spectra. A brief discussion on the basic principles, oper-
ation and various component of a fluorimeter is discussed in this section. However,
the detailed description of a fluorimeter can be found elsewhere [43].

6.3.1 Instrumentation

The major components of a fluorimeter include an excitation source (e.g., 980 nm
continuous laser), emissionmonochromator, sample chamber, detectors, and amoni-
toring computer. Figure 6.4 shows the simplified layout of a typical fluorimeter. A
brief note about the important components of a fluorimeter is given below.
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Fig. 6.4 Schematic layout of a typical fluorimeter set up demonstrating the basic components
involved in fluorescence measurement. Reprinted (adapted) with permission from Ref. [44].
Copyright (2015) American Chemical Society

6.3.1.1 Excitation Source

Continuous or pulsed laser source working in infrared (IR) or near-infrared window
can be used as an excitation source. Typically, a continuous wave (CW) diode laser
(operating at 980 nm wavelength) is used as an excitation source. A pulsed source
such as Nd: YAG laser can be utilized for carrying out time-resolved studies.

6.3.1.2 Monochromators

A fluorimeter consists of two monochromators, namely emission and excitation
monochromators. The most important component of a monochromator is a reflection
grating that has an ability to disperse the incident light due to the presence of vertical
grooves (nearly 1200 grooves/mm). A spectrum is recorded by rotating the grating.

6.3.1.3 Slits and Shutters

In a fluorimeter, a monochromator has adjustable slits at both the excitation and
emission ports that determine the resolution by controlling the range of transmitted
light. These slits control the intensity of excitation and emission beams. Thewidening
of excitation slit may allow irradiation of more light on the sample; however, a wider
slit opening may cause limited resolution. The role of the shutter is to protect the
sample from photo-degradation (or photo-bleaching) due to extended exposure to
an intense light beam.
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6.3.1.4 Detectors

The fluorimeters generally use photomultiplier tubes (PMT) as detectors. The
detector must detect photons of all wavelengths with equal efficiency. There are two
detectors in a fluorimeter, i.e., reference and signal detectors. A reference detector
is a silicon photo-diode placed just before the sample compartment, while a signal
detector is a type of PMT that directs the signal to a photon counting segment.

6.3.2 Photoluminescence Measurement

6.3.2.1 Sample Preparation

Aphotoluminescence (PL)measurement can be performed on three different types of
samples, i.e., solid (powder phase), liquid phase (luminescent particles dispersed in
some solvent), and film (composed of luminescent materials). The choice of sample
preparation method depends upon the nature of the sample under study and/or the
accessories or attachment available to the instrument. As an instance, for liquid phase
measurement, the luminescent particles are dispersed in some solvent using vortex
mixing and sonication processes. The dispersed particles are then transferred into
a cuvette (preferably composed of quartz). The cuvette is then placed inside the
sample chamber of the fluorimeter for the measurement. In case the particles cannot
be dispersed in any solvent, the solid samples can be ground well using a mortar
and pestle to yield fine powder. The powder sample is then uniformly spread over
the grove of the powder sample holder. In case of the measurement using a film,
initially, a film is fabricated employing deposition techniques (such as pulsed layer
deposition, e-beam evaporation, spin coating, and so forth). The film is then attached
to the sample holder and placed inside the sample chamber for measurement. The
fluorescence measurement is sensitive to the measurement conditions. The important
parameters that can influence the PLproperties are the colloidal concentration, choice
of solvent, film thickness, uniformity of the film, and so forth. Therefore, for the sake
of high-quality measurement, meaningful analysis, and correct data interpretation,
special care is needed for the sample preparation.

6.3.2.2 Measurement

As shown in Fig. 6.4, the radiation produced from an excitation source is allowed
to fall on a sample under study (i.e., luminescent material) via passing it through a
number of optical components such as mirrors, excitation monochromator (grating),
and slits. The excitation monochromator selectively allows the radiation of a partic-
ular wavelength while blocking the other wavelengths. Upon irradiation, the lumi-
nescent material gets excited due to absorption of incident radiation, and upon
de-excitation, it produces emission. The emitted light passes through the emission
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monochromator which is positioned at a right angle to the excitation beam. A cut-
off filter is employed in front of the emission slit and monochromator to minimize
the scattered light. This arrangement also avoids the excitation beam to reach the
emission detector. The detector measures the emitted light, displays the fluorescence
value, and produces the fluorescence signature of the sample.

6.3.2.3 Photoluminescence Quantum Efficiency

The photoluminescence quantum yield (QY) or quantum efficiency (QE) can be
defined as the ratio of the number emitted photons to the number of absorbed photons
and can be expressed as follows:

QE = No. of emitted photons

No. of absorbed photons
(6.1)

Quantum efficiency (QE) can be defined in many ways and have been coined with
different names (viz. internal QE, external QE, and absolute QE) in the literature.
The quantumefficiency estimated using the radiative luminescence lifetime (τ rad) and
observed lifetime (τ obs) of the luminescent materials is defined as intrinsic quantum
efficiency. The external quantum efficiency (QEext) can be calculated by considering
the number of incident photons rather than the number of absorbed photons.

QEint = τobs
/
τrad (6.2)

where τ obs and τ rad are the observed and radiative lifetimeof the luminescentmaterial,
respectively.

Quantum efficiency of up-converting NaLnF4 nanophosphors has been estimated
by various research groups [45–48]. Table 6.2 displays the experimentally calcu-
lated QE values for various NaLnF4 (Ln = Gd, Er, Y, Yb, and Lu)-based nanophos-
phors. Van Veggel and co-worker have estimated the absolute QE of β-NaYF4: 20%
Yb3+, 10% Er3+ UCNPs using a fluorimeter equipped with an integrating sphere. An
absolute QE of 0.1% is reported for 30 nm β-NaYF4: 20% Yb3+, 10% Er3+ NPs
[48]. Liu et al. have reported that β-NaLuF4: Gd3+, Yb3+, Er3+ NPs of size ~ 10 nm
produce strong luminescence with a QE of 0.47 ± 0.06% [49].

6.4 Critical Factors that Influence Luminescence
Characteristics

The luminescence characteristic of UCNPs is synergistically influenced by various
factors including choice of activator/sensitizer ions and their concentration, crys-
tallinity, morphology, and crystal structure of host containing up-converting Ln3+
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Table 6.2 Luminescence efficiency of a few fluoride-based up-converting nanophosphors

S. No NaLnF4 nanophosphor (Ln = Er,
Gd, Y, Yb, and Tm)

Crystal
structure

Particle
Size (nm)

Quantum
efficiency

References

1 NaY0.78Yb0.20Er0.02F4 Hexagonal 100 0.30e [48]

2 NaY0.78Yb0.20Er0.02F4 Hexagonal 30 0.10e [48]

3 NaY0.78Yb0.20Er0.02F4 Hexagonal 8 0.005e [48]

4 NaY0.78Yb0.20Er0.02F4@NaYF4 Hexagonal 30 0.30e [48]

5 NaGd0.78Yb0.20Er0.02F4@NaYF4 Hexagonal 100 0.50e [50]

6 NaLu0.55Yb0.2Gd0.24Tm0.01F4 Hexagonal 10 0.47e [49]

7 NaTm0.005Yb0.995F4@CaF2 Cubic 27 0.60e [51]

8 Ca0.995Er0.005F2 Cubic 50 0.51i [52]

9 La0.995Er0.005F3 Hexagonal 10 0.95i [52]

The superscripts i and e are used over the values of QE referring to external and internal quantum
efficiency, respectively.

ions. It is vital to comprehend the influence of the above-mentioned factors on the
luminescence properties UCNPs. The list of these parameters is exhaustive, and it is
difficult to cover each of them in a single section; therefore, the discussion will be
selective covering the parameterswhich are closely related to the structural and chem-
ical features of UCNPs (e.g., crystal structure, morphology, doping concentration of
activator, and sensitizer ions).

6.4.1 Choice of Activator

The choice of a suitable activator is the most important factor that governs the light
emission characteristics of UCNPs. The activator ions are usually characterized by
long-lived metastable excited states. Lanthanide ions (Ln3+, where Ln = Er, Tm, Pr,
and Ho) ions can produce up-conversion luminescence if incorporated into suitable
inorganic fluoride hosts. Figure 6.5 shows a typical energy-level diagram of these up-
converting lanthanide ions that describes various excitation and emission processes
involved in the luminescence process.Avariety of blue, green, and red light emissions
can be produced by the choice of activator ion. Table 6.3 displays various possible
combinations of red, green, and blue light-emitting Ln3+ ions that can produce a
variety of luminescence over the visible span of the electromagnetic spectrum.

6.4.2 Choice of Sensitizer

Several lanthanide ions (Ln3+, where Ln = Er, Ho, Tm, Nd, and Pr) are suitable
to produce up-conversion luminescence; however, they suffer from an inefficient
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Fig. 6.5 Schematic diagram depicting various excitation and emission mechanisms responsible for
up-conversion in a Yb3+ − Er3+, d Yb3+ − Ho3+, and e Yb3+ − Tm3+ lanthanide ion pairs [67].
Reprinted with permission from Ref. [67]. Copyright 2015 American Chemical Society

Table 6.3 Various dopant–host combinations for up-converting lanthanide ions doped fluoride
nanophosphors and the strength of their emission over the visible region of electromagnetic spectrum

Activator Sensitizer Host Crystal
structure

Major emission References

Red Green Blue

1.6% Ho3+ 98.4%
Yb3+

α-NaYbF4 Cubic – 540 (S) – [56]

2% Er3+ 20% Yb3+ α -NaYF4 Cubic 660 (S) 540
(M)

411 (W) [26]

2% Er3+ 20% Yb3+ β-NaYF4 Hexagonal 656 (M) 523,
542 (S)

– [57]

2% Tm3+ 20% Yb3+ α -NaYF4 Cubic 647 (W) – 450,475
(S)

[26]

2% Tm3+ 20% Yb3+ β-NaYF4 Hexagonal – – 450 &
475 (S)

[57]

2% Er3+ 20% Yb3+ LiYF4 Tetragonal 653 &
667 (W)

542 &
551 (S)

– [58]

2% Er3+ 20% Yb3+ CaF2 Cubic 654 (M) 541 (S) 410 (W) [59]

3% Er3+ 12% Yb3+ LaF3 Hexagonal 659 (W) 521 &
545 (S)

410 (W) [60]

1% Ho3+ 20% Yb3+ LaF3 Hexagonal 645 &
658 (S)

542
(W)

– [60]

1% Tm3+ 10% Yb3+ LaF3 Hexagonal 800 (S) – 475 (S) [60]

direct excitation owing to their lesser absorption capability. In case the host and
activators, Ln3+ ions themselves are not capable of participating in the excitation of
activator ions, and the second type of ions (having a large absorption cross-section)
is co-doped into the host crystal to facilitate an efficient and indirect excitation to
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Ln3+ ions. Accordingly, these co-dopants are known as a sensitizer. The sensitizer
must exhibit strong absorption capacity of near-infrared radiation and have favorable
electronic structure to transfer the absorbed radiation to activator ions. The sensitizer
species not only assist in excitation of activator ions but also keep them separated so
as to avoid cross-interaction among themselves. As an instance, Yb3+ is used as the
sensitizer for various up-converting Ln3+ ions due to their high absorption capacity
(~9.11 × 10−21 cm−2) for 980 nm radiation. The Yb3+ ions have only one excited
state (i.e., 2F5/2) which is resonant with the excited states of many of the activator
Ln3+ ions (e.g., Er3+, Ho3+, and Tm3+) that can easily be populated using 980 nm
laser radiation.

The energy gap between 2F7/2 and 2F5/2 of Yb3+ ions has a good match with the
energy difference between certain excited states of commonly used up-converting
Ln3+ ions (Fig. 6.5). Although Yb3+ doping results in an increase in up-conversion
efficiency, the requirement of 980 nm excitation source limits its biological applica-
tions as the water can absorb 980 nm radiation to cause overheating of the tissues. As
an alternative, Nd3+ ions can be used as a potential candidate; however, they exhibit
inferior absorption capacity compared to the Yb3+ ions.

The electronic structure of the activator ions plays a vital role in determining
the luminescence properties of NaLnF4-based nanophosphors as they govern the
energy transfer pathways to curb the excitation and emission processes. Commonly,
the efficient up-converting nanomaterials developed so far relies on Er3+/Yb3+ and
Tm3+/Yb3+ ionpairs due to the possibility of reducednon-radiative transitions in these
cases owing to their well-separated excited states. The rate of non-radiative multi-
phonon relaxation within luminescent ions affects the population of intermediate
and higher excited states and, accordingly, defines the luminescence efficiency. The
rate constant of multi-phonon relaxation knr for lanthanide ions can be expressed as
follows [2]:

knr ∝ exp−β�E/�ω (6.3)

whereΔE is the energy gap between the excited state and the adjacent energy level of
Ln3+ ion, β is an empirical constant of the host, and èω is the maximum vibrational
energy of the host material. The energy gap law states that the rate of multi-photon
relaxation continuously drops exponentially with an increase in the energy gap.

6.4.3 Choice of a Host Material

The choice of a host material is vital for the development of an efficient lanthanide
ions doped up-converting nanophosphors. The host material is found suitable
for incorporation of Ln3+ ions if it exhibits low phonon energy, favorable elec-
tronic/geometric structures, and excellent photo-stability. In past, various inorganic
host materials such as oxides, vanadates, molybdates, tungstates of alkali metal,
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alkaline earth, transition metal, or lanthanides have been used as a host for Ln3+

ions [58–61]. Among all, the fluoride-based compounds such as LnF3 [5], ALnF4
[6–8], LnOF [62], and BF2 [10] have been given special attention as they generally
fulfil above-mentioned criteria (A, B, and Ln here stands for alkali metal ions, alka-
line earth metal ions, and lanthanide ions, respectively). As mentioned in Table 6.3,
various guest–host combinations are feasible for up-converting lanthanide ions (i.e.,
Er3+, Tm3+, andHo3+) incorporated into fluoride-based hosts (e.g., NaYF4, LaF3, and
CaF2) to produce strong emission over the different portion of the visible portion of
the electromagnetic spectrum.

6.4.4 Doping Concentration

For the development of efficient UCNPs, the control over the energy transfer process
is very important which is synergistically dependent on various factors such as the
distance between the activator and sensitizer ions, the electronic structure of the
materials, crystallinity, and so forth. The emission intensity of Ln3+-doped nanopar-
ticles initially increases with an increase in the doping concentration of activator
ions up to a certain optimum concentration and decreases afterward. An increase
in dopant concentration results in a decrease in the distance between sensitizer and
activators, thereby facilitating energy transfer to produce strong emission. However,
beyond a certain optimum doping concentration, self-interactions among activator
ions took place that causes a decrease in luminescence intensity. Such a decrease in
luminescence because of concentration effect is known as concentration quenching
or self-quenching. Therefore, it is indispensable to figure out an optimum loading
concentration (Xc) at which the emission intensity is maximum. For a given Ln3+

ion, the value of Xc differs from host to host as it depends upon structural parameters
such as cell volume and number of available sites for Ln3+ ions besides the doping
concentration. The critical distance (Rc) between the two luminescent centers in a
crystal can be expressed as:

Rc = 2∗(3V/4πXcN )1/3 (6.4)

where Xc, N, and V are the critical doping concentration, an effective number of
luminescence centers in a unit cell and cell volume, respectively.

The UCNPs with an optimum loading amount of sensitizer (Yb3+) and activator
ions (Er3+, Tm3+, orHo3+) yield improved luminescence characteristics. For example,
at most of the instances for NaY1-x-yErxYbyF4 UCNPs, the luminescence is found to
be brightest for a composition corresponding to x = 0.02 and y = 0.18. The optimal
doping condition of sensitizer and activator ions into the host ensures the occurrence
of an efficient excitation of activator ions besides avoiding non-radiative transfer
between them [63–66].
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6.4.5 Morphology

The light emission characteristics of UCNPs are strongly influenced by their particle
size, shape, size distribution, and ligands present over the surface of nanoparticles.
A brief discussion about the effect of these parameters on the luminescence behavior
of UCNPs is provided herein the light of available literature.

6.4.5.1 Particle Size

The behavior of size-dependent photoluminescence from lanthanide ions doped
UCNPs differs from that of semiconductor quantum dots (QDs) due to the differ-
ences in the photo-physical mechanism of excitation and emission. In lanthanide ions
doped materials, luminescence is dependent upon the asymmetry around Ln3+ ions,
the number of ligands and solvent moieties present at the NP surface, and the number
of Ln3+ ions residing at the surface or in the bulk of the nanoparticles. All these factors
affect the Ln3+ ions luminescence in a synergistic fashion. For example, an increase
in asymmetry around surface Ln3+ ions is advantageous for the improvement of their
emission, while the impurities or ligand may offer quenching sites that can suppress
the luminescence intensity. In past, morphology-dependent light emission charac-
teristics of UCNPs have been investigated thoroughly [58, 68, 69]. Lu et al. have
prepared two different sizes of NaLuF4: Gd, Yb, Er nanoparticles and studied the
size effect on the up-conversion light emission behavior [27]. The emission spectra
of NaLuF4: Gd, Yb, ErNPs (λex = 980 nm) shown in Fig. 6.6 show that the emission
was much weaker for the particle of size 4 nm, and the trend of relative emission
intensities at 542 (I542) and 655 nm (I655) is reversed in this case as compared to those
for 14 nm UCNPs [27]. The variation in the intensity ratio (I542/I655) was related to
the differences in the effective number of ligand adsorbed at the surface of NPs. For
a smaller size NP, the S/V ratio increases that resulted in a more number of adsorbed
oleate ligands (OA−) at the surface of NPs. The vibrational energies of the−CH2 and
–OH bonds of the OA− have a good match with the energy gap between the4S3/2 and
4F9/2 excited states of Er3+ ions. This led to promotion of the non-radiation relaxations
and caused the quenching of the green light emission [27]. The confinement of energy
migration due to size effect is studied by Chen et al. for up-converting NaYbF4: Tm
system [70]. They have reported that the size effect can be harnessed to enhance the
multi-phonon up-conversion in NaYbF4: Tm [70]. Their investigations suggested
that the confinement of energy migration due to size effect has provided a generic
approach tomanipulate themulti-photon up-conversion process. They established an
efficient five-photon up-conversion mechanism in NaYbF4: TmNPs to produce very
strong emission from Tm3+ ion. The strength of the emission was 100 times stronger
as compared to that of a conventional Yb/Tm-based phosphor(λem = 650 nm and
λex = 980 nm) [70].
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Fig. 6.6 a Up-conversion (UC) emission spectra (using λex = 978 nm) of (a) NaLuF4: Gd, Yb, Er
UCNPs Lu/Gd-4 and Lu/Gd-14. The emission spectrum of Lu/Gd-4 on an expanded scale is shown
in the inset of Figure a. The TEM images of the 4 nm NPs (Lu/Gd-4) is shown in (b) and TEM
images of the 14 nm NPs (Lu/Gd-14) is shown in (c). d The emission spectra of NaLuF4: Gd, Yb,
Er for with Lu/Gd-9 and NaYF4: Gd, Yb, ErNPs with Y/Gd6. The TEM image of Lu/Gd-9 NPs is
shown in (e), and TEM image of Y/Gd-6 NPs is shown in (f). Reprinted with permission from Ref.
[27]. Copyright 2017, American Chemical Society

6.4.5.2 Surface Passivation

Nanoparticles (NPs) possess a higher surface area-to-volume ratio (S/V). Accord-
ingly, for ultra-small UCNPs, there is a significant contribution of the Ln3+ ions
present at the surface of the nanoparticles on the light emission properties of UCNPs.
At the NP surface, there exist different types of quenching sites (e.g., surface defects,
free ligands, solvent moieties, etc.) that are detrimental to Ln3+ ion luminescence.
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To obtain improved luminescence from UCNPs, the surface related non-radiative
relaxation must be minimized. This can be done by the surface modification of
UCNPs. The most popular approaches for their surface engineering include passiva-
tion of UCNPs with an optically inert layer and modification of the functional group
present over the surface of NPs. Using the surface passivation approach, Chow et al.
have demonstrated 30 fold increment in luminescence intensity of NaYF4: Yb/Tm
nanocrystals (size ~8 nm) by coating with an inert shell of NaYF4 (1.5 nm thick-
ness) [71]. The surface modification using ligand exchange mechanism can alter
the functional group present at the surface of the UCNPs, thereby affecting their
ability of dispersion in a particular solvent and the overall luminescence characteris-
tics. Generally, the UCNPs prepared in organic media (e.g., oleic acid, octadecence,
oleylamine, etc.) are hydrophobic due to the presence of ligands at their surface.
Nacchache et al. reported an improvement in the up-conversion intensity of oleic
acid capped NaGdF4: Ho3+/Yb3+ nanoparticles after ligand exchange with polya
crylic acid (PAA) [72]. Though the luminescence properties of hydrophobic Ln-NPs
are superior, however, to render them in aqueous or biological media, their surface
must be hydrophilic in nature.

6.4.5.3 Core–Shell Structure

The rational design of a core–shell structure can able to produce intriguing up-
conversion luminescence. Recently, Wang et al. have suggested that bright lumines-
cence from UCNPs can be realized by the architecting of layer-by-layer assembly of
nanoparticles, in which each layer contains different set of NPs loaded with distinct
types of Ln3+ ions. They achieved this by gadolinium sub-lattice-facilitated energy
migration mechanism for a variety of activator Ln3+ ions [73]. This mechanism has
enabled fine-tuning of up-conversion emission due to the trapping of the migrating
energy by the activator species [73]. The core–shell design assists in avoiding cross-
talking between activator species, therebyminimizing the cross-relaxation processes,
resulting in brighter luminescence. Interestingly, a 40-fold enhancement in emission
intensity was noticed in case of NaYF4: Yb3+, Er3+@ CaF2 NPs as compared to that
of bare core NPs [74].

Recently, core–shell design is proven to be useful in producing down-conversion
(DC) and up-conversion (UC)-based dual-mode luminescence with improved effi-
ciency. Zhao and co-workers have developed a NaLnF4 (Ln = Er, Gd, Nd, Yb, and
Y)-based core–shell architecture to realize a dual-mode emission. The graphics of
such a layer-by-layer core–shells arrangement is demonstrated in Fig. 6.7a. In such a
core–shell design, the two luminescent layers are separated by an optically inactive
layer. The corresponding energy-level diagram depicting various processes involved
in the luminescence process is shown in Fig. 6.7b. As per the scheme presented,
the Nd3+ ions initially absorb the incident radiation (λex = 800 nm) and transfer the
absorbed energy to Er3+ with the assistance of Yb3+ ions within the shell that was
composed of NaGdF4: Nd3+, Yb3+, and Er3+.They also reported an enhancement in
the emission intensity of Er3+ ions upon co-doping of Nd3+ ions (Fig. 6.8a). At the
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Fig. 6.7 Schematic representation demonstrating a the core–shell arrangement of up-converting
NaLnF4 (where Ln = Y, Nd, Gd, Yb, and Er) with multiple shells each composed of un doped and
Ln3+ ion doped materials alternatively [75]. Reprinted with permission from Ref. [75]. Copyright
2013, Springer Nature

same time, the core material composed of NaGdF4: Nd3+ produces down-conversion
luminescence due to the presence of Nd3+ ions. An improvement in emission inten-
sity of Nd3+ ions in case of a core–shell structure can be seen (as compared to that
of bare NPs of the same composition as shown in Fig. 6.8b) [75].

The variation in spectral profiles of different compositions of the core and core–
shell NaLnF4 (Ln = Er, Gd, Nd, Yb, and Y) NPs shown in Fig. 6.8c demonstrates an
improvement in the emission intensity of both the Er3+ and Nd3+ ion emissions due to
the formation of an alternate shell of optically inert NaYF4 over it. The comparison of
the relative luminescence intensity at wavelength positions ~524, 546, 585, 650, and
862 nm (due to Er3+ and Nd3+ ions) for various compositions of core and core–shell
NaLnF4 (Ln = Er, Gd, Nd, Yb, and Y) NPs is shown in Fig. 6.8d.

6.4.6 Crystal Structure

The crystal structure of luminescent materials determines the distance between lumi-
nescent species in a crystal (i.e., activator–activator, sensitizer–activator, and sensi-
tizer–sensitizer ion pairs), and the local chemical environment around Ln3+ ions.
Therefore, it is of great interest to investigate the structure–property relationship and
develop synthesis techniques to obtain NPs of desired phase. As an instance, the
luminescence properties of Ln3+ ions incorporated in hexagonal (β) NaYF4 [25] are
superior in comparison to that of the cubic (α) phase. For hexagonal NaLnF4 system,
there are three cationic sites; i.e., first type of site is fully occupied by lanthanide
ions (Ln site), and second one is randomly occupied by both lanthanide and sodium
ions (1f site), while the third type of site is fully occupied by Na+ ions. Further, the
hexagonal phase belongs to P6 space group, both lanthanide sites having C3h or D3h

symmetry. Kramer et al. found that the green color luminescence of β-NaY (Yb, Er)
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Fig. 6.8 a Up-conversion emission spectra of NaGdF4: 20 Yb, 2 Er and NaGdF4: 0.5 Nd, 20 Yb, 2
Er core and core–shell upon excitationwith 800 nm radiation. The inset shows the variation in theUC
emission intensity of NaGdF4: 0.5Nd, 20Yb, 2Er NCs as a function of Nd3+ ion concentration bDC
emission spectra ofNaGdF4: 0.5Nd, 20Yb, 2Er (λex = 800 nm) c and dUCandDC emission spectra
of NaGdF4 core, NaGdF4: Nd/NaYF4, NaGdF4: Nd/NaYF4/NaGdF4: Nd, Yb, Er, and NaGdF4:
Nd/NaYF4/NaGdF4:Nd,Yb,Er/NaYF4 NCs and corresponding comparison of the relative emission
intensity at different emission position. Reprinted with permission from Ref. [75]. Copyright 2013,
Springer Nature

F4 UCNPswas 10 timesmore intense than that ofα-phase particle of the same compo-
sition [76]. It is well known that the disordered crystallographic sites are generally
useful for lanthanide ion luminescence as it favor of f-f transitions. Therefore, for a
polymorphic material, the crystallographic phase which offers non-centrosymmetric
sites is more useful from luminescence point of view. As an instance, erbium oxyflu-
oride (ErOF) is found to exist in orthorhombic and rhombohedral crystal phases.
The orthorhombic structure contains three crystallographic sites to activator Er3+

ions such as Er1 at C1 site (i.e., coordinated with 4 oxygen (O) and 4 fluorine (F)
ions), Er2 in at C1 site (where Er species are coordinated with 2O, 4F, and 2O/F), and
Er3 at Cs site (surrounded with 4O and 4O/F). The diverse and the low symmetric
sites for activator Er3+ ions are favorable for the occurrence of f-f transitions in
ErOF to produce bright luminescence. On the other hand, the rhombohedral ErOF
offers highly ordered crystallographic sites to Er3+ ions. Wen et al. have synthesized
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orthorhombic and rhombohedral erbium oxyfluorides (ErOF) using a controllable
fluorination route and reported that the variation in the luminescence behavior of
the orthorhomic and rhombohedral ErOF was associated with the differences in the
crystal structure-dependent energy transfer processes [77].

6.5 Controlled Preparation of Up-Converting
Fluoride-Based Nanophosphors

As the luminescence properties of UCNPs are correlated with their crystal structure,
morphology, and chemical composition; therefore, it is indispensable to vary these
parameters to obtain desired luminescence characteristics. The reaction conditions
and the method of preparation are vital for synthesizing UCNPs of desired phase
and composition. In past, various methods have been developed for the controlled
preparation of UCNPs [54, 69, 78–81]. The colloidal synthesis methods orwet chem-
ical methods are very promising in obtaining UCNPs of desired dimensionality and
crystal phase. These methods permit the manipulation of matter at molecular level
and provide better homogeneity in terms of dopant distribution and composition.
The additional benefits of colloidal methods include (i) successful doping of suitable
Ln3+ ions, (ii) preparation NPs of desired size, shape, and uniformity, and (iii) simple
and robust method of preparation that does not require costly equipment.

For the synthesis of nanomaterials using wet chemical methods, prior under-
standing of crystal chemistry, thermodynamics, phase equilibrium, and reaction
kinetics can be advantageous. A better understanding of these can provide guide-
lines that can be useful in optimizing the synthesis parameters to control the reaction
kinetics in a predetermined fashion and produce uniform NPs. The colloidal method
for the preparation of fine NPs employs the precipitation of solids by the reaction
of the dispersed or soluble precursor salts in non-aqueous or aqueous solutions.
The synthesis process of nanoparticles experiences two stages, viz. nucleation and
growth.

6.5.1 Nucleation and Growth

As soon as precursors are added into the reaction medium, formation of a new crys-
talline entity took place in solution due to the rearrangement of reactant species into
the cluster. This process is known as “nucleation,” and the as developed clusters are
known as “nuclei” which acts as a template to initiate the crystallization process.
The nucleation may be termed as homogenous if the nuclei formation took place
uniformly throughout the parent phase in the absence of any foreign entity. On the
other hand, if the nucleation occurs at structural inhomogeneity such as impuri-
ties, container surfaces, grain boundaries, and dislocations, the process is termed as
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heterogeneous nucleation. The NP growth occurs via a diffusion process in which
the growth rate is controlled by the synthesis parameters (especially temperature and
concentration gradient). NPs with narrow particle size distribution can be prepared
if all the nuclei formation took place simultaneously. Besides, the nucleation must
be completely stopped once the growth of particles begins and no further nucleation
took place during this stage. This is the essence of burst nucleation; otherwise, if the
nucleation is extended throughout the growth regime, the growth history of the NPs
differs significantly from each other. Consequently, a better control over the particle
size distribution would be far challenging to achieve.

LaMer and co-workers have described that the nucleation and growth processes
are strongly dependent to each other; however, for the sake of simplicity, these two
are discussed separately. The different stages of both processes are demonstrated in
Fig. 6.9a. The nucleation theory states that the energy required to form a cluster of
radius r (with n number of the molecule) is the difference between the free energy
of the systems in its final and initial states plus a surface energy term (γ) related to
the formation of an interface between nucleus and solution.

�G = −n�μ + 4πr2γ (6.5)

The variation of the cluster free energy with the cluster size is expressed by the
above equation as described by classical nucleation theory (Fig. 6.9b), [83] where

Fig. 6.9 a LaMer diagram demonstrating different stages involved in nucleation and growth of
nanoparticles [82], b dependence of cluster free energy,�Gc on cluster size r according to classical
nucleation theory [83], and c scheme demonstrating different steps involved in the preparation of
uniform α-NaYF4: Er, YbNPs by delayed nucleationmechanism [25]. a-Reprinted with permission
from Ref. [83]. Copyright 2015, Royal Society of Chemistry, b-Reprinted with permission from
Ref. [82]. Copyright 2014, Royal Society of Chemistry, and c- Reprinted with permission from Ref.
[25]. Copyright 2007, American Chemical Society
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term �μ is the difference in chemical potential between a molecule in solution (μs)

and that in the bulk of the crystal phase (μc) which is a major driving force required
for the nucleation and growth of a crystal and is referred to as super-saturation. The
nucleation is possible once the solution becomes supersaturated, i.e., �μ > 0, while
for �μ < 0, the solution becomes unsaturated and only the dissolution will take.

If the volume of each molecule is V, then the number of molecules associated with
each nucleus will be 4

3π
r3/

V . The above thermodynamic equation can be rewritten
as:

�G = 4

3
πr3�Gv + 4πr2γ = − 4

3
πr3

(
RT lnS/

Vm

)
+ 4πr2γ (6.6)

where �Gv is the free energy of the bulk crystal.

6.5.2 Synthesis Methods

For the synthesis of uniform nanoparticles (NPs) with a narrow particle size distribu-
tion, the nucleation and growth processes must proceed in a predetermined fashion.
The control over these processes can possibly be made by modulating the reaction
kinetics which is further determined by the synthesis parameters (e.g., temperature
[11], reaction time [12], pH [13], ligands [14], additives [15, 16], and precursor
salts [17, 18, 20–22]). Among the established methods for nanoparticle synthesis,
solution-basedmethods can precipitate NPs directly from solution and are promising
in precisely controlling the rate of nucleation, growth, and ageing that influence the
particle size and their distribution. The above-mentioned reaction parameters can
be systematically varied to obtain UCNPs of desired size, shape, crystal phase, and
composition. Therefore, prior knowledge about the influence of each and individual
parameter on the reaction kinetics may be helpful in controlling the nucleation and
growth of nanoparticles. This section will provide a brief description of a few wet
chemical methods that are widely used for UCNPs preparation.

6.5.2.1 Thermal Decomposition

This method involves surfactant-assisted thermal disintegration of organometallic
precursors in organic solvents at high temperature. A typical scheme describing
the procedure involved in NP preparation using a thermal decomposition method
is shown in Fig. 6.10. This method offers burst nucleation which is an important
criterion for the synthesis of uniform NPs. Typically, for the preparation of inor-
ganic fluoride-based nanoparticles, metal trifluoroacetate is thermally decomposed
in solvents with the high boiling point such as oleic acid (OA), octadecene (ODE),
and oleylamine (OM) to produce metal and fluoride species in the reaction medium.
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Fig. 6.10 Scheme demonstrating the steps involved in the preparation of NaYF4: Er, YbNPs using
thermal decomposition method [84]

These species are then combined into new nuclei at high temperature. The reaction
further proceeds and results in the formation of nanoparticles precipitate in solution.

In past, thermal decomposition method is used for the preparation of diverse
morphologies of lanthanide-doped nanocrystals [62, 85–89]. Usually, in the prepa-
ration of NaLnF4 NPs, oleic acid (OA) is employed as ligands which control the
growth of the NPs by selectively adsorbing on the particular facet of the NPs. Such a
preferential growth along a particular direction can give a possibility for the prepa-
ration of NPs of diverse morphologies and crystal phases. Mai et al. have obtained
mono-dispersed NaLnF4 via the thermal decomposition of sodium trifluoroacetate
and lanthanide trifluoroacetate precursors in a reaction medium that is composed of
organic solvents such as oleic acid (OA) and octadecene (micrographs are shown
in Fig. 6.11) [84]. Shan et al. have proposed one-pot synthesis of β-NaYF4: Er3+,
Yb3+ up-converting nanophosphor by the thermal decomposition of precursor salts.
They reported that NPs of diverse sizes can be produced by varying the relative
amounts of the Na+ and Ln3+ precursors. A higher ratio of Na+/Ln3+ preferred cubic-
to-hexagonal (α → β) phase transition and promoted the growth of smaller size
β-UCNPs [90].



184 C. K. Rastogi

Fig. 6.11 TEM and HRTEM (inset) images of a β-NaYF4 nanorods re-dispersed in a mixture of
toluene and hexane (1:1),bβ-NaYF4 nanoplates re-dispersed in amixture of toluene/hexane/ethanol
(1:1:0.48), c β-NaYF4 nanoplates, (β-NaNdF4 nanorods, e β-NaEuF4 nanorods, and f β-NaHoF4
hexagonal plates. Reprinted with permission from Ref. [84]. Copyright 2006, American Chemical
Society
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6.5.2.2 Solvothermal

A solvothermal reaction is carried out in a reactor under an elevated temperature and
pressure conditions using a steel pressure vessel known as an autoclave. A typical
autoclave reactor should have few important characteristics such as it should be
(i) resistant to deterioration under harsh chemical conditions, (ii) easily assembled
and dissembled, (iii) large enough to attain the preferred temperature gradient, (iv)
resistant to leak under operating conditions, and (v) capable of maintaining high-
pressure and temperature conditions for prolonged duration. Figure 6.12 demon-
strates a typical scheme for NP synthesis employing hydrothermal method. In a
solvothermal synthesis method, the NPs in the reaction medium is precipitated using
some solvent that facilitates the interaction between the precursors at a tempera-
ture above the boiling point of the solvent. In particular, this method is known as a
hydrothermal method if the water is used as a solvent to serve as reaction medium.
The unique combinations of pressure–temperature parameters allow the preparation
of different phases with diverse morphologies and improved crystallinity which is
challenging to obtain under other experimental conditions. The NPs prepared using
this method are usually crystalline in nature and do not require further heat treat-
ment. This essentially avoids the agglomeration of the nanoparticles caused due to
heat treatment. This method is very promising in producing both the metastable and
thermodynamically stable phase(s) with narrow size particle distribution for a wide
range of inorganic NPs.

In past, diversemorphologies of a range of lanthanide ions dopedfluoride nanopar-
ticles were synthesized using the solvo/hydrothermal method [22, 91]. Hu et al.
produced uniform LaF3: Yb3+, Er3+ nanoplates with an average diameter of ~15 nm

Fig. 6.12 Scheme depicting a pictorial representation for hydrothermal synthesis of inorganic
nanoparticles. Reprinted with permission from Ref. [94], Copyright 2019, American Chemical
Society
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Fig. 6.13 Scheme demonstrating synthesis procedure and mechanism involved in α→β phase
transition in NaLnF4 NPs (Ln stands for lanthanides). a Hexagon-shaped NaYF4: Yb3+, Er3+

sub-micrometer plates are obtained through only hydrothermal treatment. b α-phase UCNCs were
produced by only reflux treatment; the α→β phase transformation can be achieved by hydrothermal
treatment. The liquid, solid, and solution phases in the Teflon bottle and three-neck flask reaction
system are denoted by three different colors at the bottom. Reprinted with permission from Ref.
[93]. Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[92]. They found that the coating reagent, reaction temperature, and timegreatly influ-
ence themorphology of the final product. Recently, Ren et al. have produced different
morphologies of NaLnF4 nanocrystal employing a hydrothermal synthesis method
by varying organic surfactant, reaction temperature, and dopant concentration [91].

Ultra-small hexagonal (β) NaYF4: Yb3+, Er3+ NPs are very demanding for biolog-
ical applications due to their strong up-conversion luminescence and greater ability
of dispersion in biological media. However, it is challenging to prepare smallβ-phase
particles [93]. Wang et al. have developed a synthesis method that combine a reflux
process with hydrothermal treatment as demonstrated in Fig. 6.13. Employing this
method, mono-disperse NaYF4: Yb3+, Er3+ NPs of α-phase were first synthesized
using a reflux process. Subsequent heat treatment under hydrothermal conditions of
these α-phase NPs resulted in transformation to β-phase particles [93].

6.5.2.3 Co-precipitation

This method involves the dissolution of inorganic salts (such as nitrate, chloride,
and sulfate) in water or any other suitable medium to form a homogeneous solu-
tion containing clusters of different types of ions. These clusters are simultaneously
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precipitated as hydroxides, hydrous oxides, or oxalates under certain reaction condi-
tions, i.e., at optimized pH, reaction temperature, and time. The collected precipitate
is then washed several times to eradicate the by-product and non-reacted precursors.
The purification and drying procedures used for the extraction of NPs sometimes
result in their aggregation. Therefore, these processes must be executed carefully for
the preparation of uniform NPs. If the precipitation does not proceed in a controlled
fashion, the reaction may yield non-uniform and uncontrolled particle morphology.
To obtain NPs with well-defined stoichiometry and composition, it is essential that
the product should be insoluble in the reaction medium and the precipitation kinetics
must be fast enough to precipitate the product rather than getting dissolved into the
reactionmedium. Special caremust be taken as the precipitation rate of different reac-
tant species varies in reaction media. To circumvent this issue, surfactants or ligands
are added into the reaction medium to synchronize the co-precipitation process.
Surfactants usually get adsorbed at the surface of nanoparticles and prevent their
aggregation. Co-precipitation synthesis is facile, robust, and does not demand expen-
sive apparatus, harsh reaction conditions, and complicated procedures. In few cases,
NPs can be directly synthesized during co-precipitation itself and do not require
further calcination or heat treatment at higher temperatures.

A variety of lanthanide-based up-converting nanoparticles (NPs) were prepared
using a co-precipitation method [78]. Yi et al. have synthesized nearly uniform
α-NaYF4: Yb, ErNPs over a broad range of particle sizes (~37–166 nm) using a
co-precipitation method. Ethylenediaminetetraacetic acid (EDTA) was used as a
ligand that makes a stable metal–surfactant complex and controls the growth of the
nanoparticles [78].

6.5.2.4 Sol–gel

Sols are colloidals composed of nanoscopic solid particles in a continuous liquid
medium. A few examples of sols are paint, blood, and pigment ink. Sols are generally
stable and display the Tyndall effect.When the solid particulate in sols interacts in the
presence of large amounts of the liquid, they can form a 3D network. Eventually, the
network grows in size to form a bigger 3D networkwhich is known as a gel. Inorganic
sols are prepared by sol–gel method. The sol–gel technique utilizes hydrolysis and
poly-condensation reactions of molecular precursors to produce a new sol [95]. By
introducing a base to sol, a large macromolecular network phase is formed which
is dried and ground to yield nano-crystalline powder. The NPs prepared using this
method suffer from poor crystallinity. Therefore, a post-synthesis heat treatment at
elevated temperatures is required. Georgescu et al. have prepared CaF2: Er3+/Yb3+

doped glass-ceramics using a controlled crystallization of the (Yb3+/Er3+) co-doped
CaF2–SiO2 xerogels at 650 °C [96]. The steps involved in a typical sol–gel synthesis
are described using a schematic shown in Fig. 6.14.
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Fig. 6.14 Schematic diagram depicting various steps involved in the sol–gel process for the
preparation of nano-powder. Reprinted with permission from Ref. [95], Copyright 2010, Elsevier

Advantages

A sol–gel synthesis method offer few advantages such as: It (i) can provide a better
homogeneity and phase purity, (ii) does not require sintering at very high temperature,
(iii) can yield small size particles (in nm range) can be prepared, (iv) can allow
for doping of dissimilar species due to the development of a continuous network
between dopant and host species, and (iv) does not require very costly equipment.
The phosphor materials synthesized using sol–gel method exhibit high luminescence
efficiency due to the improved crystallinity of the material.

Disadvantages

As far as the synthesis of nanoparticles is concerned, sol–gel method has a disad-
vantage in terms of poor control over the morphology that leads to aggregation of
nanoparticles. Further, the synthesis is influenced by several reaction parameters that
affect the reaction in a complicated manner. This makes it difficult to monitor and
control the synthesis process. This causes poor control over the size, shape, and
uniformity of the nanoparticles.

6.5.2.5 Microemulsion

A microemulsion is defined as an isotropic liquid mixture of non-polar (oil), polar
(water), and surfactants. The surfactant species creates an interfacial film separating
polar and the non-polar domains. The formation of the interfacial layer gives rise
to distinct microstructures that extend from droplets of water dispersed in a contin-
uous oil phase (W/O-microemulsion) to oil dispersed in a continuous water phase
(O/W-microemulsion). The former can be used as nano-reactors for the prepara-
tion of uniform NPs. This method offers good control over the particle size, shape,
and uniformity of the nanophosphor. The choice and amount of the surfactant plays
a vital role in the formation of the emulsion and, thereby controlling the growth
of nanoparticles. Typically, a microemulsion synthesis is carried out at a relatively
lower temperature (preferably below 100 °C). Gunaseelan et al. proposed a novel
scheme for the synthesis of Yb3+, Er3+ doped NaYF4 nanoparticles using a reverse
microemulsion (μEs) method in which CTAB, 1-butanol, and isooctane were used
as a surfactant, co-surfactant and oil phase, respectively (Fig. 6.15). The amount of
surfactant was varied to control the particle size of microemulsion over a wide range
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Fig. 6.15 Schematic demonstrating various steps involved in the formation of microemulsion
droplet, up-converting nanoclusters, and nanorods. Reprinted with permission from Ref. [97].
Copyright 2018, Elsevier

(i.e., ~ 14 to 220 nm), which eventually, determines the particle size, shape, and
crystal structure of NaYF4: Yb3+, Er3+ NPs.

In summary, several methods are well established for the controlled prepara-
tion of UCNPs. Each method has a few merits and demerits. The comparison
between different methods for UCNPs synthesis is made in terms of control over
the morphology, crystallinity, scalability, and the as produced information is given
in Table 6.4. In general, co-precipitation synthesis, thermolysis, and hydrothermal
methods have better control over the morphology; however, these methods suffer
from the issue of scalability. Besides, the hydrothermal synthesis requires an auto-
clave reactor for carrying out the reaction. On the other hand, the combustion method
is very efficient and facile in synthesizing material in the bulk phase; however, it does
not have good control over size, shape, and crystal phase. The sol–gel synthesis is
good in terms of scalability, and crystallinity, however, it requires post-synthesis
treatment such as annealing at high temperature. A variety of fluoride-based up-
converting nanocrystal has been produced in past using chemical routes. The detailed
information about the synthesis protocol used for UCNP preparation can be found
in the available literature [6, 7, 49, 55, 69, 98–101].
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6.6 Critical Parameters that Influence Morphology
and Phase

There are several reaction parameters (e.g., reaction time, temperature, precursor
ratio, ligands, and pH) that influence the reaction kinetics in a synergistic fashion,
thereby affecting the synthesis of nanoparticles. By systematically varying these
parameters, UCNPs of diverse size, shape, narrow size distribution, and desired
crystal phase can be prepared. The effect of these parameters on the morphological,
structural, and compositional characteristics of fluoride UCNPs is briefly described
in this section with few examples.

6.6.1 Reaction Temperature and Time

The reaction temperature significantly controls the action kinetics, and, hence, the
growth of the NPs. Generally, the synthesis carried out at high temperature favors
the formation of bigger size particles due to an increase in the rate of reaction. For
the preparation of uniform NPs, aggregation of NPs must be avoided. In a solution-
based synthesis of nanoparticles, the major culprits for the broader distribution of
NPs are Ostwald ripening and oriental attachment of nanoparticles. Ostwald ripening
is a growth process in which the bigger particles grow at the expense of smaller size
particles to minimize their surface energy. In particular to NaLnF4 (Ln stands for
lanthanide) NP synthesis, the broadening in particle size distribution associated with
Ostwald ripening of NPs is correlated with the presence of the relative amounts
of cubic (α) and hexagonal (β) phases in the reaction medium at any time during
synthesis [104]. The formation of α and β phases, and α→β phase transition charac-
teristics are strongly dependent on the reaction temperature and time. This suggests
that for the preparation of uniform NPs under a given set of reaction conditions,
the choice of synthesis temperature and reaction time are essentially the two main
parameters.

The influence of reaction temperature and time is vital in selectively precipi-
tating particular phases of nano-crystalline materials. The metastable phase can be
arrested at a nanoscale size range due to the predominance of the surface energy
of the system. Therefore, under certain experimental conditions, preferably at lower
synthesis temperature and shorter reaction time, ametastable phase can be selectively
prepared. Liu et al. have systematically investigated the role of synthesis tempera-
ture and reaction time on the size, shape, uniformity, and phase purity of NaGdF4:
Er3+/Yb3+ UCNPs [105]. The reaction time and temperature are coupled variables;
i.e., under a given experimental condition if the synthesis temperature increases, it
is possible to obtain the thermodynamically stable phase for lesser reaction time.
As an instance, a higher reaction temperature of 280 °C results in the formation of
the thermodynamically stable hexagonal phase (β) of NaGdF4 particles despite a
shorter reaction time of 15 min. On the other hand, the synthesis carried out at a
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lower temperature of 200 °C yields only metastable cubic (α) phase of NaGdF4 and
does not form β-phase particles despite a long reaction time of 5 h [104].

6.6.2 Ligand, additives, and Solvents

The influence of ligand, additives, and surfactants on the growth of up-converting
nanoparticles is extensively studied in past to produce uniform NPs of distinct sizes,
shapes, and phases [62]. The addition of ligand to reaction medium results in the
formation of a metal complex and retards the nucleation and growth rate. Further-
more, because of the presence of functional groups at the NP surface, they can prefer-
entially adsorb on the specific facet of growing crystal and influence the growth rate
in particular crystallographic directions. The preferential adsorption of the ligand on
high energy facets hinders the evolution of those surfaces leading to the formation of
distinct morphologies. The interaction of the ligand with the surface is controlled by
the solvent polarity and pH of the reaction medium. Generally, the long chain surfac-
tants such as oleic acid (OA), trioctylphosphine oxide (TOPO), cetyltrimethylammo-
nium bromide (CTAB), polyvinylpyrrolidone (PVP), and ethylenediaminetetraacetic
acid (EDTA) are employed as ligands for the controlled synthesis of NaLnF4 NPs in
organic media [68, 80, 106].

Similar to the ligand, solvents can affect the rate of the reaction; however, they
too do not participate in the reaction itself. The reaction will proceed in a controlled
fashion if the synthesis is carried out in a non-polar organic solvent, and the precur-
sors are introduced in a reaction medium using a polar solvent. In past, the organic
solvents with high boiling point (e.g., 1-octadecene, oleylamine, and oleic acid) and
their mixtures were used as a solvent for carrying out the size and shape-controlled
synthesis of nano-materials. Shan et al. have synthesized different morphologies
(e.g., spherical, rectangular parallelepiped, and cuboidal) of NaYF4 with cubic (α),
hexagonal (β), and a mixture of both (α + β) phase(s) by varying the ratio of the
solvent [106]. An α-phase particle was formed when either TOP or OA was used
solely while β-NaYF4 started forming with an increase of the relative amount of
TOP [106]. The formation of ligand between the Lewis base TOP and oleic acid give
rise an entirely different coordinating enviroment, thereby promoting α→β phase
transition in NaYF4 [106].

6.6.3 Precursor Salts

The ionic character, steric, and electronic effect of precursor species in the reac-
tion medium can affect the reaction kinetics and, therefore, determine the growth
rate of nano-crystals in solution [18–22]. The changes in precursor ratio control the
reactivity of the species in the reaction medium. The electronic and steric interaction
among precursor anions/cations with ligands are the main factors that govern surface
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coverage and regulates the reaction kinetics at the surface of the nanoparticles [107].
Further, the reactivity of reactant species can be altered by changing the precursor
salts as they have a different ionic character in the same reaction medium. Shang
et al. have investigated the role of precursor amount (i.e., F−/Ln3+) on the crystal
structure and morphology of NaY0.78Nd0.10Yb0.10Er0.02F4 NPs. The variation in the
precursor ratio (F−/Ln3+) results in nano- and micro-crystals of different shapes.
When the molar ratio of F−/Ln3+ was 1:1, the synthesized crystals were spherical in
shape with coarser crystal facets. An increase in F−/Ln3+ ratio to 2:1 and 3:1 resulted
in the formation of hexagonal prism shape morphology. A further increase in the
molar ratio of these ions to 5:1 resulted in the formation of rod shape morphology.
Schematic shown in Fig. 6.16 describes the influence of change in the ratio of OA/Ln
and F−/Ln3+ on the final morphology of NaY0.78Nd0.10Yb0.10Er0.02F4 NPs. The vari-
ation in the morphology with the change in the molar ratio of precursors is related to
the preferential adsorption of the F− ions on the particular facets of NaYF4 micro-
crystals that causes a preferred growth along different directions to produce distinct
morphology [108].

Fig. 6.16 Schematic demonstrating the formationof distinctmorphologies under differentOA/Ln3+

and F−/Ln3+ molar ratio conditions. Reprinted with permission from Ref. [108]. Copyright 2015,
Multidisciplinary Digital Publishing Institute
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6.6.4 PH Parameter

The pH parameter of the reaction medium plays a vital role in the synthesis of nano-
materials. It can be varied by introducing acid or base in the reaction medium. Li
et al. have reported that the addition of sodium hydroxide (NaOH) into the reaction
solution during the synthesis effectively promoted the α→β phase transition in NaY
(Yb, Er) F4. Addition of an excessive amount of NaOH favored the formation of
α-phase particles [81]. The addition of NaOH facilitated the deprotonation of OA,
leading to the formation of oleate (OA−). However, if an excessive amount of NaOH
is used, it preferred to form α-phase of NaYF4: Yb3+, Er3+ [81]. Moreover, the
morpholy of NPs varied from irregular nanobranchs to uniform nanorods with an
increase in NaOH amount.

6.6.5 Incorporation of Foreign Species

Doping of suitable foreign species into nanocrystal is proven to be a promising
approach for producing UCNPs of desired compositional, structural and morpho-
logical characteristics that can display unique photo-physical properties [44]. Very
often, the dopants get segregated over the grain boundaries and hinder the growth of
the crystals, thereby influencing the particles growth. The dopant may also induce
crystallization of a particular phase which is difficult to produce under particular
experimental conditions [109]. As an instance, Ren et al. have incorporated Gd3+

and Tm3+ ions into NaYbF4 NPs and investigated the influence of dopant ions on the
morphological variation of the NPs [91]. With an increase in doping concentration
of Gd3+, the shapes of NaYb (Gd, Tm) F4 NPs were varied from uniform nanocubes
to a mixture of nanorods and spherical particles (Figs. 6.17b and d) and eventually to
short and flat nanorods (Fig. 6.17e). The crystal structure of NPs also gets changed
upon Gd3+ ions incorporation. Ren et al. reported that a doping concentration of ~
60–75% led to the formation of a mixture of hexagonal (β) NaYbF4 nanorods and
cubic (α) NaYbF4 spherical NPs [91]. Further, an increase in the doping concentra-
tion to 90% led to formation of pure β-phase. This demonstrate that an increase in
loading amount of Gd3+ ions favors the formation of hexagonal phase NPs. Wang
et al. have investigated the influence of Li+ addition on the crystal structure and
morphology of up-converting NaLnF4 (Ln = Y, Er, and Yb) nanocrystals [44]. They
have used distinct sources of Li+ such as LiOA and LiOH and varied the Li+ ions
doping concentration from 0 to 100 mol%. They observed that under the identical
experimental conditions used for the preparation of undoped and Li+-doped NaYF4,
the undoped composition preferred to form thermodynamically stable β-phase in
contrast to α-phase for doped composition. The variations in the morphological and
structural characteristics of the NPs upon Li+ doping are displayed in Fig. 6.18 [44].

Ren et al. have systematically synthesized a series ofNaLnF4 (La—Lu andY)NPs
and established a correlation between the ionic radius of Ln3+ ions to themorphology
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Fig. 6.17 Morphological variations of NaYbF4 NPs upon Gd3+ and Tm3+ ions doping. TEM and
HRTEM images of NaYbF4 NPs doped with a 10%Gd3+, 0.3% Tm3+, b, c 60%Gd3+, 0.3% Tm3+,
(d) 75% Gd3+, 0.3% Tm3+, e, f 95% Gd3+, 0.3% Tm3+. The arrows in (c) and (f) refer to the
orientation of the planes of crystal lattice planes. Insets in (a) and (c) exhibit the HRTEM image
of NaYbF4 NPs and the corresponding FFT pattern of the selected area. Reprinted with permission
from Ref. [91]. Copyright 2016, American Chemical Society

and crystal structure of NPs. As an instance, lighter lanthanides (i.e., La and Ce)
preferred to form hexagonal LaF3 and CeF3 NPs rather than NaLnF4 (Fig. 6.19).
The pioneering work of Ren et al. has suggested that lanthanide series-based fluoride
NPs can be categorized into five subgroups based on their phase formation and final
morphology such as (I): β-LnF3 (Ln = La and Ce), (II) β-NaLnF4 (Ln = Pr and
Nd; spherical particles), (III) β-NaLnF4 (Ln = Tb, Eu, Sm, and Gd; nanorod), (IV)
α-NaLnF4 (Ln = Y, Ho, and Dy; nanocubes), and (V) α-NaLnF4 (Ln = Yb, Tm,
Er, and Lu; spherical dot). The crystallization behavior for each of the group was
dependent on the size of Ln3+ ions.

The scheme shown in Fig. 6.20 demonstrates the variation in the morphology
and crystal structure of LnF3 and NaLnF4 NPs as a function of the polarizability
and ionic radii of lanthanides across the series [91]. NaLnF4 NPs (where Ln = Pr
and Nd) preferred to form β phase and display spherical morphology; however,
the heavy lanthanide (Dy to Lu) NaLnF4 NPs preferred to form cubic phase under
similar reaction conditions. Dong et al. have prepared a series of citrate-stabilized
lanthanide fluoride NPs (LnF3: where Ln = La, Ce, Nd, Gd, and Eu) at 75 °C using
a colloidal method. They observed that the nanocrystals of LnF3 (Ln = La, Ce, and
Nd) exhibited trigonal crystal structure similar to corresponding bulk LnF3, while
GdF3 or EuF3 exhibited a mixture of trigonal and orthorhombic phases (Fig. 6.21a).
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Fig. 6.18 TEM images of NaYF4: Yb/Er, LiNPs with varying Li+ concentrations. The two precur-
sors used for Li+ ions doping were LiOA and LiOH. Scale bar: 50 nm. The color used in the
crystal structure graphics: Li atoms: pink, Y atoms: green, Na/Y atoms: blue, F atoms: yellow. The
schematic shapes that correspond to the TEM images are cubicNaYF4 (yellow) and hexagonNaYF4
(red). Reprinted with permission from Ref. [44]. Copyright 2017, Royal Society of Chemistry

In light of this observation, they have stabilized GdF3 nanocrystal in the trigonal
phase by incorporating 15% La3+ ions as demonstrated in the XRD patterns shown
in Fig. 6.21b [110]. These results demonstrated that the morphology and phase of
lanthanide ions doped NPs can be altered by varying the type of impurity and their
concentrations.

6.7 Applications

The up-converting lanthanide ions doped nanoparticles (UCNPs) produce a variety
of fascinating luminescence which offer a range of applications such as in lighting
industry, energy harvesting, and medical sciences. Graphics shown in Fig. 6.22
demonstrate a few of the possible applications of Ln3+-doped up-converting nanopar-
ticles (UCNPs) in various domains. A brief discussion about the same is also made
in this section in light of available literature.
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Fig. 6.19 Illustration demonstrating the formation of different morphologies of fluoride NPs (e.g.,
β-LaF3, α-NaLnF4, and β-NaLnF4). TEM images: from left to right: CeF3, β-NaPrF4, β-NaGdF4,
α-NaDyF4, and α-NaYbF4. Reprinted with permission from Ref. [91]. Copyright 2016, American
Chemical Society

6.7.1 Bio-Imaging

The bio-imaging technique has attracted much attention in the field of medical and
biological sciences due to its ability of visualization of biological processes in real
time. Fluorescence imaging, magnetic resonance imaging (MRI), and computed
tomography (CT) are the most versatile imaging techniques. Typically, organic dyes
are used as visualization tools for various imaging applications. There is a huge
demand for the synthesis of other bright fluorescent materials such as quantum dots
(QDs) and lanthanide ions doped up-converting nanoparticles (UCNPs). The organic
dyes and quantum dots generally produce luminescence via the down-conversion
process (i.e., emit light of larger wavelength by absorbing high-energy UV or visible
radiation). Upon exciting with UV light, the biological samples often induce auto-
fluorescence which causes a reduced signal-to-noise (S/N) ratio. Also, the prolonged
exposure to UV radiation is detrimental to the biological samples.



198 C. K. Rastogi

Fig. 6.20 Schematic showingvariation in themorphology and crystal structure ofLnF3 andNaLnF4
NPs as a function of the polarizability and ionic radius of Ln3+ ions across the lanthanide series.
Reprinted with permission from Ref. [91]. Copyright 2016, American Chemical Society

Fig. 6.21 XRD patterns of a LnF3 NPs (where Ln = La, Ce, Nd, Gd, Eu, Dy, Ho, Er, and Yb), and
b GdF3 NPs with different La3+ ions doping concentration. Reprinted with permission from Ref.
[110]. Copyright 2009, American Chemical Society

In contrast to quantum dots and fluorescent dyes, up-converting nanoparticles
(UCNPs) exhibit certain interesting features such as: (i) excellent luminescent prop-
erties and high photo-stability, (ii) near-infrared (NIR) excitation which is beneficial
in minimizing radiation-induced tissue damage and auto-fluorescence, (iii) several
sharp emission peaks which enable new options for multiplexed encoding, (iv) large
conventional anti-stokes shift which allows differentiating between excitation and
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Fig. 6.22 Schematic showing applications of up-converting nanoparticles in various fields

emission signals, and (v) biocompatibility and non-toxicity for a broad range of cell
lines. All the aforementioned unique photo physical characteristics of UCNPs make
them useful for a variety of biomedical and diagnostic applications (e.g., bio-labels,
cell imaging and targeting, bioassays, and biosensors).

Features of Up-Converting Fluoride-Based Nanophosphors

The up-converting fluorides nanoparticles qualify all of the above-mentioned essen-
tial conditions for biomedical applications. A brief note about each of the aspect is
presented in this section based on the information available in the existing literature.

(i) Reduced auto-fluorescence

The up-converting nanoparticles (UCNPs) perform under near-infrared (NIR)
excitation at which the biological tissues itself do not produce any emission.
Therefore, the up-conversion-based luminescence techniques minimize the auto-
fluorescence and produce the luminescence exclusive of the signals from biolog-
ical tissue, making them an efficient probe for bio-imaging techniques. As an



200 C. K. Rastogi

instance, HeLa cells co-labeled with organic dye DiI (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate) and Er3+; Yb3+-doped NaYF4 UCNPs do
not exhibit any fluorescence signal from DiI under 980 nm excitation [111].

(ii) Biocompatibility

There are several well-established methods to check the biocompatibility of the
UCNPs for various types of biological cells. The cytotoxicity measurements on
lanthanide-based up-converting fluoride nanoparticles generally exhibit a low level
of toxicity [101, 112]. Dong et al. have studies the cell viability and cytotoxicity
of HeLa cancer cells using CaF2: Tm3+, Yb3+ UCNPs. They used MTT assays for
cytotoxicity measurements and did not notice any signal of toxicity after incuba-
tion of HeLa cells with UCNPs for 18 h [101]. Further, the toxicity measurement
of CaF2 UCNPs for mesenchymal stem cells did not show any toxic influence on
the cells [101]. Naczynski et al. have developed a strategy to design a biologically
targetable, water-dispersible, and biocompatible complexes of up-converting NaYF4
NPs encapsulated within human serum albumin [112]. The other fluoride NPs such
as NaYbF4, NaGdF4, LaF3, and so forth, exhibited a very low level of cytotoxicity
and were found to be bio-compatible based on the cytotoxicity measurements for
various cell lines [113–115].

(iii) Non-blinking and low photo-bleaching tendency

UCNPs do not display any ON/OFF luminescence characteristics. In other words,
luminescence from UCNPs is persistent over a millisecond timescale, and conse-
quently, they exhibit non-blinking characteristics [116]. The non-blinking charac-
teristics of up-converting NPs can contribute to the minimization of artifacts in
prolonged imaging testing. In addition, the fluoride-based UCNPs offer greater
photo-stability in NIR-visible window [117]. The lack of blinking and photo-
bleaching tendency of UCNPs greatly improves signal-to-background (S/B) and
signal-to-noise (S/N) information, permitting one to accurately and rapidly locate the
exact position of distinct NPs with high precision. Further, it is possible to imprint
cellular proteins for a prolonged duration with great precision [116]. Wu et al. have
synthesized β-NaYF4: Yb3+, Er3+ UCNPs of particle size ~27 nm using thermal
decomposition method and coated the nanoparticles using an amphiphilic polymer
to make them water-dispersible. They found that under continuous excitation condi-
tion, the luminescence intensity of these UCNPs was not degrading upto an hour
of time and an individual nanoparticles displayed no on/off emission (non-blinking)
characteristics [116].

(iv) Improved penetration depth

The optical excitation and emission wavelengths involved in an up-conversion
phenomenon positioned within the “optical transmission window” of biological
tissues. Therefore, in vivo bio-imaging using UCNPs as the labels offer an improved
penetration depth. As an instance, up-converting Tm3+, Yb3+-doped NaYF4 NPs
perform well over the wavelength region of 980–800 nm; therefore, these have been
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Fig. 6.23 Up-conversion luminescence-based imaging (in vivo) of athymic nude mice after subcu-
taneous injection of a 50 and b 100 NaLu(Gd) F4: Tm, Yb, Tm NPs treated with KB cells. The
cells were incubated with 200 μg mL−1 citrate-coated NPs for 2 h. Reprinted with permission from
Ref. [49]. Copyright 2011, American Chemical Society

used for various bio-imaging applications. Liu et al. reported the high-contrast up-
conversion imaging of a black mouse using 8 nm β-NaLuF4: Yb, Tm NPs as a probe
where the depth of penetration was around 2 cm [49].

In brief, the fluoride-based UCNPs exhibit very interesting photo-physical
and biological properties such as non-bleaching and non-blinking tendency, bio-
compatibility, reduced auto-fluorescence, and improved penetration depth in biolog-
ical tissue. Because of these fascinating applications, UCNPs are useful for various
bio-imaging applications. The available literature pertains to synthesis, surfacemodi-
fication, and investigation of up-conversion light emission for a variety of imaging
applications [7, 49, 51, 67, 75, 118, 119]. Li and co-worker have developed a (Gd3+,
Yb3+, Tm3+) doped NaLuF4 UCNPs based luminescent label and demonstrated a
whole-body luminescent imaging of a mouse. Figure 6.23 shows the in vivo imaging
of athymic nude mouse upon subcutaneous injection of two dissimilar doses of
UCNPs treated with KB cells. Such UCNPs combined with other imaging modali-
ties such PET, MRI, CT scan, and therapies involving PDT or PTT, or drug delivery
can act as excellent theranostics platform. The detailed information about these appli-
cations of UCNPs is not covered here; however, they can be found elsewhere [1, 49,
67, 75, 119, 120].

6.7.2 Tumor Targeting

Tumor-targeted has attracted great attention toward the diagnosis and therapy
of tumors. In recent years, various UCNP-based nano-bio-conjugates have been
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Fig. 6.24 Schematic
demonstrating the design of
UCNP-bio-conjugate for
targeted imaging. Reprinted
with permission from Ref.
[117]. Copyright 2015,
American Chemical Society

designed based on the interaction of UCNPs with peptides, folic acid (FA), and
antibodies for targeted imaging [121, 122]. Figure 6.24 shows an illustration that
demonstrates a design of UCNP bioconjugates that can be formed on the basis
on ligand-acceptor or antibody-antigen interactions. Xiong et al. have developed
a FA-modified NaYF4: Yb, ErNPs based optical probe for the targeted in vivo up-
conversion imaging of small animals [121]. Yu et al. reported that the chlorotoxin
peptide-modified NaYF4: Yb, Er/Ce NPs-bio-conjugate could be able to target and
allow imagining of tumors in alive animals due to its efficient binding to specific
tumor [122].

6.7.3 Energy Harvesting

Up-converting nanomaterials can absorb near-infrared (NIR) radiation to convert it
into visible or ultraviolet light. This unique facility can provide broader absorption
of solar radiation to photo-voltaic devices. Roh et al. have incorporated β-NaYF4:
Yb3+, Er3+ nano-prisms into CH3NH3PbI3 perovskite solar cells (PSCs) for energy
harvesting applications [123]. The UC nano-prisms caused an improvement in the
absorption characteristics of the PSC due to UC photoluminescence phenomenon
that has resulted in further improvement in the power conversion efficiency. Their
estimated efficiency was ~16% which was higher as compared to that of ~14% as
reported for conventional TiO2 NP-based PSCs [123].A novel architecture composed
of a different layer of NaGdF4: Ln such as active core (NaGdF4: Er3+)/active shell
(NaGdF4Ho3+)/inert shell (NaGdF4) was designed for solar energy applications, as
shown inFig. 6.25. Employing this design, the intermediate shell provides passivation
between active core and outer shell to enhance the emission intensity of erbium ions
incorporated into the core. This arrangement also assisted in improving Ho3+ ions
UC luminescence [124].
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Fig. 6.25 Graphics showing how NIR radiation (transparent to c-Si) can be converted to Vis-NIR
light above the forbidden gap of c-Si using (NaGdF4Er3+)/active shell (NaGdF4Ho3+)/inert shell
(NaGdF4) nano-architecture. Red region represents AM1.5 terrestrial solar spectrum; dotted graph
belongs to c-Si response spectrum; band gap of c-Si is denoted by a vertical arrow. Reprinted with
permission from Ref. [124]. Copyright 2012, Royal Society of Chemistry

6.7.4 Temperature Sensing

Most of the biological cells survive and nurturewithin a narrow thermal range. There-
fore, the treatment methods for various diseases can be possible using a technique
that depends on the localized thermal increase, such as in case of hyperthermia that
refers to a heat controlled condition described by an unusually high body tempera-
ture. A change of 5 °C temperature beyond the standard body temperature is enough
to destroy biological cells. If the exposure remains maintained for a longer time it
may cause permanent damage to cells. These facts have given importance to develop
an optical probe that can accurately sense the temperature around biological envi-
ronments. Such a smart probe is an indispensable tool for medical treatment and
diagnosis. UCNPs can induce localized hot spots upon excitation with near-infrared
radiation. However, designing a UCNP-based temperature sensor demands for the
development of a single phase light-emitting nanomaterial that exhibit some specific
biological and photo-physical properties such as biocompatibility, high emission
intensity, improved chemical stability and photo-stability in biological media, and
measurement of temperature with high precision. Besides, the material must be
performing over the biological transparency windows such that it can minimize
invasiveness and maximize the depth of penetration. UCNP-based optical probes are
useful for such applications. In this direction, Quintanilla et al. have developed CaF2:
Nd3+, Y3+ UCNPs for thermometry application. These UCNPs worked well within
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Fig. 6.26 a Schematic demonstrating the application of UC light-emitting material as probe for
optical thermometry b thermographs of a cuvette containing gold nanorods and CaF2: Nd3+, Y3+

NPs illuminated using a laser beam of 808 nm wavelength after the beam passed a piece of tissue
of 1.5, 4, or 7 mm. Reprinted with permission from Ref. [98]. Copyright 2018, American Chemical
Society.

the biological windows (i.e., emission at ~1050 nm and excitation at ~808 nm) [98].
Figure 6.26a shows a schematic that demonstrated the application of UCNPs as a
probe for optical thermometry. The thermal probeswere optimized through the incor-
poration of Y3+ and gold species to further enhance the luminescence intensity and
thermal sensitivity [98]. Figure 6.26b shows the thermographs of a cuvette holding
luminescent CaF2: Nd3+, Y3+ NPs and gold nanorods (laser radiation of 808 nm
passed through a piece of tissue under study was used for excitation of NPs). The
thermal resolution depends on the thickness of tissue and other experimental param-
eters. Further descriptions about experimental techniques can be found in existing
literature [98].

6.7.5 Anti-counterfeiting

Anti-counterfeiting has extensively useful in applications that demand noteworthy
significance for personal and property safety. Lanthanide-doped up-converting
nanoparticles (UCNPs) exhibit high photochemical stability and excellent lumi-
nescence properties under NIR excitation and are promising for various security-
related applications. The UCNPs can over whelm background luminescence inter-
ference and provide a clearer image of the fingerprint. Yuan and co-workers designed
a lysozyme-binding aptamer-functionalized UCNPs to detect fingerprints based on
molecular recognition [125]. Kim et al. have developed a photo-patternable ink using
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t-butoxycarbonyl-coated with α-NaLnF4 (Ln=Y/Yb/Er and Y/Yb/Tm) UCNPs that
can be useful for security applications [126].

6.8 Conclusions

The fluoride-based inorganic nanoparticles (NPs) area suitable host for the incorpo-
ration of luminescent up-converting lanthanide ions (e.g., Er3+, Ho3+, Tm3+, Nd3+,
and Pr3+) due to their low phonon energy (<350 cm−1), favorable doping condi-
tions, the possibility to synthesize optimized size, shape and phase. The light emis-
sion characteristics of up-converting fluoride-based nanoparticles (NPs) are syner-
gistically influenced by various factors such as dopant–host combination, doping
concentration, crystal structure, morphology, and so on. A wide range of emissions
can be produced by changing the structural and chemical features of fluoride-based
up-converting nanoparticles (UCNPs). Wet chemical synthesis methods such as
hydrothermal, thermolysis, and co-precipitation are very promising for the controlled
preparation of UCNPs with desired size, shape, phase, and composition. The up-
converting lanthanide ions doped fluoride nanophosphors such as LnF3, ALnF4,
and LnOF, BF2 exhibit fascinating luminescence properties in a biological window,
excellent dispersion in various organic and aqueous media, and bio-compatibility.
These characteristics make them suitable for various biomedical applications such
as bio-imaging, tissue engineering, drug delivery, and tumor targeting. Besides, their
biomedical applications, they are widely utilized in the phosphor industry, solid-state
lighting devices, energy harvesting, and anti-counterfeiting.
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Chapter 7
Synthesis and Characterization
of Quantum Cutting Phosphor Materials

Ram Sagar Yadav and Raghumani S. Ningthoujam

Abstract The rare earth ions produce photoluminescence in the entire range of
the electromagnetic spectrum particularly in the UV, vis and NIR regions. The
present chapter describes the synthesis of quantum cutting phosphor materials using
different methods, such as solid-state reaction, combustion, sol–gel, hot-injection,
hydrothermal, along with a melting-quenching method for the glass materials and
studies the photoluminescence of the rare earth doped quantum cutting phosphor
materials. Quantum cutting (QC) is a downconversion (DC) process in which the
conversion of a high-energy photon into the two or more low-energy photons takes
place. This process not only takes place in the singly rare earth doped materials but
also in the doubly and/or triply rare earth doped materials. The difference is only
in the energy transfer route between activator and sensitizer ions. This occurs due
to cooperative energy transfer (CET) process. In energy transfer process, the photo-
luminescence intensity of sensitizer ion decreases whereas the photoluminescence
intensity of activator ion increases accordingly. The change in photoluminescence
intensity of these ions is highly concentration dependent. The photoluminescence
intensity versus pump powermeasurements shows that the photoluminescence inten-
sity of the visible region is a linear process while that of the NIR region occurs due to
nonlinear process. The change in photoluminescence intensity of the sensitizer ions
can be established from the lifetime measurements. The preparation and characteri-
zation of different rare earth-based quantum cutting materials and their applications
in large numbers of the emerging fields have been also included.
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Acronyms

BG Band gap
CET Cooperative energy transfer
CTS Charge transfer state
DC Downconversion
DS Downshifting
ET Energy transfer
ETE Energy transfer efficiency
FPD Flat panel devices
Hg Mercury
LEDs Light-emitting diodes
LT Lifetime
NIR Near infrared
μm Micro-meter
nm Nano-meter
PL Photoluminescence
PLE Photoluminescence excitation
PPD Plasma panel devices
QC Quantum cutting
QDs Quantum dots
QE Quantum efficiency
QY Quantum yield
SEM Scanning electron microscopy
TEM Transmission electron microscopy
UC Upconversion
UV Ultraviolet
Vis Visible
wLEDs White light-emitting diodes
XRD X-ray diffraction

7.1 Introduction

The energy is an essential part of our life and it can be neither created nor destroyed.
One form of energy is being converted to another form by means of some processes
for different technological applications. The conversion of light from high energy to
the low energy is termed as downconversion (DC). This process is most likely used
in different display devices, optical devices, flat panel devices (FPD), plasma panel
devices (PPD), solid-state lighting, white light-emitting diodes (wLEDs), etc. [1–6].
These applications have been developed by the use of different activators and donors
in various types of host matrices. The activators are those ions which accept the
energy while the donor ions are the energy providers to the activator ions and termed



7 Synthesis and Characterization of Quantum Cutting Phosphor Materials 215

as the sensitizers. The process of energy transfer from donor ions to acceptor ions
improves the photoluminescence (PL) intensity of the activator ions [7–14]. Energy
transfer is most efficient if there is maximum overlapping of absorption spectrum
of activator ions with emission spectrum of sensitizer ions [15]. Otherwise, there
is a loss of energy of sensitizer ions, and this loss is used in multiphonon excita-
tion of surrounding; and only, some energy is transferred to the activator ion. Most
commonly, the transition metal ions, rare earth metal ions and even host (VO4

3−,
WO4

2−, MoO4
2−) have been selected as activators and sensitizers in the glass, phos-

phor and composite materials [6, 15–27]. Figure 7.1 shows a typical absorption and
emission spectra of activator and sensitizer ions in a host material and energy transfer
process [15, 28–31]. Let us suppose that the sensitizer absorbs light at 300 nm and
produces a broad emission in the 320–500 nm region. The activator ion has absorption
peak at 395 nm whereas the emission peaks appear at 595 and 615 nm. Absorption
peak of activator falls in the emission range of sensitizer. Upon excitation through
sensitizer in the sensitizer-activator combination, the luminescence intensity of the
sensitizer is found to be decreased, but luminescence intensity of the activator gets
enhanced. The rare earth ions have a low absorption cross section due to forbidden

Fig. 7.1 Typical absorption and emission spectra of activator and sensitizer ions in a host material
and energy transfer process
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Fig. 7.2 Energy level diagram of Eu2+/Eu3+ doped host lattice

nature in f-f transitions. However, the d–f transitions are allowed. Figure 7.2 shows
an energy level diagram of Eu2+/Eu3+ doped host lattice: Eu2+ can undergo f –d tran-
sition, but the emission peak is broad, and this transition wavelength depends on
crystal field environment [15]. Eu3+ can provide many energy levels due to repulsion
among spins of 4f electrons, and then Stark splitting occurs due to crystallinity or
electric field interactions [15]. The electronic transitions are very sharp and almost
unchanged at different crystal field environment. The effect on 4f electrons of metal
ions by ligands is negligible and 4f electrons are protected by outermost orbitals
(5s25p6). The f –f transitions are weak due to forbidden nature, but very sharp. Some-
times, this is slightly relaxed due to jj mixing [15]. In the case of 3d electrons (say
Mn2+), the d– transition is broad since there are no outermost orbitals and weak due
to forbidden nature. These are demonstrated schematically in Figs. 7.3 and 7.4.

Tb3+ ions show absorption peaks at 352, 378, 390 nm and the emission peaks
at 480 and 544 nm owing to f –f transitions. However, their absorption or emission
intensities are very weak. In the case of Ce3+ ions, the absorption peaks at 258 and
278 nm owing to allowed f –d transitions and the broad emission peak at 350 nm
occur, but their absorption or emission intensity is strong. There is an overlapping
of absorption peak of Tb3+ and the emission peak of Ce3+. If the excitation through
Ce3+ is performed in the host matrix, there is an increase in emission intensity of
Tb3+ ion due resonance energy transfer (Fig. 7.5) [32]. By fixing high concentration
of Ce3+, luminescence intensity of the Tb3+ can also be improved by increase of
concentration of Tb3+. Similarly, there is energy transfer from the Ce3+ to Dy3+

ions in the host matrix or MoO4
2−/WO4

2− to Dy3+/Sm3+ through resonance energy
transfer [15, 33–35]. In A2O3: Eu3+ (A = Y, Gd, La), Eu–O peak (oxygen to metal
charge transfer band (CTB)) occurs in a range of 240–270 nm and this is allowed
transition [15, 36, 37]. Interestingly, the exceptional strong emission transitions have
been observed due to 5Dj(j = 1 − 3) to 7Fj (j = 1 − 3) transitions in the Eu3+ doped
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Fig. 7.3 Ground state electronic configurations of a fewexamples of s,p,d and f block elements/ions

Fig. 7.4 Typical emission spectra of d-block ion (Mn2+) and f -block ion (Eu3+)
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Fig. 7.5 Emission spectra of GdPO4: Ce-Tb by fixing amount of Ce and varying amount of Tb.
Reproduced with copyright permission from ACS Publisher [32]

La2O3 nanoparticles. The V–O and Eu–O CTBs shift within 30–40 nm according to
type of lattice [37].

By excitation of the CaF2: Eu through Eu–O CTB, the luminescence intensity of
Eu3+ ion is enriched as compared to direct excitation at 394 nm (Fig. 7.6) [38]. The
electric as well as magnetic dipole transitions of Eu3+ ion are observed at 592 and
615 nm, respectively. The ratio of the electric to the magnetic dipole transitions of
Eu3+ ion can be used to predict the symmetry or asymmetry environment around the
Eu3+. This should be done upon direct excitation at 394 nm. If the ratio is more than

Fig. 7.6 a Excitation and b emission spectra of CaF2: Eu. Excitation at 240 nm (Eu–O) gives higher
emission intensity as compared to that at 394 nm (direct). Reproduced with copyright permission
from ACS Publisher [39]
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1, Eu3+ ions occupy more asymmetry environment. On excitation through charge
transfer band of Eu–O (CTB), no resonance energy transfer takes place to Eu3+ ions
and thus, there is a loss of excited energy. In comparison with the other rare earth
ions, the Eu3+ ions in lattice give the information about local environment because
it can exhibit the electric and magnetic dipole transitions distinctly [15, 40–51]. In
the case of AVO4: RE (A = Y, Gd, La; RE = Eu, Dy, Sm, Tm), V–O CTB occurs
with broad absorption while the emission spectra appeared in 250–350 nm and 340–
500 nm ranges, respectively owing to the allowed transitions [15, 24, 25]. Absorption
peaks for Eu3+ at 395, 460 nm, Dy3+ at 352, 390 nm, Sm3+ at 410 nm and Tm3+ at
365 nm were observed and these peaks are overlapping with emission peak of V–
O CTB (Fig. 7.7) [15, 40]. Luminescence intensity of Eu3+ in YVO4: Eu follows
the different excitation wavelengths 320 nm (V–O CTB) > 270 nm (Eu–O CTB) >
395 nm (direct). Thus, the emission intensity of RE can be improved. Luminescence
intensity of RE ions can be improved by energy transfer from the host, co-doping
(say Bi, Li, Sr), Eu–O CTB, V–O CTB, Mo–O CTB, W–O CTB, etc. (Fig. 7.8) [15,
52]. Luminescence intensity of RE can be changed by non-radiative process through
imperfect in the lattice of host, nature of host, presence of moisture, concentration
quenching and energy transfer to the other ions. There is another process known as

Fig. 7.7 Emission spectra of YVO4: Eu upon excitation at a 270 nm (Eu–O), b 320 nm (V–O) and
c 395 nm (direct). Reproduced with copyright permission from RSC Publisher [40]
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Fig. 7.8 Luminescence spectra of LaVO4: Eu co-doped with a Sr and b Bi. c Possible energy
transfer process through host, Bi, Eu–O, V–O, direct. Reproduced with copyright permission from
ACS Publisher [52]

upconversion, which converts the lower energy into the higher energy. Examples of
upconversion materials are RE doped compounds (Er, Yb–Er or Yb–RE containing
compounds, such as NaYF4, LaF3, CaF2, APO4, A2O4, AVO4). When Er3+ or Yb3+

ions absorb the light at 980 nm, the emission light can be seen in the visible region.
Emission intensity of RE is improved by absorption through Yb3+ as compared to
that through Er3+. Laser power dependent emission intensity study of RE suggests the
nonlinear property (I ∝Pn) (Fig. 7.9) [53, 54]. Heat can be generated by fluorescence
resonance energy transfer (FRET) in NaYF4: Er-Yb@Au composite. Here, 980 nm
light is absorbed by Yb3+ ions and transferred its excited photons to Er3+ ions. Er3+

ions produce visible light, which is absorbed by Au nanoparticles. There are two
types of process in luminescence: Downshifting (DS) or downconversion (DC) and
upconversion (UC) (see Fig. 7.10).

The conversion of light is not limited to the DC process but a new process is also
included, which is recognized as a quantum cutting. The quantum cutting (QC) is
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Fig. 7.9 Upconversion emission spectra of aNaYF4:Er-Yb (UCNPs), silica coatedUCNPs,b silica
coated UCNPs under different laser powers at 980 nm. c Energy level diagram of Yb–Er energy
transfer process and fluorescence energy transfer from UCNPs to Au nanoparticles. Reproduced
with copyright permission from ACS Publisher [53]

Fig. 7.10 Types of luminescence: downconversion and upconversion
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generally a DC process in which a high-energy photon is being converted in the low-
energy near infrared (NIR) photons [7, 18, 19]. This process has also been observed
in both cases, i.e., the transition metal and the rare earth metal ions [6, 7, 18, 55,
56]. The QC process in various materials has been summarized by Huang et al. and
discussed its use in augmenting spectral efficiency of solar cell and the materials
involved in this process behave as spectral converters [57]. The QC process is not
observed only in the doubly combination of the donor and the acceptor ions but also
found significantly in the singly doped materials. This process enables us to realize
the visible as well as NIR photons; however, their emission intensity ratio was found
to vary [58–64].

The QC process was initially started with the singly rare earth doped fluoride
phosphor materials. The Pr3+ ion was doped in the fluoride phosphor materials and
the phosphor materials were excited with 185 nm resonance radiation of mercury
(Hg) source [64]. In the case of YF3 and LaF3 phosphor materials, the phosphors
emit two visible photons through a simple cascade process. The emission of two
visible photons leads is an experimental proof of the QC process. Upon exciting the
LiYF4 phosphor with 185 nm, the emission occurs due to 4f –5d levels and gives four
principal bands in the UV region. These emissions mixed together produce another
type of the host material. The QC process was also noticed in the Pr3+ doped YF3
and α-NaYF4 phosphor materials and the materials give two photons luminescence
on excitation with 210 nmUV photon. The QC emission has been detected in visible
region [65]. The singly Eu3+ doped LiGdF4 material also gives visible QC emission
through downconversion process [58]. The QC process was also studied by Creutz
et al. in colloidal Yb3+-doped chalcogenide nanocrystals and perceived long-lived
NIR emission band upon excitation with visible photons [59].

In an interesting work, Yu et al. have developed Gd2O2S: Tm3+ powder samples
and studied the QC process in detail [66]. They have observed multi-photon QC
emission in Tm3+ ions that occurs due to involvement of cross-relaxation among the
Tm3+ ions. The emission intensity of Tm3+ ion increases on increasing its concentra-
tions and decreases on further increase in the concentrations. At low concentration,
the cross-relaxation does not take part in the emission process. Sometimes, the higher
concentration also augments the emission intensity of activator ions due to cross-
relaxation process. Generally, the cross-relaxation takes place at higher concentra-
tions of the dopant ions and also matching of the two consecutive energy levels of
a donor to the acceptor ion [67]. The QC emissions of two, three and four photons
were reported in the Gd2O2S: Tm3+ powder samples, and they are found to increase
the efficacy of solar cells.

On the other hand, the energy transfer between the donor and acceptor combina-
tions leads to the generation of QC emission using the transition metal and/or the
rare earth metal ions in different doped materials [18, 21, 22, 63]. Zhang et al. have
observed UV–vis-NIR luminescence properties in the doubly Ce3+, Pr3+ co-doped
CaLaGa3S6O phosphor material and discussed the solar spectral converting mech-
anism. The phosphor material behaves as dual-mode solar spectral converter [68].
They have excited the phosphor materials with 445, 480, 492 and 605 nm photons
and they give NIR emissions at 948, 988 and 1034 nm, respectively. The Ce3+, Pr3+
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co-doped CaLaGa3S6O phosphor gives two types of spectral conversions in which
the first one is the QC emission through 3PJ = 0,1,2 → 1G4 → 3H4 transitions and
the second one indicates the downshifting emission (DS) through (1D2 → 3FJ = 3,4)
transitions using different excited energy levels of Pr3+ and Ce3+ ions. The NIR emis-
sion band of the phosphor is broad and is found in the range of 930–1060 nm, which
is close to spectral range of the Si-solar cells. In the combination of Pr3+ and Ce3+

ions, there is an efficient energy transfer from the Ce3+ to Pr3+ ions. Ce3+ ion acts
as sensitizer while the Pr3+ ion acts an activator. The 4f –5d transition of Ce3+ ion
is very broad and it transfers its energy to Pr3+ ions, which enhances the efficiency
of NIR emission bands up to 7.78 times. The dual nature of this phosphor has been
found useful candidate for the preparation of UV–vis-NIR phosphors and Si-solar
cells.

The perovskite-based metal halide phosphor materials have also contributed
widely in the field of photovoltaic devices and solar cells. The perovskite mate-
rials are chemically and physically stable. In the quantum cutting process, Yb3+ ion
is an efficient NIR emitter and has been extensively doped in different metal halide
perovskite materials. The Yb3+ ion emits a pair of NIR photons that is equivalent
to the quantum efficiency to 200% [69–79]. Zhou et al. have studied the influence
of host composition and doping on QC emission of Yb3+ doped halide perovskite
quantum dots (QDs) and discussed its applications in solar cells [72]. Zeng et al.
have reported the 1.5 μm photoluminescence of Er3+ ion in the CsPbCl3 perovskite
nanocrystal and suggested its use in photonic devices operating at telecommunication
wavelengths [79]. Recently, Roh et al. have studied quantum cutting in Yb3+ doped
CsPbX3, X= Cl, Br inorganic metal halide perovskites [80]. They have prepared the
nanocrystals and single crystals andmonitored the time-resolved photoluminescence
dynamics. It has been found that the quantum cutting in both the cases is similar due
to similar photoluminescence properties. The prepared materials can be utilized in
photonic and solar cell technologies.

The QC process was also studied in the nitride-based phosphor materials. Many
Eu2+ activated nitride-based phosphor materials have been developed [81–83]. It has
been noticed that these phosphor materials produce emissions from blue, yellow
to red. The nitride-based compounds are suitable for white LED applications. The
oxide-based phosphors were also applied in the field of white LEDs [84]. Liu et al.
have also prepared the Eu2+ activated SrSi2O2N2 phosphors in presence of Ce3+,
Dy3+, andMn2+ ions through solid-state reactionmethod [21]. They studied the influ-
ence of Ce3+, Dy3+, and Mn2+ ions on PL properties of Eu2+ activated SrSi2O2N2

phosphor. The Eu2+ activated SrSi2O2N2 phosphor gives the green emission centered
at 540 nm owing to 4f –5d transition of Eu2+ ion. However, the Ce3+ activated
SrSi2O2N2 phosphor gives blue emission at 470 nm. When the Ce3+ ion is incapac-
itated in Eu2+ activated SrSi2O2N2 phosphor, the emission band at 540 nm remains
the same but the emission intensity increases up to 0.04 concentrations of Ce3+ ion
and above this concentration, its intensity decreases. The increase of PL intensity
is because of energy transfer from the Ce3+ to Eu2+ ions. The emission intensity is
enhanced to 144% for the 0.04 concentration of Ce3+ ion. The influence of Mn2+ and
Dy3+ ions on the PL properties of Eu2+ activated SrSi2O2N2 phosphor has also been
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studied. The PL intensity of phosphor is enhanced up to 168%. Thus, the emission
intensity is relatively more for doping of Mn2+ ion in the Eu2+ activated SrSi2O2N2

phosphor. These prepared phosphors can be suitable materials for white LEDs.

7.2 Quantum Cutting Mechanism

As mentioned above, the quantum cutting is widely investigated in different types of
dopant ions and host materials. It occurs in the singly as well as doubly ions activated
materials. Basically, it is a conversion of light from a high-energy to the low-energy
photons. The mechanism of QC in both the cases can be explained by using energy
level diagrams. Figure 7.11 shows the energy level diagrams of quantum cutting
mechanisms for the single and double ions.

In the figure, the mechanisms of quantum cutting in both the cases are provided.
Figure 7.11a reveals the QC process occurring in the single ion. In case of singly
doped materials, the ions are excited with hν energy and the electrons are promoted
from level 1 to level 3. On returning to level 1, they emit two photons of equal energy.
Itmeans that a high-energy photon is converted back into the two low-energy photons,
i.e., 2hν ′ = hν. This type of process has been observed in the singly Pr3+, Eu3+ and
Tm3+ doped different host materials [58, 64–66]. The cross-relaxation between the
same ions in the Gd2O2S: Tm3+ power samples have been observed that leads to
the generation of QC emissions of the two, three and four NIR photons [66]. It is
justified that the QC process takes place in the single ion doped materials.

On the other hand, the donor–acceptor ions are also responsible for QC in the
co-doped materials. Figure 7.11b shows a dynamics of energy transfer for the QC
process. In this case, the two ions are required and they can be excited either with the
same source or using different sources. When the donor ions in level 1 are excited
with hν energy, the electrons are promoted to their level 3. They relax to the level 2

Fig. 7.11 Energy level diagrams of quantum cutting mechanisms for a single and b double ions
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non-radiatively from where they emit a radiative transition of energy lower than the
excitation energy, i.e., hν ′ < hν. Some of donor ions in level 2 transfer its energy to
the acceptor ions in the level 1’ through dipole–dipole interaction. As a result, the
emission of low-energy photons takes place. It confirms the conversion of a high-
energy photon to two low-energy photons. Since one photon is converted to the two
photons, i.e., hν = 2hν ′, therefore, the QC efficiency is 200%. The quantum cutting
mechanism has been studied by Yadav and his coworkers in the doubly Eu3+, Yb3+

co-activated Ca12Al14O33 phosphor and reported a quantum cutting efficiency of
199% upon excitation at 394 nm wavelength [85]. In this case, the Eu3+ and Yb3+

ions are donor and acceptor ions, respectively. The effective energy transfer takes
place from Eu3+ to Yb3+ ions. However, Bahadur et al. have reported the quantum
cutting efficiency of 137% in the Tb3+, Yb3+ co-doped LB glasses upon 355 nm
excitations.17 Roh et al. reported the QC efficiency of 200% in Yb3+ doped CsPbX3,
X = Cl, Br inorganic metal halide perovskites [80]. Moreover, Kroupa et al. have
studied QC process in the Yb3+ activated CsPb(Cl1−xBrx)3 perovskite films and they
have reported quantum cutting efficiency over to 190% [73].

7.3 Synthesis Methods

In the past decades, the quantum cutting phosphor materials were synthesized by a
series of synthesis methods. Actually, there are very crucial role of synthesis methods
for preparing the phosphors. The particles size of phosphor materials varies with
synthesis method. Generally, the solution-based synthesis methods yield the parti-
cles of nano-meter (nm) size. However, the solid-state reactionmethod and annealing
process in different synthesis methods produce micro-meter (μm) sized materials.
In this chapter, various synthesis methods, such as combustion method, sol–gel
method, hot-injection method, hydrothermal method, solid-state reaction method,
and melting-quenching method have been mentioned. The flowchart presentation
has been selected to describe every involved step of the synthesis methods by using
appropriate examples of the phosphor materials.

7.3.1 Combustion Method

Combustion synthesis is a method that can be used to prepare compounds in a short
time. In this, the reaction between a fuel and metal ions oxidant at temperature 300–
500 °C can produce a huge amount of exothermic reaction along with large evolution
of gases, such as CO, CO2, N2, NOx [86–89]. Metal ions are in the form of nitrates
or oxy-nitrates. A fuel is usually the organic compound, such as citric acid, ascorbic
acid, glycine, urea, hydrazine, hexa methylene tetra amine (HMTA), other-α-amino
acids, dimethyl urea, EDTA that can form a complex with metal ions. Depending
on the ratio (φ) of net oxidizing valency of oxidants to net reducing valency of fuel
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(O/F), different compounds such as alloys, N/C doped compounds, oxides can be
prepared. Usually, the compounds obtained by this route provide small size particles
(nanoparticles) with a large surface area. Characteristics of oxidants and fuels are
important parameters to obtain a high quality of powder material.

The combustion method requires beaker, glass rod, hot plate, magnetic stirrer, and
furnace. The nitrate forms of startingmaterials are dissolved in distilled water. If they
are in the oxide form, the nitric acid (conc.) has been used to dissolve them followed
by dilution with distilled water. The fuel is added according to φ = 1:1 ratio. Yadav
et al. prepared the Ho3+, Yb3+ co-doped Y2O3 quantum cutting phosphor material
using solution combustion route [90]. The upconversion (UC), downshifting (DS)
and quantum cutting (QC) processes have been explored in the phosphor material.
They have used the nitric acid, yttrium oxide (Y2O3), holmium oxide (Ho2O3) and
ytterbiumoxide (Yb2O3) as startingmaterials. These oxide precursorswere dissolved
in nitric acid and urea was now added to this solution as the organic fuel. The
obtained solution was stirred to get the homogeneous and transparent one. It was
heated at 60 °C until a transparent gel compound is formed. This gel was placed
in closed furnace at 600 °C and auto-ignition takes place within few minutes. The
gel compound was converted into the foam like structure that was grinded to form
a fine powder. This powder was annealed at the higher temperature to enhance the
crystalline nature of as-synthesized phosphor. The whole process was represented in
Fig. 7.12.

Fig. 7.12 The steps
involved in the synthesis of
QC phosphor using solution
combustion method
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In another work, the Pr3+/Yb3+ co-doped CaGdAlO4 quantum cutting phosphor
materials were synthesized by Zhang et al. using combustionmethod [91]. They have
reported the QC due to energy transfer (ET) from the Pr3+ to Yb3+ ions and quantum
cutting efficacy of this phosphor is 166%. This phosphor acts as protective layer for
silicon solar cells. The near infrared QC has been observed in the Ce3+, Er3+ and
Yb3+ co-doped yttrium silicate samples and the phosphor was prepared by combus-
tion method [92]. NIR quantum cutting was found due to ET fromCe3+ and Er3+ ions
to the Yb3+ ions in the yttrium silicate powders. Many QC materials such as Eu3+,
Yb3+ co-doped Ca12Al14O33 [85], Er3+/Yb3+ co-doped La2O2S [93] and Tb3+/Yb3+

co-doped GdBO3 [94] have been synthesized by using combustion method. The
solution combustion method was also utilized to synthesize the upconversion (UC)
and downconversion (DC) based phosphor materials for various potential applica-
tions [95–99]. Varma et al. have also summarized a series of nano-scale materials
synthesized by using combustion method [100]. The nano- and micro-meter sized
photoluminescent materials have also been synthesized by using combustion method
[100–103].

7.3.2 Sol–gel Method

In general, the sol–gel method can prepare the fine particles having uniform parti-
cles size in nanosized range of the metal oxides [104]. This can give the higher
density after compaction of powder than that of any other methods. This method
involves the following steps: hydrolysis, polycondensation, gelation, aging, drying,
slow heating in 400–600 °C to get the fine powder of metal oxide and finally,
annealing of compacted powder can be done to get densification (>95%). Metal
alcoxides are generally used as the starting precursor by mixing metal salt with
isopropanol alcohol. This is followed by gelation by slow evaporation of water from
mixture, and dried material is heated in 400–600 °C to get fine powder. Nowa-
days, many modifications in the sol–gel-based synthesis have been done by adding
other complexing agents, such as citric acid, ethylene glycol, polyethylene glycol,
and glycerol. Metal nitrate is sometime used as starting material instead of metal
alcoxide. In some cases, ammonia is used to get sol formulation in reaction medium.
Starting with metal nitrates gives the better uniform sized particles than that with
metal chlorides, bromides and sulfates. The removal of chloride, bromide and sulfate
needs a higher temperature (even more than 900 °C).

Yang et al. have prepared the Dy3+/Yb3+ co-doped BaGd2ZnO5 NIR quantum
cutting phosphor material using this method [105]. They have used the oxide forms
of the starting materials, i.e., the gadolinium oxide (Gd2O3), dysprosium oxide
(Ho2O3), ytterbium oxide (Yb2O3) and nitric acid (HNO3). These oxide materials
were dissolved in nitric acid and stirred thoroughly in presence of de-ionized water.
The stirringwas done until the solution is settled down. After this, the ethylene glycol
as well as citric acid were added to this solution and the molar ratios of metal to citric
acid to ethylene glycol were kept as 1:1:2. The mixture was stirred for 1.5 h at 70 °C.
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Fig. 7.13 The steps involved
in synthesis of QC phosphor
using sol–gel method

The final solution was heated in an oven for 16 h at 80 °C. The polymeric type
of foam was obtained that was now heated at 400 °C/2 h in furnace to remove the
organic residues. The obtained phosphor was annealed at 1200 °C for 2 h and ground
properly for the structural as well as optical measurements. The whole process has
been described in Fig. 7.13.

The authors have studied the UC photoluminescence and NIR QC in Dy3+/Yb3+

co-doped BaGd2ZnO5 material. The upconversion photoluminescence has been
observed in phosphor material due to the ET from the Yb3+ to Dy3+ ions. The
phosphor gives blue, green and NIR emissions at 484, 540 and (800 & 880) nm,
respectively under 971 nm excitations. On the other hand, the ET from Dy3+ to Yb3+

ion tends to the generation of the two NIR emissions in the range of 970–1010 nm
upon excitation with 354 nm. They have found a quantum cutting efficiency of 158%
in the phosphor and suggested its use in Si-based solar cells.

The combinations of p-block metal as well as rare earth metal ions have been used
to prepare QC phosphor materials. Wei et al. have prepared the Yb3+ and Bi3+ co-
doped Y2O3 phosphor materials by Pechini sol–gel route and observed intense NIR
emission near to 980 nm due to 2F5/2 → 2F7/2 transition of Yb3+ ions [106]. The QC
phosphor materials were excited with 325 and 355 nm excitation wavelengths. Some
other phosphor materials were also prepared by this method. Gao et al. have prepared
Yb3+, Ho3+ as well as Tm3+ co-activated β-NaYF4 nanoparticles and observed multi-
color UC photoluminescence upon 980 nm excitation [107]. This method produces
the particles size from some nano-meter (nm) to sub-micro-meter (μm) [107–110].
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7.3.3 Hydrothermal Method

Hydrothermal method is also a solution-based method. It also provides the particles
size in the range of sub-micro-meter (μm) to nano-meter (nm). This method does
not require any annealing process in normal furnace. Wang et al. have prepared
Eu3+ doped NaYbF4 nanotubes by using this method [111]. The rare earth metal
oxides (Eu2O3 and Yb2O3) were dissolved in hydrochloric acid (HCl) in the molar
ratio of 1:3 and the chloride solution of the rare earth metal oxides (0.2 mol L−1)
is formed. The 3 ml aqueous solution of rare earth metal chloride was mixed with
15 ml of ethanol, 15 ml of oleic acid and 0.6 g of NaOH under constant stirring. The
0.3889 g of NH4F was dissolved in 2 ml solution and then added drop wise to the
obtained solution. This solution was stirred for 30 min. It was shifted into a Teflon-
lined autoclave and it was sealed followed by heating. The obtained products were
collected and it was washed with ethanol many times followed by centrifugation.
These steps were summarized in a flowchart and it is shown in Fig. 7.14.

They have monitored the excitation and emission spectra of Eu3+ doped NaYbF4
nanotubes. The intensity of excitation peak is maximum at 393 nm due to 7F0 →

Fig. 7.14 The steps involved in the synthesis of QC phosphor using hydrothermal method
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5L6 transition of Eu3+ ion that has been used to monitor the emission spectra. They
have observed the visible photoluminescence along with the NIR quantum cutting in
the sample. The concentration dependent emission spectra reveal that the emission
intensity of samples increases up to 3 mol% and then found to reduce with further
increase of dopant due to the concentration quenching [112–114]. The emission
intensity of visible and NIR regions is optimum for 3 mol% concentrations of Eu3+

ion. However, the emission intensity of the NIR emission band is more owing to
ET from Eu3+ to Yb3+ ions. The broad NIR emission band was observed in the
977–1015 nm, which is at 997 nm corresponding to 2F5/2 → 2F7/2 transition of the
Yb3+ ions. Yu et al. have also prepared β-NaYF4: Tm3+ phosphor material using this
method and observed a sequential three-step three-photon near infrared quantum
cutting [63]. The β-NaYF4: Ho3+ phosphor materials were also synthesized by using
thismethod and a three-photonnear infraredQC is observed at 850, 1015 and1180nm
[115]. This method is also selected to prepare the other types of phosphor materials
[116–119].

7.3.4 Hot-Injection Method

This is a new method based on injecting one material onto the other material/solvent
that was kept at hot condition. Solvents having high boiling points such as 1-
octadecence, diphenyl ether are used [120]. In this way, the nucleation and growth
of particles can be separated. Mostly, the metal halide perovskite quantum cutting
materials are prepared by using this method [121–123]. Zhou et al. have prepared
the rare earth Yb3+- doped, Yb3+, Er3+, and Yb3+, Ce3+ co-doped CsPbClxBr3−x

QDs through this method [124]. They used the rare earth and Pb halides (Cl, Br)
and mixed with solutions of octadecene, oleylamine, and oleic acid in presence of
nitrogen atmosphere at 120 °C. After this, the cesium oleate solution was quickly
injected into the obtained solution at 200 °C for 10 s to set the formation of quantum
dots (QDs).Different compositions of rare earth dopedQDswere prepared to advance
the spectral conversion efficiency of the Yb3+- doped, Yb3+, Er3+, and Yb3+, Ce3+

co-doped CsPbClxBr3−x QDs. The doping concentrations of rare earth ions have
been confirmed by inductively coupled plasma optical emission spectroscopy tech-
niques [124]. This method was also used by Parobek et al. to prepare the Mn-
doped CsPbBr3 nanocrystals [125]. Cai et al. have prepared theMn2+/Yb3+ co-doped
CsPbCl3 perovskite nanocrystals by using this method and observed three emission
lines for luminescent solar concentrators [126]. They have observed the quantum
cutting emissions through 2F5/2 → 2F7/2 transition of the Yb3+ ion. This is owing
to the ET from Mn2+ to Yb3+ ions. The PL quantum yield of this sample has been
observed to 125.3%. The hot-injection method includes various steps, which are
shown in Fig. 7.15.
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Fig. 7.15 The steps involved in the hot-injection method to prepare the quantum cutting QDs

7.3.5 Solid-State Reaction Method

The solid-state reaction method is the most widely used method among the synthesis
methods. It does not require any type of intermediate instrument. This method
produces large amount of bulk materials and the particles size falls under micro-
meter (μm) range. In this method, all the ingredients are mixed together in agate
mortar. Acetone has been used as mixing solution. The ingredients are mixed prop-
erly for at least 1 h and after this; the final mixture was kept in a platinum/alumina
crucible. Crucible was heated in a high temperature furnace (600–900 °C) for many
hours (4–30 h). It was then cooled to room temperature normally. The powder was
ground and compacted using suitable die in the form of pellets. Pellets were then
heated at higher temperature (>1000 °C) to get desired phase with stoichiometry
and crystallinity. Palletization helps in enhancement of solid-state reaction through
diffusion of ions. Intermediate grinding and palletization help in getting pure stoi-
chiometry [127, 128]. The phosphormaterial is crushedproperly for the structural and
optical measurements. Zou et al. have prepared Pr3+, Yb3+ co-doped Ca2Ga2GeO7

phosphormaterial through solid-state reactionmethod and observed long persistence
near infrared quantum cutting luminescence [129]. They have used starting mate-
rials as CaCO3, Ga2O3, GeO2, Pr6O11, and Yb2O3 and these materials were mixed
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homogeneously with anhydrous alcohol. The final product was sintered at 1573 K
temperature for 2 h in air and it was cooled down to room temperature.

Dong et al. prepared the Tm3+, Ce3+ co-activated Ca3(PO4)2 quantum cutting
phosphor by using this method [130]. They have used the two-step heating processes,
i.e., pre-heated at 400 °C for 2 h and heated at 1100 °C for 8 h to get a pure phase
material. TheQCwas achieved due toET fromCe3+ toTm3+ ions. TheNd3+,Yb3+ co-
doped CaWO4 quantum cutting phosphor was also prepared by solid-state reaction
method and the QC occurs due to ET from Nd3+ to Yb3+ ions [131]. They have
also followed the two-step heating processes, i.e., pre-heated at 200 °C for 2 h and
finally heated at 900 °C for 3 h. Yadav and his group have also prepared Bi3+, Yb3+

co-activated gadolinium tungstate quantum cutting phosphor by this technique. The
acetone solution was used to mix the starting materials homogeneously and the final
mixture was heated at 1300 °C/4 h [132]. The other phosphor materials were also
prepared by using this method [133–138]. The steps involved in this method are
shown in Fig. 7.16a.

Fig. 7.16 The steps involved in a solid-state reaction method and b melting-quenching method
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7.3.6 Melting-Quenching Method

The glass materials were also contributed significantly as QCmaterials. Themelting-
quenching method has been used to prepare the glass materials. In this method, all
the ingredients are mixed properly and then kept in the platinum crucible. The final
material ismelted in a furnace and then quenched at room temperature. The advantage
of taking a platinum crucible is that the glass sample does not stick in the crucible and
also gets cleaned easily. Liu et al. have prepared the Tb3+, Yb3+ co-activated quantum
cutting lanthanumborogermanate glasses by using thismethod [139]. They have used
La2O3, Yb2O3, Tb4O7, H3BO3 and GeO2 as the starting ingredients. These materials
were mixed homogeneously and melted in the platinum crucible at 1300 °C/20 min.
It was quenched onto the iron plate and pressed it with another iron plate. They have
obtained the glass samples of 2 mm thickness. The photoluminescence with NIR
quantum cutting has been observed due to ET from the Tb3+ to Yb3+ ions. The QC
efficiency was stated to be 146%.

Similarly, Yadav and his group have also synthesized Tb3+, Yb3+ co-activated
lithium borate glasses using this method. H3BO3, Li2CO3, Yb2O3 and Tb4O7 were
used as the starting materials. In this case, the QC efficiency was obtained as 146%
[18]. The steps involved in this method are shown in Fig. 7.16b. In this, the QC occurs
due to ET from the Tb3+ to Yb3+ ions. The Ho3+/Yb3+ co-activated tellurite glass
ceramics have also been prepared using this method and the quantum cutting has
been observed due to ET from Ho3+ to Yb3+ ions [140]. The NIR quantum cutting
efficiency has been reported to be higher as 167%. These glass ceramics can be useful
to increase the spectral conversion efficiency of solar cells.

7.4 Characterization of Quantum Cutting Phosphors

The QC phosphor materials are synthesized by different synthesis routes. The nature
of phase and crystallinity are investigated byX-raydiffraction (XRD) techniques. The
morphology of the phosphor materials is studied using scanning electronmicroscopy
(SEM) and transmission electron microscopy (TEM) techniques. They are common
for all the types of synthesized materials. The photoluminescence excitation and
photoluminescence emission are essential methods to see the variation in the emis-
sion intensity, which describes the origin of QC process. The QC also occurs due to
ET between these ions, which can be confirmed by lifetime measurements. There is
also another method to prove the QC process that is the emission intensity dependent
pump power plot. It shows the nature of emitted photons whether they are linear
or nonlinear process [132]. Therefore, the photoluminescence excitation, photo-
luminescence emission, emission intensity versus pump power plot and lifetime
measurements are the main characterization tools to understand the dynamics of
energy transfer for the QC process.
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7.4.1 Photoluminescence (Excitation and Emission)

When thephosphormaterials co-dopedwith the rare earth ions or transitionmetal ions
are excited, they give the characteristic emission lines/bands of the activator ion. The
wavelength selected for exciting a material is decided with the help of photolumines-
cence excitation (PLE) spectrum. It gives all possible wavelengths through which the
material can be excited. The PLE spectrum is generally monitored for the emission
peak of highest intensity. The characteristic emission lines of the quantum cutting
phosphor materials have been widely investigated by using the photoluminescence
excitation and photoluminescence emission (i.e., PLE and PL) measurements. As
discussed earlier, the quantum cutting is a downconversion process, which converts
a high-energy photon into the two low-energy photons [18, 69–75]. The visible
quantum cutting is also a downconversion process [141].

The PLE and PL spectra are related to each other. Huang et al. have monitored
the PLE and PL spectra of the Bi3+/Yb3+ co-doped Gd2O3 phosphors prepared
by combustion method [142]. They have prepared phosphor samples with various
concentrations of the Yb3+ ion with constant concentration of Bi3+ ion (1mol%). The
PLE and PL spectra of Bi3+/xYb3+ doped and co-doped Gd2O3 phosphors are shown
in Fig. 7.17a and b. The PLE spectra contain a broad band in 300–400 nm range and
that is centered at 347 nm due to 1S0 → 3P1 transition of Bi3+ ion. The intensity
of excitation band is found to decrease significantly upon doping of Yb3+ ion. The
PL spectrum of the Bi3+ doped Gd2O3 phosphor contains emissions in the visible
region (380–600 nm); however, no emission line lies in NIR region (900–1100 nm).
When the Yb3+ ion is doped in the Gd2O3: Bi3+ phosphor the emission in the NIR

Fig. 7.17 a PLE spectra of the Bi3+ ion at 506 nm emission monitored in the Bi3+ single doped
(Gd0.99Bi0.01)2O3 (represented by solid line) and that of Yb3+ ion at 977 nm emission monitored in
the Bi3+–Yb3+ co-doped (Gd0.94Yb0.05Bi0.01)2O3 sample (represented by dashed line). b Visible-
NIR PL spectra of the (Gd0.99-xYbxBi0.01)2O3 samples after the excitation of Bi3+ at 347 nm. The
different fractions x of Yb3+ in the samples are mentioned in the figure. c Schematic energy level
diagram of the Bi3+ and Yb3+ in the Gd2O3 phosphor is shown and the CET mechanism for the
NIR QC luminescence under UV excitation is provided. Reproduced with copyright permission
from AIP Publishers [142]
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region (900–1100 nm) is now appeared. This is due to ET from the Bi3+ to Yb3+ ions
after excitation through Bi3+ ions (347 nm). The bluish-green color of the phosphor
is ascribed to 3P1 → 1S0 transition of the Bi3+ ion while NIR emissions at 977 and
1027 nm are due to transitions from 2F5/2 to 2F7/2 multiplets of the Yb3+ ion. The
emission intensity of both the bands decreases with the concentrations of Yb3+ ion.
However, the emission intensity of NIR range is optimum at 5 mol% concentrations
of Yb3+ ion and after this, it is found to decrease.

The ET fromBi3+ to Yb3+ ions can be understood by energy level diagram of these
ions,which has been shown inFig. 7.17c.When theBi3+ ions are excitedwith 347 nm,
they are promoted from 1S0 to 3P1 levels of Bi3+ ion. Due to Stokes shift, these ions
relax non-radiatively to 3P1 level of the Bi3+ ion and a bluish-green emission takes
place due to 3P1 → 1S0 transition of Bi3+ ion. The ions present in 3P1 level of Bi3+ ion
also transfer its energy to Yb3+ ions due to cooperative downconversion ET process.
As a result, the emission of the two NIR photons occurs due to the 2F5/2 → 2F7/2
transition of the Yb3+ ion [143]. These authors have observed the quantum cutting
efficiency of 173.92% in the phosphor that can be used in the solar cell application.

Cai et al. have studied quantum cutting in the combinations of transitionmetal and
the rare earth metal ions. They have monitored the absorption, PLE, PL and PL life-
time curves of the Mn2+/Yb3+ doped and co-doped CsPbCl3 perovskite nanocrystals
[125] and these are shown in Fig. 7.18. TheMn2+/Yb3+ co-doped CsPbCl3 perovskite
nanocrystals were synthesized by different concentrations of Yb3+ ions. The absorp-
tion spectra of the pure CsPbCl3 and Mn2+/Yb3+ co-doped CsPbCl3 perovskite
nanocrystals are similar to each other (see Fig. 7.18a). It shows an absorption band in
UV region due to charge transfer state (CTS) of CsPbCl3 host lattice. The CsPbCl3
nanocrystal emits a band gap photoluminescence (BG-PL) of blue color at 404 nm
of the CsPbCl3 host lattice. When Mn2+ and Yb3+ ions were co-doped in CsPbCl3
perovskite the sample emits two distinct emission bands at 618 and 985 nm, which
are assigned to 4T1g → 6A1g and 2F5/2 → 2F7/2 transitions of Mn2+ and Yb3+ ions,
respectively. It is clear from Fig. 7.18b that the pure CsPbCl3 perovskite gives only
the blue BG-PL at 404 nm; however, the Mn2+ doped CsPbCl3 perovskite nanocrys-
tals emit the blue and the red emissions in which the red emission at 618 nm is due
to 4T1g → 6A1g transition (d–d transition) of Mn2+ ion. Moreover, the Mn2+/Yb3+

co-doped CsPbCl3 perovskite nanocrystals produce three emission bands at 404, 618
and 985 nm owing to host lattice, Mn2+ and Yb3+ ions, respectively. The description
of samples from Sample 1 to Sample 6 has also been properly given in Fig. 7.18b.

This occurs due to three types of energy transfer (ET) processes (see Fig. 7.18h).
The CTS of CsPbCl3 perovskite transfers its energy to Mn2+ ions initially. The CTS
of CsPbCl3 perovskite also transfers its energy to the defect states of Yb3+ ions. The
ET fromMn2+ to the Yb3+ ions took place. ET between the CTS of host and theMn2+

andYb3+ ions can be verified by photoluminescence lifetime (PL–LT)measurements
(see Fig. 7.8d–f). Due to ET, the PL–LTs of band gap photoluminescence (BG–
PL) and the Mn2+ photoluminescence (Mn–PL) decreases regularly with the doping
concentration. However, the PL–LT of Yb3+ photoluminescence (Yb–PL) is found to
be increased with the doping concentration. This suggests that the increase in PL–LT
is due to ET from the host and Mn2+ ions to Yb3+ ions. The quantum yield of these
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Fig. 7.18 a Absorption spectra, b PL spectra, and c PL QYs of undoped and Mn2+/Yb3+ co-doped
CsPbCl3 NCs with the various doping concentrations. d–f Lifetime (LT) decay curves for the
samples upon monitoring BG-PL (d), eMn-PL (d), and Yb–PL (f). g The summary of the average
LTs for the BG (blue), Mn (orange), and Yb (red) PLs is provided. h Schematic of the proposed ET
processes inMn2+/Yb3+ co-doped CsPbCl3 perovskite NCs. Reproducedwith copyright permission
from John Wiley and Sons Publisher [125]

emissions also follows the same trends (see Fig. 7.18c and g) and the maximum
quantum yield was observed to be 125.3%. They have also studied the current–
voltage relation and found that this material is suitable for Si-based solar cell along
with the other applications.

7.4.2 Laser Power Dependent Photoluminescence Intensity

This is another experimental proof to understand the nature of photoluminescence
(PL). It also signifies whether the PL of a phosphor material is linear or nonlinear
type. The PL intensity of phosphor material increases with increase in pump power
of excitation source and after a certain value, it saturates/decreases with the pump
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power. This becomes possible due to change in population density of the ions in
the excited energy states with the pump power as well as heat generation on the
sample due to use of high-power laser. Teng et al. have prepared the CaAl2O4: Yb2+,
Yb3+ phosphor through solid-state reaction method [144]. The PLE spectra show
the two excitation bands at 275 and 310 nm. The QC emission was observed in this
phosphor material under the excitation with 275 and 310 nm wavelengths. It is due
to ET from Yb2+ to Yb3+ ions. Actually, the 4f –5d state of Yb2+ ions are excited
with these wavelengths and the excited ions transfer their energy to the Yb3+ ions
through three-photon cutting. The energy is also transferred to the Yb3+ ions through
the coupling of phonons and it is phonon-assisted two photon cutting. As a result,
an intense NIR emission was obtained at 978 nm along with the weak shoulder
peaks. The PL intensity versus pump power behavior was plotted, which gives the
slope value (n) of 0.43 under 325 nm excitations. This indicates that one high-energy
photon was converted back into the two and three photons due to QC process. The
CaAl2O4: Yb2+, Yb3+ phosphor can be also used to increase the efficiency of the
solar cells.

Yadav and his group have also studied the quantum cutting in Bi3+, Yb3+ co-
activated gadolinium tungstate in the presence of Li+ ion [132]. They have observed
the visible andNIR emissions upon excitationwith 355 nm. TheBi3+ added phosphor
sample gives a broad emission band in the 450–750 nm due to 3P1 → 1S0 transition
of the Bi3+ ion upon 355 nm excitation. It does not give any luminescence in NIR
region. The PL intensity of Bi3+ doped phosphor decreases on increasing the contents
of Yb3+ ions. It is due to ET from Bi3+ to the Yb3+ ions, which leads to QC emissions
in 900–1030 nm range. The NIR emission is at 976 nm that is due to the 2F5/2 → 2F7/2
transition of the Yb3+ ions. The PL intensity of Bi3+, Yb3+ co-activated phosphor is
alsomonitored in the presence of Li+ ion. The photoluminescence intensity of visible
region is found to decrease while that of NIR region increases up to 3 times. This
has been discussed due to growth in the local crystal field around dopant ions.

The PL intensity of Bi3+, Yb3+ co-activated phosphor has also been monitored
at various pump powers of 355 nm laser. The plots between PL intensity and pump
power in absence and presence of Li+ ion is shown in Fig. 7.19a and b. Figure 7.19a
shows that the emission intensity of 611 nm band rises with pump power for both
the cases. The slope values have been calculated in both the cases and found to be
1.08 and 1.15. It means that the origin of visible emission shows a linear process.
Similarly, the emission intensity of 976 nm band also increases with the pump power
for both the cases (see Fig. 7.19b). The slope values are obtained as 0.53 and 0.59
for Bi3+, Yb3+ and Bi3+, Yb3+, Li+ co-doped phosphor materials. The slope value
confirms that the NIR emission is a type of nonlinear process.

Duan et al. were also studied the QC mechanism in Tb3+, Yb3+ co-doped NaYF4
powder samples. They plotted the graph between emission intensity versus pump
power [145]. They have observed that the slope values of the visible region (543 nm)
are found to be 0.98, 1.02 and 1.00 for 0, 5 and 10mol% contents of Yb3+ ions, which
is suggested that the visible emission shows a linear nature. On the other hand, the
slope values of NIR region (1030 nm) are 0.71 and 0.83 for the 5 and 10 mol%
Yb3+ ion concentrations, respectively. It means that QC emission is a nonlinear type.
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Fig. 7.19 Dual logarithmic plots of integrated emission intensity ~ pump power for a 611 nm (3P1
→ 1S0), and b 976 nm (2F5/2 → 2F7/2) transitions in the Bi3+, Yb3+ co-doped gadolinium tungstate
phosphor on excitation with 355 nm laser in absence and presence of Li+ ion. Reproduced with
copyright permission from ACS Publisher [132]

Similarly, Shestakov et al. have also found the slope values as ~1.0 and ~0.5 for
the visible and the NIR emission bands, respectively in Li+, Yb3+ co-doped ZnO
samples [146]. The Tb3+, Yb3+ co-activated ZrO2 phosphor was prepared by Terra
et al. by sol–gel method [147]. They have studied the PLE, PL, PL intensity versus
pump power and lifetime properties. The QC occurred due to ET from Tb3+ to the
Yb3+ ions. The NIR spectra and the PL intensity versus pump power plot for a NIR
emission upon excitation at 488 nm are shown in Fig. 7.20. Figure 7.20a shows
the NIR emissions at 981, 1012 and 1044 nm owing to 2F5/2 → 2F7/2 transition of
the Yb3+ ion and the PL intensity is larger for 10 mol% concentrations of the Yb3+

ion, which has been confirmed by the inset figure. After this, it reduces because
of concentration quenching effect [96, 148]. The PL intensity versus pump power
plot of the NIR emission gives the slope values as 0.71 and 0.78 for 1 and 20 mol%
concentrations ofYb3+ ions, respectively (see Fig. 7.20b). This designates an increase
in slope values with increase of concentrations of the Yb3+ ions that also shows a
nonlinear nature of NIR emission.

7.4.3 Lifetime Characteristics

The lifetime of a level highly depends on the concentrations of dopants ions. It also
supports to explain the ET mechanisms between the donor–acceptor ions. Cai et al.
discussed the effect of concentrations and ET in Mn2+/Yb3+ doped and co-doped
CsPbCl3 perovskite nanocrystals [125] and these are shown in Fig. 7.18d–f. They
have found that the lifetime of BG–PL decreases on increasing concentrations of
Mn2+ ions. In case of ET from Mn2+ to Yb3+ ions, the lifetime of Mn–PL decreases
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Fig. 7.20 a NIR emission spectra of ZrO2:1 Tb3+, xYb3+ annealed samples (x = 1, 5, 10, and
20 mol-%) on excitation with 488 nm. The inset shows a dependence of Yb3+ emission intensity on
the excitation power for 5D4 level of the Tb3+ ion, monitored at λm = 980 nm. b The plots of the
emission intensity versus pump power for 1 and 20 mol% concentrations of Yb3+ ions. Reproduced
with copyright permission from AIP Publisher [147]

with Yb3+ ion concentrations while the lifetime of Yb–PL increases first and then
found to decrease (see Fig. 7.18e and f).

The decay curves of the (Gd0.99−xYbxBi0.01)2O3 phosphors as a function of the
Yb3+ doping concentration for 3P1 → 1S0 transition of the Bi3+ ion upon 347 nm
excitations have been studied by Huang et al. and they are shown in Fig. 7.21 [142].
They have recorded lifetime of the 3P1 level of Bi3+ ion and found that decay curve of

Fig. 7.21 Decay lifetimes of
the (Gd0.99−xYbxBi0.01)2O3
samples for Bi3+: 3P1 → 1S0
luminescence on excitation
with 347 nm. The different
fractions x of Yb3+ ions in
the samples are provided in
the figure. Inset is the decay
lifetime and ETE values with
Yb3+ doping concentration.
Reproduced with copyright
permission from AIP
Publishers [142]
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the (Gd0.99Bi0.01)2O3 sample fits mono-exponentially. When the Yb3+ is doped in the
(Gd0.99Bi0.01)2O3 sample the decay curve is found to fit with non-exponential nature.
The lifetime of (Gd0.99Bi0.01)2O3 sample is 897 ns, which decreases significantly on
doping of Yb3+ ions from 897 to 780 ns. It is due to ET fromBi3+ to theYb3+ ions (see
Fig. 7.17c). The non-exponential nature of decay curves fitting occurs due to different
ET rates between the Bi3+ and Yb3+ ions. The inset figure shows the dependency of
decay lifetime and ET efficiency (ETE) on the Yb3+ doping concentration. It was
observed that the decay lifetimedecreases regularlywith increase of concentrations of
Yb3+ doping while the ETE of the sample increases with Yb3+ doping concentration.
The maximum quantum efficiency is 173.92% at 15 mol% doping of Yb3+ ions.

They have calculated ET efficiency (ETE, ηETE) and quantum efficiency (QE,
ηQE) using following relations:

ηETE = ηx%Yb = 1 −
∫
Ix%Ybdt∫
I0%Ybdt

(7.1)

and

ηQE = ηBi (1 − ηETE) + 2ηYbηETE (7.2)

where the I is the emission intensity, x%Yb is the Yb3+ ion concentrations, the ηBi

as well as ηYb are the luminescence QEs of the Bi3+ and Yb3+ ions, respectively.
The ETE of phosphor is found to be 34.37%, 66.21% and 73.92% for the 5 mol%,
10 mol% and 15 mol% doping concentrations of Yb3+ ions, respectively. Assuming
the radiative transitions of Bi3+ and the Yb3+ ions, the values of ηBi = ηYb = 1.
The values of ηQE are calculated to be 134.37%, 166.21% and 173.92% for the
5 mol%, 10 mol% and 15 mol% concentrations of Yb3+ doping, respectively. This
indicates that the QE of the phosphor is found optimum for 15 mol% Yb3+ doping
concentrations.

The PLE, PL, ET and PL decay analyses were carried out by Xie et al. in Tm3+,
Yb3+ co-activated YPO4 phosphors [149]. They have observed the NIR QC through
CET fromTm3+ to theYb3+ ions. TheTm3+,Yb3+ co-activatedYPO4 phosphorswere
excited with 474 nm and give the red and NIR emissions owing to Tm3+ to Yb3+

ions, respectively. The intensity of red emission decreases regularly while that of NIR
region initially increases then decreased because of CET from Tm3+ to Yb3+ ions.
They have also monitored lifetime of the Tm3+, Yb3+ co-activated YPO4 phosphors
for different concentrations of Yb3+ ions, i.e., 0, 5, 25 and 50mol%. The decay curves
of 1G4 → 3H4 transition of Tm3+ ion at 647 nm emission for different concentrations
of the Yb3+ ions are shown in Fig. 7.22a. The decay curves were fitted by using
Yokota–Tanimoto model. The figure shows that lifetime of 1G4 → 3H4 transition
of the Tm3+ ion continuously decreases with the increase in concentrations of Yb3+

ions and their values are given in the figure. The lifetime of phosphor is longer for
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Fig. 7.22 a Decay lifetime curves of 1G4 → 3H4 transition of Tm3+ ion at 647 nm emission fitted
by the generalization of Yokota–Tanimoto model; b schematic diagram for energy levels of Tm3+

and Yb3+ ions to show the concept of NIR QC. Reproduced with copyright permission from AIP
Publishers [149]

the pure Tm3+ doped YPO4 phosphor whereas it is shorter for 50 mol% Yb3+ ion
concentrations in the Tm3+, Yb3+ co-activated YPO4 phosphor.

Figure 7.22b shows the schematic diagram of Tm3+ and Yb3+ ions. The energy of
1G4 → 3H6 transition of Tm3+ ion is double to that of the 2F5/2 → 2F7/2 transition
of the Yb3+ ion. When the 1G4 level of Tm3+ ion is excited with 474 nm, the energy
is moved to Yb3+ ions through CET. This leads to generation of one red and two
NIR emission bands in the phosphors. The NIR emission bands were observed at
980 and 993 nm because of 2F5/2 → 2F7/2 transitions of Yb3+ ion. They have also
calculated ETE and QE of phosphor using relations (i) and (ii), respectively. The
ETE and QE of phosphor were found to be 72.8% and 172.8%, respectively for 50
mol% concentrations of Yb3+ ions. This phosphor can also be used to improve the
quantum efficiency of Si-solar cells.

7.5 Conclusions

In this chapter, the basics of quantum cutting (QC) process are presented. Different
synthesismethods used to prepare theQCphosphormaterials are included alongwith
a melting-quenching method for the preparation of glass materials. These methods
produce the particles size of phosphor materials from μm to nm range. The QC in
different rare earth doped and co-doped phosphor materials have been discussed in
detail. This process occurs in singly, doubly and triply rare earth added materials.
We have explained the origin of QC emissions on the basis of PLE, PL, energy level
diagrams, PL intensity versus pump power plot and lifetime measurements. The PL
intensity of QC materials highly depends on concentration of the dopant ions. QC
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process was justified by the photoluminescence intensity versus pump power plot.
The lifetime measurements played a crucial role to estimate a change in the PL
intensity of sensitizer ions. This chapter also summarizes different transition metal
and rare earth metal-based QC materials for their use in display devises, solid-state
lighting, solar cells, photovoltaics, etc.

7.6 Future Scope

This chapter provides a basic learning for QC process. Different types of transition
metal and rare earthmetal dopedQCphosphors have beenbrought under a single roof.
This study will provide a platform for researchers to understand the mechanisms of
QC process in the QCmaterials. This studywill also attract researchers to prepare the
new class of QC materials using a particular synthesis method. The newly prepared
phosphor materials may be a suitable candidate for improving the solar spectral
efficiency of various photovoltaic devices. They can fulfill the energy-related needs
of our society.
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Chapter 8
Synthesis, Characterization, Physical
Properties and Applications of Metal
Borides

Rashmi Joshi and Raghumani S. Ningthoujam

Abstract There is a need to understand boron and boron chemistry of metals and
non-metals. Boron is an electron-deficient atom in bonding and can react with other
elements (except noble gases) to form stable compounds, namelyB2H6,MgB2,AlB2,
B4C, SiB3, BN, Cr2B, Fe3B, ZrB2, LaB6, etc. It forms tetrahedral, cage-type, trigonal
and layered structures, etc. B–B bond can be of single (B–B), double (B = B) or
triple (B≡B) types. In metal-rich borides, metal–metal interaction occurs. They are
used as catalysts, imparting materials for mechanical, thermal and chemical stability,
magnetic, superconducting and coating materials, etc. In this article, several ways
of synthesis of metal borides and characterization techniques have been discussed.
Also, the synthesis methods for nanostructured metal borides are elaborated. The
properties (magnetism, electronic structure, electrical resistivity, optics) of some
selected compounds of metal borides in addition to BN, CN are described. Lastly,
the applications of selected borides are provided.

Keywords Borides · Electron deficient · Synthesis and characterization ·
Nanostructures

8.1 Introduction

Chemistry of boron is wonderful! Boron can form chemical bonds with most of the
elements (except noble gases). The chemical bonds are of covalent, metallic or ionic
nature [1–6]. The chemical bonds of boronwith other elements are generally electron
deficient. The structure of boron compounds can be of tetrahedral, octahedral, cage-
type, linear, planar or layered types, etc. The possible bondswill beB–B in boron-rich
compounds and M–M (metal–metal) in boron-deficient compounds, in addition to
M–B.Mostmetal borides are goodelectrical conductors.Becauseof this, these are not
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good for photoluminescence properties. They can show different magnetic properties
from paramagnetic, antiferromagnetic to ferromagnetic nature depending on type of
compound. In terms of electrical resistivity, borides can have good conductivity,
insulating or even superconductivity behaviors. Transition metal borides (TMBs)
are interesting because they can show ultra-high hard, high thermal and chemical
stability, magnetism, etc. TMBs of Ti, Ta, Hf and W are examples of ultra-high hard
materials. They are used as coating materials to increase chemical stability and wear
resistance of tools. With p-block elements, they can form stable compounds with
ultra-high hardness. BN and CN are examples of such ultra-hard compounds, and
their hardness is almost comparable with diamond. BN is also used as sample holder
in high-temperature magnetic measurement due to diamagnetic property, whereas
CN is used as carbon-based super capacitors. With f-block elements, it forms stable
compounds such as LaB6, CeB6. These are important materials in scanning electron
microscopy and synchrotron. With s-block elements, it forms stable phases such as
MgB2.

In case of metal borides, B atoms occupy either interstitial sites of metal lattice
or form BMn (n = 1–12), whereas in cases of transition metal nitrides and carbides,
N or C atoms occupy only interstitial sites [1, 7–21]. Most metal nitrides or carbides
exhibit high hardness, chemical and thermal stabilities in harsh environment and
metallic to superconducting/semiconducting behavior. These properties are similar
to metal borides. However, most nitrides with p-block elements such as AlN, GaN,
InN and their hybrids are used as UV (ultraviolet), visible light emitters, but most
borides are not good as light emitters since they showmetallic nature. In some cases,
metal borides are near-infrared (NIR) light emitters. Usually, luminescent materials
emitting UV–visible-NIR have band gap between valence and conduction bands so
that they can absorb light (quantum of light = hν, which is equal to or slightly more
than band gap (h = Plank’s constant and ν = frequency of light) and then emit
light [22–26]. However, there are a few examples where metal ions in solution or
crystal lattice show emission due to d-d or f-f or d-f or charge transfer (M–L, metal–
ligand, metal–metal) transitions or defects or agglomeration/clusters of molecules
or particles [27–44]. CN and BN are good light emitters since they have appropriate
band gap. In terms of hardness, both are comparable to diamond.

Metal borides with compositions frommetal rich to boron rich have been reported
[1–6].A fewexamples arementionedhere.Nb3B2,NbB,Nb5B6,Nb3B4,NbB2,Cr2B,
Cr5B3, CrB, Cr3B4, CrB2, CrB4, CrB6, MgB2, MgB4, MgB6, MgB7, MgB12, LiB,
Li5B4, Li3B14, LiB12.93, Li1.8B14 and LiB2. Metal borides can have various phases
at different synthesis temperatures. For example, Cr–B can have various phases at
different temperatures [43, 44]. With p-block elements, boron forms compounds
of AlB2, AlB12, B4C, SiB3, SiB4, SiB6, BN. With rare-earth elements, boron forms
compounds of LaB6, YB6, CeB6, EuB6, ThB6. Also, a large number of the substituted
compounds (e.g., Al0.5Mg0.5B2) and ternary compounds of boron, e.g., MgAlB14,
LiAlB14, AlB3C have been reported.

In this chapter, ten different synthesis routes including synthesis of nanostructures
are described. The magnetic, electronic, electrical, optical and mechanical properties
of some borides are mentioned. Finally, applications of borides are included.
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8.2 Synthesis and Characterization

Metal borides are compounds of metal and boron; and their compositions vary from
metal rich to boron rich. They exhibit either in amorphous or crystalline forms.
The formation of metal borides is highly exothermic. Thus, this should be carried
out carefully. Different synthesis methods to prepare metal borides are available
in literature [1, 3, 4]. In this chapter, several ways to prepare metal borides are
mentioned.

(i) High-temperature synthesis (above 1000 °C) using pure metal powder and
boron powder in an inert atmosphere or vacuum (known as solid-state
reaction)

(ii) Electrolysis process in molten salts
(iii) Reduction process of metal oxides/halides with boric acid or boron in

presence of carbon/aluminum/magnesium
(iv) Reduction process of metal oxides with boron carbide
(v) Self-propagating high-temperature synthesis (SHS)
(vi) Mechano-chemically assisted preparation
(vii) Reduction process of metal salts with borohydrides (LiBH4, NaBH4, KBH4)
(viii) Deposition from a reactive vapor phase (thin films or single crystals or

polycrystals)
(ix) Single-source precursor route
(x) Nanostructure formation in 0D, 1D, 2D and 3D ways.

8.2.1 High-Temperature Synthesis (Above 1000 °C) Using
Pure Metal Powder and Boron Powder in Inert
Atmosphere or Vacuum by Solid-State Reaction

In this method, stoichiometric amounts of metal (M) powder and amorphous boron
(B) powder aremixed and heated at 500–600 °C to remove absorbedwater, oxygen in
vacuum or Ar–H2. Then, mixture is pelletized to increase contact between M and B
atoms. These pellets are heated at 1000 °C or above in Ar atmosphere to get different
phases of metal borides. For example, pure phase of NbB or NbB2 can be prepared
by taking suitable stoichiometric amounts of Nb and B at 1000 °C [40]. The particle
sizes of 5–10 μm are observed. At lower temperatures (say 700–800 °C), it gives
a mixture of Nb and NbxBy. At high temperature (1800 °C), the formation of pure
phase of Nb3B4 occurs. This method is also known as solid-state reaction. Sintering
of NbB2 at high pressure of 4 GPa and high temperature of 1600 °C improves
density of material (6.85 g/cm3, which is 98% of theoretical value). Microhardness
of 2.6 kKg/mm2 is obtained.

Similarly, MgB2 can be prepared by heating a mixture of Mg and B powder at
700 °C for 10 h under inert atmosphere [41]. Here, Mg and B power is mixed in
1:2 mol ratio and pressed into pellets. The pellets are heated at 700 °C under Ar
atmosphere and hot isostatic pressure. Figure 8.1a shows the XRD pattern of MgB2
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(a) (b)

Fig. 8.1 a X-ray diffraction pattern of MgB2 at room temperature and b its schematic crystal
structure. Reproduced with permission from Nature Publishing Group [41]

and it crystallizes in hexagonal phase with unit cell parameters a = 3.086 Å and
c = 3.524 Å and space group of P6/mmm. Figure 8.1b shows the crystal structure of
hexagonal structure ofMgB2 inwhich layers of B atoms are arranged and layer ofMg
atoms is between B-layers along c-axis. The layers of B atoms are same as graphite
structure. Interestingly, MgB2 has the superconducting transition at 39 K. This value
is the highest transition temperature among all borides, nitrides and carbides till date.

8.2.2 Electrolysis Process in Molten Salts

Metal borides are prepared by electrolysis process at high temperature using molten
salts or electrolyte. There are threeways to preparemetal borides through electrolysis
[42].

(1) Deposition of boron from a boron-containing electrode to metallic substrates
through molten salts having boron ions. For example, the formation of MB2

(M = Ti, Zr, Nb, Ta) occurs fromM and B powders in LiCl/Li melt electrolyte
at 900 °C. The chemical reactions are summarized here:

B(powder) + yLi(melt) → LiyB

LiyB + m.e−(cathode) → yLi+ + Bm−

2Bm− + M(substrate) → MB2 + 2.m.e−

(2) Deposition of boron on metallic cathode from the molten salt containing B3+.
The energy for the formation of MxBy can be represented by the following:

E
(
MxBy

) = E(B) − �G0
(
MxBy

)
/(3yF)
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where

E (B) Equilibrium deposition potential of boron on the inert cathode
without metal boride formation.

�G0(MxBy) Standard free energy of the formation of the given boride.
F Faraday constant.

Example of B (3+ ) containing electrolyte is KBF4. Reduction of B (3+ ) to B (0)
needs 3 e−. To formmetallic borides such as FeB2, HfB2, TaB2, high cathodic current
needs to be provided.

(3) Deposition of boron and metal from molten salt containing B3+ and Mn+. For
example, TiB and TiB2 phases can be deposited on the tungsten cathode (W)
using molten salt electrolyte (NaCl–KCl–NaF–K2TiF6–KBF4 system).

In this way, many metal borides in the form of the film or polycrystalline or single
crystals powder can be prepared. Synthesis of metal borides with general formula
AB6(A = s, f-block elements) such as CaB6, LaB6, ThB6 and AB4 (A = d, f-
block elements) such as CrB4, MnB4, UB4 and AB, AB2, A2B, A3B and AxBy (A
= d-block elements) such as VB, TaB, CrB, MoB, WB, NiB, TiB2, ZrB2, HfB2,
NbB2, TaB2, Fe2B, Ni3B, MnB12, Mo2B5, Cr3B4, Cr3B2 have been reported. The
different compositions of molten salt electrolytes are used during the synthesis. This
electrolysis process can be performed at the different current densities, voltages
and temperatures (500–1000 °C) to prepare the different phases of metal borides.
The electrolysis process has the following advantages: (a) Uniform coating even at
surfaces of complicated geometry. (b) Formation of different phases of metal borides
(MxBy). (c) Different thickness of coating as per requirement. (d) Formation of single
or polycrystalline metal borides.

8.2.3 Reduction of Metal Oxides/Halides with Boron
in Presence of Carbon/Aluminum/Magnesium

Most transition metal borides are prepared by reduction of metal oxides/halides with
boron. The temperature required for formation of metal borides is reduced in the
presence of carbon (C) or aluminum (Al) or magnesium (Mg) [43].

MxOy + B → MaBb + B2O3

MxOy + B + Al → MaBb + Al2O3

However, extra product such as aluminum oxide (Al2O3) is associated during the
formation of metal borides if Al is used. Sometimes, the presence of Al2O3 improves
chemical stability and mechanical properties. The different phases of metal borides
can be prepared by varying parameters of synthesis procedure (temperature, additive,
precursors, pressure, etc.).
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8.2.4 Reduction of Metal Oxides with Boron Carbide

Transition metal borides can be prepared by reduction of metal oxides with boron
carbide in absence or presence of carbon. The reduction reaction is given below:

MxOy + B4C + C → MaBb + CO

or

MxOy + B4C → MaBb + B2O3 + C

In this way, a large number of metal borides can be prepared. Even CrB2 has been
used as coating materials due to its stability under extreme conditions and a high
melting point (2200 °C). This compound can be prepared by this route [45]. 93%
density of CrB2 product is obtained by pressure less sintering at 1850 °C for 6 h.
99% density of CrB2 product is achieved by hot pressing at 1600 °C and 35 MPa
pressure for 2 h. Its hardness and fracture toughness are observed to be 22 GPa and
3.5 MPa m0.5, respectively.

8.2.5 Self-propagating High-Temperature Synthesis (SHS)

The self-propagating high-temperature synthesis (SHS) employs the closed vessel
(e.g., a stainless-steelwindowed chamber) inwhichhighly reactive precursors needed
for the formation of compound are added [43]. The vessel is kept in inert environment.
Ignition temperature is provided to start reaction.After that, reaction propagates auto-
matically with time. Temperature as high as 1500 °C can be achieved. In this way,
metal borides with different compositions can be prepared by taking different ratios
of metal or metal oxides and boron powder. The reaction is known as borothermic
reduction of metal oxide (such as Cr2O3, WO3). To achieve lower ignition temper-
ature of reaction, reducing agents like metals (Al, Mg) are added; and this helps in
achieving higher temperature as compared to borothermic reaction. This is known
as metallothermic reduction of metal oxide.

Cr–B phases are prepared by SHS method from Cr2O3 and B or Cr2O3, B and Al
mixture [43]. To get self-sustaining combustion, external temperatures from heater
are provided at 300 and 200 °C inCr2O3 andB andCr2O3, B andAl, respectively. The
entire sample is burned in both cases in 5.2 s. The combustion wave frame velocity
is more in case of Cr2O3, B and Al mixture than that in Cr2O3 and B mixture. This
observation is supported by the brighter burning glow in case of Cr2O3, B and Al
than that in Cr2O3 and B. Figure 8.2a shows the combustion wave frame velocity
with different compositions of B/Cr2O3. At x = 6 (mole ratio of B/Cr2O3), the
values corresponding to maximum velocity are 2.66 and 18.5 mm/s, respectively.
Figure 8.2b, c shows variation in the combustion temperature of samples having
xB/Cr2O3 and xB/Cr2O3-2Al. At x = 6, the values corresponding to combustion
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Fig. 8.2 a Change of flame-front propagation velocity of Cr2O3–B and Cr2O3–Al–B powder
compacts with molar ratio of B/Cr2O3. bVariation in combustion temperature of powder compacts
with stoichiometry of Cr2O3 + xB. c Variation in combustion temperature of powder compacts
with stoichiometry of Cr2O3 + 2Al + yB. Reproduced with permission from Elsevier Publishers
[43]

temperature are 830 and 1420 °C, respectively. In most cases, higher amount of
boron power is added because some of B atoms got loss during high-temperature
reaction (it vaporizes as B2O3).

8.2.6 Mechano-Chemically Assisted Preparation

Bymixingmetal and boron amorphous power in ball-milling apparatus,metal borides
can be prepared even at room temperature [46]. This method is known as mechano-
chemically assistedpreparationof compounds. In presenceof air/oxygen, the reaction
is exothermic. To avoid oxidation, the reaction is carried out in a glove box filled with
argon gas. For example, NbB2 has been prepared by mixing molar ratio of Nb and
B at 1:2. Evolution of phases is determined by X-ray diffraction pattern (Fig. 8.3).
Initially, Nb peaks are observed, and no B peaks could be observed due to amorphous
nature. After ball-milling for 5 h, a slight shift in position of peaks at lower 2θ is
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Fig. 8.3 Effect of milling
time for Nb–B (1:2) mixture
and their X-ray diffraction
patterns with milling time of
a 0 h, b 5 h, c 10 h, d 20 h
and e 50 h. Here, diameter of
ball is 5 mm. Symbols (•)
and (o) represent evolution
of the phases of Nb and
NbB2, respectively.
Reproduced with permission
from Elsevier Publishers [46]

observed. This is due to expansion of Nb lattice after incorporation of small amount
of B into interstitial sites of lattice. At 10 h, broadening of peaks is observed with
no formation of Nb–B phase. At 20 h, the formation of NbB2 started, but peaks are
broad. At 50 h, the highly crystalline phase of NbB2 is observed.

8.2.7 Reduction Process of Metal Salts with Borohydrides
(LiBH4, NaBH4, KBH4)

When most transition metal salts are reacted with borohydrides, metal borides can
be formed in inert environment (say Ar/N2) [47]. Since the reaction is exothermic, it
is preferred to perform in cold environment (say ice bath). Usually, as-prepared
compound is amorphous. Upon heating at higher temperature (400–600 °C), it
becomes crystalline. Depending on oxygen content or in normal air, association
or formation of metal nanoparticles is observed. In water medium, Co2B and Ni2B
can be formed under Ar atmosphere in case of Co2+ and Ni2+ salts with borohydride;
and Fe nanoparticles are formed in case of Fe2+/Fe3+ with borohydride. In dimethyl
ether medium (commonly known as diglyme), FeB, Fe2B can be formed, whereas
Co nanoparticles or mixture of Ni, Ni2B, Ni3B are formed in inert environment.
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However, Cu2+/Cu+ salts do not form borides. Instead, it forms Cu nanoparticles.
These are due the variation in reduction potentials (Eo values of Fe3+, Fe2+, Co2+,
Ni2+, Cu2+ are −0.04, −0.44, −0.28, −0.23 and + 0.34 V, respectively). In air,
chance of formation of metal oxides is high (particularly for Fe/FexOy, Co/CoxOy).

In aqueous medium, Cu2+undergoes the following reaction:

2Cu2+(aq) + 4BH−
4 (aq) + 12H2O → 2Cu(s) + 14H2 + 4B(OH)3

In non-aqueous medium (say dimethyl ether = diglyme), Cu2+ undergoes the
following possible reaction:

2Cu2+(diglyme) + 4BH−
4 (diglyme) → 2Cu(BH4)2(diglyme)n

2Cu(BH4)2(diglyme)n
�,90 ◦C−→ 2Cu(s) + 2H2 + 2B2H6

Whereas Ni2+undergoes the following reaction in aqueous medium:

2Ni2+(aq) + 4BH−
4 (aq) + 9H2O → Ni2B(s) + 12.5H2 + 3B(OH)3

4Ni2B(s) + 3O2 → 8Ni + 2B2O3

Ni2+undergoes the following possible reaction in non-aqueousmedium (diglyme):

2Ni2+(diglyme)n + 4BH−
4 (diglyme)n → 2Ni(BH4)2(diglyme)n

2Ni(BH4)2(diglyme)n
�,90 ◦C−→ 0.5Ni2B(s) + Ni(s) + 3.5H2 + 1.5B2H6

Ni2B(s) + Ni(s) + O2 → Ni(s) + NiO(s) + B2O3

8.2.8 Deposition from a Reactive Vapor Phase (Thin Films
or Single Crystals or Polycrystals)

A reactive vapor phase indicates the vapor phase of molecules or atoms or clusters,
which are precursors for the formation of compound/product in the form of thin
films or single crystals or polycrystalline. This makes compound from gas states
of components/precursors. In case of metal borides, either metal or boron or both
are brought to gaseous state. In case of boron or boron precursors in gaseous state,
substrate will be metal. If both are gaseous state, the substrate of same metal or other
materials (e.g., steel, silicon, indium tin oxide) is used. The deposition of gaseous
state requires a particular temperature (known as deposition temperature) so that
precursor can decompose to form uniform, crystalline compounds of metal borides.
Sometimes, after deposition, appropriate heat treatment is given to get higher crys-
tallinity. Depending on deposition temperature or substrate orientation or nature
of precursors or environment of reactor (type of gas, ultrasonic vibration, etc.), the
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different compositions of metal/boron with preferred orientation of crystals (i.e., film
or single crystals or polycrystals) or amorphous state can be prepared. Besides, there
is another method of deposition where vaporization ofmetal borides (powder or film)
is done using physical means, and they are condensed on substrate to get different
phases of metal borides with ultra-thin (or the required thickness) of film, coating.
The different methods on basis of vapor phase are named as chemical vapor depo-
sition (CVD), ultrasound-assisted chemical vapor deposition (UCVD), noble metal-
catalyzed CVDknown as vapor–liquid to liquid–solid (VLS), pulsed laser deposition
(PLD), molecular beam epitaxy (MBE), single-source CVD, electron beam-induced
deposition (EBID), arc plasma in liquid phase, physical vapor deposition (PVD), etc.
[4].

Deposition of metal borides (TiB2) on substrate improves anti-corrosion property
and hardness of substrate. Using chemical vapor deposition (CVD), TiB2 can be
prepared using TiCl4, BCl3, H2 and Ar sources. Here H2 and Ar are used as carrier
for TiCl4 and BCl3 precursors [4, 48]. In order to reduce deposition temperature
or to change microstructure and particle size of deposited material, ultrasound of
different frequency and power can be applied. Since ultrasound is used, the method
is known as UCVD. Generally, the three different frequencies (9.5, 22.5 and 55 kHz)
with power (0–300W/cm2) are used. Figure 8.4 shows the schematic view of UCVD
apparatus in which the ultrasound frequencies at 9.5, 22.5 and 55 kHz vibrations
are employed and reactor (substrate region where chemical deposition will occur) is
also shown. Vapor of TiCl4 maintained at 70 °C is carried by H2 gas, whereas vapor
of BCl3 is produced by passing Cl2-Ar gas over B4C at 700 °C. Vapor of TiCl4 and
BCl3 is coming to substrate (carbon steel), and deposition starts over substrate. The
preferred orientation of TiB2 film (crystals) depends on molar ratio (r) of TiCl4/BCl3
and deposition temperature (T d). The (110) plane preferred orientation exists at T d

> 1000 °C and r ≤ 15. At r = 8.0, the (100) plane preferred orientation exists at T <
1000 °C. The crystallite size decreases with decrease of deposition temperature up
to 750 °C. Figure 8.5a, b show the XRD patterns of TiB2 films prepared at r = 8.0
and T d = 1100–700 °C and standard TiB2 (ASTM, American Society for Testing
and Materials). The uniform films of TiB2 are formed for r = 4–8 and T d = 850–
1050 °C. The particle size of 10–40 μm can be prepared. Due to ultrasound effect
(cavitation effect), a dense and tight film of columnar structure can be prepared.With
increase of power or decrease of frequency, the particle size tends to decrease. A film
of 100 μm thickness can be grown on carbon steel substrate. Adherence strength of
≥ 60 kg/cm2 is found in films. The room-temperature Vickers hardness in the range
3600–4000 is observed.

In order to grow materials in one direction (1D, single crystals), it is necessary to
add catalyst like noble metal nanoparticles. The noble metal nanoparticles (Mnoble

= Pd, Pt, Au, Ag) are dispersed over substrate (Si or MgO). Vapor of components
of compound (MaBb) to be formed is passed to substrate using carrier gases (Ar,
H2). At initial stage, a eutectic phase of Ma–Mnoble–B will be formed and this is
liquid state. Then after cooling, it becomes solid. The process continues from vapor–
liquid to liquid–solid. This process can prepare spherical or 1Dparticles depending on
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Fig. 8.4 Schematic diagram
of UCVD apparatus (three
different kHz frequencies are
employed): a whole view of
9.5 kHz ultrasonic CVD
apparatus: (1) substrate, (2)
horn, (3) vibrator, (4) cooling
water, (5) to oscillator, (6)
quartz reactor, (7) TiCl4 +
BCl3 + H2 + Ar, (8) H2, (9)
outlet, (10) rf induction coil,
(11) mirror, (12) stand.
b 22.5 kHz and c 55 kHz
ultrasound vibrator and
reactor. Reproduced with
permission from Elsevier
Publishers [48]

deposition temperature, type of catalyst and precursors used. This is known as metal-
catalyzed CVD (known as VLS) [4, 49, 50]. Here, boron source (dodecaborane) is
passed through rare-earth metal chloride (RECl3), which is kept at 700–850 °C
using Ar/H2 gases (carrier). Vapor of RECl3 and dodecaborane interacts with noble
metal nanoparticles, which is kept at slightly higher temperature 1000 °C. Here, the
melting point of eutectic phase of Pd–B, Pt–B or RE–B has a lower temperature than
individual melting point of RE, Pd or B. The schematic diagram of the formation of
REB6 (RE = Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho) is shown in Fig. 8.6 [4]. It is to
be noted that these REB6 compounds are an important class of materials due to their
high melting points and interesting physical properties such as superconductivity,
semiconductivity, variation in valence electrons, metal to insulator transition and
low work function. For example, LaB6 has melting point of 2200 °C and low work
function of 2.68 eV. This compound is insoluble in water and hydrochloric acid and
stable in vacuum [51]. Because of lowwork function, this is used for electron emitter
as cathode in transmission electron microscope.

As compared to Au or Pt catalyst, Pd is used for the synthesis of hexaborides
(REB6) at lower deposition temperature since B or RE can interact with Pd easily
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Fig. 8.5 A X-ray diffraction patterns of vapor-deposited films. Mole ratio, r = 8.0; deposition
temperature (in °C): a 1100, b 1050, c 1000, d 950, e ASTM TiB2. B Variation of (100) diffraction
line of TiB2 film obtained at different deposition temperatures (in °C): (—) 900, (———) 850, (•••)
800, (ooo) 750, (xxx) 700. Cu Kα was used as source. Reproduced with permission from Elsevier
Publishers [48]

Fig. 8.6 Schematic diagram of a metal-catalyzed CVD process for the synthesis of metal
hexaborides (MB6) nanostructures. Reproduced with permission from ACS Publishers [4]

compared to Au or Pt (Au–B or Au–RE or Pt–B or Pt–RE). The possible phase
diagram of depicting eutectic melting points of (a) Au–B, (b) Pt–B, (c) Pd–B, (d)
Pd–Y and (e) Pt–Y is provided [50].

Without catalyst, metal borides can be prepared by passing B precursor (BCl3/H2)
over metal substrate. However, in this case, deposition temperature is more than that
with noble metal catalyst [4]. Molecular beam epitaxy (MBE) or pulsed laser deposi-
tion (PLD) methods can be used to make the films of metal borides [4]. High-energy
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beam or pulse laser produces metal vapor; and the metal vapor reacts B precursor
and then it forms metal borides. In this way, MgB2 films can be prepared on appro-
priate substrate. Metal borides (even amorphous) can be evaporated and deposited
on different substrates to form the thin film of different thicknesses, orientations
and microstructures. This is commonly known as physical vapor deposition (PVD).
Sometimes, combined CVD and PVD are performed to get the desired shape, sizes,
orientation and thickness of particles.

Single-source precursors are used to prepare metal borides (MB2 = Ti, Zr, Hf)
on different substrates (glass, silicon) even at 200–250 °C [52, 53]. Some of single-
source precursors are Ti(BH4)3, Zr(BH4)4 and Hf(BH4)4 compounds. The synthesis
temperature is less than that of solid-state route (above 1200 °C). However, crys-
tallinity is poor up to deposition temperature 500 °C, but improves significantly
upon heated above that. The possible reaction is below:

Hf(BH4)4(s) → HfB2(s) + B2H6(g) + 5H2(g).

The preferred orientation of hexagonal crystal structure of HfB2 on n-type Si
(100) is (0001) for deposition temperature T d = 700 °C and (1010) for T d =
800 °C (Fig. 8.7) [53]. HfB2 has characteristic properties such as high melting point
(3250 °C), high hardness (29 GPa) and metallic nature (~15 μ-ohm-cm).

Another way to deposit metal borides on substrate without heating is use of high-
energetic electron beam. This method is known as electron beam-induced deposition
(EBID). In this technique, the vapor of molecules of precursor is used. The tip of
ultra-high vacuum scanning tunneling electron microscopy (UHV STM) is used to
record image as well as interact with vapor of molecules of precursor. This tip can
be moved, transported and fixed. There is a gap between tip and substrate. During
exposure of electron beam, molecules start decomposition. Heavy metal/compound
is deposited on a substrate. Using this method, nanosized letters or figures or diagram

Fig. 8.7 XRD patterns of
HfB2 at different deposition
temperatures. Boric acid
B(OH)3 crystals are formed
when surface boron oxide
adsorbs moisture.
Reproduced with permission
from AIP Publishers [53]
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can be written on substrate. Nanodots or wires of HfB2 have been written on B-doped
p-type Si(100): 2 × 1: H using Hf(BH4)4 precursor [54]. Figure 8.8a shows STM
images of HfB2 nanowires. Here, due to movement of tip, there is an evolution of
nanowires as a function of exposure time. Figure 8.8b shows the topographic line
contour from (a). Figure 8.8c–f shows the I–V curves of (a 1–4). At initial stage of
less exposure time (t = 80 s), connection between particles in line (about 5 nm) is not
there. This gives semiconducting property in I–V curve. With increase in exposure
time (t = 160 s), the connection between particles in line is observed and thus it
gives the metallic nature in I–V curve. It has aspect ratio of 30/5 (5 nm is diameter at
the end of cross section and 30 nm in length). The metallic nature is a characteristic
of HfB2 and this material is considered as a metallic ceramics. When position of tip
is fixed, nanodots are formed. With increase of exposure time from 5 to 25 s, there
is an increase of nanodots from 5 to 10 nmin size (Fig. 8.9).From I–V curves, it is
suggested that nanodots are metallic in nature.

Fig. 8.8 a FourHfB2 nanowires are deposited on theH–Si(100) surface by STM-EBID.Deposition
conditions are fixed: sample bias 5 V, I = 1 nA, Hf(BH4)4 background pressure = 2 × 10–9 Torr;
b STM topographic line contour is from (a) and (c–f) average I–V tunneling spectra for wires 1–4
shown in (a). Reproduced with permission from ACS Publishers [54]
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Fig. 8.9 a STM topograph of four HfB2 dots is deposited by STM-EBID. Deposition conditions
are fixed: sample bias = 5 V, I = 1 nA, Hf(BH4)4 pressure = 4 × 10–6 Torr. The writing time for
each dot is 5, 10, 20 and 25 s, respectively. The STM line contours are plotted for (b) the top two
dots and for (c) the bottom two dots. Log I–V spectra are plotted as a function of position for (d) the
top two dots and (e) the bottom two dots. Dotted red lines in (a) denote where the I–V maps were
obtained. Reproduced with permission from ACS Publishers [54]

Vapor deposition of MgB2 on substrate using arc plasma in inert liquid (Ar or N2)
can form nanotubes of MgB2 (single and multiwall) [55]. This is similar to PVD.
The schematic diagram of experimental set up is shown in Fig. 8.10. Initially, MgB2

powders are packed into hollow Mo rod (outer diameter = 6 mm, inner diameter
= 3 mm, depth of the hole = 3 mm), which is submerged in liquid Ar, and this
hollow Mo rod acts as an anode. A thicker Mo rod (diameter = 10 mm) is used
as cathode. When two electrodes are connected to a direct-current welding power
supply, it generates arc plasma. Due to high thermal heat, crystals of MgB2 in the
anode hole are evaporated and deposited over surface of cathode (Fig. 8.11). Under
electron microscopy, single wall and multiwall nanotubes are observed (diameter =
6.0 nm, length = 45.7 nm and diameter = 11.2 nm, length = 63.0 nm) (Fig. 8.12).
Possible reason to explain the formation of nanotube is self-curling mechanism.



266 R. Joshi and R. S. Ningthoujam

Fig. 8.10 Apparatus using arc plasma in liquid is to synthesize MgB2 nanotubes. The anode
motion is controlled by a slider driven with a stepping motor. DC welding power supply was used
to generate the arc plasma between molybdenum electrodes at discharge current of 120 A. The arc
plasma duration time is controlled by lifting the anode to break the arc discharge at a target time.
Reproduced with permission from AIP Publications [55]

Also, powder of nanotubes of MgB2 (5 nm in diameter and 20–25 nm in length)
is prepared by hydrothermal method [56]. Here, NaOH is mixed with MgB2 powder,
and the mixture is added to autoclave. At temperature 170–200 °C, it is kept for 24–
200 h to get homogenous nanotubes of MgB2. The product is neutralized by adding
HCl and finally is washed with water.

8.2.9 Single-Source Precursor Route

In the single-source precursor route, a single compound or complex is used to prepare
metal particles ormetal borides/nitrides/carbides/phosphides/sulfides/oxides asmain
products. First time, Th1.0B3.83 (metal boride) was prepared by thermal decomposi-
tion of single-source precursor Th(BH4)4 at 300 °C in the year 1949 by Haekstra and
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Fig. 8.11 Schematic representation of arrangement and shapes of molybdenum electrodes, and
locations of the arc plasma and thin-film products. Left: Before arc discharge. Middle: Location
of arc plasma between electrodes. Right: Location of products. Reproduced with permission from
AIP Publishers [55]

Fig. 8.12 TEM image of the curled edges of MgB2 particles and schematic image of the curling.
Reproduced with permission from AIP Publishers [55]

Katz [57]. Authors also prepared borohydrides of Th, U, Ti, Hf, Zr and studied their
thermal properties such as melting point, boiling point, heat of vaporization, heat
of sublimation and heat of fusion. In 1988, the films of pure metal diborides (TiB2,
ZrB2, HfB2) were prepared from the respective single-source precursor [52, 58, 59].
A large number of metal borides (MgB2, CrB2, AlB, Fe3B, Fe2B, FeB) prepared by
single-source precursor route have been reported by many authors [60–64].

Sometimes, oxygen or carbon impurities are associated along with metal borides
if precursormolecule contains C orO atoms. Low-temperature preparation (<500 °C)
usually forms amorphous nature, whereas high-temperature preparation forms
crystalline phase. Some of examples of precursor molecules are Ti(BH4)3(dme)
(where dme = 1,2–dimethoxyethane = CH3–O–CH2–CH2–O–CH3) (Fig. 8.13,
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Fig. 8.13 Molecular structure of Ti(BH4)3(dme) where dme = 1,2-dimethoxyethane = CH3–O–
CH2–CH2–O–CH3. Reproduced with permission from ACS Publishers [52]

[52]), Zr(BH4)4 [65], Hf(BH4)4 [59, 66], Cr(B3H8)2 and related octahydrotriborate
complexes (Fig. 8.14a–d, [64]), Mg(B3H8)2 and its etherates (Fig. 8.15a, b, [60]),
Al(BH4)3, HfFe3(CO)9BH4 (Fig. 8.16 [63]), etc.

8.2.10 Nanostructure Formation in 0D, 1D, 2D and 3D Ways

If the particles are spherical with size of a few nanometer, it is considered as 0D (i.e.,
electrons are confined in all x-, y-, z-axes). Here, symbol “D” refers dimension. If the
particles are rod-, wire- and tube-type structure (diameter = nanometer (less than
50 nm); length = nanometer to micrometer), it is considered as 1D (electrons are
confined in two of axes). If the particles are planner-type structure, it is considered
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(a) (b)

(c) (d)

Fig. 8.14 a Molecular structure of Cr(B3H8)2 (2). The ellipsoids are drawn at 30% probability
level, except for hydrogen atoms, which are represented as arbitrary-sized spheres. b The molecular
structure of Cr(B3H8)2(Et2O)2 (3). The ellipsoids are drawn at 30% probability level, except for
hydrogen atoms, which are represented as arbitrary-sized spheres. c The molecular structure of
Cr(B3H8)2(thf)2. The ellipsoids are drawn at 30% probability level, except for hydrogen atoms,
which are represented as arbitrary-sized spheres. d The molecular structure of Cr(B3H8)2(PMe3)2.
The ellipsoids are drawn at 30% probability level, except for hydrogen atoms, which are represented
as arbitrary-sized spheres. Reproduced with permission from ACS Publishers [64]

as 2D (electrons are confined in one of axes). If size of particle is so large (a few
microns) with any shape, it is considered as 3D (electrons are confined in none of
axes).

Metal borides prepared by above-mentioned routes (2.1–2.9) can have particle
size varying from micron to nanometer. The particle size depends on the kinetics of
nucleation process and the growth process during the course of reaction. Syntheses
of nanosized particles of metal borides by borohydride reduction method [47, 67,
68], micelle method [69, 70], surfactant/ligand stabilized route [68, 71], molten salt
route [72, 73], direct solid-state route [74], ball-millingmethod ormechano-chemical
route [61, 73, 75], core–shell formation route (say silica coating) [76, 77], RF thermal
plasma route [78–80] have been reported. Also, thin films of metal borides in nano-
sized particles have been prepared by electron beam-induced deposition (EBID) [54],
arc plasma in inert liquid [55], reactive vapor phase reaction [4, 48], etc.
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(a)

(b)

Fig. 8.15 aMolecular structure of (2). The ellipsoids are drawn at 35% probability level, except for
hydrogen atoms, which are represented as arbitrary-sized spheres. Methyl and methylene hydrogen
atoms have been deleted for clarity. b The molecular structure of Mg(B3H8)2(Me2O)2 (3). The
ellipsoids are drawn at 35% probability level, except for hydrogen atoms, which are represented as
arbitrary-sized spheres. Methyl and methylene hydrogen atoms are deleted for clarity. Reproduced
with permission from ACS Publishers [60]

Fig. 8.16 Molecular structure of (I) B2H6Fe2(CO)6, (II) [B2H4Fe2(CO)6]2 using ball and stick
models. Reproduced with permission from ACS Publishers [63]

The Fe–Co–B amorphous phase having particle size of 30 nm has been synthe-
sized by reduction of Fe2+, Co2+ by NaBH4 at Ar atmosphere at room tempera-
ture [68]. Using reversed micelle route (AOT-water- isooctane = surfactant-water–
oil), highly uniform-sized Ni2B nanoparticles (5–6 nm) are prepared from NiCl2,
sodium bis(2-ethyl-hexyl)-sulfosuccinate (AOT) and sodium borohydride (NaBH4)
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[70]. The reaction is carried out in inert N2/Ar atmosphere. Finally, another surfactant
(trioctylphosphine = TOP) is added to micelle medium to coat Ni2B nanoparticles.
AOT is removed by washing with ethanol. Black precipitate Ni2B coated with TOP
is collected by centrifugation. If the experiment is performed in open air, it forms
Ni nanoparticles along with Ni2B nanoparticles. Figure 8.17 shows TEM images
of nanoparticles prepared in open air (A, C) and in N2 atmosphere (B, D) [70]. In
molten salt route, eutectic mixture is used to make reaction medium for the forma-
tion of compound. Mixture of LiCl–KCl (45:55 wt%) has a melting point at 335 °C
(eutectic point) [72]. Different ratio of metal chloride and NaBH4 is mixed with
LiCl–KCl and ground and heated at 700–900 °C in inert Ar atmosphere [81]. The
residue is washed with deionized water to remove unwanted LiCl, KCl, NaCl. Then,
the remaining sample is dried under vacuum. In this way, nanosized particles of NbB2

(5–10 nm), CaB6 (10 nm), CeB6 (8 nm), MoB2 (4 nm) are prepared. NbB2 and CaB6

are prepared by heat treatment during 4 h under argon flow of (a) NbCl5:NaBH4 and
(b) CaCl2:NaBH4 mixtures in the eutectic salt LiCl/KCl at respective temperatures
of 900 and 800 °C [81]. The Co–M–B (M = Fe, Ni) nanoparticles are prepared at
650 °C using molten salt route [82]. The core–shell formation is one of routes to
prepare non-agglomerated particles. Metal borides in nanosized form (Fe2B with
size of 90 nm) are coated with SiO2 layer (4 nm) by reduction of FeCl3 or FeSO4 in

Fig. 8.17 Size distribution and TEM patterns of Ni2B nanoparticles are obtained in open air (a and
c) and under nitrogen (b and d). Spontaneous self-assembly is obtained by depositing a drop of
solution on a TEM grid coated with amorphous carbon. Reproduced with permission from ACS
Publishers [70]
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NaBH4 in inert N2 followed by addition of ethanol-TEOS (tetra ethyl orthosilicate)
solution [77]. Nanoparticles of metal borides are prepared by injecting metal–boron
mixture powder into thermal plasma flame [78, 79], and the schematic diagram for
the formation of metal borides using thermal plasma flame is provided [80].

8.3 Physical Properties

8.3.1 Magnetism

Metal borides (MxBy, M = Mn, Fe, Co, Ni) exhibit the magnetic properties
from paramagnetic, antiferromagnetic to ferromagnetic behavior [4]. For example,
orthorhombic phase FeB with lattice parameters a = 4.061 Å, b = 5.506 Å and c =
2.952 Å out of many phases of Fe–B system is ferromagnetic at room temperature
with the Curie temperature TC ~ 325 °C [83]. The magnetocrystalline anisotropy
(MCA) energy (EA) for orthorhombic crystal in Cartesian coordinates is given by
relation:

EA = K1cos
2α + K2cos

2β + K3cos
2γ

where K1, K2 and K3 are the magnetocrystalline anisotropy constants. The α, β and
γ are the angles between the direction of vector Is (saturation magnetization) and
OX, OY and OZ axes of the Cartesian coordinate system. There are three crystal-
lographic directions [84], [010] and [001] of orthorhombic structure. To determine
the hard and easy magnetic axes, it needs single crystal material (FeB). The vector
of Is is perpendicular to the poles of the electromagnet. Along axis [010], it shows
easy magnetization (AEM) and magnetization becomes saturation in a field of about
160 kAm. This is denoted by curve 1 in Fig. 8.18a [83]. Then crystal specimen is
oriented in the external magnetic field so that the vector of Is is parallel to the planes
of the poles of the electromagnet. Two maxima at θ = 0 and 180° and two minima at
θ = 90 and 270° of the measured signal are over the crystallographic axes [001] and
[84], respectively (Fig. 8.18b) [83]. Magnetization-field curves 3 and 2 represent θ

= 0 and 90°, respectively. The axis [84] shows the hard magnetization (AHM i.e.,
curve 2). It becomes saturated in the field of 1440 kAm. The axis [001] becomes
intermediate magnetization (AIM, i.e., curve 3). The specific saturation magnetiza-
tion (σ s) for the single crystal of FeB is found to be 77 A.m2/Kg (= 77 emu/g since
1 emu/g = 1 A.m2/Kg). The saturation magnetization (Is = dσ s, where d = density
of FeB = 6300 kg/m3) is found to be 485 kA/m. The effective MCA constants for
FeB are K1

* = K1 − K2 = 4.0 × 105 J/m3 and K2
* = K3 − K2 = 7.0 × 104 J/m3.

When size of particles decreases to a few nanometer ranges, it changes magnetic
properties. Sometimes, ferromagnetic particles become paramagnetic or vice versa
depending on compensation of net spin moments arising from surface, core, grain
boundaries and defects. Bulk FeB is prepared by arc melting of mixture of Fe and
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(a)

(b)

Fig. 8.18 aMagnetization curves (σ is the specific magnetization and H is the magnetic field) of a
FeB single crystal over the crystallographic directions: (1) [010], (2) [84], (3) [001]. b Angular
dependence of the specific magnetization (σ ) of a FeB single crystal is performed in a field
of 40 kA/m in plane (010) perpendicular to the axis of easy magnetization: (2) [84], (3) [001].
Reproduced with permission from Springer Nature Publishers [83]

B powder followed by heating at 1273 K for 24–48 h [73]. Then using ball-milling
process as well as capping agent like oleic acid, the different crystallite sizes are
prepared at different ball-milling time. The crystallite size decreases with increase
of ball-milling time (Fig. 8.19). This is supported by increase of line width in XRD
pattern with increase of ball-milling time (t). At t = 0min, the crystallite size is about
77 nm and at t = 800 min, the crystallite size is about 18 nm. The field-dependent
magnetization (M–H) loops of FeB nanoparticles having different crystallite sizes
are shown in Fig. 8.20a. Their coercivity (Hc) and the saturation magnetization
(Ms) values are provided in Fig. 8.20b. It is observed that there is a decrease of
magnetization value (say about 63 emu/g) with decrease of crystallite size up to
30 nm, whereas Hc increases to 400Oe.With further decrease to 25 nm, Hc decreases
to 200 Oe, whereas Ms increases to 75 emu/g. With further decrease of crystallite
size to 17 nm, there is an increase in Hc = 365 Oe and decrease in Ms = 74 emu/g.
It is expected to have Hc = 0 Oe (super paramagnetic region) for smallest sized
particles, but it does not happen. It is because of exchange bias arising from smallest
size particles (ferromagnetic core and surface spin canting as shell). For crystallite
size of 17 nm, exchange bias (difference between + ve Hc and –ve Hc) is calculated
to be 270 Oe. The crystallite size of 30 nm is considered as single domain limit of
FeB. The effective anisotropic constant (K) is calculated from the relation between
Ms and coercivity (Hc): K = 1.56 × Ms × Hc and this value is found to be 2.4 × 104

J/m3, which is slightly lower than single crystal, FeB (4 × 105 J/m3).
On other hand, bulk Co2B has ferromagnetic property with saturation magnetiza-

tion (σ s = 73 emu/g) and Curie temperature (T c = 435K) [85].Magnetization versus
magnetic field (σ–H) at different pressures up to 6 kbar at 4.2 K shows that satura-
tionmagnetization is independent of pressure (Fig. 8.21). Themagnetic permeability
versus temperature curves shows the Curie temperature (T c), and T c decreases from
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Fig. 8.19 aA representative powderX-ray diffraction pattern of an arc-meltedβ-FeB sample (blue)
and the calculated PXRD pattern of β-FeB (red). b PXRD patterns of FeB samples ball-milled in
n-hexane are recorded at a speed of 500 rpm. The number attached to the sample name indicates the
milling time in minutes. c Crystallite size (D) is obtained using the Scherrer formula as a function
of milling time (t). Reproduced with permission from Elsevier Publishers [73]

Fig. 8.20 a Room-temperature magnetization hysteresis loops of ball-milled FeB samples are
obtained at different times (minutes). Inset: the enlarged low-field portion of M–H loops. b Satura-
tion magnetization (Ms) and coercivity (Hc) values are extracted from M–H loops for all samples.
Reproduced with permission from Elsevier Publishers [73]
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Fig. 8.21 Magnetization
curves of Co2B at 4.2 K are
obtained under various
pressures. Reproduced with
permission from Elsevier
Publishers [85]

435 to 430 °C with pressure up to 5.4 kbar (Fig. 8.22). The δT c/δP is found to be—
1.02 K/kbar. Co2B has tetragonal structure with lattice parameters (a = 5.02 Å, c =
4.225 Å). There is a linear thermal expansion in lattice parameter (a), whereas there
is a slight increase in lattice parameter (c) than that from the linear extrapolation of
the thermal expansion curve at higher temperature (Fig. 8.23a). This happens below
the T c. This is related to the spontaneous magnetostriction. This is reflected in unit
cell volume (V ) and c/a ratio (Fig. 8.23b).

Co2B nanoparticles (7–10 nm crystallite sizes) prepared by ball-milling method
show the ferromagnetic properties with coercivity (Hc = 223–337 Oe) and saturation
magnetization (Ms = 43–49 emu/g) [75]. The saturation magnetization value is less
than that of bulk value (73 emu/g).

In amorphous system of Fe–Co–B, there is a magnetic dipolar interaction among
particles. If there is a separation between particles, its magnetization value decreases.
This can be proved by dispersion of Fe–Co–B particles in conducting noble metals.
Silver (Ag) is highly conducting as well as diamagnetic. When Fe–Co–B ferromag-
netic particles are dispersed in Ag nanoparticles, its ferromagnetic behavior becomes
different. This was first time shown byNingthoujam et al. in 2010 [67]. Themagnetic
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Fig. 8.22 Permeability (μ in arbitrary unit) versus temperature curves are obtained under various
pressures for Co2B. Reproduced with permission from Elsevier Publishers [85]

Fig. 8.23 aLattice parameters (a and c) against temperature curves forCo2B.bUnit cell volume (V)
and lattice parameter ratio (c/a) against temperature curves for Co2B. Reproduced with permission
from Elsevier Publishers [85]
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Fig. 8.24 Magnetization against applied field (M–H) for pure Co–Fe–B and Co–Fe–B (wt% 5, 10,
20) in Ag. Reproduced with permission from Elsevier Publishers [67]

dipolar interaction among ferromagnetic particles increases with increase in concen-
tration of ferromagnetic particles in Ag matrix. There is an enhanced increase in
magnetization value with a slight increase in concentration of ferromagnetic parti-
cles in magnetization-field loops (Fig. 8.24). It does not follow linearity. Similarly,
coercivity (Hc) increases with increase of concentration of ferromagnetic particles
in Ag matrix (Fig. 8.25). At low concentration of ferromagnetic particles, zero-field
cooled (ZFC) and field cooled (FC) magnetizations show that both increase with
decrease of temperature (Fig. 8.26). This is similar to paramagnetic behavior, but at
high concentration of ferromagnetic particles, ZFC and FC show the ferromagnetic
behavior.

8.3.2 Electronic Structure

Boron (B) atom has the ground-state electronic configuration 1s2, 2s22p1. In the
outermost shell, B has three electrons and can form three covalent bonds with other
atoms for formation of compounds (e.g., BH3, BF3). Still, B in compound has six
bonding electrons and thus has deficiency in valence electrons to complete octet of
electrons (8 es). In this way, compounds of BAx (A = other element say H or F) are
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Fig. 8.25 Field cooled (FC, line) and zero-field cooled (ZFC, open circles) magnetization (M–T)
curves are obtained at applied field of 25 Oe for pure Co–Fe–B and Co–Fe–B (wt%: 5, 10, 15, 20)
in Ag. Reproduced with permission from Elsevier Publishers [67]

Fig. 8.26 Coercivity (Hc)
against temperature (T ) for
pure Co–Fe–B and Co–Fe–B
(wt%: 5, 10, 15, 20) in Ag.
Reproduced with permission
from Elsevier Publishers [67]
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unstable. To make stable, it forms bridging bond with other group of atoms (same
or different). For example, B2H6 (H3B–BH3 through 2H bridges) and three atoms
B–H–B have 2 es. Another example is NH3:BF3 (H3N: → BF3 and lone pair of
electrons of N is donated to B) [3, 4, 86]. B–B bonds can be of B–B single (one σ

type), B = B double (one σ type, one π type) and B≡B triple (one σ type, two π

type). The formation of B = B is not preferable since B atom is itself deficient in
electrons. B = B double bond can be stabilized by linking with Lewis base ligands
(L → HB = BH ← L). Similarly, B≡B triple bond can be stabilized by linking
with Lewis base ligands (L → B≡B ← L). Examples of L are: NH3,: C (carbene)
containing molecule or ion,: CO, etc. Bond orders of B = B and B≡B are less than
2 and 3, respectively. It is suggested that there are π-back transfer or donation. L
→ B≡B ← L can be written as (L − ðB≡Bñ − L or L = B = B = L). In this
way, electron rich at B atom by transfer of electrons from L is relieved by π-back
transfer or donation from B to L (electron transfer from 2p orbital of B to empty
antibonding p orbital of L). Typical B–B bond lengths of the single, double and
triple bonds are 1.58–1.93, 1.56 and 1.44 Å, respectively [87–90]. Typical examples
of different molecules containing B–B single bond or B–H–B bridge are shown in
Fig. 8.27 [87]. The carbenes (:C) are good stabilizing ligands in B-, Al- or Ga-
containing compounds. When RBBr3 (R = :C{N(Pri)C(CH3)}2) reacts with KC8 in

Fig. 8.27 Molecular structures of the different compounds containing the B–B single bond (1–7)
and B–H–B bridge (8). Reproduced with permission from RSC Publishers [87]
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diethyl ether, two compounds are formed. The first compound is R(H)2B–B(H)2R
(Fig. 8.28), which is air-stable, colorless block crystals; and the second compound is
R(H)B–B(H)R (Fig. 8.29) which is air-sensitive, orange-red sheet-like crystals [88].

Fig. 8.28 Molecular
structure of R(H)2B–B(H)2R
(thermal ellipsoids represent
30% probability; hydrogen
atoms on carbon omitted for
clarity). The selected bond
distances (Å) and angles
(deg): B(1)–B(1A) 1.828(4),
B(1)–C(1) 1.577(2),
B(1)–H(1) 1.155(18),
B(1)–H(2) 1.147(19);
B(1A)–B(1)–C(1)
107.45(16),
B(1A)–B(1)–H(1) 110.7(9),
B(1A)–B(1)–H(2) 110.3(9),
C(1)–B(1)–H(1) 108.9(9),
C(1)–B(1)–H(2) 108.1(10),
H(1)–B(1)–H(2) 111.3(13).
Reproduced with permission
from ACS Publishers [88]

Fig. 8.29 Molecular
structure of R(H)B–B(H)R
(thermal ellipsoids represent
30% probability; hydrogen
atoms on carbon omitted for
clarity). The selected bond
distances (Å) and angles
(deg): B(1)–B(2) 1.561(18),
B(1)–C(1) 1.543(15),
B(1)–H(1) 1.14(2),
B(2)–C(28) 1.532(15),
B(2)–H(2) 1.13(2);
B(2)–B(1)–C(1) 128.3(12),
B(2)–B(1)–H(1) 124(4),
C(1)–B(1)–H(1) 107(4),
B(1)–B(2)–C(28) 126.1(12),
B(1)–B(2)–H(2) 128(4),
C(28)–B(2)–H(2)105(4).
Reproduced with permission
from ACS Publishers [88]
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The former and latter ones have B–B single and B = B double bonds, respectively.
B≡B triple-bond-containing molecule is RB2R (Fig. 8.30, [89]).

B reacts with atoms of other elements in the periodic table except noble gases and
solid boron belongs to metalloids. In metal borides, s, p, d or f orbitals of outermost
shell of metal (M) react with 2p orbitals of B to form s–p, p–p, d–p or f –p bonds.
Compounds having s–p bonds are LiB, Li5B4, Li3B14 (alkali metal borides), MgB2,
MgB4, MgB6, MgB7, MgB12 (alkali earth metal borides). Compounds having d–
p bonding are Cr2B, Cr5B3, CrB, Cr3B4, CrB2, CrB4 and CrB6 (transition metal
borides). Compounds having f –p bonding are LaB6, YB6, EuB6, ThB6 (lanthanide
or actinide metal borides). Other compounds of post transition metals and B are
AlB2, AlB12. Here, the bonding will be p–p. Even it forms compounds with non-
metals through p–p bonding such as BN, CN, etc. Besides, there is a chance of other
bonding types of metal–metal or B–B present in the compound since the formation of

Fig. 8.30 aMolecular structure of 2. The thermal ellipsoids represent 50%probability. H atoms and
ellipsoids on theN substituents of theNHC ligands are omitted for clarity. The selected bond lengths
(Å) and angles (deg): B1–B2, 1.446(3); B1–C1, 1.484(3); B2–C2, 1.488(3); C1–N1, 1.388(2); C1–
N2, 1.389(2); C2–N3, 1.376(3); C2–N4, 1.387(2); B1–B2–C2, 175.4(2); B2–B1–C1, 172.0(2);
N1–C1–N2, 103.6(2); N3–C2–N4, 103.8(2). b The comparison of interplane angles formed by the
central rings of the NHC ligands in 2 and 1. Reproduced with permission from ACS Publishers [89]
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Fig. 8.31 Spin polarized total and the partial electron density of states in amorphous Fe–B alloys:
a Fe63.7B33.3, b Fe75B25, c Fe91B9. Black lines: total DOS; green lines: s states; red lines: p state;
and blue lines: d state. Reproduced with permission from Elsevier Publishers [91]

metal-rich or boron-rich compound is possible. In some cases, transfer of electrons
from boron to metal occurs. Detailed discussion on electronic structure is given in a
book [86].

Electronic density of states of transitionmetal borides (MB)will be discussedhere.
B rich and M rich in MxBy can arrange polyhedron types of BnM, BMn or mixture
of both. Maximum coordination number (CN) of B atom in these compounds can
be 9 with M atoms, whereas maximum CN of M can be 14 with B atoms [91]. Let
us discuss electronic density of states (DOS) of amorphous system of Fe100−xBx. It
means that there is no long range order of atoms.

The outermost electronic configurations of B and Fe are 2s22p1 and 3d64s2,
respectively. The DOS (partial electron density of states) of B and Fe in amorphous
Fe100−xBx is shown in Fig. 8.31 [91]. It is observed that Fe–d states form a spin-split
two-peaked band in DOS. This spin band of majority side of DOS (spin up ↑) is just
below the Fermi level, whereas Fermi level is close to the spin band of minority side
of DOS (spin down ↓). The Fe–s and Fe–p orbital contributions in DOS are very less
as compared to that of Fe–d orbital. In case of B, s electron contribution at Fermi
level is negligible and far from it by about 10 eV since s-orbital is fully occupied,
non-bonding and below 2p orbital in energy level. The p electron contribution in
Fermi level is still less, but near to it by 4–5 eV. The total DOS of few compounds
of Fe100−xBx is provided in Fig. 8.31. Here, contribution of Fe–d and B–p orbitals
is high in DOS. There is a hybridization of Fe 3d and B 2p orbitals to form covalent
bond in Fe–B.

Figure 8.32 shows the partial and total DOS of the crystalline solids of Fe2B and
Fe3B. The crystalline compounds show the similar DOS of amorphous phase having
a particular Fe/B ratio [91]. This will be related to similar local structure. There is
a contribution of minority spin states at the Fermi level, which arises from B-2p.
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Fig. 8.32 Spin polarized total and the partial electron density of states in the Fe–B crystalline
solids: a Fe2B and b Fe3B. Black lines: total DOS; green lines: s states; red lines: p state; and blue
lines: d state. Reproduced with permission from Elsevier Publishers [91]

With increase of B concentration, there is a chance of B–B covalent bonds, whereas
with decrease of B concentration, there is a chance of M–M metallic bonds. In case
of planar or graphite like arrangement of B atoms, interaction among B and metal
atoms is different from other cubic phase [92].

In terms of magnetic properties of amorphous Fe100−xBx, Fe atom possesses the
positive moment of ~1.9–2.1 μB, whereas B atom possesses the negative moment of
~0.07–0.12 μB [91]. The distribution of the local magnetic moments on the sites of
B and Fe is provided, and average magnetic moment is also shown in Fig. 8.33 [91].

Fig. 8.33 Average magnetic
moment per Fe atom in
amorphous of Fe100−xBx
alloys is provided as function
of composition. Red-filled
dots represent theoretical
values. Experimental data
include open triangles, filled
squares, crosses. Reproduced
with permission from
Elsevier Publishers [91]
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This is based on (1) the competition between ferromagnetic and antiferromagnetic
exchange interaction at very low concentration of B and (2) the dilution effect from
B atoms on Fe sites at higher concentration of B in the Fe100−xBx. Experimental data
of crystalline phases of FeaB (a = 2–10) are included in Fig. 8.33.

Theoretical dissociation energy of the 3d transition metal borides (MB) is calcu-
lated through all electron ab initio calculations and values are represented in Fig. 8.34
[93]. Dissociation energy is highest in case of ScB and lowest in case of MnB. The
finite field (μFF) and the expectation value (μ) dipole moments of 3d transition metal
borides (ground state) are provided in Fig. 8.35 [93].

Fig. 8.34 MRCI + Q/Z
dissociation energies of the
ground states of metal boride
MB, M = Sc to Cu.
Reproduced with permission
from AIP Publishers [93]

Fig. 8.35 Finite field (μeff)
and expectation value (<μ>)
dipole moments of
ground-state MBs at the
MRCI/5Z level. Reproduced
with permission from AIP
Publishers [93]
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8.3.3 Electrical Resistivity

Most transition metal borides exhibit the metallic behavior (i.e., electrical resistivity
increases with temperature) [93]. Some of alkaline earth metal borides (AB6, A =
Ca, Sr, Ba) show the semiconducting property, e.g., CaB6 has Eg = 0.4 − 1.0 eV;
while other can exhibit the superconducting property, e.g., MgB2 has T c ~ 39 K [41],
ZrB2 (5.5 K [94]), TaB2 (9.5 K [95]) and NbB2 (5.2 K [95]). Temperature-dependent
resistivity of MgB2 under absence of magnetic field is shown in Fig. 8.36 [41]. It
shows T c at 39 K, which is the highest value among superconducting metal borides,
carbides and nitrides.

Interestingly, CaB6 shows a weak ferromagnetic property and Curie temperature
at ~600 K [96, 97]. There are many reports on magnetic and electrical properties of
CaB6, Ca1−xLaxB6, Sr1−xCexB6, Sr1−xLaxB6 [96, 97]. In temperature-dependent
resistivity of single crystals of Ca1−xLaxB6, it varies from the semiconductivity
behavior at x = 0.0 to metallic at x = 0.0025; and at high x, resistivity drops
significantly (Fig. 8.37, [97]).Ca1−xLaxB6 shows ferromagnetic properties.Magnetic
moment increases with substitution of La up to x = 0.005 and decreases with further
increase of x (Fig. 8.38, [97]). Inset shows the magnetization versus the applied field
at 5 K for Ca0.997Th0.0025B6 and Ca0.995Th0.005B6.

Weak ferromagnetic and semiconducting properties of CaF6 are reported by other
group (Fig. 8.39 [96]). Here there are no magnetic ions impurities. Origin of weak
ferromagnetism is debated today. It may come from defect related, exciton formation
at Fermi level and low-density electron gas probability. Inset shows the expansion
of the magnetization curve near-zero field (lower right) and the electrical resistivity
as a function of temperature (upper left).

The compounds of B with p-block elements such as boron nitride (BN) and boron
carbide (BC) show the wide band semiconducting properties (e.g., BN can have Eg

Fig. 8.36 Temperature-dependent resistivity of MgB2 is obtained in absence of magnetic field.
Reproduced with permission from Nature Publishers [41]
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Fig. 8.37 Temperature-dependent electrical resistivities are obtained from of La-doped CaB6. The
resistivity for pure CaB6 is multiplied by 0.2 to get clarity. Reproducedwith permission fromNature
Publishers [97]

Fig. 8.38 Magnetization per mole of compound against applied field for La-doped CaB6, measured
at 5K (f.u., formula unit). The data for x=0 is taken at 10K. Inset shows themagnetization versus the
applied field at 5 K for Ca0.997Th0.0025B6 and Ca0.995Th0.005B6. Magnetizations are measured after
cooling in zero field, using a quantum design SQUID magnetometer. Reproduced with permission
from Nature Publishers [97]

= 3.8–6 eV) [93]. In some cases, metal borides show the resistivity minimum below
20 K due to possible Kondo or RKKY or antiferromagnetic interaction (Figs. 8.40
and 8.41 [98]) and another resistivity minimum near the Curie temperature due to
magnetic ordering (ferromagnetic to paramagnetic or some kind of magnetic atomic
ordering). This can be explained by taking crystalline and amorphous phases of
(Co1−xMnx)2B (x = 0.0–0.35). Figure 8.40 shows the electrical resistivity as a func-
tion of temperature for crystalline phase of (Co1−xMnx)2B, where resistivity value



8 Synthesis, Characterization, Physical Properties … 287

Fig. 8.39 Magnetization curve of CaB6 single crystal is used in the present study. Inset: expan-
sion of magnetization curve near-zero field (lower right) and electrical resistivity as a function of
temperature (upper left). Reproduced with permission from APS Publishers [96]

Fig. 8.40 Temperature-dependent electrical resistivity is obtained from crystalline (Co1−xMnx)2B
compounds. Reproduced with permission from Elsevier Publishers [98]

increaseswith increase ofMn content. The behavior is similar tomagnetic alloys such
as Co1−xMnx. In 250–400 K, there is a slight decrease in resistivity with temperature.
This is related to its respective Curie temperature (ferromagnetic to paramagnetic
transition). At higher x (say x = 0.35), this anomaly in resistivity temperature is
smeared out. At low concentration of Mn, there is a minimum at resistivity below
20 K (i.e., there is a slight rise in resistivity with decrease of temperature below
20 K). This is related to possible Kondo or RKKY or antiferromagnetic interaction
among neighboring Co, Mn atoms.
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Fig. 8.41 Temperature-dependent electrical resistivity is obtained from amorphous (Co1−xMnx)2B
alloys. Reproduced with permission from Elsevier Publishers [98]

In order to compare electrical resistivity (ρ) properties of crystalline
(Co1−xMnx)2B (x = 0.0–0.35), the electrical resistivity as a function of temperature
is performed for amorphous phase (Fig. 8.41). At x = 0, there is a rise in resistivity
with temperature indicating metallic nature. However, there is a resistivity minimum
below 20 K (i.e., there is a rise in resistivity below 20 K). This is labeled by symbol
(Tmin

l). With increase of x up to 0.1, there is a minimum in resistivity due to Kondo
effect below 20 K, but there is a minimum in resistivity represented by symbol Tmin

h.
At x > 0.1, Tmin

l seems to be disappeared, but Tmin
h still remains and become more

distinct with increase of x. This Tmin
h is related to magnetic ordering to disorder

transition or Curie temperature. The Kondo effect below 20 K is confirmed by the
plotting ln ρ versus T gives a straight line (inset of Fig. 8.41).

8.3.4 Optics

Generally, metal borides are metallic in nature. Because of this, their optical proper-
ties are not much studied. Some of borides are semiconducting and thus, they have
band gap (between valence and conduction bands), which can absorb light. The value
of the dispersity in the �-A direction (�Eσ(�-A) of the Brillouin zone (BZ), deter-
mined by the degree of interaction between metal–boron layers in metal diborides
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(hexagonal phase) such as MgB2, ZrB2, VB2, NbB2, TaB2, suggests that band gap is
very less in MgB2 (0.72 eV) as compared to ZrB2 (1.73 eV), VB2 (2.69 eV), NbB2

(2.49 eV), TaB2 (2.62 eV) [95]. It is therefore expected that the latter diborides will
absorb light.

ZrB2 and HfB2 samples show the room-temperature hemispherical reflectance
spectra in visible—near-infrared (NIR)—infrared region (Fig. 8.42) [84]. It has the
reflectance 40–50% in 500–900 nm, where solar spectrum has the highest absorp-
tion. In this range, SiC (standard) has 20% reflectance.While ZrB2 andHfB2 samples
shows total hemispherical emittance of 0.35–0.45, whereas SiC has the total hemi-
spherical emittance of 0.6–0.8 in the temperature range1100–1600 °C (Fig. 8.43). It is
suggested that ZrB2 andHfB2 samples are bettermaterials for ultra-high-temperature
ceramics for solar thermal absorbers as compared to SiC. The temperature-dependent
hemispherical emittance of ZrB2 and HfB2 samples in different wavelength ranges
(0.6–2.8 μm, 8–14 μm) suggests that emittance values are almost 0.6 in the temper-
ature range 1100–1600 °C in 0.6–2.8μmwavelength and 0.2–0.3 in 8–14μmwave-
length in the same temperature range. Still search for newmaterials, new composition

Fig. 8.42 Reflectance
curves are obtained from
almost fully dense ZrB2,
HfB2 and SiC samples.
Reproduced with permission
from SPIE Publishers [84]

Fig. 8.43 Total
hemispherical emittance is
obtained from dense ZrB2,
HfB2 and SiC samples as a
function of temperature.
Reproduced with permission
from SPIE Publishers [84]
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Fig. 8.44 Photoluminescence spectrum is obtained from B4.23C at 290 K. This is obtained after
excitation with the 514.5 nm (2.4 eV) line of an Ar laser; and intensity 280mW/mm2. Squares—
experimental results, thin solid line—averaged experimental results, bold solid line—recombination
model of free excitons, bold dashed line—model for the transition of electrons between energy band
and defect level. Reproduced with permission from Elsevier Publishers [101]

and new synthesis method is going on for ultra-high-temperature boride ceramics,
which can show promising properties for novel solar receivers. Another material for
novel solar receivers is TaB2 [99]. It is to be noted that sintering process (hot pressing,
cold isostatic pressing), amount of additives used during sintering, porosity and
microstructure are also important to get the desired materials for high-temperature
ceramics solar receiver applications [99, 100].

Boron nitride (BN) and boron carbide (BC) show the wideband semiconducting
behavior (e.g.,BNcanhaveEg =3.8–6 eV) [93].B4.3C shows thebroad luminescence
in 1.56–1.59 eV with strong peak at 1.563 eV along with a weak peak at 1.572 eV
(Fig. 8.44, [101]). Here, Ar laser (E = 2.4 eV) is used as source of excitation.
This emission is related to the indirect-allowed recombination of free excitons. This
material has indirect interband absorption transition at 2.1 eV.

On other hand, hexagonal phase of boron nitride (BN) has been used as UV light
emitter because of large band gap of 6 eV.Depending on the amount of defects present
in system and temperature ofmeasurement, it can show indirect band emission (intra-
band transitions at about 4 eV) along with band edge emission at 5.5 eV. Figure 8.45
shows the photoluminescence (PL) and cathode luminescence (CL) spectra recorded
at room temperature and low temperature. PL is recorded by excitation at 5.82 eV
[102]. Both PL and CL show similar behaviors. A broad blue band with a maximum
at 4 eV is observed, and aweak continuumnear 5 eV is observed at room temperature.
At low temperature 77 or 120 K, extra peak in PL spectrum at ~5.5 eV is observed.
Figure 8.46 shows the CL spectra at various cathode intensities or applied currents.
The broad peak (~3.8 eV) is not much affected, while 5.5 eV peak increases with
increase of cathode current from 10 to 60 nA.
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Fig. 8.45 Photoluminescence (PL) and cathode-luminescence (CL) spectra are obtained from h-
BN at room and low temperatures. They are not corrected for the system response. The photo-
luminescence spectra are excited at 5.82 eV. Reproduced with permission from APS Publishers
[102]

Fig. 8.46 Spatially resolved
cathode-luminescence (CL)
spectra at 298 K are obtained
from h-BN crystallites at
various applied currents.
Reproduced with permission
from APS Publishers [102]

8.4 Applications

8.4.1 Catalyst

Many metal borides are used in catalytic applications. Reduction of aromatic nitro
group to amine at room temperature using nickel borides (NiB2) as catalyst has been
reported [103]. As compared to precious metals (Au, Pd, Pt) and abundant metals
(Ni, Co, Fe), NiB2 (obtained by in situ formation from NiCl2 and NaBH4) showed
the enhanced reduction properties of aromatic nitro to amine in water medium.
However, there is oxidation of NiB2 catalyst in water, which contains dissolved
oxygen molecules. In order to increase yield of product per gram of catalyst and
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number of turnover and to protect oxidation of NiB2, the surface-modified cellulose
has been added to reaction medium. The reduction processes using classical reduc-
tion with Fe/Pd (1) and nickel borides (using NaBH4) in cellulose (2) are provided
below.

Ultra-thin nanosheets of bimetallic iron-nickel boride (Fe–Ni–B) on Ni foam
show better oxygen-evolving activity compared to the precious metal catalyst RuO2

in electrolysis of water [104]. This requires an over potential of 237 mV to reach a
current density of 10 mA cm−2 with a small Tafel slope of 38 mV dec−1 in 1.0 M
KOHelectrolyte. Thematerial shows long-termelectrochemical stability.At a similar
current density, RuO2 catalyst requires an over potential of 292 mV.

8.4.2 Superconducting Materials

Many metal borides are used as superconducting materials having transition (T c) up
to 39 K [105–107]. Some of superconducting metal borides are: MgB2 has T c ~ 39 K
[103], ZrB2 (5.5 K [104]), TaB2 (9.5 K [105]), NbB2 (5.2 K [105]), Ru7B3 (3.3 K
[105]), RuB2 (1.6 K [105]), Mo2IrB2 (3.6 K [105]), NbRuB (3.1 K [106]), WB4.2

(2.0 K [107]). Figure 8.47 shows the electrical resistivity vs. temperature of NbRuB
in which superconducting transition is observed at 3.1 K, which is consistent with
zero-field cooled (ZFC) and field cooled (FC) magnetic susceptibility measurement
(upper inset of Fig. 8.47) and susceptibility becomes negative below 3.2 K. Its crystal
structure is shown in lower inset of Fig. 8.47. Figure 8.48 shows thermodynamic
properties of NbRuB: (a) the heat capacity (Cp) versus temperature at 0 and 5 T
magnetic field. At 0 field, there is a rise of Cp with temperature up to 2.7 K and
then decreases up to 3.7 K, and above this there is a rise of Cp with temperature. At
5 T, there is a rise of Cp with temperature. (b) The Cp/T versus temperature shows
the change in entropy at the superconducting transition for 0 field measurement. (c)
Cp/T versus T 2 shows the straight line indicating suppression of superconductivity
in the presence of magnetic field (5 T).
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Fig. 8.47 Electrical andmagnetic data of the NbRuB superconductor.Main panel: The temperature
dependence of electrical resistivity of NbRuBwithout an applied magnetic field showing a close-up
of superconducting transition to zero resistance. Lower Inset: the crystal structure of NbRuB. Upper
insert: the temperature dependence of magnetic susceptibility of NbRuB in a 10 Oe applied field
from 1.8 K to 4.5 K with zero-field cooling and field cooling, demonstrating expulsion of magnetic
flux by the superconductor. Reproduced with permission from ACS Publishers [106]

Fig. 8.48 a Temperature dependence of the heat capacity Cp is obtained from superconducting
NbRuB measured with (5 T) and without an applied magnetic field (0 Oe). b Enlarged view of the
low-temperature region (1.9 − 6 K) of Cp/T (T) for NbRuB showing “the equal area construction”
method for determining the change in entropy at the superconducting transition. c The fitting of the
low temperature Cp/T data versus T2 in the temperature range 1.9 − 6 K is under the applied field
(5 T), which is sufficient for the suppression of superconductivity, and this is employed to determine
the electronic contribution to Cp. Reproduced with permission from ACS Publishers [106]
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8.4.3 Coating Materials to Improve Mechanical Properties
(Hardness, Corrosion Resistance, Wear Resistance)

To improvemechanical properties like hardness,wear resistance, corrosion resistance
and stability of metal or alloys in high temperature and harsh environment, coating
over products is necessary. Usually, metal/non-metal borides, carbides and nitrides
are used as coating materials. Here, coating over product using boron source will be
discussed. Boron interacts with upper surface of material to form single or multilayer
metal borides. Examples are provided here.

1. Formation of FeB and Fe2B over surface of steels improves hardness, wear
resistance, temperature resistance and corrosion resistance. Figure 8.49 shows
the cross-sectional scanning electron microscopy images of formation of Fe–B
over surface of steel [108]. 50 μm thickness of coating is formed, and no crack
is formed. Energy-dispersive analysis of X-ray (EDAX) spectrum shows the
composition of coating that has Fe, B. Since B is a low atomic number element,
it is difficult to observe its peak, but there is a small peak below Fe peak. This
may be related to boron. The hardness increases with annealing temperature
of sample (Fe–B formation over steel), and its hardness is more than that of
substrate steel [Fig. 8.50]. The hardness of sample annealed at 900 °C for 8 h
has the value of 1100 HV. The corrosion resistance studies of coated sample
have been carried out using polarization techniques (Tafel) and electrochemical
impedance spectroscopy (EIS)with an electrochemical station. Itwas performed
in 3.5 wt%NaCl solution with a conventional three-electrode cell. The Cl− ions
diffuse into coating, and further interact with iron steel substrate to form the
rust (Fe(OH)2, Fe2O3.xH2O. The possible electrochemical reactions are given
below:

Fe (solid/substrate) + 2Cl− + 4H2O → FeCl2 · 4H2O + 2e−

Fig. 8.49 Cross-sectional morphology (Left) and EDAX spectrum (Right) data of the boride layer
at 900 °C for 8 h. Reproduced with permission from Elsevier Publishers [108]
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Fig. 8.50 Variation in
microhardness is obtained
from the surface to the
interior of borided
low-carbon steel.
Reproduced with permission
from Elsevier Publishers
[108]

O2 + 2H2O + 4e− → 4OH−

FeCl2 · 4H2O + 2OH− → Fe(OH)2 + 2Cl− + 4H2O

4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3 or Fe2O3.xH2O(rust)

The corrosion resistance of low-carbon steel is evaluated by polarization curve
at ambient temperature (Fig. 8.51). The corrosion inhibiting efficiency (Eresistance) is
calculated using the following formula.

Eresistance = [(
i0corr− icorr

)
/ i0corr

] × 100%

where i0corr = the corrosion current of the steel and icorr = the corrosion current of
the boride-coated steel. The cathodic reaction corresponds to the evolution of H2,
whereas anodic reaction corresponds to the corrosion resistance of the boride coating.

Fig. 8.51 Potentiodynamic
curves are obtained from the
substrate and borided
low-carbon steel in 3.5 wt%
NaCl solution. Reproduced
with permission from
Elsevier Publishers [108]
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The corrosion current density (Icorr) and corrosion potential (Ecorr) are obtained
from the polarization curves by Tafel extrapolation method. Icorr values for substrate
(steel), Fe–B-coated steels annealed at 700, 800 and 900 °C are 59.38, 29.76, 16.85
and 8.78 μA/cm2, respectively. Ecorr values for substrate (steel), Fe–B-coated steels
annealed at 700, 800 and 900 °C are −832.6, −811.4, −797.5 and −788.4 mV,
respectively. Eresistance values of Fe–B-coated steels annealed at 700, 800 and 900 °C
are 49.8, 71.6 and 85.2, respectively. It is suggested that boride coating over substrate
protects the surface of samples from the effect of Cl− ions.

Boron nitride (BN) has same structure of carbon and can exist in cubic or hexag-
onal phases [109]. The cubic phase has similar hardness property with diamond. BN
is therefore coated over the cutting tips of high-speed steel. The film thickness of
15 μm BN over steel shows the hardness of 3000–5000 kg/mm2. Wear resistance
increases by making silicon nitride interface between BN film and steel.

WB2 andWB4 have been considered as superhard material (~45 GPa) [110]. This
was used as coating material over surface of steel in order to improve mechanical
properties (hardness, wear resistance), chemical inertness and electronic conduc-
tivity. The hardness of WB2 coated over surface of steel was measured with the
help of a nanoindenter (Nano Indenter G200, Agilent Technologies, USA) with a
Berkovich indenter tip. Figure 8.52 shows the hardness–displacement curve of the
coated sample. There is a rise of hardness up to about 53 GPa for indentation depth
of 60 nm, and then hardness decreases slightly up to 45 GPa for indentation depth
of 200 nm and further decreases to 40 GPa for indentation depth of 400 nm. Inset of
Fig. 8.52 shows the loading and unloading curves of ten indentations.All indentations
are almost overlapping each other indicating the reliable indentation results.

Fig. 8.52 Hardness of the
as-deposited WB2 coatings
is plotted as a function of
indentation depth. Inset: The
load displacement curves of
ten indentations. Reproduced
with permission from Wiley
Publishers [110]
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8.4.4 Metallic Ceramics Materials

Since some of borides are having a high melting point (>2000 °C) such as TiB2,
WB2, ZrB2, HfB2, NbB2, TaB2, high chemical stability and good electrical conduc-
tivity, these are used as interconnector, cutting tools, grinding tools, thermal barriers,
diffusion-resistant thin films, etc. [111–115]. They are usually poor in thermal
conductivity because of vacancies of boron or defects.

8.4.5 Magnetic Materials

Usually, NiBx, CoBx and FeBx compounds are magnetic materials [116]. There
are other boron-based magnetic materials, which include the following: Nd2Fe14B
(permanent magnet), Nb6Fe1−xIr6+xB8, Sc2FeRu5B2, Ti9Fe2Rh18B8, TiCrIr2B2,

Ti2FeRh5B2, Ti2FeRu5B2, Sc2FeRu5−xRhxB2 and FeRh6−xRuxB3, Ti3Co5B2,

Zn11Rh18B8, etc. [117, 118]. The behavior of magnetic materials depends on their
crystal structure, B–B, metal–metal, B-metal bonding, itinerant electrons, Fermi
energy, exchange interaction, antiferromagnetic, ferro-/ferri-magnetic interactions,
etc. Thus, they are used as magnetic ribbons and magnetocaloric materials for
efficient refrigerators.

8.4.6 Brightness in Electron Microscopy
and Monochromator for Synchrotron Radiation

Many boron-rich rare-earth borides such as LnB6 (Ln = f-block elements, Ce, La)
have low work functions of 2.3–3.2 eV [119–121]. Upon heating, they can emit elec-
trons. Such materials are used as thermoionic electron emitters. In scanning electron
microscope, cathode electron emitters are usually tungsten filament. However, it has
high work function of 4.5 eV. Because of this, a high temperature is required to emit
electrons. To decrease temperature required for electron emission, single crystals
of LaB6 and CeB6 are used. It increases brightness of image because they exhibit
lower electron spread as well as longer lifetime compared to those of tungsten (W)
filament when same current is applied on both W and LaB6. To determine energy
of a synchrotron beam in the range 7–12 keV with uncertainties of 0.1 eV, powder
XRD diffraction patterns of LaB6 is used as standard [122].
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8.4.7 Other Hybrids/Composites of Borides for Applications

The production of H2 by splitting of water is one of the best ways for the storage
of renewable electricity. However, it is limited by the slow anodic oxygen evolu-
tion reaction (OER). There are reports on improvement of OER using metal and
metal oxide catalysts [123]. Hybrid of nickel boride and graphene oxide is better
for OER as compared to that of pure graphene oxide or commercial RuO2 cata-
lyst [124]. The electrolyte used in this work is potassium hydroxide (KOH) pellets
and ultra-pure H2O (18.2 M, Millipore). Interestingly, hybrid of iron-doped nickel
boride and graphene oxide is better for OER as compared to that of hybrid of nickel
boride and graphene oxide. Hybrid of iron-doped nickel boride and graphene oxide
(GO) required a very low overpotential of 230 mV to achieve the current density of
15 mA cm−2 with a small Tafel slope of 50 mV dec−1and this value was better than
those of Ni–B/GO and commercial RuO2 catalyst at the same mass loading.

The hybrid of Ni2B and reduce graphene oxide (RGO) has been used as novel
electrode material for supercapacitors [125]. This has an excellent specific capac-
itance of 1073.4 F g−1 at a current density of 1 A g−1 in 6 M KOH solution. A
high energy density of 22.1 Wh kg−1 at a power density of 724.9 W kg−1 is deliv-
ered using this hybrid. About 72% of its initial performance is achieved after 2500
charge–discharge cycles at a current density of 6 A g−1.

8.5 Conclusions

Different ways of synthesis of metal borides are provided. Examples of metal borides
of s-, d- and f -block elements are Nb3B2, NbB, Nb5B6, Nb3B4, NbB2, Cr2B, Cr5B3,
CrB, Cr3B4, CrB2, CrB4, CrB6, MgB2, MgB4, MgB6, MgB7, MgB12, LiB, Li5B4,
Li3B14, LiB12.93, Li1.8B14 and LiB2.With p-block elements, boron forms compounds
such as AlB2, AlB12, B4C, SiB3, SiB4, SiB6, BN, and these borides are usually non-
metallic in nature. With rare-earth elements, boron forms compounds such as LaB6,
YB6, CeB6, EuB6, ThB6. The composition of metal borides varies from B rich to
metal rich. In some cases, exothermic reaction occurs when metal ions interact with
borohydride. Therefore, it is preferred to perform this under ice bath. The particle
size and shape of metal borides can be changed depending on synthesis route. Also,
the ways to prepare metal borides in nanostructured form (0D, 1D, 2D and 3D ways)
are mentioned. Boron can form single, double and triple bonds with another B atom
to form compounds. Since B is itself electron deficient, it needs to gain electrons
from Lewis base (L) such as: C (carbenes): NH3: CO. Typical examples are L: →
H2B−BH2 ← : L, L:→H1B=BH← : L, L:→B≡B← : L for formation of stable
compounds. Most of metal borides are metallic and because of this, they are not good
for optical materials. Some compounds (WB2, WB4,TiB2, ZrB2, HfB2, NbB2, TaB2)
includingBN andCN are very hard aswell as have highmelting points. They are used
as coating materials to increase corrosion resistance as well as wear resistance. Metal
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borides of Fe–B, Ni–B and Co–B are used as soft magnetic materials. Nd2Fe14B is
used as permanent magnet. Most borides are used as catalysts. LaB6 and CeB6 are
used as cathode electron sources in electron microscopy. MgB2, TaB2 and NbB2 are
used as superconducting materials.
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Chapter 9
Synthesis and Applications of Borides,
Carbides, Phosphides, and Nitrides

Raghumani S. Ningthoujam and Rashmi Joshi

Abstract The borides, carbides, phosphides, and nitrides of metals or non-metals
can be prepared by various methods. This chapter covers the preparation, properties,
and applications of polycrystalline samples (powder, thin film inmicron to nanometer
sized particles) and single crystals of borides, carbides, phosphides, and nitrides.
Nature of chemical bonding of transition metal or rare-earth metal nitrides is similar
to that of respective carbides (i.e., metallic and ionic bonding in nature). When a
few percentages of N/C are present in transition metals, the metal lattice expansion
occurs (i.e., the interstitial sites of the metal lattice are occupied by N/C atoms)
and then new phases of compounds are formed by further addition of N/C in metal
lattice. The s-block elements form nitrides or carbides and chemical bond is usually
ionic in nature. The p-block elements form nitrides or carbides and chemical bond
is usually covalent in nature. The borides of transition metal or rare-earth metal can
have metal rich to boron rich phases (M2B, MB, M3B4, MB2 to MB12) with M–M,
M–B, B–B bonding (metallic, ionic, and covalent bonding in nature). The phosphides
of transition metal or rare-earth metal can have metallic and ionic bonding.When the
shape of particle changes from 0D, 1D, 2D to 3D in nanosize range, their properties
vary.They exhibit interesting electrical,mechanical,magnetic, andoptical properties.
They are used in many applications such as catalysts, permanent magnetic materials,
sensors, LEDs, lasers, super-hardmaterials, high temperaturematerials, cutting tools,
permanent coloring materials (i.e., jewelry), absorbing medium for microwave to
radio-wave ranges, insulating materials, high thermal conducting materials, etc.
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9.1 Introduction

Borides, carbides, nitrides, and phosphides of metals or non-metals are interesting in
terms of their chemical bonding, crystal structures, properties, and applications [1–
3]. Chemical bonding includes metallic, ionic, and covalent types. The compounds
can have composition of XaYb (X = metal or non-metal, Y = B, C, N or P) and a/b
ratio varies from less than 1.0 to more than 1.0. It implies that XaYb can be from
X-rich to Y-rich.

Borides, carbides, nitrides, and phosphides of s-block elements are very sensitive
to air and required to be stored properly [1–10]. The chemical bonding between
metal (X = M) and Y = B, C, N, or P is highly ionic in nature. It forms sp-bonding.
Examples are Li3B14, NaB6, MgB2, Li3N, Mg3N2, Mg2C, Li2C2, Li4C, Li3P, Ca3P2.
MgB2 shows superconducting transition at 39 K, which is comparable to several
high Tc oxide superconductors and more than that of other intermetallic compounds
[2, 7].

Borides, carbides, nitrides, and phosphides of d-block elements are mostly
discussed in literature because they have unusual properties in terms of optical,
electronic, magnetic and mechanical properties [1–6, 11–30]. They are mostly stable
in air and some are stable even under extreme conditions also. The chemical bonding
between X = M and Y = B, C, N, or P is slightly ionic and metallic in nature
except in B-rich system, in which covalent bonding in B-B is possible. The bond
is of dp-type. The electron density of states at the Fermi-level is generally high as
compared to the respective transition metal (d-block metal). Examples are VN, VC,
WC, Fe3C, FeB, FeP, Ni2P. Among them, NbN has the highest superconducting
transition at 17 K. Some of the transition metal nitrides have higher superconducting
transitions as compared to those of respective metals. Most transition metal borides,
carbides, nitrides and phosphides have been used as catalysts due to high surface
area, suitable electronic structure and harness, chemical and thermal stabilities (less
corrosion). Generally, transition metal nitrides have higher surface area than those
of respective metals. However, transition metal phosphides are better catalysts than
others (borides, carbides, and nitrides) for water splitting, energy storage (battery) in
terms of efficiency. Some of the transition metal nitrides, carbides, and phosphides
show ferromagnetic, antiferromagnetic, and paramagnetic behavior. In same system,
magnetic behavior varies with change of metal (X) to non-metal (Y) ratio. Example,
FeaN system (a = 4, 3, 2, 1) can show ferromagnetic, antiferromagnetic, and para-
magnetic behavior with increase in nitrogen concentration. CrN has been used as
coating material because of its high stability in slightly acidic or alkaline conditions.
WC, TiN, TaC, TaN have been used as cutting tools. Borides of transition metals can
have metal rich to poor (i.e., M2B, MB, M3B4, MB2 to MB12 with M–M, M–B, B–B
bonding). In metal rich system, it can have M–M bonding (metallic type) apart from
M–B bonding, whereas, in B-rich system, it can have B–B bonding (covalent type).

Borides, carbides, nitrides, and phosphides of f-block elements are stable in air
and their properties are interesting [1–6, 31–40]. The chemical bonding between
metal and non-metal (B, C, N, or P) is ionic in nature except B-rich system, in which
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covalent bonding in B–B is possible. The bond is of fp-type in X–Y. Examples are
LaN, UC, Lu2C, Gd3C, NdB4, LaP2, CeP5, LaB6. CeB6 and LaB6 are good material
for thermo-emission due to low work function and this can have B–B bonding (cova-
lent type) in addition to La–B bonding. They are good thermal conducting materials.
A few of B containing rare-earth compounds have been used as permanent magnets.
Some rare-earth carbides have been used as nuclear materials. Some nitrides and
carbides and their ternary and quaternary nitrides and carbides (layered systems)
exhibit the superconducting property.

Borides, carbides, nitrides, and phosphides of p-block elements are stable in air
and their properties are interesting in terms of mechanical and thermal, and optical
properties [1–6, 41–50]. The chemical bonding between p-block element and B, C,
N, or P is usually covalent. The bond is of pp-type. Nitrides, carbides, and phosphides
of p-block elements (e.g., BN, AlN, C3N4, Si3N4, SiC, GaN, InN, Ga1−xInxN, GaP,
AsP, InP) are important phosphor materials for light emitting in UV to visible to IR
region.Alongwith these phosphors, visibleNIR light canbeproduced from rare-earth
doped luminescence materials [51–60]. Some carbides such as SiC have been used in
high temperature stable phosphor as well as heating elements in furnace. BN, C3N4

and AlN are a few examples of hardest materials comparable with diamond. Si3N4

has been used in many applications as atomic force microscopy (AFM) scanning
tip and sample holder for nuclear magnetic resonance (NMR) experiment. BN has
been used as sample holder for magnetic measurement at room temperature and high
temperature.

Interestingly, carbides or nitrides of transition metals and rare-earth metals have
metal lattices in which C or N occupy the interstitial positions (octahedral) [1]. With
occupancy of C or N at initial stage, volume expansion occurs and with increase of
occupancy of C or N, it starts formation of other phases such as X4N, X3N, X2N,
XN, and XN2 or X4C, X3C, X2C, XC, and XC2 to minimize energy. While, borides
or phosphides of transition metals and rare-earth metals can have chemical bonding
of metal-metal, B–B or M–B or P–P or M–P types [2–6]. Usually, the interstitial
positions of the metal lattice are not occupied by B or P atoms.

Some compounds with composition X2Y or XY2 can have the layered structures
which have sandwich structure (i.e., X is in between Y layers or vice versa). Those
are sometimes considered as the layered structured compounds (2Dmaterials) [1–6].

There are reports on preparation of borides, carbides, nitrides, and phosphides
in nanosize regions (0, 1, 2, or 3D) [1–6, 12–27, 61–65]. Some show quantum
confinement effects. The quantum confinement effects occur when particle size of
semiconductor is less than Bohr’s radius of its exciton or particles dispersed in
another dielectric medium or formed by heterostructure configuration (core-shell,
composite, multilayers). Size and shape of these compounds or particles can be
controlledbydesigning synthesis routes.Magnetic nanoparticles of borides, carbides,
and nitrides have been used for hyperthermia application very recently and their
specific absorption rates (SAR) are comparable with magnetic nanoparticles based
on oxides.

In this chapter, the various synthesis routes for borides, carbides, nitrides, and
phosphides will be discussed. Synthesis methods of nanosized particles and layered
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structurematerials are alsomentioned. Since one of the chapters is focused on borides
in this book, detailed synthesis methods for borides will not be given. This is briefly
included here because its properties are similar to nitrides, carbides, and phosphides.
Finally, their applications will also be discussed.

9.2 Synthesis Methods of Nitrides

Binary, ternary, and quaternary nitrides were prepared by the following methods:

9.2.1 Interaction of N2 Gas with the Metal Powder or Film
at Elevated Temperature

Metal nitrides are prepared by direct interaction between metal (powder or film)
and N2 gas at elevated temperature [1, 2, 64]. Nitrogen molecule is highly stable
since it has three bonds between two N atoms (N≡N, 2 π–bonds, 1 σ–bond). It is
difficult to dissociate even at high temperatures. Thermal equilibrium between N2

and dissociated nitrogen atoms is represented by:

N2 � 2N (9.1)

The fractional dissociation (f) ofN2 gas in the thermal equilibriumat a temperature
(T) can be calculated from the equilibriumconstant (K(T)).Here, no reaction between
nitrogen gas and foreign body in an ideal box takes place (no change in dimension).

K(T) = [
p(N)

]2
/
[
p(N2)

]
(9.2)

Total pressure (P) at a particular temperature is defined here,

P = p(N) + p(N2) (9.3)

f = p(N)/P (9.4)

The equilibrium constant (K(T)) can be calculated from the following relation
[64]:

Rln(K) = −�
(
F0 − E0

0

)
/T − �E0

0/T (9.5)

where R is gas constant,
(
F0 − E0

0

)
is the free energy of the components of reac-

tion. �E0
0 is dissociation energy of gas molecules. The dissociation energy of N2 is

calculated to be 8.80 eV.
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However, if there is a reaction between N2 and foreign body (say Fe, Ru, Al),
dissociation energy decreases. Here temperature (T) and pressure (P) are important
parameters in a container (volume). The physisorption and chemisorption of gases
over metal surface occurs. Suppose there is a flow of gas from the left (ingoing) to
the right (outgoing) over iron metal surface (alumina crucible) which was inserted
into a transparent quartz tube at the elevated temperature. There will be equilibrium
between N2 gas and N atoms dissociated over metal surface [65].

N2 � 2N(Metal surface) (9.6)

The rate of N2 dissociation (v, mol/cm2.s) can be considered of the first order and
it is given by,

v = kp(N2) (9.7)

The k is the rate constant of N2 dissociation.
To calculate the rate constant (k), a few precautions are adapted. Initially, iron

metal chamber is passed with Ar-H2 mixture at the temperature of 1873 K. The
content of oxygen is reduced (10–11 ppm). Then ingoing gas is changed to Ar-
N2-H2 mixture. It has about 1 at.% nitrogen isotope (30N2). Total gas flow rate is
1000 cm2/min at standard temperature and pressure (volume of argon, V(Ar) =
750 cm3/min, V(N2) = 50 cm2/min, V(H2) = 200 cm3/min). A quadrupole mass
spectrometer is attached to this reaction chamber, which can measure the fraction
of the isotope nitrogen in the ingoing and outgoing gases, 30Fi and 30Ff through a
quartz capillary tube. When a fraction of 30N2 for total nitrogen (28N2 + 29N2 +
30N2) in the ongoing gas becomes constant for 10 min, the measurement is finished.
This suggests that there is equilibrium between gas and metal phases.

Under this consideration, the fraction of 30N2 in the total absorbednitrogen is given
by that in the ingoing nitrogen. 30Fi and 30Ff can have the following relationship with
partial pressure of N2 gas (p(N2), atmosphere), volume of gas flow (V, cm3/s) and
the rate of nitrogen dissociation (v, mol/cm2.s) at the experimental temperature (T).

[
p(N2)V/RT

] × [
30Fi −30 Ff

] = [Av] × [
30Fi −30 Feq

]
(9.8)

The A is the surface area of solid metal (cm2). 30Feq is the equilibrium fraction
of 30N2. R is the gas constant (82.1 cm3atm/K mol). By substituting Eq. (9.7) in to
Eq. (9.8), the rate constant (k) can be calculated:

k = [V/ART] × [30Fi −30 Ff
]
/
[30Fi −30 Feq

]
(9.9)

The rate constant of nitrogen dissociation at the surface of iron at 1773Kmeasure-
ment temperature is about 1.97 × 10–5 mol/(cm2

.s.atm.). The dissociation constant
increases with increase of measurement temperature since amount of dissolution of
nitrogen at Fe increases with increase of temperature from 1000 to 2000 K. Iron



312 R. S. Ningthoujam and R. Joshi

Fig. 9.1 Dependence of the
rate constant of N2
dissociation on the additive
element content of iron at
1773 K. Reproduced with
permission from ISIJ
publishers [65]

can exit as α (bcc phase), γ (fcc phase), δ, and liquid state in different tempera-
tures T < 1200 K, < 1600 K, < 1800 K and < 1800 K, respectively. The presence
of additive elements changes dissociation constant at the surface Fe at a particular
measurement temperature. The presence of Ti, Cr, Mn in Fe enhances the dissoci-
ation constant, whereas the presence of Al, Si reduces the dissociation constant at
particular temperature of 1773 K (Fig. 9.1) [65].

The density functional theory (DFT) can explain the chemical reactions of gases
(say N2) on the metal surfaces [66, 67]. During dissociation of N2 on Ru (0001)
undergoes minimum energy path (Fig. 9.2) [66]. At initial stage (I), N2 molecule
comes to surface perpendicular with distance apart (z) and bond length (N–N = b
= 1.11 Å). At the final state (F), completion of dissociation of N2 occurs. When
z is short, b becomes longer. In between, it undergoes minimum energy path and
this was represented by the solid line. The initial and final stages are connected by
the dashed line. Energy coordinated diagram shows that initial and final stages have
minima (Fig. 9.3) [66]. At initial stage, N2 is perpendicular to Ru surface. The N2

starts bending towards Ru surface to form metastable state (M). N2 becomes the
highest stretch at the transition state (TS) where dissociation starts. At the final state
(F), N atoms diffuse into the HCP sites of Ru. The presence of Na or Cs on Ru (0001)
decreases the barrier for N2 dissociation.

Thus many nitrides such as (MN = s, p, d, and f-block elements) can be prepared
by passingN2 over elemental powder or elemental oxides or metal-ligand precursors.
Here, nitrides are formed at high temperature (900 °C or above) [1, 2, 9–11, 33–35,
39–44]

M + N2
Heat−−→ MN
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Fig. 9.2 Design of the unit cell used in the calculation and the configurations along the reaction
path for N2 dissociating over Ru(0001): (I) the initial, N2 molecularly adsorbed state; (M) the
metastable molecularly adsorbed state; (TS) the transition state; and (F) the final, dissociated state.
Reproduced with permission from Elsevier Publishers [66]

Fig. 9.3 Design of the hyperplane adaptive constraint (HAC) method for finding the minimum
energy reaction path. The figure shows the initial guess and the final path for N2 dissociation on
Ru(0001) in the (z, b) plane spanned by the height z of the center of mass of the molecule over the
Ru surface plane and the N–N bond length b. The initial guess is just the dashed line connecting
the initial (I) and final (F) states. After minimizing the energy perpendicular to the local path the
minimum energy path, shown as a solid line, develops. The constraint is defined along the way as
the hyperplane perpendicular to the line connecting the two neighboring points on the path. The
hyperplanes for the final path are sketched at the images used. Reproduced with permission from
Elsevier Publishers [66]
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e.g., TiN is prepared at 1200 °C from titanium metal and N2 gas and its color is
golden [68].

9.2.2 Interaction of NH3 Gas with the Metal Powder or Film
or Oxides or Sulphides or Halides at Elevated
Temperature

At room temperature, ammonia (NH3) exits in gaseous state and the heat is required
to dissociate it into N2 and H2 gases [1, 2, 69].

2NH3 → N2 + 3H2; �H = 11 kcal/mol

Ammonia can be stored at room temperature under 8 atm pressure.
Thusmanynitrides such as (MN= s, p, d, and f-block elements) canbepreparedby

passing NH3 over elemental powder or elemental oxides or metal-ligand precursors.
Here, metal nitrides are generally formed from metal and NH3 gas at temperature,
which is relatively lower than that prepared from metal and N2 gas.

(a) M + NH3
heat−−→ MN + H2

(b) MxOy + NH3
heat−−→ MN + H2O

(c) MClx + NH3
heat−−→ MN + HCl

(d) MSx + NH3
heat−−→ MN + H2S.

e.g., TiN is prepared at 900–1200 °C from Ti in NH3 [70]. TiN is prepared at 850 °C
fromTiO2 inNH3 [71].NanocrystallineTiNpowders canbe prepared in 400–1000 °C
range fromTiCl4 inNH3 [72]. Initially, TiCl4 is dissolved inCHCl3 in glove box filled
with Ar gas (free fromwater). Anhydrous NH3 gas is passed over solution. Solvent is
evaporated at 100 °C and dry powder is heated at 400–1000 °C by passing ultra-high-
purity (UHP)-Ar, N2, and anhydrous NH3 atmosphere. Formation of nanocrystalline
TiN starts at 400 °C. Low temperature formation is due to the formation of metal-
amide compound between TiCl4 and NH3 in anhydrous medium.

9.2.3 Decomposition of Single Source Precursor Containing
Metal–Nitrogen Link

Complexes having M–N (metal–nitrogen) linkage can produce metal nitrides. It can
be performed with or without reducing atmosphere [1, 2].

(a) M − N complex
heat−−→ MN + H2/H2O + CO2/CO

(b) M − N complex + NH3
heat−−→ MN + H2/H2O + CO2/CO.
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For example, VN, GaN, Ni3N, TiN, and CoNx can be prepared
from [VO(NH2O)2Gly]. H2O,Ga(NH2CONH2)6Cl3 or Ga-EDTA complex,
[Ni(NH3)6](NO3)2, TiCl4(NH3)4 and [Co(NH3)6](NO3)3, in the presence of
NH3 atmosphere [12, 13, 21, 27, 73–75].

9.2.4 Use of Urea/Azide and Reductant Precursor

Organic or inorganic compounds such as urea (OC(NH3)2) and metal azides (e.g.,
NaN3) can be source of nitrogen [1, 2, 76]. Carbon nitride (C3N4) can be prepared
from urea at 400–550 °C by very slow heating (1–2 °C/min). Here, urea powder
is transferred to alumina boat, which is covered with another same size boat
crucible. This reduces loss of gases coming out from urea powder. Slow heating
is needed because the formation of C3N4 should be in equilibrium with evaporation
of CO2/CO/N2 from urea molecules. Otherwise, the yield of carbon nitride product
will be less. Metal nitrides can be prepared by the followings:

M + OC(NH3)2
heat−−→ MN + CO + H2

M + NaN3
heat−−→ MN + Na

MO + Mg + NaN3
heat−−→ MN + MgO + Na

OC(NH3)2
heat−−→ C3N4.

9.2.5 Use of Hard Template Having Nitrogen Source

Here, the hard template means the particle of a host having nitrogen as a component
of compound with porous nature, in which metal ions will occupy [1, 2, 77]. At
elevated temperatures, nitrogen atoms will be released and then interact with metal
ions. In this way, metal nitrides are formed. Usually, mesoporous carbon nitrides are
used; and metal chlorides dissolved in ethanol/methanol are used as source of metal
ions. Powder of mesoporous carbon nitride is added into metal chloride solution and
it is kept for a few hours. Subsequently, powder is removed and dried. In this way,
metal chloride is coated over mesoporous particles. It is heated slowly to ensure the
formation of metal nitride. For example, AlN, GaN, TiN, VN and Al–Ga–N and
Ti–V–N are formed inside pores of mesoporous C3N4.
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9.2.6 Epitaxial Growth of Nanowires or Nanorods
on Substrate

Epitaxial growth of metal nitrides in the form of nanowires or nanorods on appro-
priate substrates can be obtained [1, 2]. W2N nanowires can be grown on tungsten
oxide nanowires, which are already prepared on the substrates such as quartz, tung-
sten substrates, and fluorinated tin oxide (FTO) [78]. Here NH3 gas at 750 °C and
250 mTorr is applied for about 1 h for nitridation. Heterostructured nanowires of
GaAsN/GaAs are grown on Si (111) substrate [79]. Here plasma-assisted molecular
beam epitaxy is used. AlGaN nanowires are grown on SiO2/Si substrate by metal-
organic vapor phase epitaxy (MOVPE) method. Here graphene is used as a buffer.
The self-assembled grown of GaN nanorods are prepared on Si (111) substrate using
plasma-assisted molecular beam epitaxy [80]. Nitrogen free radicals are used as
source of nitrogen.

9.2.7 In the Form of Thin Film Formation and Coating

Thin films or coating of metal nitrides can be obtained on substrates for protection
of corrosion, increase of mechanical properties and coloring, etc. using chemical or
physical vapor deposition or magnetron sputtering technique, etc. [1, 2]. TiN coating
is done to appear materials as golden color. AlCrN andWNcoatings are performed to
improvemechanical properties of components and tools. Tomake insulation between
gap of nano-devices and nano-electronics, nitrides of silicon are used as layers [81].

9.2.8 In the Form of Single Crystals

Preparation of single crystals using normal melting of nitrides is difficult due to
decomposition of nitride before melting point. A few works on preparation of single
crystal of GaN up to a few microns have been reported [1, 2, 82]. One way is use
of supercritical ammonia at pressure of 1–5 kbars and 550 °C is used. In another
method, Ga in sodium melt is used starting material for formation of GaN at 600–
800 °C with nitrogen pressure, which comes from thermal decomposition of sodium
azide (Na3N).

Recently, materials having yellow, as well as red emitter, are demanding for
producing warm white color under blue light excitation since Nobel Prize in Physics
was awarded jointly to Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura “for
the invention of efficient blue light emitting diodes which enabled bright and energy-
saving white light sources” in 2014 [1, 83–87]. Single crystals of efficient and stable
orange as well as red emitter materials such as CaAl2Si4N8:Eu2+ have been grown
by the vapor phase synthesis method [88].
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9.2.9 Mesoporous Metal Nitrides

When NH3 gas is passed through metal oxides such as Cd2V2O7, CdTiO3, Cd2TaO7

or Cd2Nb2O6 powder at 450–800 °C, VN, TiN, Ta3N5 or NbN can be synthesized
from respective oxides. In this synthesis, Cd or Zn gets sublimed and remaining
transitionmetal such as V, Ti, Nb, or Ta reacts with NH3. The transitionmetal nitrides
are prepared by this route to be mesoporous with 10–15 nm pores [1, 2, 89] and
this method is template free. However, many transition metal nitrides with ordered
mesoporous are prepared from the respective mesoporous metal oxides, which are
already prepared using hard template (mesoporous silica SBA-15. Here NH3 gas is
source of nitrogen as well as reducing agent for metal oxides at 300–800 °C. In this
way, CoN, WN, CrN, and Ni3FeN (mesoporous nitrides) can be prepared [90]. Hard
template SiO2 SBA-15 is removed from respective metal oxides by treatment with
2 mol L−1 NaOH solution, which is followed by washing with deionized water and
methanol. Finally, powder is dried in vacuum.

9.2.10 Metathesis Reaction

When cations and anions exchange takes place between two ionic salt partners in
solvent (say water), the reaction is called metathesis. This is similar to a double
replacement reaction.

A+X− + B+Y− → BX + AY

[A(H2O)n]+ from A+X− and [Y(H2O)n]− from B+Y− form AY. Similarly,
[B(H2O)n]+ from B+Y−and [X(H2O)n]− from A+X− form BX.

In the sameway, metal nitrides can be prepared using solid statemetathesis (SSM)
routewithout conventional solvent [91].Metal salt such asMeCln is treatedwith ionic
alkali or alkaline-earth nitrides (Li3N or Ca3N2 which are the source of nitrogen)
at elevated temperature in the presence of inert atmosphere. Excess NaCl is added
to reduce exothermic reaction. Different phases of the metal nitrides can also be
produced by applying pressure. The final product has extra mixture of NaCl and
LiCl, which can be removed by washing with hot water.

MeCln + xLi3N + yNaCl → MeNx + nLiCl + yNaCl

Using high pressure and temperature, many nitrides including layered nitrides can
be prepared by mixing ternary alkali or alkaline-earth metal oxides with BN (source
of nitrogen). The method is known as high pressure solid state metathesis (HPSSM)
route [92]. GaN is prepared from LiGaO2 and BN at 5.0 GPa pressure and 1200 °C
temperature using HPSSM route.
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9.2.11 Layered Nitrides

Layered nitrides have the layers of same species separated by another group or
pores or interstitials. Sometimes, they are considered 2D materials if thickness is a
few nm. Examples of 2D materials are La3Ni2B2N3, LaNiBN, Sr2N, Ba2N, Li3N,
Li3−x−y�yMxN (M = Co, Ni, Cu, � = Li vacancy) and AMN2 (A = alkaline-earth
metal, M = Ti, Zr, Hf). La3Ni2B2N3 and LaNiBN are produced by arc-melting of
respective precursors in N2 atmosphere for 3 days at temperature above 1000 °C [1,
2] and they crystallize in the tetragonal phase. The structure of La3Ni2B2N3 has a
series of three square LaN layers in a rock salt configuration, stacked with single
tetrahedral Ni2B2 layer. In case of the structure of LaNiBN, a series of two LaN
layers in a rock salt configuration is stacked with single tetrahedral Ni2B2 layer.
Binary materials, Li3N, Sr2N and Ba2N are prepared by reaction of the molten alkali
(Li) or alkaline-earth (Sr, Ba) metal in Na in a glove box filled with high purity
nitrogen at temperature of 520 to 650 °C [93].

9.2.12 Mechanical Transfer of Metal Nitrides Grown
on a Substrate to Another Substrate

In optical and electronic devices of nitrides, it needs to transfer epitaxial grown thin
films (2D materials) to another substrate depending on the requirement [1, 2]. It
requires the easy way of releasing material from the previous substrate and adhesive
nature of material to another substrate. One of the easy ways of releasing material
from the previous substrate is use of buffer or transfer layer (e.g., a hexagonal single
crystal (0001) h-BN, which has van der Waals forces among BN layers). Indium can
be used as an adhesive layer.

Firstly, the (0001) h-BN is grown on (0001) h-sapphire (Al2O3) [94]. Nitride
layer (GaN or multiple-quantum-well structure AlGaN/GaN/InGaN/GaN) is grown
on h-BN. It is upside down and then put on another foreign substrate (Si, glass,
metal, plastic), which is already covered with indium layer. The nitride layer of Ga
is released or separated from the host sapphire substrate by applying mechanical
force. Similarly, high-quality GaN films grown on large-size graphene films are
transferred on amorphous SiO2 [95]. Here, ZnO nano walls are used as intermediate
layer between GaN and graphene.

9.2.13 Formation of Heterostructure Types

Heterostructure means a hybrid obtained from two or more dissimilar materials such
as metal-semiconductors, semiconductor (lower band gap)—another semiconductor
(higher band gap), semiconductor (lower band gap)—another semiconductor (higher
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band gap)—semiconductor (lower band gap), etc. and thereby its properties will be
different from individual materials [96–98]. This can change electrical and optical
polarities in terms of band-gap engineering, electrical polarizability (spontaneous,
stress), piezoelectricity, Schottky barrier, etc. Examples are GaN/AlN/Sapphire
(developed by Nobel Prize Winners Akasaki and Amano in 1981–1989), GaN/H-
BN, p-GaN/n-InGaN/n-GaN (the first blue LED developed in 1993 by Nobel Prize
winner Nakamura), InN/GaN, InGaN/Si, AlGaN/GaN, InGaN/GaN/AlGaN, MQW,
Graphene-h-BN, free-standing and graphene-like nitrides XN (X = B, Al, and
Ga)-MoS2.

9.2.14 Formation of Advanced Ceramic Materials of Borides,
Carbides, and Nitrides at Low Temperature

Apart from high temperature ceramic oxides, boron nitrides, boron carbides, carbon
nitrides, silicon carbides, and silicon nitrides have been considered as important
materials in different areas [1, 2, 99]. BN is used as sample holder in magnetic
measurement due to its diamagnetic property as well as high temperature stability.
Carbon nitrides are used as hard materials and coating materials. Silicon carbides
are used as furnace parts due to high melting point and high thermal conductivity, in
semiconducting electronic devices that operate at high temperature or high voltage,
as bearing, cutting tools and abrasive, etc. Silicon nitrides are used as cantilever in
AFM (atomic force microscopy), as cutting tools, insulators in electronic circuits,
and as bearing material. They are prepared from elemental powders with or without
N or C under high pressure and high temperature (more than 1000 °C). However,
low temperature synthesis methods are adapted from molecular precursors. Si3N4

is prepared from polysilazane at 350 °C, followed by heating at 1000–1400 °C in
Ar/NH3 atmosphere. Polycrystalline C3N4 is prepared from urea at 500 °C at slow
heating rate.

9.2.15 Formation of Different Phases of Nitrides, Carbides,
Oxy-Carbides/Nitrides, and Borides Under High
Pressure and Temperature

New phases of nitrides, carbides, oxy-carbides/nitrides and borides, and the
metastable compounds can be prepared under high pressure and temperature [1, 2,
100–102]. The formation of different phases of nitrides (Hf3N4, Zr3N4, Re3N, TiN,
TaNx, Hf3N4, OsN2, PtN2, IrN2, Si3N4, Zn3N2, Mo2N, MoN, W2N, P3N5), oxyni-
trides (Si2N2O, Si3-xAlxOxN4-x, Al3O3N), nitride-diazenides (e.g., SrN2) and nitride-
imides (e.g., Si2CN4) are reported under different pressures (even P > 500 GPa) and
temperatures (T up to 7000 K) in different atmospheres of N2, H2, Ar or N2–O2
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(mixture). Similarly, different phases of carbides and borides under pressures and
temperatures are reported [101]. The followingmethods are used to provide pressure:
autoclave (1–6000 bar), the multi-anvil device (1–20 GPa), the diamond anvil cells
(DAC, 1 few hundred GPa), and shock-wave device. The formation of such phases
at different pressures and temperatures is characterized by in-situ Raman and XRD
studies.

9.2.16 Formation of Different Phases of Nitrides Under
Sudden Cooling and Tempering

Some nitrides with different concentrations of nitrogen are usually produced by
heating precursor at high temperature and followed by sudden cooling (quenching)
to room temperature (or liquid nitrogen temperature). This is followed by tempering
process at low temperature (100–150 °C) which was maintained for long duration up
to 10 days at different atmospheres [1, 2, 103]. For example, the precursors are α–
Fe, γ–Fe, γ–Fe2O3 and doped ones for formation of iron nitride phases. Surrounding
atmosphere such asN2, Ar, NH3 or mixture of H2 and Ar is used. Fe–N system in
phase diagram can have the followings: (1) α (Fe-bcc, ferromagnetic), (2) γ–(Fe-fcc,
non-magnetic), (3) ζ–(Fe2N-orthorhombic, paramagnetic), (4) ε-(Fe3N-hexagonal,
ferromagnetic), (5) γ′–(Fe4N-fcc, ferromagnetic) and (6) α′′–(Fe8N or Fe16N2-body
centered tetragonal, ferromagnetic (bct)). γ′–Fe4N and α′′–Fe8N or Fe16N2 nitrides
are prepared by quenching from high temperature to room temperature, followed by
tempering process.

Graphitic carbon nitrides (g-C3N4) nanostructures are prepared by heating urea
in sealed tube at very slow heating (1–2 °C/min) at 450–500 °C [104]. Then it is
suddenly cooled down to room temperature, ice, and liquid nitrogen temperature. The
prepared nanostructures have different structural distortions and their photocatalytic
properties towards degradation of dyes of reactive red 120 (RR120), rhodamine B,
bromophenol, and methylene blue (MB) are different.

The CrN and Cr2N are precipitated during the process of plate material of super
duplex stainless steel grade 2507 in helium gas atmosphere. Initially, material is
heated in 1125–1250 °C for 10 s–1 min and quenching at room temperature and
sometimes followed by short heat treatments at 900 °C [105].

9.2.17 Formation of Nanotubes

There are a few reports on preparation of nitride nanotubes. First, the preparation
of carbon nanotubes was reported in 1991by Iijima [106]. Then many attempts had
been made for formation of nanotubes of other compounds or single elements. In
1995, boron nitride nanotubes were prepared by arc discharging of hexagonal BN
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inserted into a hollow tungsten electrode as anode and pure copper as cathode [106].
The BN nanotubes prepared by this route have inner diameters (1 to 3 nm), outer
diameters (6 to 8 nm), and lengths (>200 nm).

GaN nanotubes can be prepared using ZnO nanowires as a template [1, 107]. The
first step is preparation of nanowires of ZnO (diameter of 30–200 nm and length 1–
5 μm) grown on (110) sapphire wafers. GaN is deposited over ZnO nanowire using
precursor of trimethylgallium in NH3 atmosphere at 600–700 °C. Decomposition
temperatures of Zn3N2 and GaN are 600–700 and 2500 °C respectively in inert
atmosphere.Decomposition temperature ofmetal nitride decreases inH2 atmosphere.
In 10%H2 inAr at 600 °C, Zn3N2 (if formed fromZnO nanowires) and Zn (reduction
of ZnO nanowires) are removed due to decomposition of Zn3N2 and vaporization of
Zn. Finally, GaN nanotubes remain.

9.2.18 Formation of Different Sizes and Shapes

There are a few reports on the preparation of different sizes or shapes of particles
in nitride materials [1, 2]. However, one needs to understand the content of nitrogen
in nitrides as a function of particle size or shape. With decrease in particle size,
there is a chance of surface oxidation. Fe3N hexagonal phase with crystallite sizes of
16 and 20 nm has been prepared from iron particles in NH3 gas at 500 and 550 °C,
respectively [108].With decrease in particle size, there is a decrease inmagnetization
and Curie temperature. Surface oxidation of particles occurs if powder of nitride is
kept open in atmosphere.

Also, there are reports on preparation of different sizes of CoNx by passing
NH3 gas over Cobalt(III) hexa-ammine nitrate complex, [Co(NH3)6](NO3)3 [27].
Their magnetic properties are studied. The preparation of crystallite sizes 8–32 nm
of VN by the simultaneous thermal decomposition and nitridation of complex
[VO(NH2O)2Gly]H2O in NH3 atmosphere at 500–700 °C have been reported [21].
The h-BN is grown on Cu substrate by the chemical vapor deposition of borazine
(B3N3H6) in N2 gas at 1050 °C. Domain size varies from less than 1 μm to more
than 100 μm under different H2 flows [109]. Different shapes of triangular, trape-
zoidal, hexagonal, and complex shapes are prepared by annealing under Ar atmo-
sphere. Preparations of different shapes of particles of BN say nanocages, nanotubes,
nanosheets, and nanoporous frameworks have been reported [110]. The preparation
of hollow TiN particles has been reported [111].

9.2.19 Electrochemical Route

In a three electrode cell, auxiliary electrode (counter electrode), reference electrode,
and working electrode are provided, which has advantages over a two electrode cell
[1]. In a working electrode, chemical reaction occurs. The reference electrode is
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a standard half-cell (aqueous or nonaqueous or quasi types), which can measure
potential of the other half. The auxiliary electrode has been used to balance the
reaction occurring at the working electrode and allows the potential of the working
electrode to be measured with respect to a reference electrode. The commonworking
electrodes are materials including inert metals (Pt, Au, Ag) to inert carbon (glassy
carbon, boron doped diamond) and film electrodes of interest.

There are two different ways of deposition of metal nitrides on substrate by elec-
trolysis. The first one is deposition of metal oxide, followed by nitridation at different
temperatures in different sources of nitrogen such asN2,NH3 orH2–NH3. The second
one is direct nitridation.

Examples of the first one are below:

1. In 3-electrode cell, the Ni foam (NF) is used as working electrode, a piece of
platinum plate as the counter electrode, and Ag/AgCl electrode as the reference
electrode [112]. 50 ml of 0.1 M [Ni(NO3)2·6H2O or Co(NO3)2·6H2O or their
combination is taken as electrolyte for preparation ofmetal hydroxides or oxides
on Ni foam support. The deposition of metal hydroxide/oxide on Ni foam is
carried out by applying potentiotatic technique at−1.0 V for 10 min. Deposited
metal hydroxide/oxide on Ni foam is rinsed with deionized water and dried at
50 °C for 12 h. Then nitridation is performed at 380 °C in NH3 gas atmosphere.
In this way, CoN/NF and NiCo2N/NF are prepared.

2. The h-GaN on Si substrate is prepared by nitridation of Ga2O3 deposited on Si
[113]. Here, 2-electrode cell is used. Si substrate is used as cathode and Pt as
anode. The electrolyte is a mixture of Ga2O3 (99.99%), NH4OH (25%), HCl
(36%), and DI water. Ga2O3 nanostructures (nanorods) on Si are prepared from
1.0 M electrolyte at pH= 6 at a current density 0.15 A/cm2. Nitridation process
is started by passing N2 gas at 800–900 °C. After reaching temperature, N2 gas
replaced by NH3 gas for 15 min. The furnace is stopped and NH3 is replaced
by N2 gas. In this way, NH3 decomposed to N2 + H2. H2 helps in reduction of
Ga2O3 to form Ga2O, which interacts with atomic nitrogen atoms or N2. This
results in the formation of h-GaN nanowires.

3. Ta3N5 film is formed from nitridation of TaOxHy in NH3 gas at 850 °C [114].
TaOxHy is deposited on substrate Ti, Pt, or Ta (acts as working or cathodic
electrode) by electrochemical route from 50 mM solution of TaCl5 in isopropyl
alcohol, 1 M KCl, and 0.5 M KNO3. Deposition is performed at −1 V versus.
Ag/AgCl as reference electrode. Pt mesh is used as counter or anodic electrode.

The second one (direct nitridation) requires the molten salt (e.g., LiCl–KCl)
as electrolyte and salt of metal (e.g., CrCl2, TiCl3, NiCl2) and NH4Cl (source
of ammonia) [1, 115]. Usually, it avoids the water content. Experiment has been
performed in glove box with Ar atmosphere. Initially, all precursors are kept at
100 °C under Ar atmosphere to remove water content and brought back to room
temperature. For preparation of CrN, dry NH4Cl and CrCl2 are mixed with molten
salt in glove box. Nickel plate is used as the working electrode. A glassy carbon
rod is used as the counter electrode. Ag/AgCl is used as the reference electrode. All
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potentials are measured with respect to Li+/Li electrode potential. At 2.4 V, CrN film
is formed.

9.2.20 Deposition of Prepared Nitrides on Substrate

Already prepared nitrides and its composites can be deposited on suitable substrates.
A few examples are below:

1. Ni–Si3N4 nano-composites are deposited over mild steel using pulse elec-
troplating. This coating enhances hardness and corrosion potential of steel
[116].

2. Using electrophoretic technique, deposition of AlN on Al cathode can be
performedbydispersingAlN in nonaqueousmedium (acetylacetone in I2) [117].

9.2.21 Supercritical Fluid Ammonia or Solvothermal
or Ammono-Thermal Route

At supercriticals condition, gas, and liquid of any substance co-exit. This can be
achieved by increasing pressure and temperature [118–122]. Supercritical tempera-
tures (Tc) of NH3, H2 and N2 are 405.37, 33.14, and 126.19 °C, respectively. Super-
critical pressures (Pc) of NH3, H2 and N2 are 11.34, 1.29, and 3.39MPa, respectively.
Supercritical density (ρc) of NH3, H2 and N2 are 13.75, 15.51, and 11.18 mol/L,
respectively. Many chemical reactions can be occurred, which could not be done at
room temperature or lower critical conditions. These have been used in many appli-
cations including synthesis of metals, alloys, oxides, sulphides, and nitrides. In case
of preparation of nitrides of metal or non-metal, ammonia can be used as reducing as
well as nitriding substance simultaneously. It is experienced that some materials that
could not be dissolved in liquid at room temperature can be dissolved in supercrit-
ical fluid. By adding compounds of Li, K (sometimes considered as mineralizers),
their nitridation duration and temperature can be varied. When T and P are more
than their respective supercritical Tc and Pc, NH3 decomposes to N2 and H2. Exper-
imental setup requires a specific reaction chamber that can hold (1) stability (no
leakage of gas), (2) no chemical reaction with surrounding inner walls of reaction
reactor, (3) sensors for monitoring temperature and pressure, and (4) proper cooling
process facility, etc. This method of preparation of nitride is known as supercritical
fluid ammonia or solvothermal or ammono-thermal based route. Nitrides including
GaN, Cr2N, Co2N, Fe4N, Cu3N, Ni3N and their oxides have been prepared by this
method [119]. Using ammonia-hexane mixture as solvent, quantum confined GaN
nanoparticles (3.1 nm) has been prepared from [Ga(NMe2)3]2 under supercritical
condition [123].
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9.2.22 Self-propagating High Temperature Synthesis

Self-propagating high temperature synthesis (SHTS) is one type of synthesis ofmate-
rials (oxides, alloys, metals, nitrides, carbides, borides) in which ignition tempera-
ture is provided in a close reaction chamber and reaction propagates automatically
with time [124–131]. Temperature as high as 1500 °C can be achieved and there
is a propagation of combustion wave of heat. The compounds obtained from SRTS
are found to be porous in nature with high surface area. Generally, temperature is
supplied by tungsten filament with Ti powders. The precursors are provided in reac-
tion chamber. Sometimes, to start the ignition at lower temperature (500–800 °C),
some additional precursors are added. To provide pressure, some gases such as Ar,
N2 are provided. The flame of heat is checked using laser (say gas laser, CuBr).
The common precursors for formation of boron nitride (BN) are diborane (B2H6),
borazine (B3N3H6), trimethyl borate (C3H9BO3), boric acid (H3BO3) and elemental
boron. The common sources of nitrogen are NH3, NH4Cl, aizide, N2 and amide, etc.
Sometimes, if impurity is present in nitride products, it is removed by dissolving in
solvents such as warmDI water or dilute HCl. Usually, nitrides are chemically stable
in such solvents. Using SHTS route, the formations of nitrides such as boron nitride
nanotubes (from precursors Mg, B2O3, and CaB6), CrN@Cr2N (from Cr powder),
Si3N4 (from ferrosilicon), TiN (from Ti powder), AlN (from Al powder), NbN (from
Nb powder), and TiN (from sodium azide, (NH4)2TiF6) are reported.

The binary, ternary or higher system or doping of others in nitrides can be prepared
by abovemethodsmentioned here. It needs to take appropriate amounts of precursors.

9.3 Synthesis Methods of Carbides

Metal and non-metal carbides can be prepared by the following routes:

9.3.1 Carbo-Thermal Route

Carbides can be prepared through direct heating ofmetal or non-metal powder orwire
or metal hydride with carbon source (e.g., graphite) [2, 132–134]. Usually, reaction
is performed in inert atmosphere. This is sometimes referred to as carbo-thermal
reaction.

M + C
heat−−→ MC

MHx + C
heat−−→ MC + H2.
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9.3.2 Carbo-Thermic Reduction Route

The oxides or hydroxides or carbonyl or chloride of metal or non-metal are reacted
with carbon or CO with or without H2/Ar atmosphere at elevated temperature [2,
135–139]. This is referred as carbon-thermal reduction route.

MO + C
heat−−→ MC + CO

M + CO
heat−−→ MC + O2

M − carbonyl + H2
heat−−→ MC + CO + CO2 + H2 + H2O

Boric acid (H3BO3) + black C
heat−−→ BC + H2O.

9.3.3 Carburisation Route

The oxides or halides of metal or non-metal are treated with light alkane gases such
as CH4 or C2H6 with or without H2 gas at elevated temperature and carbides can be
prepared by this route [2, 140, 141]. This is referred to as carburization route. The
possible reaction mechanisms are provided below:

M + CxHy
heat−−→ MC + H2

MCla + CxHy + H2
heat−−→ MC + HCl

MO + CxHy
heat−−→ MC + H2O.

9.3.4 Microwave Route

Carbon sources such as carbon black have high absorption in microwave [132,
142, 143]. Some carbides in different morphologies such as spherical, nanotubes,
nanowires, and layered forms can be prepared from precursors and carbon sources.
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9.3.5 Hydrothermal or Solvothermal Route

Using water or other organic liquid as solvent, various morphologies of carbides can
be prepared from the precursors dissolved or dispersed in solvent under pressure and
temperature in closed chamber [143–145].

9.3.6 Self-propagating High Temperature Synthesis Route

Using self-sustaining heating after ignition, many types of carbides can be prepared
from their precursors at different high temperatures and pressures. Usually, the
formation of carbides is mesoporous [146–149].

9.3.7 Thin Film

Using chemical vapor deposition (CVD) technique, thin film of metal carbides can
be prepared. In this, metal halide, light methane or ethane, and H2 are passed through
the substrate [150, 151]. Using physical vapor deposition (PVD) technique, thin film
of metal carbides can also be prepared on suitable substrate [152, 153]. In this, metal
carbide is vaporized in inert atmosphere (Ar gas).

9.3.8 Single Crystals

Single crystals of metal carbides can be prepared by either growing crystals from
liquid ormelt or growing over appropriate substrate [154–156]. This hasmany advan-
tages over polycrystalline samples in many applications such as reproducible results
for gas sensing and standardization of systems, etc.

9.3.9 Preparation of Nanostructured Carbides (0D, 1D, 2D,
and 3D)

Different preparation routes for various morphologies of carbide particles with
different dimensions have been reported [30, 157–159]. 0D nanostructures refer
to spherical shapes with a few nanometers. 1D nanostructures refer to nanowires,
nanotubes, nanorods, nanofibers, and nanowhiskers. 2D nanostructures include
nanosheets, layers structures of a few nanometers, and nanolayers. 3D nanostructures
refer to octahedrons, truncated-octahedrons, cubes, hexagonal structures, dendrites,
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and terraces. These synthesis routes used many surfactants (oleic acid, oleylamine)
to prepare monodispersed particles of carbides in high boiling point solvents (1-
octadecence) and such similar synthesis methods are already used in the preparation
of monodispered metals, alloys (Co, Ni, FePd, FePdPt, CoNi) or semiconductors/
insulators (PbSe, NaYF4:Er, Yb, Fe3O4) [63, 160–165].

9.3.10 Sol-gel Approach

Using sol-gel method, some of the carbides are prepared at lower temperatures [166–
168]. Initially,metal alkoxides are prepared in aqueousmedium; and solution/mixture
of precursors is considered as sol and is heated slowly at 100 °C to get gel and gel
is heated at 400–500 °C for 2–4 h and in this way, fine oxide powders with narrow
size particles are obtained. Oxide powders are treated with carbon (say graphite) and
heated in inert atmosphere. Metal carbides are obtained. Also, silicon carbide can
be prepared from Si source (tetraethoxysilane, TEOS, Si(OC2H5)4) and C source
(bakelite varnish (C6H6O·CH2O)n) through sol-gel approach. Initially, SiO2 fine
powder is formed from TEOS and then reacts with C source to form SiC powder.

9.3.11 Preparation of Carbides Under Pressure

Most carbides undergo phase transition or decomposition under high pressure
and temperature [133, 169–171]. Sometimes, metastable phases of carbide can be
prepared. Some carbides show interesting physical properties under pressure. These
can be characterized by in-situ experiments (Raman and XRD techniques).

9.4 Synthesis Methods of Phosphides

Metal or non-metal phosphides are prepared in various ways:

9.4.1 Direction Reaction Between Metal or Non-metal
and Phosphorus

In inert atmosphere or vacuum, metal or non-metal phosphide can be prepared by
reaction between metal or non-metal and phosphorus at higher temperature [3, 4, 31,
36–38, 48].
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xM + yP
heat−−→ MxPy

(M = s-block elements such as Li, Na, K, Ca, Ba; M = p-block elements such as B,
Al, In, Ga, Si; M = d-block elements such as Fe, Co, Ni, Cu, Zn, Au, Ag, Pd, Pt; M
= f-block elements such as La, Ce, Pr, Nd, Sm).

9.4.2 Reaction Between Metal Salt or Complex and PH3/H2
Mixture

Reaction of metal precursors such as carbonyls of Fe, Co, Ni, Mo,W, Ru or chlorides
of Rh, Pt, Pd with phosphine gas (PH3) with or without H2 gas at lower temperature
250–350 °C can provide metal phosphide [3, 4].

xMLn + yPH3 + H2
heat−−→ MxPy + nL

L = CO,X,O.

9.4.3 Reaction Between Metal Salt and Hypophosphite

Reaction of metal salt with hypophosphite produces metal phosphine at elevated
temperature [3, 4].

xMLn + yNaH2PO2
heat−−→ MxPy + NaL + othr products

Possible other products of P are HPO4
2−, HPO4

2−, H3PO3 + PH3 depending
on chemical environment. Sometimes, addition of sodium borohydride helps in
formation of metal phosphide because it reduces metal ions to metal neutral.

9.4.4 Reaction Between Metal Salt and Phosphorous Acid
(H3PO3)

Reaction of metal salt with phosphorous acid (H3PO3) can provide metal phosphine
at elevated temperature [3, 4].

xMLn + yH3PO3
heat−−→ MxPy + nL + H2O.
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9.4.5 H2 Plasma Reduction

In the presence of H2 plasma, the formation of metal phosphide is easy from metal
salt and any phosphorus or phosphate [3, 4]. Here, H2 plasma can produce very
reactive H atoms, which can reduce metal ions to metal neutral.

9.4.6 Reaction of Metal Salts with Organic Compounds
of Phosphorous

A few examples of organic compounds of P are trioctylphosphine (TOP),
trioctylphosphine oxide (TOPO), P(SiMe3)3 and (CH3CH2O)3Si(CH2CH2)PPh2,
etc. [3, 4]. When metal salt interacts with organic compound of P, metal phosphide
can be produced. In the presence of oleic acid or oleylamine as capping agent and
1-octadecene or diphenyl ether as solvent, monodispersed nanoparticles of metal
phosphides can be prepared.

9.4.7 Metathesis Reactions

In metathesis reaction, there is an exchange of ions between precursors. Metal halide
can interact with Na3P in inert atmosphere to provide metal phosphide [3, 4].

MX + Na3P → MP + NaX.

9.4.8 Solvothermal Reaction

Many reactions mentioned above can be performed in autoclave that can sustain
experiment in high pressure and slightly higher temperature (150–400 °C) using
solvents such as water, ammonia, ethylene glycol, glycerin, etc. [3, 4]. Usually,
temperature ismaintained aboveboiling point of solvent. Sometimes, capping ligands
and/or other nucleation sites are added to prepare the different sizes and shapes of
particles (0, 1, 2, and 3D nanostructures) and different phases of crystal structures.
Many compounds can be dissolved in above boiling point. In supercritical conditions
(high pressure and high temperature), gas-liquid could not be distinguished. This can
be achieved by solvothermal reaction and this can provide different morphologies of
particles and crystal structures, which could not be achieved by normal reaction or
even normal hydrothermal reaction.
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9.4.9 Different Sizes and Shapes of Nanoparticles (0D, 1D,
2D, 3D)

Different sizes and shapes of phosphide nanoparticles can be prepared by different
techniques [3, 4, 31, 172–174]. Shapes include quantum dots (0D), rodes (1D),
wires (1D), tubes, sheets (2D), cages, porous, rice-shaped, sea-urchin-like, core-
shell, cubes (3D), flowers, belts, hollow, platelets, flakes, octahedrons, etc. Some
phosphides are prepared by thermolysis and hot-injection methods. Oleic acid and
oleylamine are used as capping agents; 1-octadecence is used as solvent; and TOP
or TOPO is used as source of P. In this method, highly monodispersed parti-
cles can be prepared. The synthesis method is similar to preparation of monodis-
persed nanoparticles, metals, alloys, intermetallic compounds, and semiconductors
[160–165].

9.4.10 Thin Film Technique

Thin films of phosphides are prepared by CVD or PVD techniques [3, 4, 31, 172–
174]. Some phosphides are prepared by electrodeposition techniques. These films
are useful for many applications including catalysis.

The preparation of binary, ternary or higher systems or doping of others in
phosphides can be done by taking the respective elements or elements containing
precursors in appropriate amounts [3, 4, 31, 172–174].

9.5 Synthesis Methods of Borides

Borides of metals or non-metals are prepared by reaction between elementals B
and Ca, C, N, Ni, Fe, La, or Ce in inert atmosphere at higher temperatures [2,
4–9, 175]. In case of other precursors such as metal salts or oxides or complexes,
carbo-thermic reduction reaction, boron carbide reduction reaction, aluminothermic,
silicothermic, magnesiothermic reduction reaction, borothermic reduction reaction,
thermal decomposition, electrochemical reaction, mechanochemical, CVD, PVD
techniques, etc. can be used. Borides in nanosizes have been reported and details
are provided in one of the chapters of this book.



9 Synthesis and Applications of Borides, Carbides, Phosphides … 331

9.6 Applications

9.6.1 Electronics

The transitionmetal nitrides, carbides, borides, and phosphides (MN,MC,MB) have
metallic to semiconducting/insulating properties [1–6]. Depending on contents of
nitrogen in a particular MNx, it can show metallic to semiconductor/insulators (e.g.,
TaNx). Some of them show superconducting behavior.MgB2 shows superconducting
transition at 39 K [7], which is comparable with high Tc cuprates compounds. Due
to their chemical and thermal stabilities, they are used in high temperature stable
electronic devices. Non-metal nitrides or carbides such as C3N4, Si3N4, BN or BC
are used as insulator in electronic devices and microwave absorbers. Si3N4 is used as
scanning tip for AFM. LaB6 has been a source of thermoionic emission due to low
threshold energy or work function (2.6 eV) [99]. Figure 9.4 shows the use of LaB6 as
electron emitter [176]. Such metal hexaborides have been used as cathodic materials
and high temperature insulating and nuclear materials. Some metal hexaborides are
particularly used as detectors for UV, visible, and NIR light. Metal phosphides such
as Zn3P2 has been used in the field effect transistors and Schottky devices [4]. InP

Fig. 9.4 Experimental setup and structure of LaB6 single nanowire CFE. a Schematic of FIM/FEM
setup and the location of LaB6 nanowire in the emitter is indicated. b A magnified view of the W
needle tip where the LaB6 nanowire is bonded to a flat fabricated at the tip of the W needle by
FIB. c Top view of the emitter tip showing its constituting parts ofW flat, C bonding pads, and
LaB6 nanowire. dMagnified view of the section of the LaB6 nanowire near the edge of the W flat.
Reproduced with permission from ACS publishers [176]
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has been used as electronic sensor for hydrogen [4]. Single crystals of AlN have been
used for terahertz application [177].

9.6.2 Catalysts

Most transition metal nitrides, carbides, borides, phosphides, and their composites
are important materials for heterogeneous catalysis [178–194]. This is due to the
following: high surface area, suitable electronic properties, suitable chemical bonding
with gases/liquid molecules to be converted over surface of catalyst, and chemical
and thermal stabilities. Because of this, these materials can substitute expensive
noble metals (Au, Pd, Pt) and their composites, which are important materials for
catalysis and electrodes in electrolysis. Most catalysts need specific activity, selec-
tivity, good durability, etc. The nitrides, carbides, borides, phosphides, and their
composites have been used as catalysts in various chemical reactions: dehydrogena-
tion, hydrogenation, hydrogenolysis, isomerization, oxidation, oxygen reduction,
hydrogen evolution, methanol electrooxidation reactions, ammoxidation, propane to
acrylnitrile, nitrogen to ammonia, alkane to alkene, CO2 to CO or CH4 to CH3OH,
water splitting, aldehyde to ketone, hydrodenitrogenation (HDN) and hydrodesul-
furisation (HDS), (hydrogen evolution reaction (HER), hydrogen oxidation reaction
(HOR), oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)),
etc. When particle size changes or shape of particle changes from 0D, 1D, 2D, or 3D
forms in nanosize, their catalysis properties are different [185, 188].

For the oxygen reduction reaction (ORR), ZrN nanoparticles and commercial Pt/C
have been used as a working electrode [180]. Ag|AgCl/KCl (saturated) electrode is
used as a reference electrode. Pt wire is used as a counter electrode. The measured
potentials are related to the reversible hydrogen electrode (RHE) potential calculated
from the equation ERHE = EAg/AgCl + (0.197 + 0.059pH)V. The Cyclic voltammetry
(CV) curves of both materials with a scan rate of 10 mVs−1 in 0.1 M KOH solution
are provided [180]. Their linear sweep voltammetry (LSV) curves are observed.
It is found that both have the same half-wave potential (E1/2 = 0.80 V) in Cyclic
voltammetry (CV) measurements. The number of electrons (n) to each O2 molecule
to produce OH− is 4.0, whereas to produce H2O2 is 2. It is observed that both samples
show “n” value close to 4. However, value 4 is more closed for ZnN as compared
to that of Pt/C. After 1,000 ORR cycles in 0.1 M KOH alkaline solution, ZrN show
higher stability (�E1/2 = −3 mV) than that of the Pt/C catalyst (�E1/2 = −39 mV).
Also, both samples are tested for Zinc-air battery. It is found that ZrN (132 mW/cm2)
exhibits a greater power density than that of Pt/C (122 mW/cm2) [180]. It is operated
at a current density of 10 mA/cm2 for 100 h to check stability of the air cathode. ZrN
battery has a smaller voltage decrease (21 mV) than that of Pt/C (46 mV).

CO2 is a greenhouse gas, which is released into the atmosphere from various
activities such as burning of fossil fuels, trees in hills, ocean acidification, etc. It can
be reduced by converting to CO, CH4 and CH3OH products, which are useful to us.
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(a) CO2 + H2 → CO + H2O
(
�H◦(298) = 41 kJ mol−1

)

(b) CO + 2H2O → CH3OH
(c) CO2 + 4H2 → CH4 + 2H2O.

CO2 is slightly acidic in nature. In order to convert using catalyst, it needs to
have alkaline medium over surface of particles of catalyst [184]. Metal carbides are
one of the ways to use as catalyst. Mo2C as an example can be used as catalyst to
convert CO2 (gas) to CO or CH4. Catalytic reaction is carried out at atmospheric
pressure and in between 473 and 723 K) with different ratios of CO2:H2. At a gas
hourly space velocity (GHSV) of 20,000 h−1, the catalytic activity increases with
increase in temperature (Fig. 9.5) [184]. In the case of 3:1 (H2:CO2) ratio, CO2 to CO
conversion increases from 34% at 473 K to 57% at 723 K. Selectivity of CO reaches
61% at 723 K. In the case of 7:1 (H2:CO2) ratio, CO2 to CO conversion increases
from 25% at 473 K to 64% at 723 K. With increase of H2 amount, the formation of
CH4 gas increases.

Metal borides are capable to catalyze for both oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) from splitting of water (H2O) at different
temperatures in electrochemical setup. In three electrodes setup, catalyst acts as
working electrode. The cobalt boride (Co3B) can act as catalyst for OER using a
Hg/HgO (1 M NaOH) reference electrode in 1 M KOH [187]. A glassy carbon is
used as the substrate material. The cyclic voltammetry (CV) measurements between
1 and 1.8 V with a scan rate of 10 mV/s for OER and HER between −0.5 and 1.8 V

Fig. 9.5 Reactants conversion (CO2 (green line) and H2 (red line)) on the β-Mo2C catalyst with
products selectivity (CO (grey bar) and CH4 (black bar)) as a function of temperature with different
ratios of reactants—a H2: CO2 = 3:1, and b H2: CO2 = 7:1. Reproduced with permission from
RSC publishers [184]
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Fig. 9.6 Electrochemical measurements in 1 M KOH. CV curves of Co3B during the oxygen
evolution reaction a with a scan rate of 10 mV s−1 and b over the whole water splitting range with a
scan rate of 50mV s−1 (inset gives amore detailed view on the HER). The potential is plotted versus
the reversible hydrogen electrode (RHE) and is iR compensated. Reproduced with permission from
ACS publishers [187]

with a scan rate of 50 mV/s are performed (Fig. 9.6a) [187]. Voltages presented are
calibrated with respect to the reversible hydrogen electrode (RHE). For iR compen-
sation, electrochemical impedance spectroscopy (EIS: 100 kHz to 1 Hz) is used. In
Fig. 9.6a, there is a broad hysteresis loop between 1.0 and 1.55 V, which are related
to oxidation and reduction over catalysts. This shows onset potential around 1.55 V
versus RHE. The over potential is η = 350 mV at 20 mA/cm2. Figure 9.6b shows no
significance for HER.

In particular, many catalysts such as Ru, Ir, Au and Pd, and the toxic acids have
been used to prepare 2,5-diketons, which are useful as intermediate compounds
for the formation of surfactants, polymers, and solvents. Nowadays, many metal
phosphides have been tested to substitute precious and noble metals in catalysis.
The nickel phosphide nanoparticles (Ni2P NPs) show the selective transformation of
biofuranic aldehydes into diketones as compared to other metal phosphides and Ni,
NiO nanoparticles (Fig. 9.7) [189].

9.6.3 Optical Materials

Semiconducting materials show luminescence properties because they can absorb
suitable energy through valence to conduction bands [195–199]. Some nitrides,
carbides, phosphides, and borides of non-metals (in particular) are having semi-
conducting properties. AlN, GaN, InGaN, InN, C3N4, SiN, BN, SiC, AsN, AsP,
InP, hybrids of these, multilayers system, heterostructures, and ternary/ quaternary
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Fig. 9.7 a catalytic performance of various metal phosphide NPs in the hydrogenation of 1. b
Catalytic performance of Ni2PNPs supported on different supports, RaneyNi, mordenite-supported
Ni(0) NPs, mordenite-supported NiO NPs, and bulk Ni2P. Reaction conditions: catalyst (metal:
6 mol%), 1 (0.25 mmol), H2O (10 mL), H2 (20 atm), 130 °C, 2 h. Reproduced with permission
from ACS publishers [189]

system are examples. AIN, GaN, and InN have band gaps of 6.2, 3.4, and 1.9 eV,
respectively [200].

Figure 9.8a, b show the absorption and emission spectra of h-BN as-grown and
post annealed samples [40]. From absorption spectra, band gap of post annealed
sample is found to be 5.8 eV, which is slightly more than that of as-grown sample.
As-grown sample did not show emission at 226 nm, but it is observed in case of post

Fig. 9.8 a UV–visible absorbance spectra measure at 10 K and corresponding Tauc’s plot for
optical band gap of direct transition estimation for the as-grown and the post annealed h-BN films
is shown in inset. b Comparison of PL spectra of the h-BN films measured at 10 K as well on the
sapphire substrate before and after the post-annealing. Reproduced with permission from springer
nature publishers [40]



336 R. S. Ningthoujam and R. Joshi

Fig. 9.9 Photoluminescence spectrum of the LED deviceat10 K. The main PL emission is at
360 nm (3.44 eV) with two side bands at 368 nm (3.37 eV) and 382 nm (3.24 eV). Reproduced
with permission from ACS publishers [201]

annealed sample. This is related to the band edge excitonic transition. The peaks
appeared at longer wavelengths are related to defects or structural imperfection.

GaN/AlGaN nanocolumns grown on graphene show electroluminescence at
365 nm (UV light), which is shown in Fig. 9.9 [201]. The internal quantum efficiency
(IQE) is found to be 46%.

Some nitrides, carbides, and phosphides are prepared in the form of films and
powders depending on the requirement. They can absorb light from UV to visible
to NIR range. There are reports on doping of rare-earth ions (Eu3+, Eu2+, Dy3+,
Tm3+, Tb3+, Sm3+, Er3+, Nd3+, Gd, Pm3+) in such compounds to get the required
emission in UV, visible, and/or NIR regions [202–208]. Al doped Sr2Si5N8:Eu2+

single crystal shows the red emission under 450 nm excitation [203]). Tb3+ doped
AlN show luminescence in visible range (Fig. 9.10) with high thermal conductivity
(Fig. 9.11) [205]. This material is highly transparent in visible light. The behavior of
their emissions can be comparable with oxides, phosphates, vanadates, molydates,
and tungstates of metals [209–221].

AlN is used in many optical applications because of its photoluminescence,
cathode- luminescence, and thermo- luminescence properties and this has a wide
bandgapof 6 eV [42]. Particularly, this is useful in vacuumultraviolet region (5–9 eV)
[41].
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Fig. 9.10 Photograph and PLmeasurements of the 0.5 at. %Tb:AlN. a A photograph of the sample
on top of backlit text, demonstrating translucency. b Comparison of the PL measurements of an
undoped AlN sample and the 0.5 at. % Tb:AlN sample when excited with a 300 nm light source.
The undoped sample shows a very broad peak from about 350 nm to 550 nm, with a maximum at
420 nm. The Tb:AlN PL displays two much sharper peaks that are characteristic of Tb transitions
at 491 nm and 550 nm. Reproduced with permission from AIP publishers [205]

Fig. 9.11 a Thermal conductivity, k, measurements of the 0.5 at. % Tb:AlN ceramic along with
reported Nd:YAG. b and c are simulations comparing the internal temperature gradients within a
rod of Tb:AlN (k = 94 W/(m K)) and Nd:YAG (k = 14 W/(m K)), as functions of the rod diameter
and volumetric heat generation rate. The higher k of Tb:AlN results in much smaller temperature
non-uniformities than the state of the art Nd:YAG gain material. Reproduced with permission from
AIP publishers [205]

9.6.4 Materials on Basis of Mechanical Properties

The term mechanical properties refer to the physical properties of a material, which
reflects in the modulus of elasticity, tensile strength, fatigue limit, and hardness
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Fig. 9.12 Knoop hardness
of bulk nanocrystalline cubic
boron nitride versus load.
Inset: optical microscope
image of the imprint at 5 N
load. Reproduced with
permission from AIP
publishers [222]

upon application of forces. Some transition metals and non-metals can form nitrides,
carbides, borides, and phosphides (e.g., BN, C3N4, BCN, Si3N4, SiC,WN,WC, TaN,
TaC, MoC, MoN, MoB, BP), which have ultra-hard properties. Some are compa-
rable with diamond in terms of hardness. Generally, compounds with shorter bond
length, covalent nature, and higher cohesive energy have high harness properties.
Compounds of lighter elements such as B, C, and N belong to super-hard materials,
which are comparable with that of diamond. The Vickers hardness (Hv) values of
nano-c-BN, c-BN, c-BC5, B4C, c-BC2N, ReB2 and diamond are 85, 62, 71, 38, 48,
and 115 GPa, respectively [222–226]. Those compounds having more than 40 GPa
(Hv) are considered as super-hard or ultra-hard materials. B12P2 (boron phosphides)
is considered refractory materials because it has high melting temperature of 2840 K
and low compressibility of 174GPa [226]. From the experiments of Vickers hardness
(Hv) and Knoop hardness (Hk) for BP and B12P2 with loading, Hv and Hk decrease
[226]. Hv and Hk are 34 and 20 GPa for BF, and 35 and 26 GPa, respectively.

Figure 9.12 shows themeasuredKnoop hardness ofmaterial (bulk nanocrystalline
cubic boron nitride) and hardness decreases with the load [222]. At 5 N, it reaches
the asymptotic value of HK = 63(2) GPa.

The cBC5 has a low compressibility (bulk modulus of 335 GPa), conductive, and
Vickers hardness of 71 GPa, fracture toughness (9.5 MPa m0.5), and high thermal
stability up to 1900 K. This material will be useful for super-abrasive and high
temperature electronics [224]. Other materials for super-abrasive purposes (high
hardens, high good fracture toughness, and wear resistance) are WC, Co-dopedWC,
c-BN, and CrAlN, etc. [227–229]. The corrosion oxidation behavior of Cr1-xAlxN
coating over planar steel substrate or cc-insert is carried out (Fig. 9.13) [229]. Each
sample is exposed to 800–1100 °C in ambient atmosphere for 30 min at 50 °C and
100 °C intervals. At each temperature setting, cc-inserts are broken and thickness of
oxidation is measured. Pure CrN starts oxidation at 800 °C. Thickness of the oxide
layer increases with rise in temperature, but with addition of Al, oxidation start at
higher temperature. The lifespan of cutting tool is tested usingCr1-xAlxN coating over
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Fig. 9.13 Thickness of
oxide layer of various
Al1-xCrxN (0 < x < 1)
coatings after annealing at
different temperatures in
air-atmosphere. Reproduced
with permission from
Elsevier publishers [229]

planar steel substrate. A drilling test on HSS 6 mm diameters tools is executed in wet
conditions. Figure 9.14 shows the lifetime of various Cr1-xAlxN coatings performed
in an HSS-drilling test [229]. It is observed that lifetime is longer with content of Al
as compared to pure CrN.

They are used for cutting tools, drilling machines, polishing powder, aerospace
and offshore oil exploitation engineering, etc. Most nitrides, carbides, and borides

Fig. 9.14 Lifetime of various Al1-xCrxN (0 < x < 1) coatings performed in a HSS-drilling test.
Reproduced with permission from Elsevier publishers [229]
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have been used as coating materials over others to improve corrosion properties of
other [1, 2, 4–6, 99, 228, 229].

9.6.5 Biomaterials

Some nitrides, carbides, borides, and phosphides can be used as biomaterials. This
is due to their biocompatible, chemically stable, and internes to microenvironment
of biology.

Hyperthermia based therapy for cancer can be done by various routes. However,
localized based heating or hyperthermia can be brought by using nanoparticles
(magnetic as well as non-magnetic materials). Magnetic nanoparticles absorb radio-
frequency at a particular magnetic field of 100–300 Oe to produce heat up to 42–
45 °C. In case of non-magnetic nanoparticles, materials absorb a particular frequency
or wavelength of light to produce heat. Recently, it is reported that some ferromag-
netic nitrides, carbides, and borides can also absorb radio-frequency (AC frequency)
to produce heat [230–234]. Interestingly, their room temperature saturation magne-
tization is high (50–150 emu/g); and their Curie temperature is much lower than
that of Fe3O4 (560 °C); and they belong to soft magnetic materials (i.e., low coer-
civity). Examples of magnetic as well as biocompatible nitrides are Fe3N and Fe4N.
Saturation magnetization (Ms) and Curie temperature (Tc) of Fe4N are 180 emu/g
and 400 °C, respectively [231, 234]. Examples of magnetic as well as biocompatible
carbides are Fe3C, Fe2.2C andFe5C2. TheMs andTc values for Fe3Care obtained to be
140 emu/g and 210 °C, respectively [232]. Examples of magnetic as well as biocom-
patible borides are FeBx based compounds [233]. Oxide counter part of Fe has been
used as biomaterials and example is the iron oxide magnetic nanoparticles (Fe3O4 or
γ-Fe2O3) have Ms ~ 60 emu/g and Hc = 0 Oe at room temperature, which are lower
than bulk counterpart (Ms = 90 emu/g, Tc = 585 °C, Hc = 323 Oe) [235]. This is due
to decrease in particle size as well as superparamagnetic nature at room temperature.
Binary nitrides, carbides, and borides belong to the soft magnetic materials (i.e., low
coercivity). Heat up to 40–45 °C can be produced using these compounds under AC
magnetic field. At this temperature, cancer cells can be killed, but normal cells can
survive. Some are monodispersed particles capped with long chain surfactants such
as oleic acids, oleylamine. Because of this, they are dispersible in hexane or hydro-
carbon solvents. Now, it is developed as water dispersible nanoparticles through
ligand exchange or modification of capping ligands.

Oleic acid coated Fe3C ferrofluids (agglomerated particles) with particle sizes
of 22 nm show the heating behavior under AC magnetic field [232]. The saturation
magnetization (Ms) at room temperature is found tobe88 emu/gwith a coercivity (Hc)
of 173 Oe and remanence (Mr) of 6 emu/g. They calculated specific absorption rate
(SAR) and the intrinsic loss power (ILP) according to the following formulae:where
�T/�t is obtained from the slope of the rise in temperature with time at the initial
time. C is the specific heat capacity of combined Fe3C and water. The value of mmagn

is considered as amount of Fe3C per total amount of Fe3C and water. The frequency
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and field independent absorption rate can be calculated from SAR. This is sometimes
referred to as intrinsic loss power (ILP).

ILP = SAR/H2f

where H and f are the amplitude and frequency of fields, respectively.
Figure 9.15 shows Temperature vs. Time plots for the ferrofluids having different

concentrations (e. g. 2.5, 5, 10 and 20 mg/mL) at (a) 23 mT and 261 kHz, (b) 25
mT and 117 kHz, and their (c) SAR values and (d) ILP values [232]. It can be seen
that high rate of heating or SAR is more in high frequency used, i.e., f = 261 kHz
has more SAR value than that of f = 117 kHz for same concentration. In case of
f = 261 kHz, times required to reach hyperthermia (42 °C) for concentrations of
20, 10, 5, and 2.5 mg/mL are 142, 328, 330, and 351 s, respectively. In case of f =
117 kHz, concentration 2.5 mg/mL could not reach hyperthermia up to 30 min. The
concentrations of 20, 10, and 5 mg/mL reach temperatures in 304, 384, and 466 s,
respectively. Maximum SAR value of 85 W/g is obtained from f = 261 kHz for
2.5 mg/mL. In case of f = 261 kHz, SAR value decreases with increase of magnetic

Fig. 9.15 Temperature versus Time curves at a 23 mT and 261 kHz, b 25 mT and 117 kHz, c SAR
values for ferrofluids and d ILP values for the ferrofluids having various concentrations (e.g., 2.5, 5,
10 and 20 mg/mL) at different fields. Reproduced with permission from Elsevier publishers [232]
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nanoparticles, whereas, in case of f = 117 kHz, SAR increases with increase of
magnetic nanoparticles from 2.5 to 5 mg/mL and decreases with further increase of
magnetic nanoparticles. The trend of ILP values is similar to that of SAR.

Figure 9.16a shows SAR of 2 different particles (pure iron carbide MM1 and
core-shell MM2) [30]. The composition of MM1 is Fe2.2C–Fe5C2 and that of MM2
is Fe(0) surrounded by Fe2.2C–Fe5C2. The monodispered particles are obtained. The
saturation magnetization (Ms) values of MM1, MM2, and pure Fe(0) are obtained to
be 132, 195, and 198 emu/g, respectively at room temperature. The rise in SAR is
more in case of MM2 as compared to MM1 or Fe(0). Figure 9.16b shows the room
temperature normalized hysteresis loops measured at f = 54 kHz. MM2 shows the
square loop behavior. Because of this, rapid rise in SAR occurs. They produce SAR
(specific absorption rate) up to 350 W/g, which are higher than reported values of
cubic ferrites and perovskite compounds [165, 209, 235–245]. Figure 9.16c shows
dependence of the coercive fields calculated from the hyperthermia measurements
with the iron content determined from XRD data. Figure 9.16d shows theoretical
calculation of the SAR for aligned monodispersed nanocrystals.

Fig. 9.16 Hyperthermia properties of samples of iron carbide and iron/iron carbide nanocrystals.
a SAR measurements at f = 54 kHz. b Normalized hysteresis loops measured at f = 54 kHz
and room temperature on the same samples. c Dependence of the coercive fields deduced from
the hyperthermia measurements versus the iron content determined from XRD data. d Theoretical
calculation of the SAR for aligned monodisperse nanocrystals. Reproduced with permission from
ACS publishers [30]
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Fig. 9.17 a Heating curves of 100 mg FeB nanoparticles measured in an ac magnetic field:
frequency 520 kHz and amplitude 170Oe, b Specific absorption rate (SAR)measured at a frequency
520kHzas a function of acfield amplitudeHo.Reproducedwith permission fromElsevier publishers
[233]

Figure 9.17 shows the heat rise vs. time for FeB nanoparticles (17 to 30 nm). It
does not reach hyperthermia temperature up to 6 min [233]. Their SAR values are
very low (3 W/g). Sample incorporated in liposome shows good biocompatibility
(>80%) up to 0.01 mg/mL.

Non-magnetic nanoparticles are Au nanoparticles, Ag nanoparticles, graphene
and CuS, etc. which shows the Surface Plasmon Resonance (SPR) in visible as well
as NIR region. By bringing down dimensions from 3 to 2D, 1D or 0D, their intrinsic
properties can be changed in terms of electrical conductivity, thermal conductivity,
and optical properties, etc. A few reports on carbides (2D) have shown heating
behavior by light absorption. If light absorption occurs in biological windows, i.e., I
(650–950 nm), II (1000–1350 nm), and III (1550–1850 nm), it reduces effect from
water solvents, and penetration depth of light is more in living body or tissue [246].
2D materials of carbides such as MXenes including Ti3C2, Nb2C, Ta3C4 and Mo2C
have been reported for photothermal-heating based hyperthermia [247]. They can
absorb light in biological windows. Figure 9.18 shows the absorption spectra of
Mo2C-PVA nanoflakes in 400–1200 nm [247]. There is a normalized absorbance
value divided by a length of quartz cuvette after excitation at two laser wavelengths
808 (top) and 1064 nm (down). The concentrations of Mo2C are at 0, 7.5, 15, 30,
60, 80, and 120 μg/mL. Behavior of photothermal-heating curves with time (T-t)
at 808 and 1064 nm laser is shown in various power densities of 0.5, 0.75, 1.0, and
1.25Wcm−2. There are changes in temperaturewith laser on/off cycles after exposure
to 808 and 1064 nm laser at 1.0W cm−2. Figure 9.19 shows relative viabilities of 4T1
and L929 cells after treatment with Mo2C-PVA with various concentrations (12.5,
25, 50, 100, 200, and 400 μg/m for 24 and 48 h [247]. It exhibits biocompatibility
of 100%. Under laser excitation at 808 or 1064 nm at 1.0 W/cm2, cell viability is
also shown. Up to 50 mg/mL, cell viability of 4T1 cells is found to be 100%. In
100–200 μg/mL, cell viability is below 20%. Power dependent cell viability of 4T1
cells (200 μg/mL) shows that viability values are about 40, 30, 10 and 5% at 0.5,
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Fig. 9.18 m absorption spectra of Mo2C-PVA nanoflakes dispersion with various concentrations
(Mo2C at 7.5, 15, 30, 60, 80, 120 μg mL−1). n Normalized absorbance value divided by the
length of the quartz cuvette (A L−1) containing various Mo2C-PVA nanoflakes concentrations
(Mo2C at 0, 7.5, 15, 30, 60, 80, and 120 μg mL−1) for 808 (top) and 1064 nm (down). The mass
extinction coefficient of Mo2C nanoflakes at 808 and 1064 nm. Photothermal-heating curves of
Mo2C-PVA dispersions under the illumination of o 808 and p 1064 nm laser for 600 s with a series
of power densities (0.5, 0.75, 1.0, and 1.25 W cm−2). Temperature elevation of the Mo2C-PVA
nanoflakes dispersion for five laser on/off cycles after exposure to q an 808 and r 1064 nm laser
at 1.0 W cm−2. Calculation of the light induced-heat efficiency under s 808 and t 1064 nm laser
irradiation. Reproduced with permission from Wiley publishers [247]

0.75, 1.0 and 1.25 W/cm2, respectively. 2D materials of transition metal carbides
and nitrides (MXenes) have been used in cancer therapeutics and diagnostics [248].
1D and 2D materials such as nanowires, layers of carbon nitrides, and boron nitrides
have been used for carrier for drug, imaging, and anti-bacterial purposes [249].

Bulk InP shows bandgap of 1.35 eV (918 nm) and bandgap increaseswith decrease
of particles size if size is less than Bohr’s radius [250]. Absorption wavelength values
of particle sizes of 4.3, 3.5, 2.9, and2.6 nmare 650, 625, 600, and520nm, respectively
[251]. InPQDs (3.5 nm) can emit red light at 650 nm,which lies in biological window
[251]. Using InP and InP-ZnS QDs, red emission is observed through cell imaging
[250]. This has more biocompatibility than other QDs such PbSe, CdSe because Pb
and Cd are toxic. InP-ZnS show the better luminescence intensity than that of InP
[250]. InP-ZnS QDs can be used for imaging in cell lines. Folic acid coated InP-ZnS
shows more accumulation in case of KB cells than that in A549 cells [252]. Confocal
microscopy images are shown in Figs. 9.20 and 9.21 [252]. Figure 9.22 shows two-
photon image of KB cells treated with QD-FA for 6 h [252]. This provides better
imaging with less photo damage. Confocal and two-photon imaging are performed
using MRC-1024, Bio-Rad, Richmond, CA. Ti: sapphire laser at 800 nm (100 fs
pulse at 82 MHz) is used as source. For single-photon imaging, Ti: sapphire laser
at 840 nm is doubled by the second harmonic generation (SHG) to obtain 420 nm
light, which is used.

Nitrides, carbides, and borides have been coated over biomaterials to make them
chemically stable for replacement of broken bone, teeth, (implantation) [253–256].
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Fig. 9.19 Relative viabilities of 4T1 and L929 cells after treatment with Mo2C-PVA dispersion
at a series of concentrations (Mo2C at 12.5, 25, 50, 100, 200, and 400 μg mL−1) for a 24 and b
48 h (n = 5, mean ± SD). c Relative viabilities of 4T1 cells treated with Mo2C-PVA dispersion
at elevated concentrations (Mo2C at 25, 50, 100, and 200 μg mL−1) under 808 or 1064 nm laser
illumination at 1.0W cm−2 for 15 min (n= 5, mean± SD). Statistically significant difference, **P
< 0.01. d Relative viabilities of 4T1 cells treated with Mo2C-PVA nanoflakes dispersion (Mo2C at
200 μg mL−1) exposure to 808 or 1064 nm laser illumination with various power densities (0.5,
0.75, 1.0, and 1.25 W cm−2) for 15 min (n = 5, mean ± SD). Reproduced with permission from
Wiley publishers [247]

Si3N4 (bioactive) has been tested in cell lines for stability in osteoarthropathy condi-
tion and this will be useful for the medicinal therapies, the effective remedies for
various bone or joint maladies and the diseases, etc. [253]. Si3N4 will be important
biomaterial for hip implants because its coefficient of friction in water decreases.
This decrease is due to the formation of SiO2 or Si(OH)4 over surface [254]. Tita-
nium metal is used as implant due to light weight. However, it suffers from surface
oxidation to form Ti(OH)3 and a decrease in its bone integrative properties with
surrounding physiological environment. Such can be prevented by coating with TiC
over Ti metal and TiC has higher hardness, more corrosion property and biocompat-
iblewith biological systems as compared toTimetal [255]. It is tested through in-vitro
and in-vivo experiments. In rabbits and sheep, one TiC-coated dental implant is done
into their left femurs,whereas into the right femur, an uncoated implant is done,which
acts as a contralateral control. After weeks, it is found that the bone density around
the TiC-coated implant is more than that around the uncoated implant. Figure 9.23
shows X-ray analysis of implants in rabbits with time [255]. TiBx-Ti composites are
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Fig. 9.20 Confocal images are showing fluorescence of QD-FA in KB cells and a localized PL
emission spectrum. The green channel shows the transmission images, while the intensity-coded
(red to white) channel shows the fluorescence. Reproduced with permission from ACS publishers
[252]

better than Ti for implantation [256]. TiBx-Ti is biocompatible in fibroblast cells and
does not cause red blood cell destruction.

9.6.6 Ultra-High Temperature Ceramic Materials

Ultra-high temperature ceramic nitride, carbide, and boride materials are materials
having their melting points (mp) and decomposition temperatures (dt) are more
than 2000 °C and these include the following: BN (mp = 2800 °C), HfN (mp =
3385 °C), TiN (mp = 2950 °C), NbN (mp = 2573 °C), ZrN (mp = 2950 °C), TaN
(mp = 2700 °C), BC (mp = 2763 °C), SiC (mp = 2820 °C), TiC (mp = 3100 °C),
NbC (mp = 3490 °C), WC (mp = 2800 °C, TaC (mp = 3768 °C), HfC (mp =
3958 °C), ZrC (mp = 3400 °C), ZrB2 (mp = 3245 °C), NbB2 (mp = 3050 °C),
HfB2 (mp = 3380 °C), TiB2 (mp = 3225 °C). TaB2 (mp = 3040 °C) [257–274].
Here, some of themelting points are considered decomposition temperatures because
some decompose to constituent elements or another phase. In addition, they have
low thermal expansion coefficient, high hardness, excellent corrosion resistance,
and high thermal sock resistance properties. Most are stable in inert environments.
In inert environment, they have better stability compared to other oxides at high
temperatures. Some of them are used in extreme environments such as acidic or



9 Synthesis and Applications of Borides, Carbides, Phosphides … 347

a b

c d

Fig. 9.21 Confocal images are showing fluorescence of QD-FA after 3 h of incubation in a KB
cells, b A549 cells, c KB cells with excess folic acid treatment for FR saturation, and d A549
cells with excess folic acid treatment. The green channel shows the transmission images, while the
intensity-coded (red to white) channel shows the fluorescence. Reproduced with permission from
ACS publishers [252]

Fig. 9.22 Two-photon
images of KB cells are
treated with QD-FA for 6 h.
Reproduced with permission
from ACS publishers [252]
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Fig. 9.23 X-ray analysis of
implants in rabbits. At zero
time a, after four b and eight
c weeks, the implantation
animals were sacrificed. The
bone density around the
implants was evaluated by
X-ray mammography.
Radiographs and pictures at
the left are related to
uncoated implants, those at
the right to the TiC-coated
implants which show a major
bone density around the
implants. The 8-week bones
containing the implants were
excised and then cut into
slices of approx. 60 mm.
Images of slices d were
taken and then exposed
overnight to a low intensity
X-ray microradiograph e.
Bone density around the
TiC-coated implant was
higher than in uncoated Ti
implant. Reproduced with
permission from Elsevier
publishers [255]

(a)

(b)

(c)

(d)

(e)

alkaline conditions. These ultra-high temperature materials and their composites
have been used in many applications such as aerospace, furnace, high resistance
electronic devices, high temperature sensors, nuclear and energy, etc. BN material
has been used as sample holder in high temperature magnetic studies. This is because
BN is diamagnetic material as well as thermally and chemically stable [1, 275]. SiC
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Fig. 9.24 The thermal conductivity of HfB2, HfN0.92, HfC0.98 and HfC0.67. Reproduced with
permission from Elsevier publishers [262]

material has been used as crucible and heating rods/elements for furnace. TaC coated
graphite material has been used as crucible. Most metal borides have high thermal
conductivity. Because of this, they are used as cooling connectors in electronics.
LaB6 has high melting point of 2210 °C and high thermal conductivity of 110W/mK
[276]. Compared to respective nitrides and carbides, HfB2 has the higher thermal
conductivity in 30–800 °C and they have almost similar thermal expansion in 30–
2250 °C (Fig. 9.24) [262].

9.6.7 Coloring Materials

Some nitrides show golden color (e.g., TiN) and they are used to make golden color
over any material by coating [1, 2, 277]. WC based materials are used as coloring
materials and also are used in the bridal jewelry industry as ring, etc. [278]. It is
harder than gold and has high resistance to scratching. They are used as special tools
and decorative items, etc.

9.6.8 Materials for Battery, Fuel Cells, Capacitor, Sensors

Some nitrides, carbides, borides, and phosphides are used as components of batteries,
fuel cells, capacitors, and sensors [1, 2, 188–204, 279–288]. When dimensions of
particles are brought to nanosizes, their properties vary. Also, when it changes from
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3D to 2D, 1D or 0D in nanosized range, their properties are different. TiN 1D
nanorods/nanowires are very sensitive in H2O2 gas. Some are used in bio-sensing
applications such as detection of gases, ions, proteins, and DNAs due to stability,
less corrosion property, biocompatible, easy processing, and inertness, etc.

9.6.9 Magnetic Materials

Some of Fe, Co, Ni based nitrides, carbides, borides, phosphides, and their combi-
nation with rare-earth elements show ferromagnetic properties [1, 2, 31, 33, 93, 99,
289, 290]. Fe3N, Fe4N, Fe16N12, Co3N, Ni3N, Fe3C, Co3C, Ni3C, FexB, CoxB, NixB,
FexP, CoxP and NixB are examples. Generally, these MY (binary) compounds have
low coercivity (Hc < 500 Oe) and they are considered as soft magnetic materials.
By changing shape of particle, some of them can show high coercivity (Hc > 1000
Oe). The acicular particle shape (Co3C-Co2N) can provide an enhancement to the
coercivity of 3400 Oe [289]. Those with high Hc > 1000 Oe are considered as the
hardmagneticmaterials and these are used in data storage applications. Examples are
Sm2Fe17C, Sm2Fe17N2 Sm13Fe87N, Nd2Fe14B, Ti2FeRu5–nRhnB2, (Fel-xCox)2P (x <
0.28). They are known as permanent magnets. Wei and his group reported Sm-Fe–N
phase which shows a very high coercivity (Hc = 44 kOe), high remanent magneti-
zation (Br = 8.0 kG) and high area of loop (BH = 14.3 MGOe). The variation of Hc

and Brfor Sm13Fe87N with increase of annealing temperature is shown in Fig. 9.25
[290].

9.6.10 Miscellaneous Applications

Many borides, nitrides, carbides, and phosphides have been used in various applica-
tions such as removal of dyes, electrides, high thermal conductivity materials, radio-
frequency filters or surface acoustic wave devices, lasers, transistors, and supercon-
ducting devices. Due to limitation of pages in this chapter, more details are provided
in many papers and review articles [1, 4–6, 11, 93, 99, 291–295].

9.7 Conclusions

Synthesis routes from low to high temperatures for borides, carbides, nitrides, and
phosphides are dependent on precursors used and types of phases required. Some-
times, high pressure is required to prepare a particular phase. The various synthesis
routes for nitrides (about 22 numbers) are mentioned. Similarly, different synthesis
routes of carbides and phosphides are provided. For synthesis of borides, brief notes
are provided because one chapter in this book is devoted to this area. However,
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Fig. 9.25 Coercivity (Hc) and remanent magnetization of Sm13Fe87N annealed at different temper-
atures. Points at 1100 °C are for as-melted ingot. Reproduced with permission from Elsevier
publishers [290]

this portion is included in this chapter because its properties are almost similar to
nitrides, carbides, and phosphides. All B, C, N, and P are the light p-block elements
in the periodic table. Their bonds are short and cohesive energies of compounds
are high. Thus, BC, BN, C3N4 and their composites are extremely hard and compa-
rable with diamond. Their bonding in B–C, B–N, and C–N is covalent in nature.
The borides, carbides, nitrides, phosphides, and their composites are used in many
applications such as sensors, catalysts, permanent magnets, hard materials, coating
materials, cutting tools, sample holders, tip, insulatingmaterials, components of high
temperature furnaces, high temperature conducting and LEDs, etc.
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Chapter 10
Synthesis Methods for Carbon-Based
Materials

Pradip Kumar

Abstract Carbon is a most versatile element and its bonding and special nature
have long been noted largely due to the variety and quantity of structures. Carbon
can make different allotropes like graphite, diamond and fullerene due to its sp1,
sp2 and sp3 possible hybridization nature. The development and understanding
of carbon-based materials are topics of major interest in science and technology
due to their excellent electrical, thermal, mechanical and optical properties. On the
other hand, carbon is hardly considered to be toxic material, which makes it easily
biocompatible. Carbon-based materials are synthesized using various top-down and
bottom-up synthesis approaches. In this chapter, various conventional andmore prac-
tical synthesis strategies, as well as their mechanism for diamond, fullerene, carbon
nanotubes, carbon nanofibers, graphene and graphene oxide with the extracts from
published investigations by numerous researchers, will be discussed.

Keywords Diamond · Fullerene · Carbon nanotubes · Carbon fiber · Graphene ·
Arc discharge · Chemical vapor deposition · Exfoliation

10.1 Introduction

Carbon-based materials like graphite, fullerene, diamond, carbon fiber, carbon
nanotube, graphene, activated carbon and soot particles have been well employed
for various applications due to their variety of structure and properties. For example,
graphite iswell-knownelectrodematerial andmoderator in nuclear reactors.Graphite
is mostly used in composites including in pencil, wind turbine generators, pouring
nozzles, thermocouples, crucibles, etc. [1]. In addition to graphite applications, it
is being used as a precursor for the synthesis of most emerging carbon materials;
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graphene. Next to graphite, diamond is one of thewell-known carbonmaterials for its
hardness, high thermal conductivity, insulating and transparent properties [2].Natural
as well as synthetic, both types of diamonds are available in the market. Diamond is
used inmany potential applications including, optics, electronics, medical, and radia-
tion detectors [3].Due to their hardness, diamonds have been used for cutting,making
wedding rings and other jewelry for a long time. Thus, the large-scale synthesis of
diamonds with the desired size and shape is important. Another exciting form of
carbon, fullerene, was discovered in 1985 at Rice University [4]. Fullerene invention
won the Chemistry Novel prize in 1996. Now fullerenes have been greatly consid-
ered well-known carbon allotropes, which had previously been limited to graphite,
diamond and amorphous carbon.

After the fullerene discovery, carbon nanotubes (CNTs) were first time identified
in 1991 by Iijima et al. [5]. They found this new form of carbon materials during
the synthesis of fullerene by an arc evaporation method. CNT is rolled from of
single-layer carbon atoms. This new form of carbon-based materials has opened
many opportunities for materials scientists in many fields. CNTs diameter may vary
up to a few nm, while the length may be achieved in tens of micometers [6]. The
most important properties of CNTs, which make them ultimate materials, are high
electron mobility, thermal conductivity and mechanical strength. CNTs conducting
properties highly depend on the way it constructs like armchair (metallic), zigzag
or chiral (semiconductor). The ultimate properties of CNTs have been employed in
many potential applications including supercapacitors, fuel cells, hydrogen energy
storage, electromagnetic interference, sensors, etc. [7]. Along with, CNTs research,
carbon nanofibers were also explored [8].

The major breakthrough in carbon-based materials was achieved by the iden-
tification of sp2 hybridized single layer of carbon atoms; graphene in 2004 by
Andrew Geim and Novoselov at Manchester University UK [9]. For this wonder
material, they have been awarded a Physics Nobel Prize in 2010. Graphene was
identified by a simple Scotch-tape method. This method produced very high-
quality graphene. Graphene’s unique properties like ultrahigh electronmobility, high
surface area (~2600 m2g−1), large aspect ratios, the extreme thermal conductivity
of ~5000 W/mK, excellent mechanical stiffness (Young’s modulus of 1 TPa) and
optical properties make it emerging materials for high-speed electronics, optical
devices, energy storage, chemical sensors, thermal management and electromagnetic
interference shielding applications [10–13]. Since graphene discovery, it has been
considered a wonder material among the scientific community. Thus, the synthesis
of graphene and its large-scale production is important. Many top-down including
exfoliation and bottom-up including chemical vapor deposition (CVD) approaches
are being used for the synthesis of graphene and other carbon materials [14–16]. In
this chapter, various synthesis mechanisms for graphite, diamond, CNTs, CNFs and
graphene are discussed.
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10.2 Synthesis of Graphite

Graphite is one of the most stable and natural crystalline forms of carbon. It is
composed of stacked layers of sp2-hybridized carbon atoms. These stacked layers
in graphite are weakly attached by weak Van der Waals force and π–π* interaction
which gives its low hardness and perfect cleavage. Natural graphite can be formed by
the reaction of carbon compounds in the rock during hydrothermal metamorphism.
A small amount of graphite can be found in metamorphic and igneous rocks. Most
of the graphite seen at earth’s surface was formed at convergent plate boundaries
where organic-rich limestones and shales were subjected to the pressure and heat of
regional metamorphism. This process produced tiny crystals and flakes of graphite.
However, synthetic graphite is required for industrial applications.

The first synthetic graphite was manufactured in the late 1800s by Edward
Goodrich Acheson. He discovered it accidentally while attempting the manufacture
of silicon carbide in an electric furnace. He used a combination of silica and amor-
phous carbon and found that silicon vaporized at about 4150 °C leaving the carbon
behind in graphitic carbon. This discovery of graphite was extremely valuable and
used for many potential applications. The commercial production of graphite was
started in 1897 when Acheson formed a company in 1899. The synthesized graphite
was found to have a purity of over 99% carbon and it is being used in manufac-
turing products where extremely purematerial is required. Currently, many precursor
materials are being used for synthetic graphite production. For example, in the USA,
high-quality graphite is prepared by using petroleum coke as the primary material.
Generally, the process of synthetic graphite manufacturing consists of powder prepa-
ration, shape-forming, baking and graphitization [17].Graphite is also synthesized by
the reaction of calcitewith hydrogen at different temperatures, pressure and time. The
synthetic graphite can be formed in various shapes and size, powders and granular
materials.

Since its discovery, graphite has been employed in many industrial applications.
The well-known application of graphite is in making pencils, which consist of a
mixture of clay and microcrystalline graphite [1]. High purity graphite is being used
for manufacturing carbon brushes for electrical motors. Composites of graphite (e.g.,
silver-graphite and copper-graphite) are used in wind turbine generators, railway
technology and tacho generators. Composites of alumina-carbon are used in ladles
for pouring nozzles, liquid steel and sliding gates. Thermocouples, heater tubes and
crucible for heating are made of composites of clay-graphite and silicon carbide-
graphite. Graphite is also used as electrode materials, e.g., in electric arc furnaces.
Sliding bearings are made from bronze-graphite composites. Graphite powder is
also used for making graphite foil which is used for manufacturing high tempera-
ture gaskets and packages. Lithium-ion and zinc-carbon batteries used high purity
graphite powder as cathodic material. Graphite is also used in nuclear reactors as a
moderator [18]. Not only industrial applications, now graphite is the main source for
the top-down synthesis of other carbon materials like CNTs, graphene, graphene
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oxide and graphene nanoribbons, which will be discussed later in this chapter
[19, 20].

10.3 Synthesis of Diamond

Diamond is a second naturally occurring allotrope of carbon. The name “Diamond” is
derived from the ancient Greek–adámas meaning “unbreakable”. In diamond, each
carbon atom is sp3-hybridized, arranged in a variation of the face-centered cubic
crystal structure. This arrangement of carbon atoms makes the diamond very hard
material. Diamond has been considered one of the best materials in the scientific
community as well as commercial level due to its remarkable properties including
electrically insulation, high thermal conductivity, lowest thermal expansion coeffi-
cient, chemical inertness and optical transparency. Most of the natural diamond’s
formation occurred at high pressure and temperature in the Earth’s mantle at depths
of 140–190 km Natural diamond is colorless but the color in a diamond can be
originated by a small number of defects or impurities such as boron and nitrogen.

Synthetic diamond has been much attracted since its establishment as a crys-
talline form of carbon. Initially, the diamond was synthesized using a high pres-
sure approach due to its highest density. The first synthesis of a diamond at high
pressure was developed by “General Electrics” in 1955 [21]. The Bulk amount of
diamonds can be synthesized in a thermodynamic stable region at high pressure
and high temperature (HPHT). In contrast, metastable thermodynamic regions at
low pressure and low-temperature methods can produce thin diamond coatings and
powders. To date, various methods have been successfully developed for diamond
synthesis including HPHT, chemical vapor deposition (CVD), thermal activation
of graphite, hydrothermal synthesis and the reduction of carbides (HSRC) [22, 23].
However, CVD is themost studiedmethod for diamond fabrication [24]. This section
summarizes diamonds synthesis by using various synthetic routes.

10.3.1 High Pressure and High Temperature (HPHT)

Byusing this technique, gem-purity large diamond crystals can be grownup to several
millimeters. This is a conventional and effective method used for diamond synthesis
for research aswell as commercial applications. TheHPHTmethod canproducehigh-
quality sheets shape large cubic diamonds,which aremostly used for the development
of cutting and grinding tools. Nevertheless, these diamonds have disadvantages such
as higher cost and size limit. Many companies and researchers are using a reaction
cell in HPHT conditions for the synthesis of various types of diamond crystals for
commercial applications. Although they used different designs for diamond growth,
typical pressure and temperatures used in HPHT are 5–7 GPa and 1200–1800 °C,
respectively [25]. Generally, in the growth process, diamond morphology changes
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Fig. 10.1 Polyhedral of a diamond (Reproduced with permissions [25]. Copyright 1988, American
Physical Society)

from cubic crystal with (100) dominated faces and cuboctahedral crystal with (100)
and (111) dominated faces, to octahedral crystals with (111) dominated crystal faces
with the increase of reaction temperature (Fig. 10.1).

The obtained results andmethod proved that theywere not good enough to synthe-
size diamonds in that early experiment. After that many researchers modified the
experimental conditions and reported good results using the HPHT method. In the
modified HPHT method, Pt-30% Rh/Pt-6% Rh thermocouple was used for temper-
ature monitoring. Room temperature pressure calibration was done by changing the
resistance of standard substances. But, high temperature pressure calibration was
performed by the graphite-diamond equilibrium. Liu and co-workers used carbonyl
iron powder as a catalyst for diamond crystallization in the range of 5–7GPa pressure
and 1200–1800 °C temperatures [26]. A high purity graphite rod was used as source
material. In this growthprocess, the purpose of using carbonyl ironpowderswas to see
the effect of nitrogen and oxygen on diamond growth. The diamond growth process
was performed on the mixture of graphite rod and catalyst powders (7:3, weight
ratio) for 4 h. After crystallization experiments, sample columns were first cracked.
The remaining impurities of graphite and catalysis were removed by dissolving the
products in a hot mixture of H2SO4 and HNO3. Diamond growth was first confirmed
byXRDmeasurements as shown in Fig. 10.2. From theXRDpattern, it is evident that
the sample has a cubic diamond structure which is composed of {111}, {220} and
{311} characteristic lines. In contrast, the SEM image showed an irregularly shaped
diamond crystal grown at 1600–1650 °C temperature without a clear {100} or {111}
crystal faces (Fig. 10.3a). Further, an increase in reaction time for 15 min, diamond
crystals of 0.5–0.9 mm with lamellar and strip shapes were formed (Fig. 10.3b, c).
With the further increase in temperature, it was found that {111} faces played a key
role in the crystallization of diamond. Diamond crystals obtained at 1700–1750 °C
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Fig. 10.2 XRD pattern of
diamond crystal grown at 6.5
GPa and 1600 °C
(Reproduced with
permissions [26]. Copyright
2011, American Chemical
Society)

Fig. 10.3 Representative
optical images of diamond
crystals grown at 6.5 GPa
pressure and three different
temperatures: a 1600 °C, b, c
1700 °C and d 1800 °C in
the presence of carbonyl iron
powders catalyst
(Reproduced with
permissions [26]. Copyright
2011, American Chemical
Society)

temperature showed {111} dominant faces and minor {100} faces (Fig. 10.3d). The
above experimental outcomes revealed that high temperature conditions are more
suitable for the stable growth of octahedron diamond crystals.

Diamond crystals were further synthesized from the sulfur-carbon (S–C) mixture
at high temperatures (1550–2000 °C) and pressures (6.3–7.5 GPa) [27]. Graphite
rod (99.99% pure), sulfur powder and cuboctahedral synthetic diamond crystals of
500 μm size as seed particles were taken as starting materials. For the nucleation
of diamond crystals, first, the graphite rod was placed into a capsule of 7.2 mm
diameter and 7 mm high. Then, diamond seed crystals and sulfur powder together
were placed into a cylindrical sample and then placed into the graphite capsule. Then,
diamond crystal growth was investigated at different temperatures and pressures
for the time of 3–40 h. Growth of diamond crystals in the above system exhibited
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significant dependency on temperature, pressure and nucleation time. For example,
there was no diamond growth on seed crystal was found at 6.3 GPa pressure and
1550 °C temperature. In contrast, metastable graphite and slight diamond growth on
the {100} and {111} faces of the seed crystals were obtained on higher temperatures
(1650 °C). Even at this temperature, there was no spontaneous diamond nucleation
was established. Spontaneous nucleated diamond crystals were formed at a high
temperature of 1750 °C (Fig. 10.4). The size of nucleated diamond crystals was
found to be ~50 μm with {111} dominant and {100} minor faces. The different
surface morphology of diamond crystals was depending on the surface indices of
seed crystals. For example, the flat growth of layers was found on {111} faces, while
{100} and {110} faces result in pyramidal relief and striation structure, respectively.
The above findings conclude that the seed crystals can form a stable octahedron
diamond crystal at high temperatures. Also, metastable graphite of ~100 μm size
was grown in the upper part of the capsule. Further experiment showed the regrown
metastable graphite and diamond growth layers at relatively low temperatures (1550
and 1600 °C) and higher pressure (7.0 GPa). There was no sign of spontaneous
nucleation of the diamond up to 40 h run. In contrast, intense diamond crystallization

Fig. 10.4 SEM image of an overall view of diamond seed crystals, a spontaneous crystals and
growth layers on the (111), b diamond seed crystal, c grown diamond layers on the (100) and
(110) surfaces, d crystalline diamond obtained from 6.3 GPa pressure and 1750 °C temperature for
a reaction time of 9 h (Reproduced with permissions [27]. Copyright 2009, American Chemical
Society)



374 P. Kumar

with more than 50% graphite to diamond conversion was found at the temperature
of 1700 °C. Obtained diamond crystals show size up to 500–700 μm which can be
further grown up to ~1 mm. Spontaneous nucleation of seed crystals and growth of
diamond crystals were established at higher temperatures (1750, 1800 and 1900 °C)
without any metastable graphite. Further, a rise in temperature up to 2000 °C gives
diamond crystals of 400 μm along with metastable graphite crystals.

In recentwork,Ge doped single-crystal diamondwas synthesized fromanMg-Ge-
C system at high pressure of 7.0 GPa and a high temperature of 1500–1900 °C [28].
The mixed powders of Mg0.9Ge0.1 and several seed crystals were used. This HPHT
systemproduced relatively large size diamond crystals of 2–3mmat 1900 °C. Further,
they also synthesized diamond crystals using a phosphorous-carbon systemat 6.3–7.5
GPa pressure and 1400–1850 °C temperature [29]. Hu et al. also developed high-
quality cubic diamond crystals for commercial purposes by using amultiseedmethod
[30]. The diamond crystals were synthesized using Fe–Ni alloy-carbon system under
HPHT conditions by a temperature gradient method. Graphite powder as a carbon
source and Fe–Ni alloy (64:36 by wt%) as catalyst/solvent were used, respectively.
The growth temperature and pressure were set to 1250–1350 °C and 5.5–5.7 GPa,
respectively. Pure and large size diamond crystals were successfully synthesized
using this HPHT. But this method is extremely expensive for bulk production.

10.3.2 Chemical Vapor Deposition

The chemical vapor deposition (CVD) method is one of the most common synthesis
techniques for all types of carbon-based materials. This method involves the decom-
position of hydrocarbon gases and then deposition onto a substrate. In this process,
a process gas, excitation source and a substrate on which sample will be deposited
are required. Various gases including hydrogen, oxygen, methane, carbon dioxide,
argon and nitrogen were used as process gas. To activate the chemical process,
various energy sources including microwave, radiofrequency, direct current, hot fila-
ment, laser-induced and chemical activation have been used. In most of the cases,
hydrogen and methane gas mixture were used for carbon-based materials. Methane
or other hydrocarbons act as a carbon source, while the role of atomic hydrogen or
oxygen is the most critical. The key role of hydrogen or oxygen in the CVD method
is to terminate the dangling carbon bonds on the surface of the developed crystalline
carbon materials. It is also reported that hydrogen atoms can cleave neutral hydro-
carbons and create reactive radicals such as CH2. The cleaved hydrocarbon can bond
with exposed carbon atoms to form tetrahedral sp3 (ta-C) or trigonal sp2 (a-C) bonded
carbon [31]. Another benefit of using hydrogen in diamond synthesis is to avoid the
growth of graphite because atomic hydrogen can etch sp2 bonded graphite much
faster than an sp3 bonded diamond.

For the first time, Eversole reported the gas-phase synthesis of diamond in 1958
[32]. This method uses a carbon-containing gas, which is passed to diamond seed
crystals at a pressure of a few torr and temperature of ~1000 °C. Interestingly, it
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was observed that the diamond was grown when source gas has a methyl group
(CH3–) like methane, ethane, methyl mercaptane, propane, methyl chloride and
acetone. However, the low growth rate of diamond crystals of ~1 Å/h was the major
issue for applications of diamond in real life. In contrast, hydrocarbon gases like
benzene, which do not havemethyl groups, could not grow diamonds by this method.
The systematic procedure of diamond synthesis from the CVD method is illustrated
in Fig. 10.5. A few years later, Angus et al. [33] also reported diamond synthesis
using the CVD method on diamond seeds crystals by using mixtures of hydrocar-
bons and hydrocarbon–hydrogen gases. So far, the diamond has been synthesized
using various modified CVD methods (Fig. 10.5b). It has been noted that diamond
growth in CVD depends on various parameters such as pre-treatment of the sample,
range of temperature, type of activation source and substrate selection, which play
an important role. Generally, molybdenum, tungsten carbide and silicon nitride are
being used as a substrate in CVD growth. In the CVD method, the temperature
distribution, internal energy and solubility clearly depend on the excitation source.
Based on the excitation sources, CVD processes can be divided into heated gas and
ionization plasma CVD techniques which can be further sub-divided into chemical,
electrical, or electromagnetically and thermal activation processes.

In the thermal activation CVD process, the gas phase is activated by hot filaments
or hot surfaces as shown in Fig. 10.6 [24]. In this approach, the first process gas flows
into the chamber and then hot filament was used for heating. The distance between
substrate and filament can vary from 5 to 20 mm and substrate temperature can be
achieved around 1000K [24, 34]. Eiichi and co-workers reported the diamond growth
by an advanced hot filament CVD method. In this method, the substrate tempera-
ture is independently controlled [35]. A mixture of CH4/H2 gas was used as a source
precursor and silicon as a substrate. The distance between substrate and filament was
maintained to 6–10 mm. Filament temperature was measured to be ~2050 ± 10 °C
by an optical pyrometer. The controlled pressure of 30 torr was applied by the MKS
pressure control system. The gas flow rate was maintained to ~600 sccm and the
ratio of methane to hydrogen gas was 1%. It was found that diamond growth mainly

(b) (a) 

Fig. 10.5 a Proposed mechanism of diamond growth processes by a CVD method, b diamond
CVD techniques (Reproduced with permissions [24]. Copyright 2011, Elsevier)
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(b) (a) 

Fig. 10.6 Schematic representation of a hot filament a and chemical activated b CVD process
(Reproduced with permissions [24]. Copyright 2011, Elsevier)

depends on substrate distance and its temperature. Maximum diamond growth was
observed in the range of 900–1000 °C temperature. However, with the increase of
substrate temperature, the growth rate was reduced. In the same year, Park et al.
produced a synthetic diamond film using a hot filament CVD method [36]. They
deposited diamond films on a polycrystalline titanium substrate. Direct radiation
from filament was used to heat the substrate. The flow of reactant gases (CH4 and
H2) into the reactor was controlled through a mass flowmeter. Their experimental
findings revealed that surface morphology played a significant role in the nucle-
ation and therefore in diamond film growth. The surface roughness increased the
nucleation density of diamond and reduced the incubation time required for nucle-
ation. As a result, the growth rate of individual diamond particles decreased. Further,
Kobayashi and co-workers established a relationship between growth rate and flow
time of source gases in the hot filament method [37]. They set the temperature of
filament and substrate to 850 °C and 2100 °C, respectively. The pressure was varied
from 5 to 106 kPa. In the pressure range of 5–50 kPa, all growth rates increased
very fast and get maximum at a residence time of 1.1 ms. After that growth rate
was abruptly deceased and saturated with residence time. Simultaneously, diamond
and nanostructured graphite thin films were grown by hot filament CVD [38]. By
changing the distance between substrate and filament, diamond and graphite growth
can be established. At a distance of 5 mm, the diamond was obtained, while graphite
deposition was observed at a distance of 15 mm.

Chemically activated growth of diamond using CVD on combustion flame was
the first time described by Hirose et al. [39]. The temperature of the combusting
flame can be reached in the range of 2000 to 3550 K. In chemically activated CVD
processes, the heating was done by an exothermic conversion of the source gases.
In general, acetylene and oxygen gases were applied for the combustion process.
Generally, the substrate temperature was used from 770 to 1470 K. Figure 10.6b
shows the typical setup for the combustion flame-based CVD method. The flame
was generated by a commercially available oxyacetylene torch, which is vertically
placed to the substrate. The whole process was controlled by changing the ratio of
C2H2/O2 with continuous monitoring of the substrate temperature by thermocouples
andfinally, diamondcrystalswere successfully depositedon the substrate. To increase
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the deposition area, multiple torches can be used. However, chemically induced
diamond deposition is not a significant method for industrial applications.

Similar to the thermally and chemically activated CVD process, diamond growth
also has been demonstrated by usingmixed-gas plasma [40, 41]. The common growth
process in microwave plasma CVD involves placing a substrate in a quartz tube
which is perpendicular to the waveguide. Microwave plasma can be generated by a
magnetron. The substrate can be fully exposed to the plasma by adjusting through a
plunger. Typical gas pressure was adjusted to ~40 torr and the gas flow rate was set to
10–100 sccm. The successful synthesis of high-quality diamonds using plasma CVD
was developed by Setaka and co-workers. However, thismethod has some limitations
like large-area deposition because the plasma was limited to the quartz tube size. In
this context, Hiroshi et al. developed a new type of microwave plasma deposition
system in which they used a high magnetic field with improved plasma density [42].
In another work, a high-quality diamondwas grown frommicrowave plasmaCVDby
using graphite as the carbon source [43]. In this work, carbon is etched from graphite
and placed inside the plasma. They used a conventional bell jar system for plasma
generation. The hydrogen flow was fixed around 300 sccm, growth time of 24 h
and microwave power was around 940 W. Silicon was used as a substrate. Diamond
was grown on four different hydrogen gas pressure of 80, 100, 120 and 140 torr. At
low pressure, the growth was not uniform. However, the best quality diamond was
obtained at 140 torr pressure. Further, it has also been reported that diamond can be
grown using a pre-treated mixed-gas-system of carbon dioxide and hydrogen [44].
However, diamond synthesized in the above methods is not feasible for industrial
applications in which large-area diamond films are required.

Scalable fabrication of large-area diamonds was considered as a key step for
industrial applications. Tiwari et al. reported that enhanced nucleation and diamond
growth by using a microwave plasma CVD method [45]. They have grown diamond
film on Pt/SiO2/Si substrate. In the deposition process, first, the substrate was cleaned
by ultrasonication in acetone and alcohol for 10 min. After that, adamantine was
seeded on the cleaned substrate by using ultrasonication. Diamond was grown using
1% CH4 in H2. The obtained thickness of the diamond film was about 900 nm for
the deposition time of 120 min. However, further, the improvement was required
for industrial production. Qi and co-workers reported a large area of single-crystal
diamond using the microwave plasma CVD method [46]. The bulk production of
diamond was achieved using 75 kW and 915 MHz microwave plasma-assisted CVD
system. A mixture of H2/CH4/N2 gases and pressures from 90 and 180 torr was used
with recorded growth rates from 10 to 30μm/h. A single-crystal diamond of 2.5 mm
thickness was obtained in a single deposition run (Fig. 10.7). By using this technique,
single-crystal diamonds production was achieved to 100 g/day and out of the 25%
of the diamond, crystals were observed to be colorless.



378 P. Kumar

Fig. 10.7 Single-crystal diamond obtained by the 915MHzmicrowave plasma CVD. The diamond
crystal’s weights were ranged from 0.2 to 1.15 carats (Reproduced with permissions [46]. Copyright
2014, American Chemical Society)

10.3.3 Other Methods

Thermally activated graphite also can be used for diamond growth at low pressures.
Palnichenko et al. reported diamond nucleation and growth using a short and intense
heat pulse [47]. The diamond growth was obtained on different substrates including
nickel, copper, aluminum, silicon and quartz. All the substrates were in the form of
10 cm2 area plates and placed at a distance of 5 ± 1 mm from the electrode tip. The
substrate temperature was maintained up to 10 K. As a result, well-shaped colorless
diamond particles of 10μmsizewere observed on the substrate as shown in Fig. 10.8.
The maximum size of diamond particles can be reached up to 100 μm. The average
density of diamond particles obtained by a single pulse was measured to be 10 ±
5 microparticles cm2 with homogenously distributed irrespective of the nature of
the substrate. The diamond formation was characterized using XRD, Raman and IR
spectroscopic techniques.

Another alternative route for diamond fabrication is hydrothermal synthesis.
Syzmanski and co-workers reported diamond synthesis by a hydrothermal process
at different supercritical-fluid systems [48]. Gogotsi et al. reported diamond crystals
synthesis using hydrothermal synthesis [22]. The sp3 bonded carbon was obtained
in the temperature range of 300–800 °C and pressure within 500 MPa under
hydrothermal conditions by selective leaching of silicon carbide (SiC). The formation
of diamond upon hydrothermal treatment of SiC has been reported elsewhere [49].
Following the above work, few researchers successfully diamond synthesis without
diamond seeds by hydrothermal process. Lou et al. synthesized diamond crystal up
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Fig. 10.8 SEM micrograph
of diamond microparticles
obtained by a dense
carbon-phase process
(Reproduced with
permissions [47]. Copyright
1999, Nature Publishing
Group)

to a size of 250 μm by reduction of CO2 and magnesium carbonate with metallic
supercritical- fluid sodium at a temperature of 440 °C [50].

For a long time, diamond has been popular for a variety of applications including,
medicals, optics, electronics and radiation detectors. Before the graphene research,
the diamond was known for the best thermal conductivity and chemical inertness
[2]. Single-crystal diamonds have applications in optical science [3]. It has been
well noted that pure diamond revealed the widest spectral transmission range among
all solid materials. Diamond windows have been used in the chemical industry
for spectroscopic quality control of molten plastics, caustic alkalies and so on. In
recent years, diamond coatings have been applied to many medical devices such
as temporomandibular joint prostheses, microelectromechanical systems and heart
valves [51]. Functionalized nanosized diamonds have been used for the immobi-
lization of chemotherapeutic agents. Many researchers have demonstrated imaging
of cell and tissues with nanodiamond particles. Another important application of
diamond is in the making of the radiation detectors. Due to its hardness, diamonds
have been used for cutting, making wedding rings and other jewelry for a long time.

10.4 Synthesis of Fullerene

The first fullerene molecule was discovered by Richard Smalley, Robert Curl, James
Heath, Sean O’Brien and Harold Kroto at Rice University in 1985 [4]. For this
new invention, they won the Chemistry Novel prize in 1996. This new form of
carbonwas found to have truncated icosahedron structure and called fullerene, named
Buckminsterfullerene, on the name of architect Buckminster Fuller who designed
geodesic domes in the 1960s. A fullerene molecule is made from sp2 hybridized
carbon atoms. Typically, a C60 fullerene molecule has icosahedral symmetry closed
cage structure with 20 hexagonal and 12 pentagonal rings. To date, fullerenes have
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beengreatly considered awell-knowncarbon allotrope. Since its discovery, fullerenes
have been significantly considered for fundamental research as well as for potential
technological applications, especially in materials science and electronics. In this
section, various synthetic routes for fullerene synthesis will be discussed.

Fullerenes can be found in nature like in flames but its first experimental identifi-
cation was observed in carbon vapor as shown in Fig. 10.9a. This unusual fullerene
molecule was detected from laser pulse vaporized carbon species obtained from the
surface of graphite, toward high-density helium flow [4]. After that vaporized carbon
species traveled toward the ionization region andC60 can be formed at particular clus-
tering conditions, which is about 40 times larger than the neighboring clusters. Time
of flight mass spectra confirmed the most of the fullerene molecules consist of C60

with fewC70 molecules (Fig. 10.9b). Figure 10.9c confirms the truncated icosahedral
structure of featured C60 fullerenemolecules. This flame technique can produce good
quality fullerene molecules. However, this method produced microscopic amounts
of fullerenes, which limits its commercialization.

Fig. 10.9 Carbon vapor irradiation setup for fullerene synthesis, b time of flight mass spectra and
c designed structure of C60 fullerene molecule (Reproduced with permissions [4]. Copyright 1985,
Nature Publishing Group)
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Since the first identification of fullerene by Kroto et al., W. Krätschmer and D.
R. Huffman (K–H) synthesized C60 fullerene using arc method. The arc was created
between graphite rods and burned under the helium atmosphere [52]. The carbon
radicals were produced by slow evaporation burned graphite rod. However, the rate
of clustering is slow in comparison with pulsed laser vaporization. Also, in this K-H
method, the cooling rate of condensing carbon vapor ismuch slower. But, C60 clusters
were successfully grown by adjusting the pressure of helium buffer gas around the
evaporating graphite rods. Later, it was investigated that a simple AC or DC arc can
produce C60 and the other fullerene molecules in sufficient quantity for commercial
applications [53]. The formation of carbon clusters in the size of the range of C60

was easily achieved by adjusting the pressure of helium buffer gas around graphite
rods. Following the above pioneering work, fullerene was synthesized using various
methods like soot, vapor-phase, arc discharge, etc.

10.4.1 Soot Method

After microscopic production by Kroto et al., C60 fullerenes growth was identified
in flames. Howard et al. reported the fullerene growth in premixed laminar flames
of benzene and oxygen with Ar diluent [54]. The flame was stabilized over a copper
burner of 70 mm diameter, which was used for delivering the feeding mixture. The
flames were produced under various conditions. Soot was deposited for 53–170 min
on quartz probe for each flame. Figure 10.10 shows the electron-mass spectrum of the
as-deposited soot materials. Based on the reported data, it is confirmed that the soot

Fig. 10.10 Electron-mass spectrum of a flame-generated soot particles (Reproduced with permis-
sions [54]. Copyright 1991, Nature Publishing Group)



382 P. Kumar

sample contained both C70 andC60 fullerenemolecules, whichwas further confirmed
by FTIR.

In most of the soot method, fullerene was extracted from bulk soot [55]. The first
time, Reilly and co-workers demonstrated the direct observation of fullerene growth
in flame-generated soot [56]. They used a real-timemeasurement experimental setup
for fullerene detection. They used a burner consisting of four 1.1 mm inner diameter
and 1.5mmouter diameter. A brass tube of 65mm longwas used for creating a torch-
like flame. The flow rate of pure acetylene without any oxygen or air was about to be
2.4 cm3/s through the burner tubes. Soot particleswere collected onto exhaust snorkel
of 4-inch diameter, which was placed over the flame. The sample tube was allowed
to cool down automatically. Based on their experimental findings, it was concluded
that the carbonization process of polycyclic aromatic hydrocarbons (PAHs) produced
fullerene in the particle phase. This method also produced individual soot particles
in low quantities. In summary, by this technique, we can track the composition of
fullerene molecules.

10.4.2 Chemical Vapor Deposition

Similar to diamond growth, fullerene formation was demonstrated by CVD using
gaseous species such as CH4 or C2H2. Lee et al. reported the fullerene formation
during the synthesis of diamond film using the CVD method [57]. The experiment
was performed in a conventional hot filament CVD chamber having an 8 cm tungsten
filament of 0.75 mm diameter. The current and filament temperature was maintained
about 50–55 A and ~2200 °C, respectively. The pressure of the chamber was main-
tained from 30–35 torr. Methane (99.8% pure) and H2 (99.99% pure) were used as
precursor gases with a controlled flow rate. Silicon wafer placed on flat stainless-
steel was used as a substrate and maintained at a temperature from 850 and 900 °C.
Fullerene deposition was obtained between 5 to 24 h. In each run, 10–75mg soot was
collected soot. Mass spectrum measurements confirmed the fullerene growth in the
hot filament CVD method. Further, it was found that changing the composition of
precursor gases (2–5% CH4, 95–98% H2), substrate temperature (400–750 °C) and
moving the substrate away from filament enhanced the growth of fullerene forma-
tion to 10–20 mg/h. There was a strong correlation between the diamond and the
fullerene growth process. Figure 10.11 shows the diamond and fullerene formation
by using the above process (solid arrow) and by other researchers with other routes
(thin arrow).

Some other researchers have also developed other CVD methods for fullerene
formation [58]. Fullerene was formed by low-temperature plasma CVD under atmo-
spheric pressure [59]. Low-temperature plasma was generated by applying rf voltage
under a constant flow of atmospheric pressure Ar or He gas. Benzene or naphthalene
gases were used as a source for deposition. At He (70 sccm) and 70–100 rf powers,
the gas plasma produced a tary deposit upon the flow of naphthalene or benzene
(0.01–1 sccm). The products from naphthalene (0.3–0.6 sccm) formed soot when Ar
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Fig. 10.11 Formation of diamond and fullerene by several processes using different starting
materials (Reproduced with permissions [57]. Copyright 1995, American Institute of Physics)

(13 sccm)was introduced intoHe (47 sccm) plasma. It was found that product appear-
ance depends on the plasma conditions. Fullerene formation was confirmed by UV–
visible spectra. Further, Wang et al. produced the Fe-included onion-like fullerenes
at a temperature of 1100 °C [60]. The diameter of the as-synthesized fullerenes was
in the range of 15–40 nm which was confirmed through microscopic techniques.
In this method, fullerene growth mainly depends on the substrate temperature and
carbon source.

10.4.3 Arc Discharge

Since its development in the 1990s, the arc discharge method has been considered an
effective and popular method for large-scale synthesis of fullerene [61, 62]. In this
method, graphite electrodes are vaporized in a low pressure helium atmosphere. Arc
is generated by passing the current through electrodes and fullerene containing soot
was formed. Kratschmer’s group in 1990 developed the first arc discharge system
which is the most popular technique for fullerene synthesis till now [52]. After that
several authors demonstrated fullerene formation using the arc discharge method. It
was found that fullerene formation strongly depends on the operation parameters of
carbon plasma-like very high temperature and inert atmosphere at reduced pressure.
The typical setup of the arc discharge method is mainly composed of a stainless-steel
double-walled cylindrical chamber [63]. Both graphitic electrodes were mounted
horizontally near the bottom of the reaction chamber. But anode is mounted in a
controlled guiding mechanical system for maintaining a constant distance between
both electrodes during arc discharge. For soot formation, the chamber is evacuated
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until a pressure of 10–3 to 10–4 torr. The chamber was filled with an Ar or He gases
at the pressure 50–200 torr at 30 ± 2 °C during the process. From the obtained
soot, C60 fullerene was extracted with toluene and by vacuum evaporation. Fullerene
formation was confirmed by XRD measurements. The yield of fullerene synthesis
was up to 6–8% which was higher than previous reports. The best yield of fullerene
synthesis (~8%) was achieved at an arc current of 150 A and 100 torr of chamber
pressure.

It has been noted that synthesis yield depends on the thermal and photochem-
ical stability of C60; however, both have not been defined well. The experimentally
low decomposition temperature of 1000 K was determined for C60 in a vacuum
[64]. Theoretical results showed the fullerene stability up to a temperature of 1800 K
[65]. In general, C60 has been considered a relatively stablemolecule. However, it can
degrade under a variety of conditions [66]. It was demonstrated that fullerene decom-
position significantly depends on the intensity of emitted light energy [67, 68]. The
arc gap also influenced fullerene yields. The maximum yield was reported for large
electrode gaps (2–4 mm) [69, 70]. However, in contrast, in some studies maximum
yield was reported at a smaller electrode gap [71]. This contrast in experimental
findings is considered due to large experimental errors [72].

The first experimentally investigation of the arc gap on the fullerene formation is
reported by Andrzej et al. [53]. They optimized the experimental parameters such as
input power, pressure, buffer gas and AC or DC feedingmode. The electrode gap was
set to 0.5 mm with 4 mm for DC arcing. The whole system is controlled by an opto-
electronic system of 0.2 mm accuracy. Initially, the electrodes were positioned close
together. In contrast to the conventional method of striking anode against cathode,
high-voltage glowdischargewas used for arc discharge intimation.Aheliumpressure
of 13.3 kPa was used for tests. The quantity of fullerene resulting from soot obtained
from electrode arcing was tested by conventional spectrophotometric techniques.
Based on their experimental observation, a significant distinction was found at a
smaller electrode gap, while larger gap distance gave a significant difference in the
fullerene formation. The fullerene content decreaseswith the increase of the electrode
gap. Further, they also found that not only the electrode gap but also complex vapor-
ization andmass transport phenomena greatly influenced the fullerene yield. Further,
fullerene synthesis was also demonstrated from DC discharge between carbon elec-
trodes in the mixture of Ar and ferrocene gas [73]. Another alternative, the solar
energy-based approach was also developed for fullerene synthesis [74].

Fullerene has received much attention for a wide range of applications due to its
interesting features includingnonlinear optical properties and superconductivity [75].
Fullerenes have potential applications in 2D/3D metal–organic frameworks, solar
energy conversion, liquid crystals materials, thermoresponsive materials and C60-
polymer hybrid materials, etc. [76–80]. Fullerene’s unique shape and hydrophobic
nature make it very effective for medical applications including sensitizers for
photodynamic therapy and as photoactive molecular devices [81, 82].
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10.5 Synthesis of Carbon Nanotubes

Carbon nanotubes (CNTs) have received first recognition in 1991, but their history
goes long back. Radushkevich and Lukyanovich [83] first observed and described
CNTs in 1952, which was later confirmed by Oberlin et al. in 1976 [84]. However,
CNTs received significant research interest after its discovery in 1991 by Iijima et al.
[5]. MWCNTs were obtained, while they were developing a new arc evaporation
method for the synthesis of C60 fullerene. After two years later, Iijima et al. [85]
described the growth mechanism of SWCNTs. CNTs have a tubular structure with
a diameter as small as 1 nm and length can be varied from few nm to microns. The
construction principle of SWNTs using a graphene sheet along the chiral vector C is
shown in Fig. 10.12 [6]. CNT’s structure can be zigzag, armchair, or chiral, totally
depending on the chiral vector during construction, which determines its most of the
properties. For example, Dresselhaus et al. investigated the electrical properties of
CNTs constructed from different chiral vectors [86]. Thus, CNTs properties depend
on its structure like chiral angle, length, diameter, etc., which can give them unique
properties. Due to the exceptional properties of CNTs, they have been considered
novel nanomaterials for a wide range of applications.

Fig. 10.12 The principle of CNTs construction using a graphene sheet (Reproduced with
permissions [6]. Copyright 2011, The Royal Society of Chemistry)
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For fundamental study and commercialization of CNTs in the field of material
science, various synthesis methods such as CVD, laser ablation and arc discharge
have been developed. CNTs were first prepared using arc discharge techniques and
then followed by a low-temperature CVD technique (<800 °C). Later, other non-
standard methods including liquid pyrolysis and organic approach were also devel-
oped. Irrespective of techniques, CNTs can be synthesized in the form of single-wall
carbon nanotubes (SWNTs), double-wall carbon nanotubes or multi-wall carbon
nanotubes depending on the experimental parameters.

10.5.1 Arc Discharge

Since its first identification by Iijima et al., CNTs growth have been developed by
many other groups. The arc discharge technique produced CNTs at higher tempera-
tures (>1700 °C). Arc discharge technique produced CNTs have shown some struc-
tural defects. Figure 10.13 showed a typical experimental setup of the arc discharge
technique [87]. The arc chamber is composed of two electrodes (anode and cathode)
which aremountedvertically or horizontally. The cathode is filledwith a pure graphite
rod and the anode is filled with powdered carbon precursor along with the catalyst.
High temperature is achieved from created arc discharge. SWNTs can be produced
by using graphite rods doped with metal catalysts like Fe and Co as the anode and
pure graphite as a cathode [5].

Fig. 10.13 Schematic of an arc discharge for CNTs (Reproduced with permissions [87]. Copyright
2014, Elsevier)



10 Synthesis Methods for Carbon-Based Materials 387

The synthesis of SWNTs was further reported by carbon evaporation with cobalt
[6]. Nickel has been considered the most widely used catalyst for SWNTs synthesis.
The catalytic role of the growth of carbon nanoclusters was investigated using dc
arc discharge. Nickel-filled anode improves the growth of SWNTs [88]. SWNT’s
growth was further investigated with platinum-group metals (Ru, Rh, Pd, Ir, Pt)
and it was found that only Rh, Pd and Pt were found to have catalytic activity for
growing SWNTs of 1.3–1.7 nm diameters [89]. In another study, it was found that
Mo improved the yield of soot [90]. However, the purity of SWNTs in collected soot
was not changed significantly. The mass production of SWNTs can be achieved by
using a bimetallic Ni-Y catalyst under He ambient gas [91].

Similar to SWNTs, double-walled nanotubes (DWNTs) were synthesized by
the arc discharge method. However, DWNTs synthesis from the arc discharge
method is much more complicated in comparison with SWNTs production. Many
research groups reported DWNTs synthesis using the arc discharge method [92–
94]. Hutchison et al. reported the production of DWNTs from the arc discharge
technique by using a mixture of argon and hydrogen [94]. The obtained mate-
rials were confirmed as bundles of DWNTs along with SWNTs as a by-product.
Further, high-quality DWNTs was synthesized from high temperature pulsed arc
discharge method [95]. Later, Huang et al. reported the synthesis of super bundles
of DWNTs in a hydrogen-free atmosphere [96]. Liu et al. synthesized selective
DWNTs by hydrogen arc discharge technique with nickel formate dihydrate catalyst
[97]. Graphite powders or MWNTs/carbon nanofibers were used as a carbon source
(Fig. 10.14). The HRTEM results confirmed around 80% DWNTs and the rest of
were SWNTs and ends of DWNTs were uncapped. In this work, it was also found
that the growth of DWNTs mainly depended on the cobalt catalyst [98].

Arc discharge methods were also used for the production of MWNTs. The
morphology of MWNTs depends on the synthesis conditions. Some groups have
reported the use of methane or hydrogen atmosphere for MWNTs growth. Wang
et al. reported MWNTs synthesis using DC arc discharge under the helium and
methane atmosphere [99]. Thin and long MWNTs were obtained by using methane

Fig. 10.14 SEM images of the as-synthesized DWNTs (Reproduced with permissions [97].
Copyright 2007, American Chemical Society)
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gas pressure of 50 torr and an arc current of 20 A for the anode. Further, long and fine
MWNTs can be prepared under a hydrogen gas atmosphere. But a big difference was
found with the use of He andmethane gas atmosphere. It was found that methane and
helium gases atmosphere give more carbon smoke in comparison with the hydrogen
gas atmosphere [23]. In another work, it was found that DC arc discharge in the
hydrogen gas atmosphere can produce long MWNTs and graphene sheets as a by-
product [24]. MWNTswere also synthesized at various pressures ranged from 150 to
500 torr under acetone, ethanol and hexane atmosphere. It was demonstrated that the
production of MWNTs was at least two times higher in ethanol, acetone and hexane
atmospheres than that of MWNTs produced in the He atmosphere.

Further, the growth of MWNTs was also reported from the arc discharge deposi-
tion process with the use of a pulsed laser. Parkansky and co-workers used a single-
pulse arc for the synthesis of MWNTs in ambient air [100]. MWNTs were deposited
vertically oriented on Ni/glass substrate with a length of up to 3 mm and a diameter
of about 10 nm with a single 0.2 ms pulse. Tsai et al. also demonstrated MWNTs
with an inner and outer diameter of 5 and 17 mm, respectively by using single-pulse
discharge in the air [101]. Moreover, there are several reports on MWNTs depo-
sition by using a gas atmosphere with arc discharge in liquid solutions. Sornsuwit
et al. reported the synthesis of high-quality SWNTs andMWNTs in H3VO4 aqueous
solution from pure graphite electrodes through arc-discharge [102]. HRTEM anal-
ysis revealed the high-quality well-ordered MWNTs without any defects. The outer
diameter of MWNTs was 10–20 nm and interlayer distance of ~ 0.35 nm between
graphene layers [103]. Similarly, the synthesis of MWNTs in high yield can be
obtained by arc discharge in liquid nitrogen [104]. Arc discharge in water can also
produce high yield MWNTs production [105].

10.5.2 Laser Ablation

Laser ablation methods have been successfully developed for the production of
SWNTs and MWNTs. For the first time, the Smalley group demonstrated the princi-
ples and mechanisms of CNTs growth by laser ablation technique [106]. Generally,
Nd: YAG and CO2 lasers are being used in the laser ablation method. In this method,
the graphite target is vaporized by a laser beam at high temperatures under an inert
atmosphere. The laser generates carbon species, which are swept by the flowing inert
gas from the high temperature zone to a conical water-cooled copper collector. The
reaction temperature is an important parameter in CNTs production quality and yield.
It was reported that the size and average diameter of CNTs can be tuned by tuning
the laser power, growth temperature, catalyst composition, type of gases and its
pressure [107–109]. Maser and co-workers demonstrated the high-density SWNTs
obtained from a simple CO2 laser system [110]. Also, it was found that laser power,
the wavelength of laser and pulse duration can play a key role in the properties of
the final product [111]. For example, the average diameter of SWNTs increased with
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the increase of CO2 laser power from 500 to 800 W. However, the excitation wave-
length growthmechanism of CNTs has not been clearly understood. Chen et al. [112]
reported that SWNTs diameter can be controlled by varying the furnace temperature,
catalytic metals and flow rate. Higher furnace temperature produced SWNTs with
larger diameters. It was found that the use of a Ni–Y alloy catalyst increases the
SWNT diameter, whereas an Rh-Pd catalyst reduces it [113].

For commercial purposes, polystyrene-MWNTs thin films deposited on alumina
substrates by PLD techniques with Nd: YAG laser ablation [114]. High-quality
DWNTs andSWNTswere produced froma combinedmethod of steady arc discharge
and the laser-furnace methods [115, 116]. Impurities such as catalytic metals and
amorphous carbon present in CNTs can be removed by purification processes based
on chemicals such as H2O2 or oxidation by hot air (400–500 °C) [117]. Both arc
discharge and laser ablation techniques can give high-quality growth of CNTs,
but these are expensive techniques due to high power equipment. Also, the CNTs
production yield is low in both methods.

10.5.3 Chemical Vapor Deposition

To date, the CVD technique has been established as one of the best methods for CNTs
production. In this method, CNTs are formed by the decomposition of the carbon
precursor on the catalytic substrate surface. Thermal or plasma CVD is considered
as the standard method for CNTs synthesis. Also, other CVD techniques such as
hot filament (HFCVD), water-assisted CVD, oxygen assisted CVD, radiofrequency
CVD (RF-CVD) or microwave plasma (MPECVD) have been developed [118–121].
CVD techniques are very economical for industrial production of quite pure CNTs
in comparison with laser ablation. In this technique, first, a catalyst is prepared and
then the actual synthesis of nanotube was performed. The catalyst role in the CVD
method is to improve the decomposition of the carbon precursor. When the catalytic
substrate is heated up in a carbon-rich gaseous environment, CNTs were produced
at 500 to 1000 °C. The advantage of CVD techniques over arc discharge or laser
ablation is that it can produce CNTs in many forms like straight or coiled, films and
vertically aligned structures.

The systematic of catalytic CVD reactor system for CNTs synthesis is shown in
Fig. 10.15a [122]. Amixture of xylene-ferrocene was used as a carbon source into an
inert gas medium. The reaction starts with the decomposition of the ferrocene-xylene
mixtures at atmospheric pressure and temperatures of 625–775 °C. As obtained
nanotubes were highly pure (Fig. 10.15b, c) with a maximum length of ~50 μm.
Many substrates including Ni, Si, Cu, Cu/Ti/Si, SiO2, etc. were used CNTs growth
[123]. CNTs growth was also investigated on the mesoporous silica substrate as it
can play as a template for the initial nanotube growth [124, 125].

In the CVD technique, the selection of catalysts is a very important parameter
for CNTs growth. The effect of catalytic nanoparticle composition and morphology
on CNTs growth in the CVD method has been demonstrated [126]. Also, CNTs
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Fig. 10.15 a A representative scheme for the production ofMWNTs using catalytic CVD reactor. b
as grown SEM image of well-aligned MWNTs arrays and c higher magnified SEM image obtained
from catalytic CVD method (Reproduced with permissions [122]. Copyright 2002, American
Chemical Society)

growthwas reported fromcatalysts derived fromCo/Fe/Al layered double hydroxides
(LDHs) [127]. It was found that Co content in precursors showed a significant effect
on CNTs growth. CNTs with a smaller diameter and fewer defects were formed at
higher Co content. In another work, Flahaut et al. investigated the catalytic effect on
the preparation of CNTs [128]. The results showed a significant effect of catalyst
composition on CNTs growth. Jiang et al. reported the in situ growth of CNTs on
the pre-treated graphite electrode in the presence of Ni(NO3)2 catalyst via CCVD
method. For a shorter growing time, MWNTs revealed the length of 200–1000 nm
with the inner and outer diameter of 20 and 80 nm, respectively [129].

Not only catalysis, but carbon source also is a key parameter for CNTs growth.
High-quality DWNTs can be obtained by decomposition of benzene at 900 °C in
the presence of Fe-Mo/Al2O3 catalyst [130]. As-prepared DWNTs bundles were
found without any amorphous carbon on the surface, with fewer structural defects.
Further, the well-aligned MWNTs were obtained via pyrolysis of C2H2 on a large
area of Ni deposited Si/SiO2 substrate using the thermal CVD technique at 900 °C
[131]. The studies showed the crucial effect of NH3 pre-treatment on the surface
morphology metal catalyst and therefore to get the vertical aligned CNTs. Highly
aligned CNTs can be obtained at a higher density of Ni particles due to the effect
of steric hindrance between neighboring CNTs. It was found that the degree of
CNTs crystallization increased with the increase of NH3 pre-treatment time. The
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detail of the direct growth of aligned CNTs, substrate effect, growth mechanism and
advantages and shortcomings of CVD have been reviewed [132]. Some researchers
used Nickel oxide-silica binary aerogels as the catalyst for the growth of MWNTs
by decomposition of methane at 680 °C for 120 min. The diameters of DWNTs were
observed to be 40–60 nm [133]. Also, CNTs can be grown using two carbon sources
of ethanol/Co and benzene/Fe systems [134].

CNTs were further grown by plasma-enhanced CVD (PECVD). The use of the
PECVDmethod for SWCNTs has beenwell summarized byLim et al. [135]. PECVD
method gives high-quality CNTs. Forest like MWNTs deposited on a solid substrate
is shown in Fig. 10.16. PECVD methods can be used in many different modes:
direct current (DC-PECVD), radio frequency (RF-PECVD), diffusion (DPECVD)
or microwave (MWPECVD). Like thermal CVD, CNTs synthesis using DPECVD
has been demonstrated on the various substrate (i.e., Ag, Pt, W, Ta, Ir and NiV) at
low-temperature (480–612 °C) [136]. Vollebregt et al. [137] reported self-aligned
vertically grown CNTs and CNFs by using Pd as catalyst material. Samples were
fabricated using a different catalyst (Pd, Ni, Fe, Co) and at different temperatures
such as 450–640 °C for atmospheric pressure chemical vapor deposition (APCVD)
and 450–500 °C for PECVD. APCVD produced highly dense self-aligned CNTs
when Pd acts as the catalyst, while the random growth of CNTs was found in the
Co and Fe catalyst. Further, they also concluded that CNTs grown by PECVD in
the presence of Pd catalyst, produced large bundles of tubes, while large-diameter
CNFs were formed in the presence of Ni catalyst. Biocompatible supported CNTs
electrodes also have been developed using the CVD method by using ferritin as the
catalyst. This type of CNTs electrodes might be useful in neuro-implants [138].

Since its discovery in 1991, CNTs have stimulated intensive research in the area of
nanotechnology due to their outstanding electronic, thermal and mechanical, prop-
erties. Their implementation in various potential applications forms a great research
effort and is now in progress. CNTs application has been demonstrated in scanning

Fig. 10.16 SEM image of
forest type MWNTs
produced from PECVD at
atmospheric pressure
(Reproduced with
permissions [135]. Copyright
2010, Springer)
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tunneling microscopy tips. CNTs have also been demonstrated for solar cells, fuel
cells, biosensor, hydrogen storage media and carbon–metal composites for strong
and lightweight structures applications. In summary, low cost, rapid and readily
scalable route for carbon nanotubes fabrication have been developed for all future
applications.

10.6 Synthesis of Carbon Nanofibers

The first synthesis of carbon filaments was reported in the 1970s, but the significant
research was carried along with the discovery of CNTs in 1991. These carbon fila-
ments with the cylindrical structure are known to be as carbon fibers (CFs). They can
be nanofibers or microfibers, depends on their diameter. Carbon nanofibers may have
different microstructural configurations like platelet CNFs as shown in Fig. 10.17
[139]. Herringbone CNFs are formed when graphite sheets are inclined from the
fiber axis with some angle. The next structure is tubular CNFs, wherein graphite
sheets and fiber axis are parallel to each other. Based on their morphology, CFs can
be produced in various shapes including planar, twisted, branched, coiled, spiral,
helical and so on. Mainly chemical vapor deposition and electrospinning method
have been adapted for significant synthesis of carbon fibers. However, other methods
including template-assisted, hot-filament assisted sputtering and microwave-based
synthesis have also been reported. In this section, the synthesis and mechanism of
carbon fibers using the CVD and electrospinning method will be discussed.

10.6.1 Chemical Vapor Deposition

Again, the CVD technique has been considered as one of the most versatile
approaches for carbon nanofibers synthesis. CVD techniques have been developed
for scalable and reproducible synthesis of CNFs, in which gaseous precursors such as
C2H2 andCH4 are used on ametal catalyst support at elevated temperature. Typically,

Fig. 10.17 Schematic representations of platelet (a), herringbone (b) and tubular (c) CNFs to the
filament axis (Reproduced with permissions [139]. Copyright 1995, American Chemical Society)
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the use of catalysts, the chemical composition of precursor and reaction parameters
define the final structure of the product. In this method, hydrocarbon decomposi-
tion of carbon precursor provides a continuous supply of carbon to produced well-
organized tubular filaments of sp2-carbon in hexagonal form.However, this technique
is expensive and also produces short fibers [140].

Catalytic thermal CVD (CTCVD) was mostly used for the fast growth of helical
carbon fibers. In the early 1990s, Motojima et al. [141] first time used the CTCVD
method for the synthesis of regular coiled shape carbon filaments. The CFs were
synthesized by pyrolysis of acetylene on Ni-catalyzed substrate at a temperature of
350–750 °C. The obtained CFs were found to be composed of pair-coiled fibers.
These fibers are elastic and can extend up to three times the original length of the
coil. Figure 10.18 showed the perpendicular grown carbon coils on the graphitic
substrate [142]. Catalyst Ni grain material was found on the tip of all carbon coils,
which is shown by arrows. The diameter of the regular carbon coils was ~3 to 6 μm
with the coil pitch of 0.5–0.7 μm without any gap. For the reaction time of 2-h, coil
length was increased up to 5–8 mm with a growth rate of 7 μm/s. The high yield of
carbon nanocoils was obtained by using acetylene as a carbon source and iron-coated
indium tin oxide as catalytic material [143]. Similar to CNTs synthesis, CF synthesis
has been developed by the decomposition of acetylene, methane, ethylene, etc. over
various transition metals catalysts including Fe, Co, Ni, etc. in the temperature range
of 500–1000 °C [144, 145].

Further, carbon nanocoils (CNC) were produced by the low-temperature decom-
position of acetylene [131]. The obtained CNCs exhibited a yield of 11 g in each
run and formed a nanospring. Minea et al. [146] prepared carbon nanofibers at room
temperature by plasma-enhancedCVD.They used lowpressure, high-density plasma
technique and grown the fibers on a thick Ni film deposited upon a silicon substrate.
The CNFs were scratched from the substrate by a diamond tip. The obtained CNFs

Fig. 10.18 SEM image of
vertically grown carbon coils
on the substrate (Reproduced
with permissions [142].
Copyright 1999, American
Institute of Physics)
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were amorphous and have a short length of ~50 nm at a deposition rate of 2 nm/min.
Carbon nanofibers are also synthesized without any catalyst by microwave pyrolysis
CVD using N2 as a carrier gas and CH4 as a source at a temperature of 1050–1150 °C
[147]. Carbon fibers are radially grown on the porous Al2O3 substrate. The prepared
CFs were uniform in diameter in the same region. Simultaneously, it was also noted
that the ends of fiber were hemispheroidal and some cauliflower-like fiber ends can
also be observed in the as-prepared samples.

10.6.2 Electrospinning

Commercial synthesis of carbon fibers was obtained from the electrospinning
method. The first patent on electrospinning was published by Cooley in 1902. After
that, researchers produced carbon fibers through electrospinning [148]. However, this
method got much attention in the last two decades and is optimized for carbon fibers
fabrication. This technique is based on the processing of polymeric solutions ormelts
by using an electrically force fluid system [149]. In the electrospinning process, there
are many controlling parameters such as solution properties and processing param-
eters as well as on surrounding temperature and humidity conditions [150]. The
structure of CNFs strongly depends on the nature of the polymeric precursor. The
CNFs fabrication has been reported using various polymeric precursor including
polyacrylonitrile (PAN), pitch, cellulose, poly (amic acid) (PAA), polybenzimida-
zole (PBI), polyimide (PI), poly (p-xylenetetrahydrothiophenium chloride) (PXTC)
and poly (vinyl alcohol) (PVA) [151, 152]. High-quality CNFs production can be
obtained by selecting the right organic polymers, followed by thermal annealing
under inert conditions.

Kong et al. [153] successfully synthesized CNFs by electrospinning of PAN/DMF
polymer solution and then stabilization and carbonization. The stabilization was
carried out in the air between temperature 200 to 300°C. The carbonization process
was performed at 2800°C under an inert atmosphere (Fig. 10.19) [154–157]. CNFs

Fig. 10.19 a Typical SEM micrograph of electrospun PAN nanofibers obtained from 8% PAN
solution in DMF, b CNFs produced from a two-step heating: 200 °C for 30 min and 750 °C for
1 h and c CNFs produced from a multi-step progressive heating: 5 °C/min from 30 to 230 °C,
1 °C/min from 230 to 270 °C, then 5 °C/min from 270 to 800 °C (Reproduced with permissions
[154]. Copyright 2009, Elsevier)
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can be also prepared with the addition of inorganic species including MWNTs, Ag,
TiO2 and etc. Ra and co-workers first time demonstrated the CNFs preparation by
embedding MWNTs in the PAN matrix. Further, electrospun Ag/PAN nanofibers
were obtained at the Ag content of 0-5 wt% [158]. Recently, Inagaki et al. reviewed
the systematic process for CNF fabrication [151]. Preparation and applications of
CNFs prepared by electrospinning have also been reviewed elsewhere [152].

Indeed, carbon nanofibers are currently available on a large scale for a large
number of potential applications like field emission sources, catalyst substrate,
hydrogen storage, chemical sensors, electrode material, scanning probe tip, nano-
electronics and mechanical reinforcements.

10.7 Synthesis of Graphene

Since its discovery in 2004, graphene is being considered as a wonder material for
a wide range of potential applications. The unique properties of graphene make
it emerging materials for high-speed electronics, optical devices, energy storage,
chemical sensors, thermal management and electromagnetic interference shielding
applications [11, 12, 159–166]. Optimization of graphene synthesis using various
top-down and bottom approach has led to an extraordinary amount of interest in both
industry and academics. To date, graphene and graphene oxide has been synthesized
from various top-down and bottom-up approaches. In this section, different methods
will be discussed for the synthesis of graphene, including the recent developments.

10.7.1 Top-Down Approach

In this approach, graphite is being used as starting materials. Graphite is constructed
from sp2 hybridized carbon atoms arranged in honeycomb lattice structure with an
interlayer distance of 3.35 Å along the c-axis. In graphite, all carbon layers bonded
together with a weak Van der Waals force. Therefore, graphite can easily exfoliate
by either chemical or mechanical exfoliation methods.

10.7.1.1 Mechanical Exfoliation of Graphite

The first single layer of graphene was identified using micromechanical cleavage
of highly oriented pyrolytic graphite (HOPG) in 2004 [159]. This method involved
an adhesive tape to peel off the graphene layers from HOPG. The peel-off process
was repeated many times to achieve a single layer of graphene on tape, followed by
transfer on a cleaned substrate [167]. Figure 10.20a showed the optical images of
graphene and few-layer graphene deposited on a 300 nm SiO2 substrate. The thick
layer graphene appeared yellow. Upon reduction of the graphene layer thickness, it
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Fig. 10.20 Optical image of exfoliated graphene obtained from the Scotch-tape method. (Repro-
duced with permissions [168]. Copyright 2010, Elsevier)

showed bluishly. The darker side showed a few layers graphene, while lighter shades
showing the single-layer graphene [168]. This micromechanical cleavage process
is known as the “Scotch-tape method”, which facilitated the initial experimental
measurements on the exceptional electronic, thermal conductivity, mechanical and
optical properties of graphene. These unique properties generated a huge interest in
graphene in almost all branches of science. This Scotch-tape can produce single-
layer graphene up to 1 mm with a minimal defect. The produced graphene is good
in quality but bulk production is not possible. Therefore, for real-life applications,
other synthesis methods are required which can have produced graphene on large
scale.

10.7.1.2 Solution-Based Exfoliation of Graphite

Solution exfoliation of graphite has emerged with great interest because it can give
producible results on a scalable large scale. Similar to the direct dispersion of carbon
nanotubes, many authors directly dispersed the graphite into various organic solvents
and then sonicated for exfoliation into a single-layer or multilayer graphene sheets.
Coleman et al. obtained good quality graphene sheets by dispersion and sonication
of graphite into the NMP solvent [169]. Graphene dispersion was further achieved
by 3 h ultrasonication of HOPG in DMF [170]. Various polar and no-polar solvents
were explored for graphene synthesis [171]. Bulk production can be achieved by this
solution exfoliation method but the production yield is very low. A further attempt
was made to ultrasonication-free exfoliation by intercalating graphite with alkaline
metals [172]. A high yield of graphene up to 2 mg/mL was obtained by spontaneous
exfoliation of HOPG in chlorosulfonic acid [173]. Graphene synthesis in aqueous
was also explored by using various surfactants [174, 175]. The analysis confirmed the
synthesis of single or few-layer graphene up to a size of a few mm. However, exfo-
liated graphene sheets are less stable in water in comparison with organic solvents.
Graphene synthesis using the solvent exfoliation method depends on many factors
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like the size of graphite flakes, sonication time and centrifugation conditions and the
solvents. From an industrial point of view, this method is appealing but this solution-
based exfoliation approach has several drawbacks. Most of the exfoliated flakes
possess a multilayer structure, which gives low yield and large size and thickness
heterogeneity among the exfoliated flakes. Moreover, long-time sonication reduces
the size of the graphene sheets, resulted in small size graphene sheets, which can
significantly affect the properties of graphene sheets. Also, surfactant exfoliated
graphene sheets can alter the resulting electronic properties of graphene.

10.7.1.3 Electrochemical Exfoliation of Graphite

After the development of the solution-based exfoliation method, there is a contin-
uous demand for new approaches for the bulk production of high-quality graphene.
Then, the researchers developed an electrochemical method for graphene synthesis.
The purpose of electrochemical methods is to intercalate the ions within graphite
and improve the yield of graphene production [176]. The use of intercalating agents
provides an attractive way to exfoliate graphite while retaining the basic properties
of graphene. This method involves the application of anodic (oxidation) or cathodic
(reduction) potentials in an electrolytes solution, graphitic material as working elec-
trode, reference electrode (SCE, Ag/AgCl, etc.) and a counter (usually Pt) electrodes.
The most common and widely studied intercalated ions are Li+, Ni2+, F−, SO4

2−,
NO3−, Cl−, etc. [177]. Several electrolytes and electrochemical conditions were
applied to achieve the bulk exfoliation of graphene [178, 179]. It was found that
applied potential and electrolytes strongly affected the quality of graphene. Few
studies showed that the use of high voltages promotes the formation of oxygen
groups on graphene sheets surface and also damages the structure. Graphite interca-
lation in aqueous SDS surfactant solution explored to drive the exfoliation process.
The resulted graphene sheets were found to have a size of 500 and 1 nm thick-
ness was successfully obtained [180]. To avoid the formation of oxygen functional-
ities on the graphene surface, the cathodic reduction/intercalation method was also
attempted [181]. Recently, Adriano and co-workers prepared graphene sheets from
commercially available graphite foil as shown in Fig. 10.21a [182]. Three different
electrolytes; H2SO4, LiClO4 and Na2SO4 were tested with a common exfoliation
procedure. Optical images of graphite foil before exfoliation and after applying the
+10 V potential for prolonged time are shown in Fig. 10.21b, c, respectively. As
obtained graphene dispersion in NMP is shown in Fig. 10.21d. Figures 10.21e, f
show the exfoliation process at the time of zero, 5 min and 20 min, respectively.
As obtained exfoliated graphene was easily dispersible and formed stable dispersion
in DMF at the concentration of 1 mg/mL. It was noticed that out of three different
electrolytes used in the exfoliation process, either H2SO4 or Na2SO4 have shown
more vigorous and efficient exfoliation.

In comparison with micromechanical cleavage and solvent exfoliation, graphene
synthesis using electrochemical exfoliation is more environmentally friendly and
generally fast. However, this method also not providing homogenous graphene
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Fig. 10.21 a Two electrode electrochemical exfoliation set up, b photo of graphite foil before exfo-
liation, c graphite foil after exfoliation process, d graphene dispersion in DMF solution (1 mg/ml).
e, f illustrating the exfoliation process at a time (e) zero, (f) after 5 min and (g) after 20 min
(Reproduced with permissions [182]. Copyright 2015, Wiley–VCH)

sheets. Also, the use of anodic conditions for ions intercalation causes unwanted
oxygen-containing functional groups, which disrupt the sp2-hybridized carbon
structure.

10.7.1.4 Chemical Exfoliation and Reduction

In the chemical exfoliation method, chemical species intercalated within graphitic
layers and oxidized the graphitic layers. A little energy in the form of sonication
or shaking results as single-layer graphene oxide. Brodie (1859) reported the first
successful oxidation of graphite by using potassium chlorate as an oxidizing agent in
the presence of nitric acid (HNO3) [183]. He attempted to establish an exact formula
of graphite by producing highly oxidized graphite. He found that the overall mass of
graphite flakes was increased upon oxidization due to the presence of hydrogen and
oxygen on graphene sheets. This method was further improved by adding chlorate
into fuming during the reaction [184]. Further, concentrated sulphuric acid was also
added into the mixture to increase oxidization.
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Later on, Hummers andOffeman developed another effective oxidationmethod in
which graphite flakes react with the mixture of potassium permanganate (KMnO4)
and sodium nitrate in concentrated sulfuric acid (H2SO4) with improved experi-
mental safety [19]. This method is considered the primary route for GO preparation
and became more popular for the synthesis of graphene. Some researchers have
developed slightly modified versions of Hummer’s method to avoid the poisonous
nitrous gas, which evolves during the reaction in the presence of sodium nitrate in the
mixture. After complete oxidation, the interlayer distance between graphitic layers
increased to 6 Å or more which is due to the presence of oxygen-containing func-
tional groups on its surface and edges. This increased interlayer distance in graphite
oxide weakens the force between layers, can produce a separate layer upon soni-
cation [185]. The separated layers are called graphene oxide (GO). By using this
method, a bulk amount of GO can be produced, which is required for commercial
applications [186]. Graphene oxide can be dispersed easily in aqueous as well as in
organic solvents. But, the main problem with GO is its electrical insulator nature,
which is due to the presence of oxygen-containing functional groups on its surface
and edges. A lot of research has been performed on GO and its composite mate-
rials [187–192]. FESEM images of large size GO prepared by modified Hummer’s
method is shown in Fig. 10.22a. Figure 10.22b showed its size distribution [188].
More than 50 μm graphene sheets can be synthesized. Size selections of GO sheets
strongly depend on the lateral size of graphite flakes and separation conditions. The
thickness of as-prepared GO sheets was measured to be ~1 nm (Fig. 10.22c) [189].
The increased thickness of GO sheets is because of oxygen functional groups on the
graphene basal plane and edges.

The first serious mechanism of GO synthesis was investigated by Tour and co-
workers [193]. In this study, they explained the step-by-step synthesis of graphite into
GO as shown in Fig. 10.23. The first step is showing the intercalation of sulphuric
acid into graphite, the second step is to covert the intercalated graphite into oxidized
graphite and the last step is to exfoliate the graphite oxide into graphene oxide (GO).
The study also showed the single-layer GO yield is depending on the oxidation
degree of GO sheets. For example, Kim et al. obtained the three different sizes of
GO sheets by using different sizes of graphite flakes with variable oxidation time and
studied their size-dependent liquid crystalline properties [194]. Production of single-
layer GO can be improved by using pre-oxidized graphite flakes. Single-layer GO
yield also improved by exfoliation of graphite in presence of tetrabutylammonium
ions. However, the process is very time taking [195]. A low-temperature approach
was also established for the large production of single-layer GO [196]. Most of the
established chemical exfoliation methods used hazardous chemicals, which release
poisonous gases. By using theK2FeO4 oxidation agent, a 100%yield ofGO synthesis
was achieved within a short reaction time of 1 h [197]. Similar to other chemical
exfoliation methods, this method also releases harmful gases.

The chemically exfoliated graphene oxide has oxygen-containing functional
groups on its surfaces. The present functional groups can help for the dispersion
of other inorganic nanomaterials and further functionalization of GO for composites
and other potential applications. However, graphene oxide sheets are insulating in
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nature due to oxygen-containing functional groups. To make it conductive, which is
required for most of the graphene applications, we need to remove or reduce these
oxygens containing functional groups from the GO surface. There are mainly three
common approaches that are being used for such reduction of GO, namely, thermal,
chemical and electrochemical reduction methods.

In a thermally reduced approach, GO is annealed at high temperature (1000–
2000 °C) under inert conditions. In this method, gaseous species are generated within
the interlayers of the GO structures, thin-film/powder and consequently removal of
oxygen functional groups and simultaneous graphitization at elevated temperatures,
resulting in highly conducting products [198, 199]. Many researchers reported that
thermally reduced graphene can improve its electrical and thermal conductivity, but
reduced graphene oxide sheets have shown some defects. For example, Xin et al.
produced free-standing graphene paper via thermal reduction and graphitization at
a very high temperature ~2200 °C [200]. As prepared free-standing graphene paper
showed high thermal conductivity of 1238 W/mK. This high temperature thermal
annealing approach is straight forward. Thermally reduced graphene oxide has a great
potential be used for composite materials, EMI shielding, electrochemical devices

Fig. 10.22 a Representative SEM micrograph of large-area GO, b size distribution of GO sheets
and c AFM image of GO sheet (Reproduced with permissions [188, 189]. Copyright 2014, 2015,
Elsevier)
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Fig. 10.23 Mechanism of graphite exfoliation into single-layer GO (Reproduced with permissions
[193]. Copyright 2014, American Chemical Society)

and conductive ink and paint. But this method has some drawbacks of long-time
heating and annealing at high temperature.

Electrochemical reduction of GO is another approach, which can be performed at
ambient conditions.Many authors have obtained the pristine graphene-like properties
from electrochemically reduced GO [201–203]. Recently, Ambrosi et al. studied the
reduction of GO using the electrochemical method, which gives precise control of
C/O ratio between 3 to 10 [204]. Thermal and electrochemical reduction methods
can reduce GO significantly, however, a chemical reduction is the most widely used
method for GO reduction. A chemical reaction/reduction is performed on aqueous
GO solution, powder and thin films to remove most of the functional groups. The
most studied chemical reducing agent is hydrazine, which was already tested in past
in 1937 by Hofmann and König [205]. Beceril et al. investigated GO film reduction
by immersing it into a hot aqueous hydrazine solution. In other studies, hydrazine
vapor is used for GO reduction even at room temperature. Another reducing agent,
NaBH4 was also explored, but all these methods give rigid and fragile rGO films with
low electrical conductivity [208]. Experimental findings revealed that both hydrazine
and NaBH4 are not effective in reducing agents for GO powder or films. Also, the
hydrazine reduction mechanism is not clearly understood.
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Further, amore significant routewas developed by using halogen hydrohalic acids,
which can give highly conductive rGO films [209]. The reduced GO film maintains
its flexibility and mechanical strength. Recently, many other reducing agents such
as lithium aluminum hydride, hydroxylamine, eco-friendly L-ascorbic acid, saccha-
rides, have been developed for GO reduction [210–213]. Other ways of reducing like
a camera flash, UV light and laser scribes were also used for the reduction of GO
films [214–216]. It was noticed that chemical reduction procedures can give suffi-
cient electrical, thermal and mechanical properties, however, overall performance is
poor compare to pristine graphene. This poor performance of chemically reduced
GO is due to incomplete removal of functional groups and the creation of defects
on the graphene sheet during the reduction reaction. However, with this poor perfor-
mance of reduced GO, the chemical reduction method is most widely used for bulk
synthesis of reduced GO, which has shown good results in energy storage, sensor
and composite applications. For example, Kumar et al. reported the much-improved
electrical conductivity of ~3000 S/m and ultrahigh in-plane thermal conductivity of
~19.5 W/mK from low-temperature HI reduced composite film [162].

10.7.1.5 Unzipping Carbon Nanotubes

Unzipping of CNTs can produce graphene. This approach mainly produced different
kinds of graphene, called graphene nanoribbons (GNRs) [217, 218]. The typical
width of the GNRs is≤50 nmwith an aspect ratio of more than 10. Dai et al. reported
the GNRs synthesis using partially embedded multiwalled CNTs (MWCNTs) in
a PMMA film under an Ar plasma treatment for the various duration [217]. As-
prepared GNRs exhibit smooth edges with a narrow width of 10–20 nm (Fig. 10.24).
The yield of GNRs is nearly 100% in this method. The resulting graphene nanorib-
bons contained oxygen functional groups, which can be removed either chemically
or thermal annealing method. In contrast to the above work, Tour and co-workers
proposed amore scalable approach to open theMWCNTs longitudinally by oxidizing
them in presence of sulphuric acid and potassium permanganate [219]. The resulted
GNRs exhibited functional groups on their surface. To reduce the defects and vacan-
cies on the GNRs surface, H3PO4 was introduced in the oxidation process [218].
Heating of MWNTs in presence of potassium resulted in lower defects on GNRs
surface.

Various other methods have been proposed for GNRs synthesis including metal
catalyst assisted cutting, thermal exfoliation step, lithium insertion and mechan-
ical sonication in organic solvents [221–225]. Li et al. demonstrated effective inter-
calation of MWCNTs for the scalable synthesis of GNRs [225]. GNRs have also
synthesized the intercalation ofLi-NH3 intoMWCNTs and thermal exfoliation [226].
Another interesting approach for GNRs synthesis is catalytic nano-cutting of CNTs
[224]. This nano-cutting approach can produce partial or complete unzipping of
carbon nanotubes. This technique has some advantages like smooth and sharp edges
GNRs with specific orientations can be obtained on large scale. However, the major
problem of this technique is that it does not ensure complete cutting in all MWCNTs,
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Fig. 10.24 Schematic for GNRs synthesis from unzipping of CNTs with representative TEM
images (Reproduced with permissions [221]. Copyright 2010, Wiley–VCH)

which limits its applicability. Synthesis of GNRs without any chemical or catalyst
contamination was reported using high DC pulses by using MWCNTs as starting
materials [227].

10.7.2 Bottom-Up Methods

This method is mainly based on small molecules to combine by a catalytic process to
produce a high-quality graphene sheet [228]. In the first half of the twentieth century,
Scholl and Clar pioneered the synthesis of polycyclic aromatic hydrocarbons. Clar
et al. (in 1958) firstly synthesized a small graphene sheet with 42 carbon atoms [229].
After that, a series of polycyclic aromatic hydrocarbonswith amuch larger sp2 system
was proposed [230]. In this route, first branched oligophenylenes were prepared
by Diels–Alder reactions and then subjected to oxidative cyclo-dehydrogenation to
give planar graphene disks. Under specific conditions, carbon-containing molecules
combined into an sp2-hybridized carbon network. Further, an attempt of graphene
synthesis was made using chemical vapor deposition (CVD) and epitaxial growth
[231]. These early efforts on the synthesis of monolayer graphene were followed by
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a large number of scientists [232]. In this section, synthesis aspects of the bottom-up
methods for graphene, specifically, CVD and epitaxial growth approach will discuss.

10.7.2.1 Chemical Vapor Deposition

CVD is a well-established technique for controlled synthesis of various carbon nano-
materials including CNTs, fibers, fullerenes. This method involves the decomposi-
tion of carbon sources on transition metal catalyst deposited wafer at high temper-
ature. The decomposed carbon atoms are deposited and then assembled at high
temperatures. Large-area epitaxial graphene films (up to a size of few mm) can be
obtained. CVD grown graphene was first reported in 2008 and 2009, using Ni and
Cu substrates, which was followed by grown over several metal substrates such as
iridium, ruthenium, platinum [233–237]. This technique demonstrated the synthesis
of single-crystal graphene domains currently up to dimensions of the size in centime-
ters [238]. The graphene quality was comparable to the Scotch off method produced
graphene.

Graphene grown on nickel and coppermetal substrates ismore popular in compar-
ison with other metal substrates [231, 239, 240]. For graphene growth on a nickel
substrate, first polycrystalline Ni films were annealed in Ar/H2 atmosphere at 900–
1000 °C to increase grain size and then the H2/CH4 gas mixture was exposed to the
substrate. This step involves the decomposition precursor gas and then decomposed
carbon atoms dissolve into the Ni film to form a solid solution. Finally, the samples
were allowed to cool down in Ar gas. Figure 10.25a illustrates the growth process of
graphene on the Ni surface [241]. Ni surface would be an excellent lattice-matched
substrate for graphene growth because Ni (111) has a lattice similar to the densely
packed hexagonal lattice of graphene (Fig. 10.25b) and they also have similar lattice
constants [242]. As-prepared graphene on Ni substrate can be transferred to the
required substrate for further study and applications. A low-magnified TEM image
of graphene with step-shaped edges is shown in Fig. 10.25c. The inset figure showed
the SAED pattern of graphene along the [001] direction. Graphene can main its
original structure after transfer on another substrate as shown in Fig. 10.25d. Lewis
et al. have also grown graphene on patterned Ni films for desired geometries at
specific positions [243]. Wafer-scale graphene synthesis on evaporated Ni films was
also demonstrated [239]. It was also demonstrated that the feasibility of transferring
graphene on a flexible and transparent substrate has been employed for large-scale
flexible transparent electronics applications (Fig. 10.25f) [244]. Tuning of experi-
mental conditions such as deposition temperature, pressure, type and quality of metal
substrates and cooling time can improve the graphene growth up to mm scale [245,
246].

Despite good progress in the growth of CVD graphene, there are still many chal-
lenges to be overcome for their practical applications. For example, removal of metal
catalyst and transfer onto a different arbitrary surface. Thus, the research has been
focused on the transfer process of CVD grown graphene on different surfaces. The
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Fig. 10.25 a Schematic of graphene formation on Ni substrate, b Schematic diagram of graphene
atoms (smaller atoms) on Ni (111) lattice (larger atoms), c Low magnification TEM image of
graphene edges, d Optical image of graphene transferred from the Ni surface to SiO2/Si substrate, e
Full-wafer-scale deposition of graphene layers on polycrystalline Ni and f Flexible and transparent
graphene films on the PDMS substrates (Reproduced with permissions [247]. Copyright 2013,
American Chemical Society)

transfer of CVD graphene onto arbitrary substrate was obtained using polymer-
supported metal etching/transfer or mechanical exfoliation with special functional-
ized polymers [248]. However, the transfer process usually causes some wrinkles or
structural damages, which degrade the quality of graphene [249]. One of the most
common transfer methods is the etching of metal substrate while the graphene is
supported by an inert polymer such as PMMA or PDMS [247, 250]. So far, several
other substrates like PVC, PTFE, PC, CN/CA, PET, paper and cotton cloth have been
investigated and applied via a hot/cold lamination process [251]. After complete
etching of the metal substrate, the graphene is transferred to the desired substrate
followed by the removal of the supporting inert polymer. However, this procedure is
very sensitive because it can induce mechanical stress to cause structural damages
and alterations. This process also gives some contamination by metallic impurities,
which can dramatically alter the electronic properties of the transferred graphene
[252, 253]. For example, nickel and copper metal substrates dissolved by etching
agents such as FeCl3, Fe(NO3)3 contaminate the transferred graphene with a signif-
icant amount of Fe impurities [254, 255]. Moreover, the incomplete etching process
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also can contaminate CVD graphene with an extremely large number of redox-
active residuals, such as Cu or Ni metals. Recently, PMMA-graphene was separated
from the growth substrates without etching by inducing O2 bubble generation with
a mixture of NH4OH, H2O2 and H2O [256]. Further, Gao et al. developed a face-
to-face transfer of wafer-scale graphene films [257]. This novel approach was based
on nascent gas bubbles and capillary bridges that provide high-quality graphene
with fewer defects. Several improved techniques were developed such as plasma-
enhanced chemical vapor deposition (PECVD) and microwave-assisted CVD for
the high-quality fabrication of graphene [258]. Therefore, CVD has been consid-
ered as the most versatile and commercially viable technique for the manufacturing
of continuous graphene films to meet the industrial demand for electronic-grade
materials.

10.7.2.2 Epitaxial Growth

Similar to CVD, the epitaxial technique is also a substrate-based technique in which
single-layer graphene is used to grow on a single-crystal carbide (SiC) by vacuum
graphitization. The thermal treatment of SiC under vacuum results in the subli-
mation of the silicon atoms while the carbon-enriched surface rearranges to form
graphitic layers (epitaxial graphene). Precise control of the sublimation may lead
to the formation of very thin graphitic layers over the entire surface of SiC wafers,
with an occasional monolayer of graphene. Recently, a wafer-scale coating of mono-
layer graphene was achieved by annealing at a higher temperature (1650 °C) under
the Ar atmosphere rather than 1150 °C under UHV conditions [259]. The obtained
wafer-scale monolayered graphene exhibited carrier mobility of 2000 cm2/Vs at
room temperature for a carrier density of ~1013 cm2

. This value is only five times
lesser than the mechanically exfoliated graphene. Some other researchers have also
reported the mechanisms and kinetics of epitaxial graphene growth on SiC [260,
261]. A schematic of the synthesis process is shown in Fig. 10.26 [262]. Epitaxial
growth on SiC can be achieved by an additional supply of carbon without subliming

Fig. 10.26 Epitaxial
graphene growth on silicon
carbide wafer via
sublimation of silicon atoms
(Reproduced with
permissions [262]. Copyright
2016, Wiley–VCH)
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Si. This additional supply of carbonmay be given by hydrocarbon gas decomposition
or by sublimation of solid carbon source inmolecular beam epitaxy [263]. Apart from
SiC, other carbides have been exploited early on to fabricate supported graphene.
Successful preparation of graphenemonolayers has been achieved on the (100), (111)
and (410) surfaces of titanium and the (111) faces of tantalum by decomposition of
ethylene gas [264]. Interestingly the morphology of the TiC faces determines the
graphene structure. In particular, monolayer graphene nanoribbons were obtained
on the 0.886 nm-wide terraces of TiC(410), while large monolayer crystallites were
formed on terrace-free TiC (111). It should be noted that SiC is a wide bandgap
semiconductor and no transfer of graphene is required on other substrates, which
allows very easy fabrication of the devices. Therefore, epitaxially grown graphene
is very promising for the mainstream electronics industry. However, this technique
has some limitations for large-scale fabrication due to the high cost of single-crystal
SiC wafers. Another challenge in this technique is the uniform growth of large-area
single-layer graphene.

Graphene has been considered as one of the most promising materials for a wide
range of applications not only because of its excellent electronic, optical, thermal and
mechanical properties but also due to its easy synthesis and handling for technology
transfer. The unique properties of graphene make it useful in most areas including
environment, sensors, solar cells, supercapacitor, batteries, fuel cell and catalysis
[265–267]. Chemical exfoliation and reduction procedure can produce a single layer
on a large scale which is mainly required for most industrial applications. Never-
theless, CVD produced graphene has shown promising results for electronic/device
applications.

Conclusion
This chapter gives clear indications on the synthesis of various carbon materials
Several synthesis methods like soot, arc discharge, chemical vapor deposition,
mechanical and chemical exfoliation, electrospinning and epitaxial growth have been
highlighted. The growth mechanism for all carbon materials has been discussed.
Among carbon-based materials, graphene is a newly invented material with ultimate
properties. Therefore, high-quality graphene synthesis by various routes in important
for different kinds of applications.
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Chapter 11
Synthesis, Properties and Applications
of Luminescent Carbon Dots

Sharmistha Dutta Choudhury

Abstract Carbon dots (CDs) are the newest addition to the family of carbon nano-
materials that have generated enormous excitement because of their unique photo-
luminescence (PL) property. The superior optical properties, biocompatibility, low
toxicity and aqueous solubility of CDs have projected these materials as potent
alternatives to conventional fluorophores and semiconductor quantum dots. The
promising characteristics of CDs, together with their facile synthesis, have led to
a rapid pace of research in these nanomaterials. This chapter outlines the various
synthesis procedures that are used to obtain CDs from a variety of carbon sources
and precursor molecules, their general properties and characterization techniques
and the proposed PL mechanisms of CDs. The applications of CDs in diverse areas,
like sensing, photocatalysis, bio-imaging, therapeutics and optoelectronics, are also
discussed.

Keywords Carbon dot · Photoluminescence · Quenching · Biocompatibility ·
Sensing · Photocatalysis · Imaging

11.1 Introduction

Carbon dots (CDs) are quasi-spherical carbon nanomaterials that are generally
less than 10 nm in size and exhibit photoluminescence (PL) as one of their most
distinctive properties [1–4]. The PL of CDs is in contrast to the common perception
of carbon as a black non-emissive material. Structurally, the CDs are comprised
of sp2/sp3-hybridized carbonaceous core that is appended with multiple oxygen or
nitrogen-containing functional groups, such as, aldehyde, carboxyl and hydroxyl
or amino moieties (Fig. 11.1). Based on their intrinsic chemical structures and
surface functional groups, the luminescent CDs are further classified as graphene
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Fig. 11.1 (I) Schematic representation of carbon dot (CD) structure. (II) TEM images of CDs
prepared from glucose by ultrasonic treatment (a), photographs of the aqueous dispersions of
CDs under ordinary light (b) and UV light (c), fluorescence microscope images of the CDs with
different excitation wavelengths: 360 nm, 390 nm, 470 nm, 540 nm (d–e, respectively). Reprinted
with permission from [10]. Copyright 2011 Elsevier

quantum dots (GQDs), carbon nanodots (CNDs) and polymer dots (PDs) [5–7].
The GQDs comprise a few graphene layers with edge-connected functional groups.
They have anisotropic disc-like shapes with lateral dimensions greater than the
height. The CNDs are mostly spherical in shape and can be either crystalline or
amorphous in nature. Recent evidences suggest that fluorophores and polyaromatic
structures are generated and associated with the CNDs during their synthesis.
The PDs are also largely spherical nanoparticles, consisting of aggregated or
cross-linked polymers. The diversity of the CDs has made them amenable for many
different synthetic approaches, including top-down nano-fabrication procedures and
bottom-up chemical synthesis procedures [4, 8, 9].

Luminescent CDs were discovered serendipitously by Xu et al. in 2004, during
the purification of single-walled carbon nanotubes from arc-discharge soot [11].
The potential of these luminescent species as interesting nanomaterials was rightly
identified and soon triggered an explosion of research on these novel materials. The
PL of CDs captured the interests of researchers for many fundamental experimental
and theoretical studies, as well as for various possible applications [1, 12–15]. Both
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excitation wavelength-dependent and excitation wavelength-independent emissions
have been observed from CDs that have intrigued the practitioners of fluorescence
spectroscopy [16–19]. The sensitivity of CD emission to temperature, pH conditions
of the solution and polarity of the solvent medium have also been explored [20–
24]. This has resulted in enhanced prospects of CDs as excellent optical probes for
chemical andbiological sensing.Attempts are beingmade to improve thePLquantum
yields of CDs and expand the colour palette of their emission through doping and
surface passivation [25–27]. Although the mechanism and origin of the PL fromCDs
are still open topics of research, the consensus so far is that the emission arises from
the participation of many optically active centres, including the core, molecular state
and the surface states associated with the CD structures [5, 7, 22, 28].

In addition to their PL property, the CDs have several other merits like convenient
and cost-effective synthesis, aqueous solubility, biocompatibility, photostability and
low toxicity [1]. These attributes of CDs offer significant advantages over classical
organic fluorescent dyes or metal-based semiconductor quantum dots and make the
CDs promising candidates for many useful applications [29]. Some of the areas
where CDs have made their mark are as follows: optoelectronics, catalysis, energy
conversion/storage, sensing, bio-imaging and nanomedicine [6–9, 12, 30]. The CDs
are indeed emerging to be truly “shining” stars in the family of carbon nanomaterials.

This chapter attempts to provide a comprehensive overview of themajor synthesis
protocols for CD preparation; information regarding the variety of starting materials
that can be used for making CDs, from small chemical precursors to biomass or bio-
waste; the recent research forays into CD composite materials; the characterization
and general physicochemical properties of CDs; insights on the PL mechanisms of
CDs and their applications across a wide range of disciplines.

11.2 Synthesis

The CDs can be readily prepared using top-down or bottom-up methods. Moreover,
they can be generated from a variety of precursors including naturally and abundantly
available biomaterials [31–37]. Considering the huge application potential of these
materials, attempts have also beenmade to scale up the synthesis protocols in order to
obtain large quantities of CDs [38]. Some of the important and commonly employed
protocols for CD synthesis are described in the following sections and depicted in
Fig. 11.2. Interestingly, thoughCDsmay be fabricated using diversemethods or from
different precursors, they are found to have recurrent physicochemical and optical
properties that can be further optimized for targeted applications.
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Fig. 11.2 Different approaches for CD synthesis

11.2.1 Top-Down Synthesis

The top-downmethods of CD synthesis are based on breaking or cleavage of the large
carbon materials like graphite, carbon soot, graphene oxide, carbon nanotubes, coal,
carbon black or activated carbon [31, 39–47]. This is accomplished through (i) chem-
ical routes including hydrothermal or solvothermal treatments, (ii) electrochemical
methods or (iii) physical approaches [1, 31].

The chemical methods usually involve multiple steps of decomposi-
tion/exfoliation of carbon materials. These usually require harsh conditions, like
strong oxidants or concentrated acids and high temperatures. For example, Pan et al.
prepared blue luminescent CDs with a PL quantum yield of 6.9% and an average
diameter of 9.6 nm fromgraphene oxide sheets byfirst cutting the sheets by subjecting
them to oxidation with a mixture of sulphuric and nitric acids under ultrasonica-
tion. This was followed by hydrothermal reduction in Teflon-lined autoclave at high
temperature to obtain GQDs [31]. In another study, the synthesis of CDs having
crystalline lattice and average diameter of about 4.8 nm was reported by Tian et al.
from the combustion soot of natural gas, by refluxing the soot in nitric acid [40]. The
PL yield of the material was, however, quite low (<1%). The facile preparation of
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GQDs with a PL yield of about 7.4% has been shown by Shen et al., by the reduc-
tion of graphene oxide with hydrazine hydrate [48]. Briefly, graphene oxide was first
oxidizedwith nitric acid for cutting into small sheets. These were then treatedwith an
oligomeric polyethylene glycol diamine for surface passivation and finally reduced
by hydrazine hydrate. Blue PL could be observed from the prepared CDs under UV
excitation, while green up conversion luminescence was observed on excitation with
a 980 nm laser. CDs with variable PL property have also been prepared from coal
pitch powder by reaction with a mixture of formic acid and hydrogen peroxide. The
formation of the CDs was found to depend on the reaction time and the ratio of the
reagents, formic acid and hydrogen peroxide [41].

The electrochemical synthesis of CDs from bulk carbon material has been found
to be a relatively simple route to obtain CDs under normal temperature and pressure
conditions and has been carried out by several research groups [43, 44, 49–51]. In
this method, a voltage difference is applied between carbon-based electrodes in an
electrochemical cell to initiate the electrochemical reaction that leads to the corrosion
and exfoliation of the electrode material to eventually generate the CDs (Fig. 11.3).
The procedure was demonstrated for the first time by Zhou et al. [43]. In their study,
first carbon nanotubes were fabricated on a carbon paper as the source material.
The carbon paper was subsequently introduced as the working electrode in an elec-
trochemical cell with acetonitrile as the electrolyte and 0.1 M tetrabutyl ammonium
perchlorate as the supporting electrolyte, to generate the CDs [43]. The electrochem-
ical step was followed by evaporation of acetonitrile, dissolution of the solid material
in water and dialysis to obtain the purified CDs. Wang and co-workers demonstrated
the preparation of CDs with interesting electro-chemiluminescence property directly
from graphite rod. In this case, the electrochemical set-up consisted of the graphite

(a) (b)

Fig. 11.3 Experimental set-up (a) and photograph of the CD solution (b) obtained by electrochem-
ical synthesis from graphite rod. Reprinted with permission from [50]. Copyright 2012 The Royal
Society of Chemistry
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rod as working electrode, Pt mesh as counter-electrode and Ag/AgCl as the refer-
ence electrode, all of which were dipped in phosphate buffer (pH 7) [44]. Li and
co-workers have prepared CDs with controlled sizes and size-dependent PL proper-
ties in an electrochemical cell having graphite rods as the anode as well as cathode
and NaOH/EtOH as the electrolyte [49]. In another variation, CDs with high purity
were prepared by applying a static potential of 15–60 V between two graphite rods
dipped in ultrapure water under continuous stirring. After 120 h, the anode graphite
rod was observed to corrode yielding a dark-coloured solution containing the CDs
that were further purified [50]. Ionic liquid-assisted CD synthesis by electrochemical
oxidation of graphite has also been demonstrated with water-soluble imidazolium-
based ionic liquids as the electrolyte [51]. Interestingly, when the water content in
the ionic liquid was greater than 10%, the generated CDs were found to be oxidized
and water soluble, whereas when the water content in the ionic liquid was less than
10%, the generated carbon nanomaterials were found to be functionalized by the
ionic liquid.

The physical approaches for CD synthesis include a variety of processes like arc
discharge, laser ablation, plasma treatment, electron beam lithography and reactive
ion etching [11, 52–55]. The initial discovery of CDs by Xu et al. was based on the
arc-discharge method [11]. However, due to the simultaneous formation of different
kinds of carbon nanoparticles in the arc-discharge method, rigorous separation and
purification steps were required to isolate the CDs. Su et al. have demonstrated the
synthesis of CDs with narrow size distribution by combining the arc synthesis of
carbon by-products with centrifugal separation and chemical oxidation procedures
[56]. The arc-dischargemethod has also been used recently by Rao and co-workers to
prepare doped GQDs with strong blue emission. In their procedure, the arc discharge
of graphite electrodeswas accompaniedwith chemical shearing in (H2 +He+B2H6)
or (H2 + He + NH3) atmospheres to produce B, N-doped GQDs, respectively [57].

The preparation of CDs by the laser ablation of a carbon target prepared from
graphite powder and cement was first carried out by Sun’s group [53]. The initially
obtained carbon nanomaterial was non-emissive and required further surface passi-
vation steps to obtain high PL yield. CDs have also been prepared by laser irradiation
of a suspension of carbon-based materials in organic solvents. It was observed that
tunable light emission could be obtained by using different solvents, due to modifica-
tion of the surface states of the generated CDs [58]. In another procedure, reported by
Morell and co-workers, a mixture of nickel (II) oxide powder and benzene was irradi-
ated for 30 min with pulsed Nd:YAG laser at 1064 nm, having energy of 30 mJ/pulse
[59]. The experimental set-up is shown in Fig. 11.4. Amixture of GQDs andNiOwas
generated which was centrifuged. The supernatant was evaporated, and the resulting
material was dispersed in water and further filtered to obtain the GQDs in aqueous
medium. In addition to single-pulsed laser, double-pulsed laser technology has also
been used to take advantage of the shock wave generated by the second pulse for
obtaining smaller particles sizes [60].

Oxygen plasma treatment has been reported to increase the PL yield of single-
layered graphene [54]. Submerged arc plasma reactor has also been used by Jiang
et al. for single-step synthesis as well as functionalization of CDs [61]. In another
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Fig. 11.4 Experimental set-up for the synthesis of CDs by laser ablation method. Reprinted with
permission from [59]. Copyright 2013 Elsevier

top-down approach, Lee et al. have fabricated uniform sized CDs by using block
copolymer nanospheres as etch mask on graphene films that were grown by chemical
vapour deposition. The CDs consisted of one or two layers of graphene and had
diameters corresponding to that of the block copolymer nanospheres [55].

In general, the top-down processes are energy intensive, and it is often difficult to
control the size distribution and morphology of the produced particles. However, the
CDs produced by these methods usually have good sp2 conjugation that is believed
to facilitate their PL property.

11.2.2 Bottom-Up Synthesis

The bottom-up approach for CD synthesis is based on the reactions of small
molecular or polymeric precursors to generate nanometre-sized particles by the
polycondensation and carbonization of the precursors. The processes involved
include combustion, pyrolyzation and hydrothermal-, solvothermal-, microwave- or
ultrasonication-assisted pyrolysis [1, 8, 9]. A wide variety of starting materials have
been used for the synthesis of CDs. Some of the commonly employed chemicals are
as follows: citric acid, ethylenediamine, glycerol, glycol, cellulose, urea, glucose,
sucrose, amino acids, acetic acid and folic acid [7, 31–35, 62–65]. Apart from this,
various naturally available biomaterials and even bio-waste have been converted
to CDs through the bottom-up approach. Some examples in this category include
the following: orange juice, lemon juice, leaves, fruit peels, egg shells, seeds and
paper waste [7, 21, 36–38, 66]. Due to the wide availability of cheap raw materials,
simple and scalable synthesis procedures, less reaction times and tunable reaction
conditions, the bottom-up approach has rapidly grown as the preferred route for
CD synthesis, compared to the top-down approach. Some representative bottom-up
synthesis procedures are discussed in the following paragraphs.

The pyrolysis of citric acid has been one of the most commonly used methods for
CD synthesis. The direct pyrolysis of citric acid was pioneered by Dong et al. in 2012
[62]. In their study, citric acid (2 g) was heated to 200 °C using a heating mantle.
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After 5 min, the citric acid turned into a colourless liquid that gradually developed
a pale-yellow colour followed by orange colouration after 30 min, suggesting the
formation of CDs. The orange-coloured liquid was neutralized with NaOH to obtain
the final CD solution with a PL quantum yield of 9%. When heating of the orange-
coloured liquid was continued, it eventually turned into a black solid. This study
revealed that increasing the reaction time increased the degree of carbonization and
finally led to the formation of graphene oxide. Wang et al. further extended this
procedure by carefully varying the reaction temperature and duration [67]. They
concluded that higher temperatures and longer heating times led to the formation
of large particles that depicted excitation wavelength-dependent emission. A similar
observation has also been made in our studies using lemon juice (instead of citric
acid) for CD synthesis [22]. Recently, Bagheri et al. have carried out a systematic
study on the pyrolysis conditions of citric acid and concluded that CDs fabricated at
160 °C with 50 min reaction time attain the highest PL yield of 29% (Fig. 11.5) [68].

It is worthmentioning at this juncture thatmany recent studies have confirmed that
certain fluorescent pyridine derivatives are formed during CD synthesis from citric
acid and nitrogenous molecules, like ethylenediamine or cysteine (Fig. 11.6), that
also contribute significantly to the PL yield of the CDs [69–72]. In the CDs prepared
from citric acid and 1,2-ethylenediamine under hydrothermal synthesis conditions
(discussed later), the formation of the fluorescent molecular species (imidazo[1,2-
a]pyridine-7-carboxylicacid, 1,2,3,5-tetrahydro-5-oxo-, IPCA)was clearly identified
by Yang’s group [71]. This species was considered to be responsible for the high
PL yield (~80%) of the CDs. Formation of molecular fluorophores was noted in a
previous study as well, by Krysmann et al., for CDs prepared by the pyrolytic decom-
position of citric with ethanolamine, although no fluorescent species was clearly

Fig. 11.5 PL quantum yield (QY) of CDs obtained by the pyrolysis of citric acid at different heating
temperatures and duration. Adapted from [68], under Creative Commons Licence
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Fig. 11.6 Potential molecular fluorophores produced during the synthesis of CDs from citric acid
and various nitrogen-containing precursors. Reprinted with permission from [71]. Copyright 2015
The Royal Society of Chemistry

identified [73]. The authors reported that molecular fluorophores are predominantly
formed at low pyrolysis temperatures while the carbogenic core starts forming at
higher temperatures [73].

In the hydrothermal/solvothermal-assisted synthesis of CDs, the reaction between
the precursor molecules dissolved in water or a suitable solvent is carried out under
high-pressure and high-temperature conditions in an autoclave (Fig. 11.7). The first
bottom-up hydrothermal synthesis of CDs was demonstrated by Zhang et al. in 2010
using ascorbic acid as the precursor [63]. The PL quantum yield of the synthe-
sized CDs was found to be dependent on the reaction time, solvent conditions and
consequently the size of the CDs. In the previously discussed highly luminescent
CDs (80% PL yield) that were prepared from citric acid, the hydrothermal synthesis
procedure involved dissolution of citric acid and 1,2-ethylenediamine (both 1mM) in
10 ml ultrapure water as the first step. The reaction was subsequently carried out in a
Teflon-lined autoclave for 10 h at 140 °C [71]. Liu et al. have prepared monodisperse
nitrogen-doped CDs having PL quantum yield of about 46% by the hydrothermal
reaction of ammonium citrate and betaine hydrochloride for 5 h at 200 °C [74].
Based on the hydrothermal method, Chen et al. have prepared multiple fluorescent
CDs with PL quantum yield up to 41.8% by varying the concentration of a single
precursor, arginine [64]. Although the hydrothermal synthesis process is relatively
simple, it requires high temperatures and long reaction times. These limitations are
largely circumvented in the microwave-assisted synthesis of CDs.
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Fig. 11.7 Schematic representation of the hydrothermal synthesis of CDs from a single precursor,
arginine. Reprinted with permission from [64]. Copyright 2016 The Royal Society of Chemistry

A facile and economical approach to prepare CDs through microwave pyrolysis
was first reported by Zhu et al. [65]. A transparent aqueous solution of polyethylene
glycol 200 and saccharide (glucose or fructose) was heated in a microwave oven
at 500 W for 2–10 min. The solution colour gradually changed from colourless to
yellow and finally became dark brown in colour, signifying the formation of CDs.
In an alternate procedure demonstrated by Wang et al. [75], 70% (v/v) glycerol was
mixed with 7.1 mM phosphate solution (pH 7.4) and heated in a microwave oven
(750 W) for 14 min to obtain CDs having height around 2 nm and PL quantum
yield around 3%. The formation rate and quantum yield of CDs was found to depend
on the concentration of the phosphate ions and also increased with the increasing
valence of other added cations or anions. More recently, Choi et al. have carried
out microwave pyrolysis of the AB2-type branched amino acid, lysine, to obtain
CDs with PL quantum yield of 23.3% with a short reaction time of 5 min [76].
CDs with a quantum yield of 5.1% have been produced within 3 min from chitin
fibres by the microwave-assisted method [77]. These CDs have been further used
for the sensitive and selective fluorescence sensing of the drug d-penicillamine. The
microwave-assisted pyrolysis is currently one of the most preferred methods for CD
synthesis due to the easy operation and rapid reaction times and generally yields CDs
with small sizes.

The ultrasound-assisted synthesis offers a facile method to prepare CDs with
small size by using the energy of ultrasound waves to break the carbon materials into
nanoparticles [10, 78–80]. The procedure was first demonstrated by Li et al. by the
synthesis of CDs by ultrasonic treatment of a solution of glucose in acidic or basic
condition for 4 h [10]. The particles obtained were less than 5 nm in size and depicted
excitation wavelength-dependent emission. Lu et al. have recently demonstrated the
synthesisCDsbyultrasonic treatment of dopamine in dimethyl formamide solvent for
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8 h [79]. These CDs were water dispersible and could be used to sense temperature
as well as Fe2+ ions [79]. Functionalized CDs with thiol terminated polyethylene
glycol coating have also been synthesized by ultrasonic treatment [80].

11.2.3 Large-Scale Synthesis of CDs

In order to promote the application prospects of CDs, several researchers have carried
out large-scale synthesis of these materials. In this regard, “green” synthesis from
biomass has been preferred, so as tominimize the concern of environmental pollution
by the use of harsh chemicals and strong acids. Apart from the synthetic method and
carbon source used, some of the challenges that are being addressed are as follows:
uniformity in size, reproducibility, carbon aggregation, exact chemical identity and
surface functionality [38, 81, 82]. Yang et al. have reported the production of 120 g of
CDs by one pot hydrothermal synthesis from Chinese ink [83]. Using chicken eggs
as the raw material and plasma-induced pyrolysis method, Chen et al. have achieved
large-scale synthesis of luminescent CDs up to 10 g, for multicolour printing appli-
cations [84]. Choi et al. have prepared 6.56 g of CDs in a single batch of microwave
pyrolysis within 5 min, using citric acid and 4,7,10-trioxa-1,13-tridecanediamine
(TTDA) as the precursors. In this case, TTDA served as both monomer and surface
passivation agent, leading to high PL yield (29%) and better solubility of the CDs
[85]. Park et al. have used the ultrasound technology to prepare large quantities
of CDs from food wastes (120 g CDs per 100 kg of food waste). These CDs had
good photostability and were suitable for bio-imaging applications [86]. The repro-
ducibility of CD synthesis in large scale was examined by Zhang et al. [87]. Using
the hydrothermal method, they could prepare about 3 g of CDs from 10 g of bee
pollen. The synthesis was repeated five times with a feeding mass of 1 g, and the
yield was found to be quite consistent with an average of about 30.8%.

11.2.4 Surface Passivation, Functionalization and Doping
of CDs

Surface passivation, functionalization and doping of CDs are some of the commonly
employed strategies to improve the PL quantum yields, solubility or functionality
of the CDs. Surface passivation is usually accomplished by forming a thin coating
layer of a polymeric substance on the CD surface. That surface passivation can
largely improve the PL yield of CDs which was first demonstrated by Sun and
co-workers [53], by the conversion of non-emissive CDs prepared by laser abla-
tion into bright luminescent species on surface passivation by diamine-terminated
oligomeric poly(ethylene glycol) H2NCH2(CH2CH2O)nCH2CH2CH2NH2 (average
n ∼ 35, PEG1500N). Zheng et al. demonstrated that the CD surface could be modified
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by reduction with NaBH4, which not only enhanced the PL yield from 2 to 24% but
also changed the emission of the CDs from green (520 nm) to blue (450 nm) [88].
It may be noted that some of the one-step CD synthesis methods described earlier
allow direct incorporation of the surface functionality without post-processing steps
[51, 58]. Introduction of functional groups, like amino or carboxylate, is reported to
impose defects on the surface of the CDs that leads to variations in the luminescence
properties [34, 84, 89]. Often the passivation agent can also act as the functionalizing
agent as reported by Dong et al. in the one-step synthesis of CDs by the pyrolysis
of citric acid with branched polyethylenimine (BPEI). In this case, the CDs are
capped by abundant BPEI, whose free amine groups allow further functionalization
of the CDs by chemical conjugation methods [90]. Capping and functionalization
of CDs are important modifications that are carried out for many applications. As
an example, in one of the studies, CDs derived from sorbitol by microwave-assisted
pyrolysis were capped first by bovine serum albumin (BSA), followed by conju-
gation with folic acid and further loaded with doxorubicin for drug delivery and
biological imaging (Fig. 11.8) [91]. In another interesting variation, CDs have been
functionalized with macrocyclic host molecules such as cyclodextrins. The attached
macrocycle imparts the CDswith the ability to trap drugs or analytes through specific
binding interactions with the host cavity. This is useful for drug delivery or sensing
applications [92, 93].

Fig. 11.8 Schematic representation of BSA functionalized CDs that are further conjugated with
folic acid and doxorubicin (DOX) for tumour targeting and pH specific release of components.
Reprinted with permission from [91]. Copyright 2014 The Royal Society of Chemistry
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Doping helps in regulating the properties of CDs by modifying their chemical
and electronic structures. The various doping elements that have been used in CD
synthesis include nitrogen, phosphorus, sulphur, boron and some metal ions like Gd
[57, 71, 94–99]. Among these, nitrogen is the most widely employed heteroatom
for doping, as its atomic size is comparable to that of carbon. In addition to single
heteroatom doping, recent approaches have also been made for co-doping of CDs, to
benefit from the synergistic coupling between heteroatoms [97, 98].Doping is usually
carried out by introducing suitable chemicals, containing the desired elements, during
the synthesis of theCDs. For example, amixture of sodiumcitrate and sodium thiosul-
phate has been used in the hydrothermal synthesis of S-doped CDs [95]; a mixture
of citric acid and 1,2-ethlenediamine has been used to obtain N-doped CDs [71],
while a mixture of citric acid, boric acid and ethylenediamine has been used in the
microwave-assisted synthesis of N-B-co-doped CDs [97]. Gd-doped CDs have been
synthesized by Chen et al. from Gd(NO3)3 and m-phenylenediamine as precursors
in ethanol-based solvothermal synthesis. These CDs were demonstrated to be useful
for magnetic resonance imaging (MRI) and photodynamic therapy [96]. Sarkar et al.
have observed that the blue luminescence observed from the CDs produced from a
mixture of citric acid and amino acid can be converted to green luminescence by
phosphorus doping, on introduction of K2HPO4 during the synthesis [99]. Rogach
and co-workers have carried out extensive studies on the solvatochromic behaviour of
N-doped andN-S-co-dopedCDs and concluded that the doping atomhas a significant
effect on the solvent-dependent emission bands of the CDs [98].

11.2.5 CD Nanocomposites

The rich chemical functionality and facile modification of CDs has been exploited
to generate different kinds of CD composites that further expand the application
potential of this interesting carbon nanomaterial. Nanocomposites of CDs have been
prepared with various nanostructures such as TiO2, ZnS nanospheres, CdSe, Ag,
Cu and Pd [40, 49, 100–103]. Tian et al. demonstrated the formation of CD metal
nanoparticle composites by the reduction of metal salts by ascorbic acid in the pres-
ence of CDs derived from soot [66]. The PL quantum yield was found to increase
from 0.43% for the bare CDs to 60.1%, 33.4% and 36.7% for the CD nanocom-
posites of Cu, Pd and Ag, respectively. Li et al. have demonstrated the CD-TiO2

nanocomposites as excellent photocatalytic systems for the degradation of dyes like
methylene blue [49]. The nanocomposites were prepared by adding TiO2 nanopar-
ticles to a solution of with electrochemically synthesized CDs, stirring the mixture
for 10 min, followed by heating in a vacuum oven at 80 °C for 12 h. By heating
a mixture of ammonia-treated CDs and urea powder, Liu et al. have synthesized,
a metal-free CD-C3N4 composite that was found to be an excellent photocatalyst
for water splitting [104]. In another study, a facile “dots-in-zeolites” strategy was
developed for the in situ fabrication of CDs confined in zeolite matrices through
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hydrothermal/solvothermal procedure [105]. The synthesizedCDs@zeolite compos-
ites had high PL yields (52.14%) and exceptionally long lifetimes of 350 ms that was
suitable for thermally activated delayed fluorescence. Very recently, Rathore et al.
have prepared heterostructures of CsPbBr3perovskite nanocrystals with N-doped
CDs and examined the charge transfer properties across the interface [106].

The very rapid pace of research in the field of CDs and the easy bottom-up
synthesis procedures from a variety of resources has also been accompanied by a
number of critical issues, especially with regard to the nomenclature of the generated
carbon nanomaterials and their purification [48, 107]. It has been highlighted by
Baker and co-workers that rigorous and consistent purification steps need to be
uniformly followed by all researchers after CD synthesis, to remove any undesired
impurities and fluorescent by-products that may be generated during the synthesis
[107]. Among the different separation and purification methods that are currently
employed (like centrifugation, filtration, dialysis and chromatographic separation),
chromatography is suggested to be the best analytical technique for fractionating
the complex mixtures of products that are generated during the bottom-up synthesis
procedures and obtained the desired pure CD samples.

11.3 Characterization

Although the exact chemical composition and structures of the CDs obtained by
various synthesis methods are not the same, they all possess a common sp2/sp3-
hybridized core and are connected with oxygen or nitrogen functional groups,
depending on the carbon source used for the preparation. A large number of tech-
niques are used to determine the composition, size, morphology, lattice parame-
ters and PL properties of CDs. The common characterization methods of CDs are
described below with representative examples.

Elemental analysis provides a good idea about the chemical composition of CDs,
while 13C NMR is useful to determine the chemical environment of the carbon atoms
present in the sample. In an early study on CDs obtained from candle soot by Liu
et al., it was observed that the chemical composition of the purified CD was quite
different (C 36.79%, H 5.91%, N 9.59%, O (calculated) 44.66%) from that of the
raw soot (C 91.69%, H 1.75%, N 0.12%, O (calculated) 4.36%) [60]. Specifically,
the CDs had significantly higher oxygen content than the precursor material. Solid-
state 13C NMR for the synthesized CDs (Fig. 11.9) provided further details about
the nature of the C atoms. Notably, no signals were observed below 120 ppm, which
suggested the absence of any aliphatic sp3 carbon in the CDs. Amidst the series of
peaks that were observed within the range of 120 to 150 ppm, the broad peak centred
at 138 ppm was assigned to internal C = C sp2 carbons, and those between 120 and
130 ppm were assigned to polycyclic aromatic carbons. The third batch of peaks
between 170 and 180 ppm was assigned to carboxylic/carbonyl carbons.

Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS) are also used to determine the elemental composition, functional
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Fig. 11.9 13C NMR of CDs prepared from candle soot. Reprinted with permission from [40].
Copyright 2009 American Chemical Society

groups and covalent bonding patterns within CD structures. Representative FTIR
and XPS spectra of GQDs obtained from carbon fibres (CF) by acidic oxidation are
shown in Fig. 11.10 [42]. The XPS spectra show graphitic C1s peak at 284.8 eV and
O1s peak at 532 eV for both GQDs and the precursor CF. However, the C:O ratio is
much lower for GQDs (3.22) compared to CF (6.52). The high-resolution spectra of
C1sfurther reveal that the chemical environment of C in the GQDs is quite different
from that in CF. The FTIR spectra of the GQD sample suggest the presence of many
oxygen-containing functional groups (carbonyl, carboxyl, hydroxyl and epoxy) on
the prepared nanoparticles, in accordance with the XPS results.

The size, morphology and microstructure of CDs are mainly determined by trans-
mission electron microscopy (TEM)/high-resolution TEM (HRTEM) and atomic
force microscopy (AFM). Figure 11.11 shows typical TEM and HRTEM images of
CDs prepared by the pyrolysis of p-phenylenediamine in diphenyl ether [108]. The
CDs appear as spherical particles with an average diameter of 2.6 nm. Well-resolved
lattice fringes with an interplanar spacing of 0.21 nm are observed in the HRTEM

Fig. 11.10 XPS spectra of GQDs prepared from carbon fibre (CF) (a); high-resolution XPS C1s
spectra of GQDs and CF (b, c); FTIR spectra of GQDs and CF (d). Adapted with permission from
[42]. Copyright 2012 American Chemical Society
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Fig. 11.11 a TEM, b HRTEM and c AFM images of CDs prepared by the pyrolysis of p-
phenylenediamine in diphenyl ether. Reprinted with permission from [108]. Copyright 2017 The
Royal Society of Chemistry

image. This is attributed to the diffraction from the (100) plane of graphitic carbon
and indicates that the prepared CDs have a crystalline nature. The AFM image of the
CDs corresponds with the TEM image and also reveals that the particles are nearly
spherical with a height of 2.7 nm.

The crystalline or amorphous nature of CDs is ascertained through X-ray diffrac-
tion (XRD) studies.Abroad peak around 23° suggests amorphous carbonwhile peaks
around 25° and 44° suggest graphitic carbon structure corresponding to the (002) and
(100) diffraction [109]. Raman spectroscopy is another useful and non-destructive
technique for characterizing the crystalline and amorphous carbon content in the
CDs. Raman peaks near 1360 cm−1 (D band) and 1560 cm−1 (G band) correspond
to the E2g vibrational modes of the aromatic domains and the breathing modes of the
graphitic domains, respectively. The intensity ratio (ID/IG) provides an indication of
the ratio of sp3 to sp2 carbon hybridization in the CDs [110, 111]. Representative
XRD and Raman spectra of CDs prepared by the top-down electrochemical method
from graphite electrode are shown in Fig. 11.12 [50]. The spectra of pure graphite
are also shown for a direct comparison.

The optical properties of CDs are characterized by UV–vis spectroscopy, steady-
state fluorescence spectroscopy and time-resolvedfluorescence spectroscopy. ThePL

a b

Fig. 11.12 aXRDand bRaman spectra of CDs prepared by electrochemicalmethod from graphite.
Adapted with permission from [50]. Copyright 2012 The Royal Society of Chemistry
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quantum yields of CDs are measured by comparative method using quinine sulphate
as the reference fluorophore. The optical absorption of CDs is quite strong in the UV
region and extends into the visible region [1–4]. Most CDs exhibit blue emission on
excitationwithUV light; however, asmentioned previously, the emissionwavelength
of CDs can be tuned by doping and surface modifications. Figure 11.13 shows the
typical absorption and excitation wavelength-dependent emission spectra and PL
decay trace of CDs [112]. The characteristic absorption bands attributed to electronic
transitions in the carbogenic core, the n-π* and π-π* transitions of the molecular
state and the long absorption tail attributed to the surface state transitions in the CDs
are indicated in the figure [22, 28, 97, 113]. The red-shifted emission of CDs with
increasing excitation wavelengths, as depicted in Fig. 11.13, is a phenomenon that is
observed for many CD samples [1–4, 114]. The PL decay traces are generally multi-
exponential in nature, with average lifetimes in the range of 3–14 ns [18, 112, 115].
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320 to 440 nm) (b); and PL decay trace (c) of CDs prepared from glycerol by microwave synthesis.
Adapted with permission from [112]. Copyright 2019 Elsevier
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11.4 Properties

The most distinctive feature of CDs that sets them apart from other kinds of carbon
nanomaterials is their PL property. The non-blinking emission and superior photo-
stability of CDs is a key advantage over conventional fluorophores and semicon-
ductor quantum dots (SQDs). Most of the applications of CDs are based on their PL
property. However, despite numerous studies, a clear explanation for the PL mech-
anism of CDs is still not achieved. The unusually large Stokes’ shifts (difference in
energy between absorption and emission band maxima) of CDs and the excitation
wavelength-dependent spectral shift that seems to violate the Kasha–Vavilov rule are
some peculiarities that remain challenging to resolve. One of themajor difficulties for
arriving at a unified theory for CD luminescence is thewide variety of ingredients and
approaches used to prepare CDs, which leads to variable and complex components
in the generated particles. The general PL characteristics of CDs in comparison with
SQDs [6] and the diversity of structures, interactions and excited-state processes that
can occur in these nanoparticles [70] are depicted in Fig. 11.14.

From the vast available literature, the primary contributors that have been
recognized to be involved in the emission of CDs are as follows: (i) the conjugated
π-domains in the carbogenic core or the quantum confinement effect, (ii) the
functional groups connected with the carbon backbone or the surface state, (iii)
the molecular fluorophores or quasi-molecular structures on the surface or interior
of the CDs, known as the molecular state and (iii) the cross-link-enhanced (CEE)
effect [5, 16, 22, 28, 71, 98, 116–120]. The intriguing PL characteristics, like the
excitation wavelength-dependent emission and large Stokes’ shift, are interpreted
to arise from multiple electronic states and heterogeneity of CDs [17, 28]. Recently,
Demchenko et al. have proposed that many of the properties of CD luminescence
can be addressed by considering CDs as collective H-aggregate excitonic systems
comprised of stacked fluorescent molecular precursors [114].

The PL of CDs can be influenced by pH and polarity of the solvent medium [20,
23, 121, 122]. The emission peak positions of CDs have been found to be red-shifted
with increase in the solvent polarity parameters (solvatochromic effect). Reckmeier
et al. have observed opposite solvatochromic shifts of the different emission bands
of CDs, depending on the doping heteroatoms [98]. In one of our studies, we have
examined the effect of excitation wavelength on the solvatochromic behaviour of
CDs derived from lemon juice [22]. A unique solvent-mediated transformation in
the PL characteristics of CDswas observed, from excitationwavelength-independent
emission in aqueousmedium to excitationwavelength-dependent emission in organic
solvents of lower polarity. Thiswas attributed to different extents of solvatochromism
exhibited by the molecular state and the surface state of CDs, thus leading to a
useful method of discrimination between the emissions arising from these states
(Fig. 11.15).

The lemon juice-derived CDs also presented interesting pH-dependent modula-
tions in their absorption and emission characteristics [21]. FTIR studies revealed that
the pH-induced changes in the optical properties are correlated with the prototropic
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a b c

d

Fig. 11.14 PL characteristics of CDs in comparison with semiconductor quantum dots (SQDs)
(a, b, c). Reprinted with permission from [6]. Copyright 2016 The Royal Society of Chemistry.
d Summary of various interactions and excited state processes in CDs; (1) π − π* charge transfer,
(2) n− π* transitions from the edge/surface groups, (3) charge transfer to surface states, (4) intrinsic
transitions of surface state and (5) H-bonding interactions. Reprinted with permission from [98].
Copyright 2016 American Chemical Society

transformations of the surface functional groups of the CDs. Moreover, among the
two prototropic equilibria, phenol ↔ phenolate and carboxylic ↔ carboxylate, only
the former was suggested to be coupled with the emissive moiety of the CDs and
involved in determining its electronic energy levels andoptical transitions.As a result,
a single pKa corresponding to the phenol↔ phenolate equilibriumwas detected from
the optical measurements (Fig. 11.16).

In addition to their PL,CDs also possess important photo-induced electron transfer
and redox properties that is useful for photocatalytic applications [18, 49, 123].
Depending on the redox properties of the counterpart, CDs can act either as electron
donors or as electron acceptors [18]. The photo-induced electron transfer process is
manifested as a quenching in the PL of the CDs and has been widely applied as a
tool for the fluorescence sensing of metal ions and various biomolecules [124–126].
We have elucidated the quenching mechanism of CDs with a representative heavy
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metal ion, Hg2+ and a nitroaromatic compound, nitrobenzene (NBz) [112]. While
the reduction in the emission intensity of CDs in the presence of NBz occurred due
to transient quenching and dynamic quenching interactions, in the presence of Hg2+,
the static quenching due to electrostatic interactions was found to play a major role
in addition to the dynamic quenching (Fig. 11.17).

Some CD samples are also known to exhibit electro-chemiluminescence (ECL)
property [44, 65, 127–130]. It has been suggested that the ECL arises due to the pres-
ence of surface trap states and depends on the surface functional groups present in the
CDs. The mechanism involves the formation of excited-state CD (R*) due to elec-
tron transfer annihilation of the negatively charged (R•−) and positively charged (R•+)
species that are electrochemically generated at the electrodes. TheECL luminescence
property of CDs also serves as a valuable approach towards sensing applications
[128].
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Fig. 11.17 Different PL quenching mechanisms of CDs for interaction with nitrobenzene (NBz)
and Hg2+. Reprinted with permission from [112]. Copyright 2019 Elsevier
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11.5 Applications

CDs have developed to be valuable nanomaterials with huge impact in the fields of
sensing, environment, health and energy. Some of the main application areas of CDs
are summarized in Fig. 11.18 [2].

The luminescence property of CDs has been widely used for the sensing of metal
ions, like Hg2+, Pb2+, Cu2+, Fe3+, Cr6+ and Zn2+ [131–136]. The basic principle
involved in these cases is the quenching of CD luminescence by the metal ions. A
representative example for the detection ofHg2+ byCDs synthesized byhydrothermal
method from citric acid and ethylenediamine (PL yield 65.5%) is shown in Fig. 11.19
[131]. The detection limit of Hg2+ was estimated to be 226 nM in this study. The
outstanding selectivity and sensitivity for PL quenching by Hg2+ ions were attributed
to the presence of abundant carboxylate functionality on the surface of the CDs,
which leads to the specific interaction with these metal ions. Interestingly, the PL
intensity of the CDs was reversible and could be recovered by the addition of EDTA
(cf. Fig. 11.19) due to competitive binding and displacement of the metal ion by the
chelating ligand.

This luminescence “off to on” strategy opens up newpossibilities for sensor design
with CDs. Notably, in addition to metal ion assays that leverage on the quenching
effect, CDs have been used to detect several anions like C2O4

2−, PO4
3−, CN−, F−,

S2−, ClO−, and I−, based on the luminescence recovery of the already quenched
CD metal ion system [136–141]. A similar strategy has been demonstrated by Zhou
et al. for the sequential detection of Hg2+ and glutathione (GSH), by the fluorescence
switching of CDs from “off” to “on” state by addition of GSH to the quenched
CD-Hg2+ system [132]. Variations in the PL intensity of CDs in the presence of
analytes have also been used for sensing of other molecular species like ascorbic
acid, 4-nitrophenol, dopamine, amoxicillin, penicillamine and so on [77, 142–145].

To further improve on the sensing opportunities offered by CDs, ratiometric fluo-
rescence sensing methods have been developed by coupling CDs with another emis-
sive species that provides a second emission band at a different wavelength [146–
148]. In this case, instead of monitoring the absolute intensity of the sole emission
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a b

c

Fig. 11.19 Selective PL quenching of CDs by Hg2+ ions (a, b) and schematic representation of the
fluorescence “off to on” mechanism by sequential addition of Hg2+ and EDTA (c). Adapted with
permission from [131]. Copyright 2014 Elsevier

band of the CDs, it becomes possible to measure the intensity ratio of two emis-
sion bands. This leads to improved detection accuracy by eliminating any errors that
may arise due to intensity variations arising from changes in probe concentration or
excitation source intensity. In one such study, Lu and co-workers coupled CDs with
a fluorescent dye, Rhodamine B and observed two distinct emission bands corre-
sponding to the two species. In the presence of Hg2+, the emission from CD was
quenched while the emission intensity from Rhodamine B remained unchanged. On
further addition ofGSH, theCDemission intensitywas recovered, but theRhodamine
B emission band remained unaffected. With the ratiometric approach, the limit of
detection for Hg2+ was reported to be 20 nM [146]. In another variation, CDs were
coupled with semiconductor quantum dots for NO2 sensing (Fig. 11.20). In this case,
the red emission from the quantum dots was quenched by NO2, while the blue emis-
sion of CDs remained unchanged, leading to a change in the fluorescence colour
from red to blue in the presence of NO2 [147]. Another type of ratiometric sensing is
based on fluorescence resonance energy transfer (FRET) from CDs to a conjugated
fluorescent dye. In the presence of the analyte, the FRET process is either enhanced
or hindered, thus leading to a change in the ratio of emission intensities of the CD
and the conjugated dye [148].

The excellent luminescence property of CDs has also been used for their appli-
cation as fluorescent labels in immunoassays, for immunosensing of antigens, for
detection of base mismatch or single nucleotide polymorphism in DNA, aptamer-
based sensing of thrombin, detection of α-fetoprotein and in the field of food analysis
[30, 149–153].
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Fig. 11.20 Ratiometric fluorescence sensing of NO2 by CDs conjugated with quantum dots (QDs).
The red emission (665 nm) of QDs is quenched by NO2 while blue emission from CDs (460 nm)
remains unaffected. Reprinted with permission from [147]. Copyright 2015 American Chemical
Society

Apart from the PL-based assays, CDs have also proven useful for electro-
chemiluminescence assays of many species like Cu2+, pentachlorophenol and
peroxydisulphate ions [127, 154, 155].

Bio-imaging and cellular targeting is another important area where CDs have
found niche applications. The easy surface functionalizations of CDs, low cytotoxi-
city, resistance to photo bleaching and excitation-dependent emission are advantages
over other available fluorescent materials. The excitation wavelength-dependent
emission of CDs allows excitation and emission at longer wavelengths, where tissue
autofluorescence is significantly reduced, thereby improving the signal-to-noise ratio
[156]. Since the emission intensity of CDs in the red region is generally weak,
intense efforts are ongoing to develop red and NIR emissive CDs by doping or
through surface modifications, especially to boost their bio-imaging and theranostic
applications [157].

Figure 11.21 shows representative confocal fluorescence microscope images of
L929 mouse fibroblast cells at different excitation wavelengths, after being incu-
bated with CDs synthesized from citric acid and ethylenediamine by microwave
pyrolysis [158]. As observed in this case, the CDs are generally found to localize
in the cell membrane and cytoplasmic area. The uptake of CDs by the cell nucleus
was demonstrated for the first time by Datta et al., by using CDs synthesized from
the quaternary ammonium (betaine) precursor [159]. The affinity towards the cell
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Fig. 11.21 Confocal fluorescencemicroscope images of L929 cells incubated with CDs at different
excitation wavelengths. Reprinted with permission from [158]. Copyright 2012 The Royal Society
of Chemistry

nucleus was attributed to the positive charge of the synthesized particles. The low
cytotoxicity of CDs has been especially useful for imaging of stem cells. It was
observed by Zhang et al. that CDs could penetrate stem cells without causing any
genetic disruptions and had good photostability [160]. As compared to single-photon
excitation, two-photon excitation imaging has the advantages of deeper tissue pene-
tration, lower autofluorescence and less photo damage. The potential of CDs for cell
imaging with two-photon excitation at 800 nm was first demonstrated by Cao et al.
using femtosecond-pulsed laser excitation at 800 nm [161]. This was followed by
other reports using doped CDs that showed significant enhancement in the depth for
tissue imaging [162, 163].

As compared to unmodified CDs, specially functionalized CDs can be used for
specific cell targeting and labelling. For example, considering that folate receptors
are overexpressed in cancer cells, folic acid-capped CDs have been used to distin-
guish between cancerous and normal cells for selective imaging or drug delivery
(cf. Fig. 11.8) [91, 164]. In vivo optical imaging using CDs has also been carried
out [165–168]. In the study by Zheng et al., it was observed that CDs prepared by
pyrolysis of d-glucose and l-aspartic acid could self-target the C6 glioma cells. The
in vivo images of glioma-bearing mice were of high contrast and showed that the
CDs could cross the blood–brain barrier to specifically accumulate at the glioma site
(Fig. 11.22) [165].

The CDs have also been integrated with paramagnetic species like gadolinium (a
well-known MRI contrast agent) and iodine (used for contrast in X-ray computer
tomography, CT) to go beyond their applications as simple fluorescent labels and
confer them with multimodal imaging options. Gd-doped CDs prepared by Chen
et al. by direct calcination of Gd-pentetic acid (Gd-DTPA) had excellent PL yield
(19.7%) aswell as higher longitudinal relaxation rate than the commercially available
MRI contrast agent [169]. Their study highlighted the applicability ofGd-CDs as effi-
cient dual-mode (fluorescence andMRI) imaging agents. The I-doped CDswere also
found to have goodPLyields,X-ray attenuation property and biocompatibility for use
as CT/fluorescence imaging agents [170, 171]. Recently, Zhao et al. have prepared
gadolinium and ytterbium co-doped CDs for their use as multimodal (CT, MRI,
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Fig. 11.22 Confocal fluorescence microscope images on excitation at 405, 488 and 555 nm,
showing the selective affinity of CDs for C6 cells (a–c) over the L929 cells (d–f). The lower
panel shows in vivo images of glioma-bearing mice at different time intervals after intravenous
tail injection of CDs. Adapted with permission from [165]. Copyright 2015 American Chemical
Society

fluorescence) nanoprobes that can provide comprehensive diagnosis information
[172].

The therapeutic applications of CDs are based on their abilities as a carrier for
drug delivery and enhanced photodynamic/photothermal effects [173]. As already
mentioned, folic acid-cappedCDs are readily internalized into cancerous cells and are
thus useful for the targeted delivery of medicines (cf. Fig. 11.8) [91]. CDs have been
loaded with a range of drugs used for cancer treatments like doxorubicin, cisplatin,
oxiplatin, niclosamide, chlorin e6 and porphyrin [174–179]. The integration of the
imaging capability of CDs with therapeutic agents allows effective monitoring of the
concentration and localization of the drugs, which is of help in developing improved
treatment protocols. Chlorin e6 and porphyrin are typical photosensitizers widely
used for photodynamic therapy (PDT) that is based on the principle of using suitable
photosensitizer dyes for generating reactive oxygen species to destroy cancer cells by
the actionof light.ConjugationwithCDshas been established to improve the stability,
solubility and tumour targeting capability of the PDTagents [178, 179]. Photothermal
therapy (PTT),which is based on the activation of photosensitizer agents by light, to
generate heat for the thermal killing of tumour cells, has also been investigated by
using suitable CD conjugates [180, 181]. The combination of CDs with SiO2 capped
gold nanorods has been demonstrated by Jia et al. as multimodal photo-theranostic
agents that can be used to guide PDT/PTT treatment through fluorescence imaging
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Fig. 11.23 Conjugation of CDs with gold nanorods (GNR) for multimodal theranostic application.
Reprinted with permission from [180]. Copyright 2016 The Royal Society of Chemistry

(FI) or photoacoustic (PA) imaging (Fig. 11.23) [180]. This nanomedicine approach
proved effective for killing the cancerous cells by using relatively low dose of laser
irradiation (<0.5 Wcm−2).

In the field of photocatalysis, CDs have made a major contribution by offering
useful properties like ability to utilize light in the visible or near UV range, resis-
tance towards photocorrosion and eco-friendliness [49, 104, 182–188]. TheCD-TiO2

conjugates are a notable example of improved photocatalytic performance [49, 182–
184]. Although TiO2 is one of the most popular photocatalytic materials, it is limited
by its ineffectiveness to absorb visible light, since its band gap lies in the UV region
(3.0–3.2 eV). The CD-TiO2 conjugates have been shown not only to harness visible
light for creating electron hole pairs in TiO2 but also provide a conducting path for
the transport of electrons, thereby leading to better charge separation and creation of
long-lived holes on the surface of TiO2 [182–184]. This leads to improved catalytic
performance of the nanomaterials in the photodegradation of dyes or H2 generation
by water splitting. Based on similar principles, other CD composites, like CD-ZnO,
CD-Fe2O3, CD-Cu2O, CD-Ag3PO4, have been prepared for photocatalytic applica-
tions [185–188]. The processes involved in the improved catalytic activity of CD-
Ag3PO4 system are depicted in Fig. 11.24 [186]. In this study, Kang et al. observed
that the CDs enhanced visible light absorption, helped to improve the stability of the
nanocatalyst by preventing the dissolution of Ag3PO4 in the aqueous medium and
acted as electron reservoir to hinder electron–hole recombination. They also demon-
strated that the catalyst could be reused multiple times for photodegradation of the
dye, methyl orange.

In recent years, tremendous progress has been made in the optoelectronic applica-
tions of CDs, especially with regard to their potential for improving the efficiencies
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Fig. 11.24 Processes
involved in the
photocatalytic activity of
CD-Ag3PO4 conjugates.
Adapted with permission
from [186]. Copyright 2012
The Royal Society of
Chemistry

of photovoltaic devices, light-emitting diodes (LEDs), supercapacitors and batteries
[7, 9].

The tunable emission and large PL bandwidth of CDsmakes thempromising alter-
natives to expensive rare-earth-based phosphors and semiconductor quantum dots
that are presently used forLEDdesign.The application ofCDs inLEDs is based either
on their optical excitation, in which case, the CDs participate as colour-converting
phosphors, or based on the direct electrical excitation of the CDs using their elec-
troluminescence property, where CDs participate as the light-emitting source. The
application of CDs as colour-converting phosphors was first demonstrated by Tang
et al., by coating a layer of GQDs on commercially available blue LEDs. The blue
emissionof theLEDsat 410nmexcited theCDs, to further generate a newbroad emis-
sion bandwithmaximumaround 510 nm. The subsequentmixing of the two emission
components, from the blue LED and the CDs, resulted in the eventual creation of
white light. The Commission International d’Eclairage (CIE) chromaticity coordi-
nates of the LED was found to shift from the initial values of (0.242, 0.156)–(0.282,
0.373) [189]. Extensive studies are being carried out to bring out further improve-
ments in the CD-based LED designs by reducing the aggregation-induced quenching
effect of the CDs, improving the PL yields of the CDs and development of solid-state
fluorescent CDs [190–193]. In the electroluminescence-based approach, the CDs are
used as the active emissive layer in the LED structure [194–196]. A representative
LED design that is based on the electroluminescence property of CDs is depicted
in Fig. 11.25 [196]. In this study by Wang et al., the CDs (synthesized from citric
acid and passivated with 1-hexadecylamine) were placed as the emissive layer. Poly
(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) was used as the hole
injection layer, and 1,3,5-tris (N-phenylbenzimidazol-2-yl) benzene (TPBI)was used
as electron transport layer. LiF and Al were deposited as the electrode material. The
quantum efficiency of the device was found to be 0.083% with a current density of
5 mA cm−2, having colour rendering index (CRI) of 82.

CDs have been successfully used for energy harvesting, energy conversion and
energy storage applications [197, 198]. Wei et al. have coupled electrochemically
synthesized CDs with Ni(OH)2 supercapacitor electrodes for improving their elec-
trical conductivity [199]. With this modification, the specific capacitance was found
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Fig. 11.25 a Structure of the
LED device fabricated using
CDs as the emissive layer. b
Energy band diagram of the
LED. c Molecular structures
and schematic of PEDOT:
PSS, TPBI and CDs. d
Electroluminescence spectra
of the device at different
applied voltages. Inset shows
a photograph of the observed
white emission. Adapted
with permission from [196].
Copyright 2011 The Royal
Society of Chemistry

to be 2900 F/g at 1 A/g. In general, CDs have been found to provide a good interface
between the electrolyte and electrode in supercapacitors, which helps to improve
their cycling stability and specific capacitance. The performance of electrodes in
lithium and sodium ion batteries has also been found to increase on modification
with CDs [200–202]. The wide optical absorption range of CDs has been exploited
for their use as sensitizers in light-harvesting solar cells. In a study by Ma et al.,
it was found that compared to the Rhodamine B (RhB)-TiO2 dye sensitized solar
cell system, the photoelectric conversion increased seven times in the CD-RhB-TiO2

photovoltaic system [203]. It was shown that the CDs effectively bridged the RhB
molecules and the TiO2 substrate by acting as an electron transfer intermediary.
Apart from their role as photosensitizers, CDs have been explored for use as elec-
tron acceptors with respect to the active layer of poly(3-hexylthiophene) (P3HT), in
organic solar cells [204, 205]. In these studies, it was expected that CDs could be
promising alternatives to the more expensive fullerenes that are currently employed
as the electron acceptors. CDs have also been investigated as electron blocking layer
in CD/Si nanowire arrays core–shell heterojunction solar cells to prevent charge
recombination and thus improve the carrier transfer and collection capability [206,
207]. Although the photoelectric conversion efficiency of CD-based solar cells is at
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present low, the findings are encouraging and more advances in the applications of
CDs for photovoltaic devices may be expected in the future.

11.6 Conclusions and Future Prospects

In the past sixteen years since their discovery, the luminescent CDs have evolved
to be valuable members in the family of carbon nanomaterials with vast and far-
reaching applications. The extensive research on CDs is undoubtedly driven by their
convenient synthesis procedures, their intriguing PL property and their outstanding
biocompatibility. Despite the rapid growth in the research and applications of CDs,
their rational design and controlled synthesis to obtain desired functionalities are still
challenging. Advanced synthesis and purification procedures for efficient control of
the emission colour and quantum yields of CDs, on a large scale, will surely boost
the potential of these materials. In this regard, the development of red/NIR emissive
CDs is particularly important, for their biomedical applications. Uniform synthesis
procedures will also help in arriving at an unequivocal and coherent understanding
about the intriguing optical properties and PL mechanism of the CDs. Although still
in the midst of development, CDs have already made a profound influence in the
fields of nanomedicine, phototherapy, sensing and photocatalysis. The diversion into
newer areas, like clean and green energy, is a welcome development. Progress in CD
research is expected to reveal many more exciting opportunities with this interesting
material.
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Chapter 12
Synthesis and Applications of Colloidal
Nanomaterials of Main Group-
and Transition- Metal Phosphides

G. Kedarnath

Abstract Technological advances based on miniaturization of devices have always
been pivoted around the synthesis of high-quality advanced inorganic nanomaterials
with respect to size and shape and the understanding of the corresponding exotic
properties developed. Among them, colloidal metal phosphide nanomaterials have
an edge over other colloidal nanomaterials owing to their exceptional properties
due to structural and compositional diversity. Furthermore, the presence of earth
abundant and environmentally friendly phosphorus makes them cheaper and benign
materials. This chapter will give a brief introduction followed by introductory back-
ground of metal phosphides including history and properties of metal phosphides.
Subsequently, a discussion on synthesis of colloidal metal phosphide nanomaterials
is included which deals with methods for the synthesis of colloidal metal phosphide
nanomaterials and common phosphorus sources for the metal phosphide synthesis.
In the following sections, literature on synthesis of colloidal main group metal- and
transition metal phosphide nanomaterials and their applications are incorporated. In
the end, the chapter will be concluded with a brief note on future prospective of
colloidal metal phosphide nanomaterials.

Keywords Metal phosphide · Colloidal ·Main group metal phosphide · Transition
metal phosphide · Properties

12.1 Introduction

The effective utilization of nano-science in advanced technologies is centered around
the control of size, shape and composition on the nanoscale level and the knowledge
of the physiochemical properties developed due to their tailoring and surface modifi-
cations. Based on this approach, the quest forminiaturization or scaling down the size
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ofmaterials hasmoved beyond traditionalmetals,metal oxides in the last fewdecades
as evident from the development made in the synthetic approaches and applications
of metal chalcogenide quantum dots [1–3] and also the investigations carried on
catalytic properties of nanoscaled nitrides and carbides [4]. In contrast, metal phos-
phide nanomaterials were explored very little and have only picked up momentum
in the last few years despite their well-known bulk properties and existing industrial
applications in semiconductors [5, 6] and catalysts [7]. Scaling down the size of
phosphides to few nanometers lead to emergence of unique properties and perfor-
mance, especially in the field of optoelectronics, catalysis and energy harvesting,
etc. These new properties accompanied by the need to develop earth-abundant and
environment-friendly alternatives to toxic and heavy metal chalcogenides are the
key driving forces for exploring new synthetic ways to prepare metal phosphide
nanomaterials.

Among the nanomaterials, colloidal nanomaterials or nanocrystals have emerged
as promising candidates for many applications due to their tailorable properties
through size, shape and composition along with their convenient processability.
Furthermore, colloidal nanocrystals can be produced in large quantities making them
affordable for thin films devices or catalysts by appropriate coating and printing
techniques. In addition, employment of colloidal nanocrystals benefits the devel-
opment of high-performance devices and efficient catalysts due to the size-, shape
and composition-dependent properties. Therefore, a combination of colloidal nano-
materials and metal phosphide, i.e., colloidal metal phosphide nanomaterials would
further result in many potential applications in optoelectronics [8, 9], photovoltaics
[10], catalysis [11, 12], lithium ion batteries (LIBs) [13] and biomedicine [14], etc.
leading to advanced technologies.

Although metal phosphide nanomaterials have been reviewed recently by several
authors [11–13, 15–20], most of them were focused on metal phosphides for specific
applications like catalysis, lithium ion batteries and photovoltaics, etc. but they are
limited to transition metal phosphides. Therefore, the objective of the present review
is to give over view of the colloidal synthesis of metal phosphide nanomaterials and
their applications which have been investigated to date.

In this article, an introductory background of metal phosphides including brief
history and properties of metal phosphides will be discussed. Subsequently, a discus-
sion on the synthetic approaches for the colloidal metal phosphide nanocrystals and
their applications will be described. Finally, a short conclusion will be included.

12.2 Introductory Back Ground of Metal Phosphides

12.2.1 History

In eighteenth century, German scientist Andreas Marggraf synthesized zinc phos-
phide, after isolating zinc. During the same period, Bertrand Pelletier prepared a
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series of metal phosphides including Ag2P and Ni2P by heating white phosphorus
with silver and nickel and characterized them on quantitative basis. Based on these
reactions, several methods have been proposed to prepare bulk metal phosphides.
However, due to the lack of finding their utility, it remained confined to books only
until the 1960s when other metal phosphides have been isolated, structurally charac-
terized and utilized them inmetallurgy and pesticides. Initially, most of the syntheses
of bulk metal phosphides adopted heat and beat method where the metal and phos-
phorus sourceswere heated under harsh conditions to yield crystalline bulkmaterials.
Only countable syntheses were solvent mediated reactions.

12.2.2 Properties of Metal Phosphides

During early years of research, metal phosphides were defined as any compound that
contains phosphorus and one or more metals with a general formula of MxPy, but
without oxygen. Currently, phosphide is considered as a compound of phosphorus
with one or several less electronegative elements. Accordingly, metal phosphides are
defined as metal-phosphorus compounds where the metal is less electronegative than
phosphorus with formula of MxPy. Phosphorus forms at least one stable compound
with all the main group-, transition- metals and most of the rare-earth metals. Many
metal phosphides exhibit several stoichiometries providing various crystal structures
for binary and ternary metal phosphides. Most of them have M–P bonds with a
strong covalent character [21]. These M–P bonds are often combined with highly
covalent P–P bonds under harsher reaction conditions (highly active precursors or
high reaction temperature). These bonding abilities accompanied by a wide range of
compositions, crystal structures and electronic states, offer distinctive properties to
metal phosphides and also facilitate many potential applications.

Stable binary metal phosphides are formed by most of the elements. Metal phos-
phides exist in wide range of compositions such as M2P, M3P2, M4P3, M6P5, MP,
MP2, MP5, etc. Metal phosphides can be broadly classified as metal-rich phosphides
(MnPm, m < n; e.g., M2P, M3P2, MP2, M4P3, M6P5, etc.), monophosphides (MP),
phosphorus-rich phosphides (MnPm, m > n; e.g., MP2, MP5, etc.) and phosphides
with ionic-covalent bonding (e.g., phosphides of Li, Be and lanthanides, etc.).

A comprehensive account of metal phosphide structures was given by Schnering
and Hönle in late nineteen eighties [22]. Recently, a structural survey of binary
transition metal phosphides has been consummated by Chen and Whitemire [23].
Metal phosphides are categorized as dumbbells, cages, chains, tubes, etc. depending
on the nature of the phosphorous units in the lattice. The explanation of P framework
according to the nature of P units is due to the ionic nature of MP which in turn is a
result of the higher electronegativity of phosphorus [22]. The structural description of
phosphorus-richmetal phosphide families is difficult due tomore diversity for a given
stoichiometry which might be due to the more diffusive nature of the phosphorus
orbitals and the hyper valence tendency of phosphorus. Therefore, P frameworks
display high flexibility with P–P–P angles ranging from 60° to 120° and varying P–P
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distances depending on the coordination around the metal center and on the M/P
ratio.

The lower transitionmetal phosphidesM3P,M2P andMP exhibit electron delocal-
ization in themetal sub-lattice of phosphides as revealed byXPS [24–26] andXAENS
[26] measurements. However, the degree of delocalization swiftly decreases with
the increase in phosphorus content. This may be due to the ionic character of metal
phosphides owing to the electronegative nature of P and also due to the substantial
back-donation of electrons from metal to phosphorus.

The oxidation state of the metal in a metal phosphide lattice is neither easy to
define nor to relate with the experimental properties. XPS [24–26] and XANES [26]
studies indicated that phosphorus in M3P, M2P and MP exists in P− oxidation state.
However, the ionic character increases with the increasing content of phosphorus.
Even then valence electrons are localized in phosphorus-rich metal phosphides and
considered as valence compounds so that MPs can be approximately described in
Zintl–Klemm framework. Accordingly, the P can be attributed with a formal charge
and can adopt oxidation states ranging from 0 to −3.

Metal phosphides in general are semiconductors or insulators, due to localization
of their electrons around phosphorus atoms. However, many of the metal-rich phos-
phides exhibit metallic properties. The electronic properties of the metal phosphides
depend on the electronegativity difference between M and P, the M/P ratio and the
crystal structure. Some of the bulk metal phosphides like LiFeP are superconducting
in nature [27].

Metal phosphides exhibit wide range of compositional diversity which in
turn gives rise to different physiochemical properties. This can be demonstrated
by comparing the properties of the materials containing the same elements but
with different phases. Likewise, magnetic properties are also dependent on the
crystal- and band structure of that specific composition. Hence, metal phosphides
exhibit different magnetic properties with varying compositions and structures. For
instance, orthorhombic Co2P is Pauli paramagnetic [28] whereas hexagonal Co2P is
ferromagnetic [29] in nature.

True and profound knowledge of the magnetic properties of metal phosphide is
difficult to realize because theM:P stoichiometry is ambiguous and possible contam-
ination by impurities in the materials. However, many studies have been dedicated to
understanding the magnetic properties of metal phosphides. The magnetic studies of
metal phosphides are mainly focused on bulk- and nano-transition metal phosphides,
however, few investigations with doped main group metal phosphides have also been
reported.

Among metal phosphides, investigations on magnetic properties in transition
metal phosphide nanomaterials are mostly limited to 3d series transition metal phos-
phides, in particular, iron- and manganese-phosphide phases [30]. A list of structural
and magnetic data for a few transition metal phosphide phases is given in Table 12.1.
Most of 3d metal phosphides are either Pauli paramagnetic or antiferromagnetic or
diamagnetic and very few like MnP, Fe2P, Fe3P and Co2P are ferromagnetic.

Among bulk manganese phosphides, only MnP is ferromagnetic [31] with a TC

of 292 K while Mn2P [32], Mn3P [33] are antiferromagnetic and MnP4 [34] is
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Table 12.1 A list of structural and magnetic data of a few transition metal phosphide phases

S. No. Phase Magnetic property/structure References

1 VP Weakly paramagnetic [36]

2 CrP Weakly paramagnetic [36]

3 Cr3P Pauli paramagnetic [33]

4 MnP Ferromagnetic, Tc = 292 K/Orthorhombic [31]

5 Mn2P Antiferromagnetic, TN = 103 K/Hexagonal Fe2P [32]

6 Mn3P Antiferromagnetic, TN = 115 K/Tetragonal Fe3P [33]

7 MnP4 Diamagnetic/Triclinic [34]

8 FeP Antiferromagnetic, TN = 115 K/Orthorhombic [38, 39]

9 Fe2P Ferromagnetic, TC = 217 K/Hexagonal [40]

10 Fe3P Ferromagnetic, TC = 692 K/Tetragonal [42]

11 CoP Weakly paramagnetic [36]

12 Co2P Pauli paramagnetic/Orthorhombic [28]

Feromagnetic, TC = 580 K/Hexagonal [29]

13 NiP Pauli paramagnetic [43]

14 Ni2P Pauli paramagnetic [44]

15 Ni3P Pauli paramagnetic [33]

16 NiP2 Diamagnetic [45]

17 CuP2 Diamagnetic [45]

18 NbP Pauli paramagnetic [47]

19 Mo3P Superconductor, diamagnetic [48]

20 Mo8P5 Superconductor [48]

21 Mo4P3 Superconductor [48]

22 Ru2P Paramagnetic [50]

23 Rh2P Superconductor [51]

24 RhP2 Diamagnetic [52]

25 RhP3 Diamagnetic [45]

26 AgP2 Diamagnetic [52]

27 AgP3 Diamagnetic [52]

28 Ag3P11 Diamagnetic [52]

29 Re3P4 Diamagnetic [53, 54]

30 Re2P5 Diamagnetic [53, 54]

31 ReP4 Diamagnetic [53, 54]

32 Ir2P Antiferromagnetic [55]

33 IrP Antiferromagnetic [52]

34 IrP2 Diamagnetic [52]

35 IrP3 Diamagnetic [52]



466 G. Kedarnath

diamagnetic. Huber et al. were the first to report the magnetic measurements of
an MnP single crystal [35]. The same group later measured temperature dependent
magnetic measurements on a spherical single crystal of high-purity stoichiometric
MnP in the range 4 to 500 K and found that the ferromagnetic Curie temperature was
291.5 ± 0.2 K. Furthermore, it was observed MnP is metamagnetic below 50 K and
shows an antiferromagnetic-ferromagnetic transition which is a function of applied
field and temperature (also referred as helimagnetic ordering) [31]. Later Stein and
Walmsley confirmed this transition and also demonstrated that monophosphides of
V, Cr and Co do not exhibit a magnetic transition [36]. The distinct magnetism in
MnP is attributed to the intersection of the Fermi level with a localized electron state
before exchange splitting occurs [36]. The results were found to be consistent with
a band structure proposed by Goodenough [37].

In the case of the iron phosphides, magnetic properties of bulk FeP, Fe2P and
Fe3P phases are known. The magnetic properties differ considerably according to
the composition of the phase in spite of same constituent elements. The orthorhombic
FeP phase show antiferromagnetic properties below 120K [38, 39]. Fe2P crystallizes
in hexagonal and orthorhombic structures and both of them exhibit ferromagnetism.
Fe2P is a ferromagnet with a Curie temperature (TC) of 209 K with a Weiss constant
of 400 K [40]. The former also exhibit defect dependent magnetic properties [41].
Fe3P adopts tetragonal crystal structure and shows ferromagnetism with a relatively
high Curie temperature of 692 K [42].

In cobalt and nickel phosphide series, bulk CoP [36], NiP [43], Ni2P [44] andNi3P
[33] are paramagnetic while phosphorus-rich phase of nickel, NiP2 is diamagnetic
[45]. Similar to NiP2, its copper counterpart CuP2 is also diamagnetic in nature [45].

As mentioned earlier, Co2P magnetically behaves differently in its two structural
forms. The orthorhombic form of Co2P [28] exhibit paramagnetism while its hexag-
onal crystal system show ferromagnetism [29] similar to that of its manganese and
iron analogs [29].

Stein and Walmsley demonstrated that the monophosphides of V, Cr, Fe and Co
in the range of 4.2 K to room temperature are weakly paramagnetic by measuring
magnetic susceptibilities [36].

Other than mono- and di- metal phosphides, the magnetic moments of metal
phosphides with the composition M3P (M=Cr, Mn, Fe, or Ni) have been reported
to resemble the Slater-Pauling curve. However, the moments of Fe3P, Co3P and
Ni3P are lower than that of the corresponding metals which are attributed to the
filling of some of the 3d orbitals by electron transfer from the phosphorus [33].
The temperature dependent magnetic measurements indicated that Ni3P and Cr3P
show a temperature-independent Pauli-type paramagnetism while Mn3P exhibit
antiferromagnetic properties with TN of 115 K [33].

The magnetic properties of binary metal phosphides can further be modified by
combining two phosphides of 3d transition metals that lie apart. For instance, neither
Co2P nor Mn2P are ferromagnetic, but intermediate phase MnCoP reach maximum
Curie temperature at 576 K and magnetization at 3.03 μB/molecule [46].
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In addition to the most studied 3d metal phosphides, the magnetic properties
of 4d metal phosphides have also been studied. For instance, magnetic suscepti-
bility measurements of randomly oriented NbP single crystals show very weak Pauli
paramagnetism (∼10–5 emu/mol) [47]. Yagi et al. investigated magnetic properties
of molybdenum phosphides of different compositions and observed that the Tc of
the binary molybdenum phosphides decreases with decreasing density. The Tc of
Mo3P (7 K) with the largest density is highest among the binary molybdenum phos-
phides and exhibits type II superconductivity. The superconducting transition of
orthorhombic Mo4P3 is observed at 3 K [48] while MoP does not show the super-
conducting transition down to 1 K [49]. The magnetic susceptibility measurements
by Ohta revealed that Ru2P is paramagnetic while the presence of Co in ruthenium
phosphide (RuCoP) exhibits antiferromagnetism with TN of 11 ± 1 [50].

Among rhodium phosphides, themetal-rich Rh2P is superconducting at 1.3K [51]
while the phosphorus-rich RhP2 and RhP3 are diamagnetic in nature [45, 52]. Simi-
larly, the phosphorus-rich silver phosphides,AgP2,AgP3 andAg3P11 are diamagnetic
semiconductors [52].

In addition to 3d and 4d transition metal phosphides, 5d transition metal phos-
phides have been studied. For instance, Re3P4, Re2P5 and ReP4 are diamagnetic [53,
54]. However, the high metal content of Re2P is expected to behave paramagnetic.

Among iridium phosphides, IrP is antiferromagnetic with TN = 0.35 K while
phosphorus-rich IrP2 and IrP3 are diamagnetic [52]. In contrast, Ir2P shows the
temperature dependent susceptibility. Furthermore, the violation of Curie–Weiss law
and the negative Curie–Weiss temperature of Ir2P revealed the spin glass behavior
in an antiferromagnetic interaction background [55].

Magnetic properties of main group metal phosphide are rarely studied. Among
group 13 metal phosphides, InP and GaP are diamagnetic in nature [56], however,
their properties can be altered by doping with suitable dopants. For instance,
manganese doped-InP quantum dots and GaP nanowires exhibit ferromagnetism
[57, 58]. In group 14 metal phosphides, SiP3 is nonmagnetic but can be trans-
formed to ferromagnetic by hole doping [59]while Sn4P3 showdiamagnetic behavior
[60]. While the magnetic properties of germanium phosphide have not been studied,
the ternary phosphide MnGeP2 is known to exhibit ferromagnetism with different
magnetic anisotropy to that of MnP [61].

12.3 Synthesis of Colloidal Metal Phosphide Nanomaterials

A number of methods and phosphorus precursors were accessible for the preparation
of bulkmetal phosphides in early eighties. In general, metal phosphides are produced
by ball milling, solid- and liquid-phase syntheses and phosphorization. Nevertheless,
these methods, pose different challenges. For instance, ball milling often requires
longer duration for synthesizing the product and also causes agglomeration of the
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particles while solid-state synthesis is not useful for large-scale synthesis of contam-
inant free compounds. Similarly, phosphorization through incipient wetness impreg-
nation of a support with a metal- and a phosphite- or phosphate-salt and subsequent
calcination and reduction often requires elevated temperatures and yield polydis-
perse particles. In few cases, the final catalysts with active material made up of
these materials undergo surface oxidation which impacts negatively on the catalytic
performance.

However, substantial advances in solution-phase synthesis of nanoparticles,
particularly colloidal approaches for the synthesis of nanomaterials facilitated over-
coming the problems that arose in the above traditional methods for the preparation
of materials. The colloidal routes empower a great control over the size, shape and
composition of the nanomaterials and are accompanied by the post surface modi-
fications. Furthermore, post-synthetic dispersion on support reduces the impact of
the supporting material on the properties of the final catalyst and the capping agents
or surface ligands present on the nanomaterials passivate the surface and avoids the
need for oxidative passivation prior to catalytic testing.

Among various colloidal nanomaterials, synthesis of colloidal metal phosphide
nanomaterials is quite challenging due to the presence of strong covalent compo-
nents in M–P bonds of metal phosphides. This requires extra efforts to control the
dimensions and morphology of the nanomaterials by restricting the growth of the
nanocrystallites through proper choice of surface ligands, suitable precursors with
appropriate reactivity, reaction temperature and duration. Synthesis of colloidalmetal
phosphide nanomaterials needs harsh conditions such as high reaction temperature
due to the higher heat of formation of M–P bonds of metal phosphides owing to their
strong covalent component and also the need of high energy for the covalent bond
formation when some of the M–P bonds combined with covalent P–P bonds [21].

Initially, the search for the development of synthetic protocols for designed metal
phosphide nanomaterials is started with the size controlled band gap engineering of
III–V semiconductors. However, the quest for other metal phosphide nanomaterials
leads to the development of methods that have better control over the morphology
of the materials. In addition to this, the possibility of depositing InP in the form of
thin films leading to new fields of applications such as photoemitting diodes [62] and
microwave oscillators [63] prompted the need to synthesize processable materials
which could be deposited as thin films. Such processable materials can be achieved
by synthesis of colloidal nanomaterials.

In general, synthesis of colloidal metal phosphide nanomaterials requires a metal-
(cationic) and a phosphorus- (anionic) precursor with ligands, coordinating or non-
coordinating solvents and heating. Broadly the colloidal routes can be categorized as
multiple- and single-source precursor approach. Both these approaches adopt reac-
tions involving thermal activation like solvothermal, hydrothermal, thermal decom-
position (heat up and hot injection) and reduction methods to produce the metal
phosphide nanocrystals.
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12.3.1 Multiple Source Methods

Phosphorus precursors for the synthesis of colloidal metal phosphide nanocrystals

Different types of phosphorus precursorswhich have been used in themultiple source
methods are elemental phosphorus, [P(SiMe3)3], amino phosphines, alkali metal
phosphorus (Na3P) and PH3 gas. One of the important criteria for the synthesis of
nanocrystals is selecting appropriate precursors, ligands and reaction conditions like
temperature and time.

Trimethylsilyl phosphine ([P(SiMe3)3])

Trimethylsilyl phosphine is a highly reactive phosphorus precursor not only due to
low dissociation energy (around 363 kJ mol−1) of the P–Si bond but also due to the
driving force imparted by highly electropositive Si attached to phosphorus atom to
react with metal precursors.

The decomposition of [P(SiMe3)3] is dependent on the different protic species
present in the medium, pH and the metal precursors, however, its mechanism is still
unclear.

However, this precursor has its own drawbacks like its pyrophoric nature, high
cost, hazardous nature and secondary products produced during the course of reac-
tion. In addition, high reactivity of [P(SiMe3)3] results in the growth of nanocrystals
to proceed via theOstwald ripeningmechanism leading to a broader size distribution.

Phosphine (PH3)

A number of phosphorus precursors have been explored with the main aim of
improving the size distribution. Of these, phosphine (PH3) is a more stable, safer
(if generated in situ) and moderately reactive precursor, compared to pyrophoric
[P(SiMe3)3]. PH3 is a gaseous precursor which is toxic and fatal even at a level
of few ppm. However, most of the time, it is generated in situ either from sodium
hypophosphite in basic conditions or HCl addition on Ca3P2 or Zn3P2.

Aminophosphines

Aminophosphines offer a cheaper, stable, safe and easy to handle phosphorus
precursor with moderate reactivity. Aminophosphines being a P(III) compound
require a reduction of the former to form InP using In(III) precursor.

The first step in the reaction mechanism involves an exchange of amino groups
between primary amines and aminophosphine. The second step includes the forma-
tion of InP by oxidating three equivalents of [P(NHR)3] to a phosphonium salt
(Scheme 12.1). The substituted aminophosphine acts as both phosphorus source and
reducing agent. The proposed mechanism involves a nucleophilic attack by the P of
one aminophosphine on an amino group of another aminophosphine [64]. Initially,
InCl3 reacts with [P(NHR)3] to form adducts with different resonance structures
(Scheme 12.1). The positive charge delocalize over the P center and the N atoms
enabling another [P(NHR)3] to nucleophilic attack on the N atom of the resonating
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Scheme 12.1 Formation mechanism of InP nanocrystals (Reproduced from ref 64 with the
permission of American Chemical Society)

structure (Scheme 12.1). Subsequently, InP is formed as a result of phosphorus
nucleophilic substitution.

Tri-n-octyl phosphine (TOP)

In general, TOP is used in a large excess as it also serves both as a solvent for the
metal precursors and also a capping agent on the surface of nanocrystals. In general,
the decomposition of TOP is incomplete. To date, there is no relation could be found
to how much TOP is required for a particular M/P ratio or a nanocrystal architecture
in the final product.

Most common approach for the synthesis of metal phosphide nanocrystals is the
wet chemical or solution-phase method involving the thermal decomposition of a
metal precursor in the presence of TOP or a similar alkyl/aryl phosphine. This results
in the formation of a metal-TOP complex at temperatures in the range of 200–250 °C
and decomposes to TOP capped metal nanoparticles. The latter, catalyze the decom-
position of the organophosphines and transform tometal phosphide nanoparticles via
phosphidation at higher temperatures (≥300 °C) [18]. However, such a process often
results in hollow particles as a result of the Kirkendall effect. In some cases, either
an amorphous- intermediate or -product can be obtained. Further, the amorphous
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intermediate can crystallize and undergo phosphidation to form metal phosphide
nanoparticles. These materials can adopt a variety of stoichiometric phases due to
the variable oxidation states of the metals.

Elemental Phosphorus

Historically, elemental P (white or red) has been the earlier source of phosphorus
for the preparation of metal phosphide. Nowadays, this has been extended to the
synthesis of metal phosphide nanoparticles using softer reaction conditions using
molecular metal precursors.

White Phosphorus (P4)

In general, white phosphorus is used in solid form and reacts indirectly with the
metal precursor. Instead, the former converts to phosphate or phosphine depending
on the reaction conditions like pH and solvent (protic or aprotic), etc. However, in
few cases, it can also directly react with the metal precursor either in dry form or in
the presence of aprotic solvent).

Most commonly, an excess amount of white phosphorus with respect to the metal
precursor (typically inM(II) state) is used in hydrothermal or solvothermal processes
results in polydispersed metal phosphide nanomaterials. A variety of morphologies
were obtained using different solvent combinations in these reactions. With M(II)
precursors such as metal chlorides, two approaches have been used for metal phos-
phide nanomaterials. One of them use an additional reducing agent such as NaBH4

in ethanol to a solution containing metal and excess P4 for producing metal phos-
phide nanoparticles. An excess of phosphorus avoids the side products. In this type
of reaction, P4 reacts with NaBH4 to generate a phosphorus species which in turn
reacts with the metal. In another approach, a part of P4 reduces the metal giving PCl3
as a byproduct while the remaining P4 acts as phosphorus donor to yield P-rich metal
phosphide nanoparticles. This route has been used for the synthesis of CuP2, CoP3
and NiP2 nanoparticles.

To improve the size distribution, M(II) precursor was replaced either by M(0)
precursor or metal nanoparticles and treated with P4. For instance, the phase
controlled metal phosphide nanomaterials could be achieved by using metal(0)
nanoparticles and phosphorus with correspondingM:P stoichiometries as in the case
of palladium (Pd5P2 and PdP2) and copper (Cu3P and CuP2). The use of substoichio-
metric amounts of P4 in such reactions leads to the formation of core-shell (Ni2P–Ni)
nanoparticles as in the case of Ni. However, reactions with metal(0) precursors deliv-
ered mixed phase materials. For example, [Pd2(dba)3], dba=dibenzylideneacetone]
afforded a mixture of Pd6P and Pd3P2 particles [65].

Red Phosphorus

The titled phosphorus has also been used as a phosphorus source in the hydrothermal
or solvothermal synthesis of metal phosphide nanoparticles. In many cases, the low
reactivity of the former P could be overcome by using higher reaction temperatures.
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Alternative Phosphorus Sources

PCl3 has also been used as a phosphorus source in a reaction of sodium with Ni(II)
precursor to produce Ni2P nanoparticles. The former has also been used for the
synthesis of InP nanocrystals with an indium precursor and a strong reducing agent
(LiBEt3H).

In addition to the above phosphorus precursors, aryl-phosphines and -phosphites
like triphenylphosphine and triphenyl phosphite (TPP), etc. have also been used for
the synthesis of metal phosphide nanomaterials.

12.3.2 Single Source Molecular Precursor Method

In addition to multiple source methods, single source molecular precursors have also
been adopted for the synthesis of colloidal metal phosphide nanomaterials. However,
the number of reports is scanty andwill be discussed at the endof eachof the following
sections immediately after the synthesis of metal phosphides using multiple source
methods.

12.4 Syntheses of Colloidal Nanomaterials of Main Group
Metal Phosphides

To date, a large number of metal phosphides are known due to their structural and
compositional diversity. Among them, a limited number of main group metal phos-
phides either exist in nature or are synthesized by various methods compared to
transition metal phosphides because main group metals can only adopt fewer oxida-
tion states. Despite their restricted number, they have a wide range of applications in
optoelectronics [66], solar cells [67], lithium ion batteries [68], thermoelectrics [69]
and catalysis [70] owing to their interesting properties.

The main group metals mainly constitute metals of groups 1 and 2 (s-block) and
groups 13 to 18 (p-block). Sometimes, metals of groups 3 and 12 are also included
in the main group metals. However, the present article mainly focuses on group 12
to group 14 metal phosphides. As mentioned above, only a limited number of main
group metal phosphides either known or synthesized over the years which have been
listed in Table 12.2.
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Table 12.2 A list of main group metal phosphides synthesized over the years

Main group metal phosphides

Group 12 metal
phosphides

Group 13 metal
phosphides

Group 14 metal
phosphides

Group 15 metal
phosphides

Zn3P2 [71] AlP [77] Si12P5 [82] AsPn (n = 1, 3) [93,
94]

ZnPn (n = 2, 4) [72, 73] InP[78] SiPn (n = 1, 2) [83,
84]

SbP [95]

Cd6P7 [74] GaP [79] GePn (n = 1–3, 5)
[85–88]

BiP [95]

Cd3P2 [75] TlPn (n = 3,5) [80,
81]

Sn4P3 [89]

Hg3Pn (n = 1, 2, 4) [76] SnPn (n = 1, 3) [89,
90]

Sn3P4 [90]

Pb2P [91], PbP7 [92]

12.4.1 Syntheses of Colloidal Nanomaterials of Group 12
Metal Phosphides

Group 12 metal phosphides (e.g., Zn3P2 and Cd3P2, etc.) have been the subject of
interest owing to their distinct physical properties. For instance, Zn3P2 is a potential
solar absorber material in photovoltaics owing to its high absorption coefficient
(10−4 to 10−5 cm−1), large carry diffusion length of 5–10 μm [96] and an apt band
gap of 1.5 eV [71]. The comparable band gap of Zn3P2 to that of CdTe (1.4 eV)
and CdSe (1.7 eV) accompanied by nontoxic and earth abundant nature of Zn and
P elements, suggests a possible environmentally friendly alternative to these toxic
cadmium chalcogenides. Besides this, the synthesis of luminescent Zn3P2 quantum
dots ensured the replacement of heavier cadmium chalcogenides in optoelectronic
applications. Other phosphide the same group, Cd3P2 having a bulk band gap of
0.55 eV [97] with high dielectric constant (5.8) [98], large Bohr exciton radius
(36 nm) [71] in its quantum dot form can be a potential candidate with emission
wavelengths ranging from visible to near-infrared region.

To date, there are limited number of reports on synthesis of Zn3P2 and Cd3P2
nanocrystals compared to indium-phosphide nanocrystals due to the large reac-
tivity difference between zinc and cadmium precursors with phosphorus precur-
sors [10, 71, 74, 99–108]. All these colloidal syntheses utilized either P4 or TOP
or PH3 or [P(SiMe3)3] as a phosphorus precursor and dimethylzinc (ZnMe2) or
diethylzinc (ZnEt2) or zinc stearate as a zinc precursor and Cd(OAc)2.2H2O,
cadmium propionate, as cadmium source.

Synthesis of Zn3P2 quantumdots in solution forms is difficult comparedwith other
metal phosphides owing to surface oxidation and hydrolysis of Zn3P2 quantum dots.
Synthesis of Zn3P2 nanocrystals usually require higher temperatures. Therefore, only
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few reports on the synthesis of colloidal Zn3P2 nanostructures have been documented
in the literature [10, 71, 99–103].

Weller and co-workers are the first to report the synthesis of luminescent Zn3P2
nanoparticles with quantum yields (QYs) up to 15%. The nanoparticles have
been prepared by passing PH3 into the zinc precursor with hexametaphosphate
as complexing agent [99]. The crystal structure of the product however was not
corroborated by powder X-ray diffraction or TEM studies. Later, colloidal Zn3P2
nanoparticles were synthesized by hot injection of ZnMe2 and HPtBu2 in TOP into
preheated tri-n-octyl phosphine oxide (TOPO) at 150 or 250 °C. The resulting parti-
cles were a mixture of both crystalline and amorphous materials. The nanoparticles
displayed quantum confinement effect [71]. Miao et al. reported the synthesis of
Zn3P2 nanocrystals using either PH3 or [P(SiMe3)3] and ZnEt2 or zinc stearate as P
and Zn sources. An emission was observed for nanocrystals prepared using ZnEt2
and PH3, but attributed it to Zn3P2/ZnO core/shell nanocrystals [100]. Buriak et al.
prepared tetragonal phase Zn3P2 nanocrystallites of different sizes between 3 and
15 nm are using dimethylzinc and TOP and [P(SiMe3)3] as phosphorus sources.
Reaction of TOP with ZnMe2 occurs at 350 °C and proceeds through in situ forma-
tions of Zn(0) and the following reaction with TOP to yield Zn3P2 nanoparticles.
The size of the particles has been controlled by varying the concentration of TOP
concentration in solution. The particle size decreases with increasing TOP concen-
tration. TEM images of different sized nanoparticles obtained by varying the ratio
of TOP/1-octadecene (ODE) are depicted in Fig. 12.1. However, the reaction with
reactive [P(SiMe3)3] takes place at 150 °C with shorter reaction times of 1 h. Here,
the reaction mechanism undergoes via phosphido-bridged dimeric Zn(II) interme-
diates [101]. The same group synthesized crystalline Zn3P2 nanoparticles using
dimethylzinc and TOP as precursors and fabricated nanoparticle thin films which
exhibited excellent rectification behavior and photoconductivity [10]. In contrast
to Buriak et al. synthesis of Zn3P2 nanocrystallites using ZnMe2 and [P(SiMe3)3]
without strong passivating ligands, Glassy et al. produced monodisperse colloidal
Zn3P2 quantumdots of size 2.6–2.9 nmusingZnEt2, [Zn(O2CR)2] and [P(SiMe3)3] as
precursors where carboxylate ligand acts as passivating agent [102]. These quantum
dots (QDs) exhibit exciton peaks in the range of 424–535 nm, depending on the
growth temperature. The growth mechanism is supported by NMR spectroscopy.
The investigation of the size-dependent optical properties of Zn3P2 in the quantum
confinement regime is a challenging task. Taking the challenge forward, Arachchige
et al. synthesized tetragonal phase Zn3P2 crystallites with varying sizes (approxi-
mately 3–9 nm) through hot injection of ZnEt2 and [P(SiMe3)3] in hexadecylamine
(HDA) and ODE. The nanocrystals with size-tunable absorption (2.11–2.73 eV) and
emission (469–545 nm) (Fig. 12.2) in the visible region of electromagnetic spectrum
were synthesized either by changing reaction temperature or the growth duration
[103].

The first colloidal synthesis of Cd3P2 nanoparticles were reported by Weller and
co-workers [99] by the injection of phosphine gas (PH3) into a solution of cadmium
propionate. These nanoparticles exhibited broad absorption and emission indicating
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Fig. 12.1 TEM images of Zn3P2 nanoparticles of different sizes obtained by varying TOP/ODE
ratios: a 3:7 (v/v), b 2:3 (v/v), c 1:1 (v/v), d 3:2 (v/v) of TOP and ODE, respectively (Reproduced
from Ref. [101] with the permission of American Chemical Society)

a broad size distribution, together with defects, resulting from fast growth after
nucleation.

The first single-sized Cd3P2 nanoparticles or magic-sized nanoparticles (MSNs)
were synthesized via a non-injection or a heat upmethod by heating Cd(OAc)2.2H2O
and [P(SiMe3)3] together in oleic acid (OA) and ODE, respectively to 240 °C. The
Cd3P2 nanoparticles exhibited emission at 455 nmwith a full width at half-maximum
(fwhm) of only 17 nm and narrow band gap absorption peaking at 451 nm [104].
Later, colloidal synthesis of high-quality and emission tunable Cd3P2 nanocrystals
in the range of 650 to 1200 nm and high quantum yields (38%) reported for the first
by Miao and co-workers. The synthesis involves hot injection of [P(SiMe3)3] into
cadmium oleate at different temperatures and growth times [105]. The same group
established that using PH3 in place of [P(SiMe3)3] as a phosphorus precursors results
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Fig. 12.2 Photoluminescence (PL) and Photoluminescence excitation (PLE) spectra of a Zn3P2
nanocrystals synthesized inHDA/ODEat 300 °C for 15–90min alongwith the bZn3P2 nanocrystals
prepared at different temperatures for a fixed growth time of 1 h (Reproduced from Ref. [103] with
the permission of American Chemical Society)

in the formation of Cd6P7 nanocrystals with a better size distribution. TEM images
illustrate monodispersed spherical Cd6P7 nanocrystals with the average size of 6.5
± 0.3 nm. The improved size distribution was attributed to lesser reactivity of PH3

compared to [P(SiMe3)3] which helps in controlling the size due to slower reaction
rate. This is one of the potential methods for large-scale synthesis of metal phosphide
nanocrystals [74].

Xie et al. demonstrated synthesis of nearly monodispersed Cd3P2 nanocrystals in
a size range of 1.6 to 12 nm without any size selection methods by injecting reactive
[P(SiMe3)3] in ODE into a solution containing CdO in ODE and varying amounts
of OA at 230 °C and setting a growth temperature of 250 °C under argon flow. The
emission of as-prepared Cd3P2 nanocrystals are tunable in the range of 450–1500 nm
with quantum yield higher than 30% [106].

Cd3P2 nanocrystals can easily undergo surface oxidation,which in turn deteriorate
the quantum yield of the nanocrystals. To inhibit the surface oxidation, a protecting
shell such as ZnS can be coated on Cd3P2 nanocrystals to improve the quantum
yield. In this direction, Delpech reported a method where ZnS can be coated by using
Zn(OAc)2.2H2O and ethylene sulfide as the Zn and S precursors, respectively. They
obtained Cd3P2/ZnS nanocrystals show photoluminescent quantum yield (PLQY)
over 50% with modest air stability [107].

In addition to these dual/multiple source precursors, synthesis of Cd3P2 nanopar-
ticles using single source precursor was reported by O’Brien and co-workers
via thermolysis of cadmium di-organophosphide, [MeCd(PtBu2)]3 in TOPO or
4-ethyl pyridine [108]. These Cd3P2 nanoparticles exhibited broad absorption peaks
ranging from 400 to 500 nm and emission with an FWHM larger than 60 nm. The
nanoparticles were polydispersed in size.
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12.4.2 Syntheses of Colloidal Nanomaterials of Group 13
Metal Phosphides

Group13metal phosphide semiconductors have been attracting great interest because
of their fundamental significance owing to the sturdiness of the covalent bond, larger
excitonic Bohr radius and potential device applications [10, 109]. The presence of
the covalent bond improves the optical stability of their QDs and reduces the toxicity
caused due to the nonerosion of the constituent species in biological environment
[14, 110]. Being less toxic and suitable band gaps, they have been considered as
an alternative to the heavy metal of cadmium or lead chalcogenide QDs. Group 13
metal phosphide QDs exhibit stronger size quantization effects owing to their larger
excitonic Bohr. Furthermore, Group 13 metal phosphide semiconductors with their
tunable energy band gap and good minority carrier properties are suitable candidates
for photovoltaic applications [10].

Bulk GaP is a non-emitting semiconductor with an indirect band gap of 2.24 eV
[111]. GaP can be made light emitting by manipulating its indirect band gap struc-
ture to direct band gap through quantum confinement effect. Therefore, GaP has
applications in optoelectronic devices [112] and solar cells [113]. Especially, GaP-
based ternary and quaternary compound semiconductors (e.g., InGaP and AlInGaP)
are suitable for multi-junction solar cell applications [114]. Amorphous GaP (a-GaP)
has a number of localized states and finds applications in LEDs and high temperature
transistors [115].

InP has a direct band gap of 1.35 eV, large component of covalent bonding and
a Bohr exciton radius of 9.6 nm making its nanocrystals a suitable candidate for
tunable emitting materials in visible and near- IR regions [116].

Investigations on group 13metal phosphide colloidal semiconductor nanocrystals
are limited, despite their technological importance. Themain reason is the intricacies
involved in producing the quality nanocrystals which in turn is due to difficulty in
crystallizing them at low temperature (<400 °C) owing to a greater degree of covalent
bonding in these materials and also absence of suitable precursors. These problems
lead to the synthesis of polydispersed nanocrystals with larger sizes which are the
least required for device applications. Therefore, the development of methodolo-
gies for synthesizing quality nanocrystals is inevitable. Accordingly, few researchers
focused on producing the colloidal nanocrystals which have been discussed in the
following paragraphs.

Synthesis of GaP nanocrystals includes heat up, hot injection of dual source
precursor and thermal decomposition of single-molecule precursors. Nozik and co-
workers [117] synthesized GaP QDs by heating reaction mixture of GaCl3 and
[P(SiMe3)3] in TOP/TOPO mixture at 360 °C for 3 days. The average size of these
QDs is 3 nm and exhibit exciton peak in their absorption spectrum due to the quantum
confinement. Prasad et al. [118] synthesized GaP using TOPO and dodecylamine
(DDA) as surfactants. These nanoparticles exhibited transverse optical (bulk) and
surface optical phonons as studied by infrared transmission spectroscopy of solid
nanoparticles. Recently, Kim et al. [111] reported a simplistic synthesis of GaP
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nanocrystals by hot injection of GaCl3 and [P(SiMe3)3] as precursors into a mixture
of ODE and palmitic acid (PA) at 200 °C. The optical properties of these nanocrys-
tals showed the quantum confinement effect and also exhibited photo conducting
properties.

In addition to the multiple source precursor methods, single source precursors
have also been used for producing GaP nanocrystals of good quality. For example,
monodispersed gallium phosphide nanocrystals were synthesized by thermal
decomposition of a single molecular precursor, tris(di-tert-butylphosphino)gallane
[Ga(PtBu2)3], in a hot mixture of trioctylamine (TOA) and HDA [119]. Size and
shape of the GaP nanocrystals were controlled by the type and amount of surfac-
tants.Wells et al. reported the synthesis of cubic phaseGaP by thermal decomposition
of [H2GaP(SiMe3)2]3 under vacuum in a range of at 200–600 °C [120]. The average
particle sizes of GaP calculated by XRD peaks are 2.3 and 29.4 nm for two different
decomposition temperatures.

The first colloidal synthesis of zinc blende InP quantum dots was synthesized
by heating acetonitrile solution of chloroindium oxalate complex and [P(SiMe3)3]
either in TOPO or in a mixture of TOPO and TOP at 270 °C for several days. InP
QDs with narrow size distribution and a mean diameter of 25 ± 1.9 Å (2.5 nm) were
obtained when an excess of chloroindium oxalate was used in the reaction [121].
Later, this approach was extended to synthesis of GaP and GaInP2 QDs [117]. After
this groundbreaking report, [P(SiMe3)3] was widely used as a phosphorus precursor
in the synthesis of colloidal metal phosphide nanocrystals. Highly efficient band-
edge emission was obtained when these nanocrystals were treated with a solution
of HF [122, 123]. However, [P(SiMe3)3] being a highly reactive precursor, the size
distribution widens due to Ostwald ripening and hence, a number of phosphorus
precursors have been explored with an aim of improving the size distribution.

To overcome the reactivity, safety and size distribution problems, Li et al. synthe-
sized high-quality InP nanocrystals by passing the in situ generated PH3 from Ca3P2
into a mixture of [In(OAc)3], MA and ODE maintained in the temperature range
of 210–290 °C [124, 125]. The mean diameter size of nanocrystals (by XRD) as
calculated by TEM images of two different samples are 3.0 and 6.4 nm with a size
distribution of approximately 11 and 9%, respectively. Since the size and its distri-
bution of InP nanocrystals are larger, Reiss et al. [126] synthesized InP nanocrystals
by injecting an ethanolic solution of NaBH4 as a reducing agent into a preheated
flask containing InCl3 and an elemental P (red P) at 40–70 °C. The reaction yield
is approximately 100%. Park et al. [127] has prepared highly luminescent InP/ZnS
nanocrystals by the reaction of white phosphorus with indium (In) precursor in the
absence of any reducing agent. This offers an important method for the large-scale
synthesis of InP nanocrystals. To decrease the reactivity of [P(SiMe3)3], Harris and
Bawendi [128] substituted Si with Ge or Sn by decreasing the polarity of Si–P bond.

Even with these less reactive precursors, the precursor conversion rates for InP
QDs still occurs on a time scale faster than particle growth. Joung et al. replaced
methyl with sterically hindered tert-butyl [129] or aryl group [130] in order to reduce
the precursor reactivity. However, there is no improvement in the size distribution.
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An alternative safe, stable and moderately reactive phosphorus precursor
is aminophosphine [131–133]. Accordingly, high-quality InP nanocrystals were
synthesized by hot injection of [P(NMe2)3] into a solution of InCl3 and ZnCl2 in
oleylamine (OLA) at 220 °C [134]. The dependency of growth behavior of InP QD
was also studied with respect to the amount of [P(NMe2)3], ZnCl2 and the growth
temperature. Laufersky et al. [132] reported the synthesis of InP nanocrystals by
injecting tris(diethylamino)phosphine [P(NEt2)3] into a mixture of InCl3, ZnCl2
and OLA at 180 °C. Using density functional theory calculations, they have also
demonstrated that zinc salts in reaction solutions activate the aminophosphine for
a disproportionation reaction to release P3−, which is useful to obtain narrow size
distribution irrespective of the phosphorus source.

12.4.3 Syntheses of Colloidal Nanomaterials of Group 14
Metal Phosphides

Group 14 phosphides have drawn considerable interest due to their compositional
and phase dependent physical properties and applications [69, 70, 135]. For example,
Sn-rich rhombohedral Sn4P3 is metallic in nature, whereas P-rich SnP3, SnP and
Sn3P4 are narrow band gap semiconductors [89]. These properties can be improved
further by engineering shape and size of the materials to few nanometers. Tin-rich
rhombohedral Sn4P3 having a layered structure is a potential anodematerial for alkali
metal ion batteries [135], a photocatalyst for degradation of organic compounds [70]
whereas phosphorus-rich trigonal Sn3P4 has potential application in thermoelectrics
[69].

Synthesis of Sn4P3 was first reported in 1967 [136]. Later in 2004, Kim et al.
[137] synthesized Sn4P3 nanoparticles using a mechanochemical method and tested
for Li-ion battery applications. Although this material demonstrated a high reversible
capacity, it has a drawback of large irreversible capacity loss due to the inactive Li3P.
To overcome this problem, the same group synthesized tin-rich Sn4+δP3 (0 ≤ δ ≤ 1)
which exhibited a high reversible capacity above 530 mA h g–1 [138]

Xie et al. [139] reported the first synthesis of Sn4P3 nanorods by metathesis reac-
tion between SnCl2 and Na3P using ethylenediamine as a solvent via solvothermal
method. Themethod however lacks control over the growth of these structures. Later,
Liu et al. [140] reported the preparation of Sn4P3 nanoparticles with an average
size of 15 nm by employing a solvothermal approach at a reaction temperature of
180 °C. However, SEM and TEM images show agglomerated nanoparticles. These
nanoparticles show a high reversible capacity of 442 mAh g–1 at a current density
of 100 mA g–1. However, these methods including solvothermal syntheses resulted
in either micrometer-sized or aggregated structures or hollow nanostructures with a
large dispersion.

Kim et al. [68] produced uniformly dispersed tetrapod-shaped SnP0.94 nanopar-
ticles by the thermal decomposition reaction of tin acetate in TOP/TOPO. These
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nanoparticles displayed superior cycling stability which was attributed to struc-
tural reversibility. The authors also explored the lithium storage mechanism which
revealed that Li+ intercalated in the intermolecular channel between the SnP0.94 slabs.

Recently, Arachchige and co-workers [89] reported colloidal synthesis of
monodisperse rhombohedral Sn4P3, hexagonal SnP and trigonal Sn3P4 nanoparticles
with better control over size, morphology and phase by using SnI4 and [P(SiMe3)3]
as precursors at 180 °C. The nanoparticles displayed tunable morphologies and size-
dependent physical properties. The control over shape and phase was realized by
varying the nucleation and growth temperature, the Sn/P molar ratio of precursors
and the concentration of coordinating solvents (TBP or TOP). Figure 12.3a–d shows
TEM images of the hexagonal SnP nanocrystals synthesized in the OLA/OA/ODE
at 250 °C for different durations. A representative HRTEM image and selective
area diffraction pattern (SAED) pattern of SnP nanocrystals is shown in Fig. 12.3e
HRTEM image display (011) lattice spacing while SAED pattern (Fig. 12.3f) show
concentric ring like pattern indicating polycrystalline nature of SnP nanocrystals.
The absorption spectra of Sn3P4 nanoparticles exhibit size-dependent energy gaps
which are consistent with quantum confinement effect.

Colloidal syntheses of group 14 metal phosphides other than tin phosphides are
rare. Although mesoporous GePx microspheres and GeP5 nanoflakes have been
studied, there is no literature available on the colloidal synthesis of germanium phos-
phide. However, only a single report by Mézailles et al. [91] is available on colloidal
synthesis of nearly spherical Pb2P nanoparticles. The procedure involves the reaction

Fig. 12.3 TEM images of the hexagonal SnP nanocrystals synthesized in theOLA/OA/ODE system
at 250 °C for a 5 s, b 30 s, c 60 s and d 180 s. A representative e HRTEM image and f a SAED
pattern of the hexagonal SnP nanocrystals is shown (Reproduced fromRef. [89] with the permission
of American Chemical Society)
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of Pb nanoparticles with P4 dissolved in toluene and oleylamine at 150 °C for 1 h.
TEM images revealed polydispersed nanoparticles of size in the range of 5–10 nm.

12.5 Syntheses of Colloidal Nanomaterials of Transition
Metal Phosphides

Transition metal phosphide nanocrystals have drawn considerable attention due to
their unique electrochemical, magnetic and structural properties accompanied by
a wide range of stoichiometry. These properties lead to potential applications in
catalysis [12, 30], magnetic recording media [30] and in lithium ion batteries [13,
15]. For instance, transition metal phosphides are known to show high catalytic
performance in hydrotreating [141], hydrogenation [142] and hydrogen evolution
reactions [11, 17].

Transition metal phosphides exist in a large number of phases with a wide range
of compositions, especially, a number of binary transition metal phosphides exists
in M:P stoichiometry (Table 12.3). The existence of a wide range of binary metal
phosphides is mainly due to the diversified crystal structures for a specific composi-
tion of M:P accompanied by variable oxidation states of transition metals. The most
studied transition metal phosphides include phosphides of 3d transition elements
such as Mn, Fe, Co, Ni, Cu along with some 4d-, 5d- transition elements like Mo,
Ru, Rh, Pd, Ag; W, Pt, Au, etc. A number of these transition metal phosphides have
been synthesized. These metal phosphides can be categorized into single or mono
transition metal phosphides (e.g., Co2P, Ni2P, FeP, Fe2P, etc.) and multiple transition
metal phosphides (e.g., NiCo2Px, etc.).

Synthetic methodologies such as solvothermal, arrested precipitation, transfor-
mation of metal particles to phosphides are available for the preparation of transition
metal phosphide nanostructures. However, all these methods have disadvantages of
polydispersity and aggregation of particles for the investigations of size-dependent
physical properties. For this reason, colloidal methods used for the synthesis of
monodispersed metal chalcogenide quantum dots have been adopted for the prepa-
ration of transition metal phosphide nanomaterials. These colloidal methods involve
the reaction of metal and phosphorus precursors at high temperatures in high boiling
coordinating solvents such as TOPO. In general, spherical or 3D nanomaterials are
obtained either with the use of reactive precursors (e.g., [P(SiMe3)3]) or upon rapid
injection of less reactive precursor (e.g., TOP). Both these factors result in rapid
nucleation with higher concentrations of reactants followed by a sudden decrease in
reactant concentration favoring 3D growth.

The discussion on transition metal phosphide in the present article will be
limited to preparative methods for colloidal nanomaterials of single transition metal
phosphides.
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12.5.1 Syntheses of Colloidal Nanomaterials of Group 6
Metal (Cr, Mo, W) Phosphide

Bulk group 6 transitionmetal phosphides emerged as potential non-noblemetal based
catalysts in hydrogen evolution reaction (HER) [164], oxygen reduction reaction
(ORR) [185] and hydrotreating reactions [141], etc. However, their counterparts in
nano-regime have not been investigated extensively. In particular, syntheses of the
colloidal nanomaterials of group 6metal phosphides have been reported rarely, which
will be presented in the following discussion.

Chromium Phosphide

Asmentioned above, group 6 transitionmetal phosphides are potentially low cost and
stable catalysts in various processes. Especially, chromiumphosphide is a prospective
ORR catalyst that is a vital component in fuel cells and metal-air batteries. In view of
this, recently colloidal CrP nanocrystals were synthesized by reacting [Cr(CO)6] and
triphenyl phosphite (TPP) in OLA at 320 °C for 2 h and evaluated its performance
as ORR electrocatalyst. TEM images of the nanocrystals shows spheroidal shaped
particles with an average size of 17 ± 3 nm. This CrP nanocrystals based catalyst
showed significant catalytic activity comparable to commercial Pt/C, but with better
stability and tolerance in alkaline solution. The exceptional ORR activity of CrP
nanocrystals was attributed to the support provided by CrP for chemisorption of O2

enabling the easy reduction of O2 [186].

Molybdenum Phosphide

Among the extensively studied non-noble heterogeneous hydrogen evolution reac-
tion (HER) electrocatalysts, materials based on molybdenum exhibit a wide range of
compositions, structures and activities [187]. Of these, MoP is an active and stable
catalyst for both hydrogen evolution and hydrodesulfurization (HDS) reactions. The
former also catalyzes hydrodenitrogenation, hydrazine decomposition and hydro-
genation reactions. Moreover, it was also established that different degrees of phos-
phorization going fromMo, Mo3P to MoP gives rise to distinct catalytic activity and
stability.

Joshua et al. [187] synthesized amorphous MoP nanoparticles (with diameters of
4.2± 0.5 nm) with good HER properties by heating [Mo(CO)6] and TOP in squalane
at 320 °C. These nanoparticles remained amorphous even after heating at 450 °C in
H2/Ar and are stable in acidic media under operating conditions.

Recently, Shavel and co-workers [188] have synthesized MoP nanoparticles by
heating [Mo(CO)6] with TPP in the presence of HDA and ODE and heated to 280–
300 °C and kept at this temperature for a fixed time. These nanoparticles were ther-
mally treated at 800 °C for 2 h to obtain crystalline nanoparticles. It is important to
note that [Mo(CO)6] being a low boiling point compound, must be injected to the
reaction flask after the purging step at 150 °C to prevent its loss during purging.
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Tungsten Phosphide

Recently, research on catalysts for water splitting to produce hydrogen and
hydrodesulfurization (HDS) is mainly focused on transition metal phosphides due
to their encouraging electrical conductivity which will boost electron transfer and in
turn promote these reactions. Especially, tungsten phosphides (WP2 and WP) have
attracted considerable attention as operating electrocatalysts in the above reactions
due to their high electrical conductivity and catalytic properties [189]. Accordingly,
substantial efforts have been focused on the composition, morphology and struc-
ture of these materials to improve their catalytic performance. However, the size and
shape control of tungsten phosphide nanostructures is difficult due to their agglomer-
ation. Hence, it is a great challenge to synthesize quality colloidal tungsten phosphide
nanocrystals.

Accordingly, a limited number of synthetic approaches emerged for the synthesis
of tungsten phosphide nanostructures. For instance, Li and co-workers [189]
employed a facile method to synthesize highly crystalline WP2 nanorods by heating
the as-prepared (NH4)0.25WO3 nanorods and NaH2PO2 at 750 °C and held at this
temperature for 2 h in argon atmosphere, followed by a purification process. These
nanorods exhibit good catalytic properties with nearly 100% Faradaic efficiency in
acidic media and require only overpotentials of 101 and 148 mV to achieve current
densities of 2 and 10 mA cm–2, respectively. It preserves its catalytic activity in
acidic, neutral and basic media.

Mu’s group [190] reported synthesis of ultra-small tungsten phosphide nanopar-
ticles of size less than 5 nm encapsulated within nitrogen doped carbon matrix.
The catalyst made up of these nanoparticles exhibits superb catalytic activity in
a hydrogen evolution reaction. The catalyst shows an excellent HER activity and
stability in all pH conditions.

Recently, Liu et al. [191] prepared WP2 nanosheets on W foil via an in situ
two-step process. In the first step, W foil is oxidized to WO3 particles which were
subsequently converted into WP2 nanosheets by phosphorization using NaH2PO2 at
high temperature in a furnace. The electrodes made up of these nanosheets exhibited
remarkable catalytic performance and stability in acidic and basic media.

Although there are routes available for the synthesis of tungsten phosphide nanos-
tructures as described above, there is only one report by Schaak et al. [192] discussing
the colloidal synthesis of uniform and amorphous WP nanoparticles. The synthesis
involves heating of [W(CO)6] and TOP up to 320 °C for a fixed duration in squalane.
TEM image of the product show nearly spherical particles with an average diam-
eter of 3 nm. These amorphous nanoparticles exhibit catalytic properties in acidic
HER reactions which are better than that of WS2, W2N and WC materials. The WP
electrodes are also highly stable in strongly acidic aqueous solutions.
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12.5.2 Syntheses of Colloidal Nanomaterials of Group 7
(Mn, Tc, Re) Metal Phosphide

Group 7 metal phosphide nanomaterials have known for understanding interesting
magnetic, superconducting properties and also for their potential as catalysts in
different reactions of industrial importance. Among them, the most studied system
is manganese phosphide while two other colloidal metal phosphide nanomate-
rials (technetium- and rhenium-phosphides) were seldom studied. Accordingly, the
following section will discuss the synthetic protocols available for these colloidal
metal phosphides nanomaterials.

Manganese phosphide

Bulk manganese phosphide (MnP) is of great interest due to its magnetic, magneto-
optical, magneto-caloric and superconducting properties [31, 193–195]. Especially,
their nano counterparts demonstrate different and improved properties. For instance,
MnPnanoclusters showcharacteristic texture [196], largermagnetic anisotropy [197]
and superior magneto-optical response compared to bulk MnP [193].

For the first time, Brock et al. reported a new synthetic strategy for the prepa-
ration of MnP nanoparticles with low polydispersity by hot injection of zerovalent
manganese carbonyl complex, [Mn2(CO)10]with [P(SiMe3)3] inTOPO/myristic acid
(MA) at 100 °C and then heated to 220 °C for a fixed duration to have a particle
size of approximately 5 nm. The appearance of lattice fringes in HRTEM indi-
cates high degree of crystallinity of the particles. These nanoparticles exhibit super
paramagnetic behavior below TC [198].

The same group prepared MnP nanorods with narrow polydispersities by a quick
injection of [Mn2(CO)10] in ODE into TOP/TOPO at 350 °C and continued the
reaction for a duration of 1 h [199]. HRTEM images indicated that growth of these
rods occurs along the b-axis of the orthorhombic MnP. The rods were ferromagnetic
and revealed only weak inter-particle interactions. However, polydisperse longer
rods were obtained with multiple injections. Post-annealing of the rods at tempera-
tures lower than the nucleation temperature results in the formation of cubes due to
assembly of rods. Later, Hyeon et al. [200] improved polydispersity of MnP rods by
thermal decomposition of continuously delivered Mn-TOP complex with constant
injection rates of 10 and 20 mL/h, respectively. The sizes of MnP nanorods are 8 nm
× 16 nm and 6 nm × 22 nm, respectively.

Rhenium Phosphide

Rhenium is one of the prospective noble metal based catalysts due to its inherent
properties. Accordingly, rhenium based catalysts have been explored consider-
ably with the prospect of cutting down the cost of catalyst and also improving
the performance of the catalyst. For instance, Wang et al. [201] recently fabri-
cated Re2P and Re3P4 nanoparticles supported in N, P doped vesicular carbon
(NPVC) by pyrolyzing ammonium perrhenate (NH4ReO4), 1-hydroxyethylidene-
1,1-diphosphonic acid (HEDP) and melamine on the surface of SiO2 spherical
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particles and were examined for HER catalytic activity. The Re3P4@NPVC hetero-
structures demonstrated efficient catalytic activity compared to the commercial Pt/C.
The enhancement in the catalytic activity was attributed to Re and P coupling
drove attainment of optimum �GH value for balancing adsorption and desorption
of hydrogen. Furthermore, the synergetic electronic coupling of NPVC layer and
nanoparticles improves the proton adsorption and reduction kinetics.

12.5.3 Syntheses of Colloidal Nanomaterials of Group 8
(Fe, Ru, Os) Metal Phosphides

Group 8 metal phosphides have been in focus owing to wide range of magnetic and
catalytic properties [12, 26] associated with their structural and compositional diver-
sity. These properties further improved going down to nano-regime which provides
impetus for designing synthetic methods to produce quality colloidal nanocrys-
tals. Accordingly, few protocols have been explored for the synthesis of colloidal
nanomaterials of group 8 metal phosphides.

Iron Phosphide

Among transition metal phosphides, iron phosphides adopt a wide range of composi-
tions displaying unique physical and electronic properties depending on their struc-
tures. For instance, Fe3P and Fe2P are ferromagnetic, FeP is super paramagnetic
while FeP2 and FeP4 are antiferromagnetic semiconductors [26]. These iron phos-
phides exhibit exotic magnetic properties different from their bulk forms when their
crystallite dimensions approach to few nanometers. Therefore, a number of methods
have been explored and have also been employed for the preparation of colloidal iron
phosphide nanomaterials.

The pioneering work on the colloidal synthesis of round shaped FeP nanocrystals
was reported by Perera and co-workers [202]. The synthesis involves the reaction of
[Fe(acac)3] with [P(SiMe3)3] at 240–320 °C using TOPO as a solvent andDDA,MA,
or hexyl phosphonic acid (HPA) as capping agents. The nanocrystals were highly
stable and size distribution is narrow.

In contrast to reactive [P(SiMe3)3], reactionswith less reactive TOP require higher
reaction temperatures (>300 °C) due to higher dissociation energy of the P–C bond
compared to P–Si bond [18]. The breaking of P–C bond is a key step for in situ
generations of phosphorus from TOP, then the P–Si bond of [P(SiMe3)3]. The use
of TOP favors anisotropic growth in crystals due to high reagent concentrations
assisting in the formation of anisotropic nanorods and nanowires.

Nanorods of iron phosphides have been synthesized by using TOPwith molecular
precursor of iron such as [Fe(CO)5] and [(η4-C6H8)Fe(CO)3]. Hyeon and co-workers
[203] prepared Fe2P nanorods by the reaction of [Fe(CO)5] with TOP usingOLA and
octyl ether as solvents at temperatures of 300 °C. The same reactants with TOPO as
solvent and the reaction temperature at 360 °C afforded FeP nanorods [204]. Chi et al.
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[205] used pre-reacted [(η4-C6H8)Fe(CO)3] with TOP, to prepare FeP nanorods. The
nature of solvent and the reaction temperature may be the deciding factors for the
formation of different phases. Hyeon et al. [200] also synthesized FeP nanorods by
thermal decomposition of Fe-TOP complex (readily prepared by reacting [Fe(CO)5]
and TOP at 50 °C) by adopting the method of continuous injection of reagents. The
latter approach is one of the important ways of maintaining a high concentration of
precursors in solution, which is an important factor for achieving anisotropic growth.
The relative reactivity of the metal-TOP complex is the deciding factor for estab-
lishing a correlation between the length of the rods and the injection rate. This in
turn depends on the nature of the metal. The TEM images of the different aliquots
collected by injecting Fe-TOP complex into TOPO at 330 °C revealed that at the
short durations, nanorods of size 4 nm × 15 nm along with small nanospheres were
produced. Continuing the injection of the Fe-TOP further, the lengths and diam-
eter thickness of the nanorods grow indicating seed-mediated growth mechanism as
depicted in the Scheme 12.2.

In addition to the above phosphorus precursors, Mézailles and co-workers [206]
reported the synthesis of hollow FeP nanoparticles by reacting Fe(0) nanoparticles
(prepared in situ by injecting [Fe(CO)5] intoOLAandODEat 180 °C)with equivalent
amount of white phosphorus (P4) in solution at 250 for 2 h. TEM images showed a
hollow structure with a shell thickness of 4 nm corresponding to FeP. The formation
of hollow structure can be explained by simultaneous diffusion of phosphorus atoms
and iron atoms in the inward and outward directions, respectively during the reaction.
Such type of simultaneous diffusion resulting in hollow structures is also called the
nanoscaled Kirkendall effect. It was also observed that the crystalline FeP phase was
stable upon limited air exposure.

Although [P(SiMe3)3] and TOP are the most commonly used phosphorus
precursor, they are expensive, toxic and readily oxidize in air and hence required
to carry out all the handlings under inert atmosphere. Thus, there is a need for alter-
native phosphorus sources which are compatible with large-scale synthesis of the

Scheme 12.2 Proposed growth mechanism for nanorod formation (Reproduced from Ref. [200]
with the permission of American Chemical Society)
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metal phosphides. Of them, TPP is one of the suitable substitutes to TOP. TPP is
an inexpensive and stable precursor under ambient conditions. Recently, Liu et al.
reported a simple, scalable and cost-effective heating upmethod to produce Fe2P rods
using cheaper, less toxic and air-stable TPP as a phosphorus source and metal chlo-
rides as metal precursor [188]. Other than metal salts, metal nanocrystals have also
been used as the metal precursor for the synthesis of metal phosphide nanocrystals.
For instance, Schaak et al. reported the synthesis of FeP nanocrystals by injecting
pre-synthesized Fe nanocrystals mixed with TOP into refluxing HDA and heated at
350 °C for 1–2 h [207].

In addition to dual or multiple source methods, single source precursors were
also employed for the synthesis of transition metal phosphide nanomaterials. Whit-
mire and co-workers [208] synthesized Fe3P nanorods by thermal decomposition of
[H2Fe3(CO)9PtBu] in TOA and OA. The formation of Fe2P instead of Fe3P may be
explained on the conversion of [H2Fe3(CO)9PtBu] to [Fe4(CO)12(PtBu)2] at 140 °C
before yielding Fe2P as the final product.

Ruthenium Phosphides

Platinumbasedmaterials are themost activeHERcatalysts [209]. Yet, their industrial
applications are limited by their abundance and high cost. Therefore it necessitates the
quest for low cost alternatives to these costly materials. Accordingly, catalysts based
on non-noble metals were explored for the HER. In spite of affordable costs, inferior
activity of non-noble metals compared to platinum in alkaline medium triggered the
research on cheaper noble metal based catalysts to continue.

Ruthenium being cheaper and having a hydrogen bond energy similar to that of
Pt (65 kcal mol−1) makes it a suitable platinum substitute in the hydrogen evolution
reaction [210, 211]. In line with the expectation, ruthenium exhibited exceptional
HER activity [212], however, the cost compared to non-noble metal still remain high.
Hence, to make ruthenium economically viable it is necessary to enhance catalytic
activity which in turn minimizes its usage. The catalytic activity can be boosted by
improving increasing the effective surface area by decreasing the size of the particles.

Minimizing the size of the particles also improves the utilization efficiency of a
catalyst. Recently, the activity of ruthenium has also been enhanced by alloying with
phosphorous yielding ruthenium phosphides [213, 214].

Ruthenium phosphides can crystallize in different phases such as Ru2P, RuP and
RuP2, etc. The former can be synthesized by reacting ruthenium and phosphorous
sources under suitable reaction conditions. The phosphorous sources can be either
inorganic or organic compounds. Inorganic phosphorous precursors can discharge
sufficient P and can be used to produce bulk ruthenium phosphides in a controlled
fashion. In contrast, an organic phosphorous source can deliver both carbon and
phosphorous together during annealing. Therefore, the former can be utilized to
prepare carbon-coated nano ruthenium phosphides, but in an uncontrolled manner
[215].

Accordingly, Mu et al. [215] synthesized RuP2 nanoparticles encapsulated in
an N, P dual doped carbon framework (RuP2@NPC) through the pyrolysis of
self-assembled phytic acid cross-linked ruthenium complexes and melamine. TEM
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images of RuP2@NPCshows that RuP2 nanoparticles of average size 8 nm are homo-
geneously distributed on theN, P doped carbonmatrix with uniform size distribution.
RuP2@NPC exhibits a Pt-like HER activity and stability in acidic, neutral and basic
media.

Recently,Qin et al. [216] adopted novel strategy to produce uniformRu2P andRuP
nanocrystals in situ on N- and P-codoped graphene by pyrolysis of [RuCl2(PPh3)3]
and pyritic acid (PA) with N-doped graphene. Ru2P and RuP can be prepared in a
controlled manner by varying the molar ratio of PA to [RuCl2(PPh3)3]. Among both
these phosphides, Ru2P shows better HER activity than RuP in alkaline media, but
comparable to that of the commercial Pt/C catalyst.

Recently, Cai et al. [217] synthesized amorphous ruthenium phosphide (RuPx)
with 1 nm diameter by reducing RuCl3 and NaH2PO2 with NaBH4 at room temper-
ature. The phosphorus and ruthenium produced during the reduction concurrently
deposit on the carbon surface and form Ru–P bonds resulting in minimizing the
growth of nanoparticles and hence the particle size of RuPx. The catalytic activity
of RuPx/C catalyst was compared with benchmark Pt/C for a hydrogen evolution
reaction.

Feng and co-workers [218] reported the synthesis of Ru2P nanoparticles of size 8–
10 nm and demonstrated their utility as a highly efficient HER catalyst in different pH
electrolytes. The catalytic activity of these particles significantly improved compared
to ruthenium nanoparticles due to the change in electronic state originating fromRu–
P coordination. The HER activity of Ru2P nanoparticles in an acidic and basic media
are comparable to Pt/C catalyst. In view of the lower price of ruthenium compared to
Pt and the catalytic activity and stability of Ru2P nanoparticles make it a promising
HER catalyst.

12.5.4 Syntheses of Colloidal Nanomaterials of Group 9
(Co, Rh, Ir) Metal Phosphides

Group 9 transition metal phosphides have been explored for their versatile applica-
tions in magnetic field sensing devices and inductors owing to their magnetic prop-
erties [219–221], lithium ion batteries [222], HER catalysts [223], syngas-related
catalysis [224] and theranostic applications [225].

Cobalt Phosphide

Among transition metal phosphides, cobalt phosphides have received significant
attention due to their potential applications in magnetic field sensing devices and
inductors due to low coercivity and high permeability [219–221]. They also can be
used as anode materials in lithium ion batteries [222], electrocatalysts for hydrogen
evolution reaction (HER) [223] and tumor theranostic applications [225].
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Fig. 12.4 a TEM image and b SAED patterns of Co2P nanorods synthesize during [Co(acac)2]
and HDA (Reproduced from Ref. [200] with the permission of American Chemical Society)

Adopting the highly reactive traditional [P(SiMe3)3] as phosphorus precursor,
Brock and co-workers [198] have synthesized CoP nanocrystals by the treatment of
zerovalent cobalt metal carbonyl complex with [P(SiMe3)3] in TOPO/MA at 320 °C.

Hyeon et al. [200] reported synthesis of uniform sized (2.5 nm × 20 nm) Co2P
nanorods by thermal decomposition of continuously delivered Co-TOP complex
(prepared by reacting [Co(acac)2] and TOP at 70 °C) into a mixture containing
octyl ether and HDA at 300 °C and kept at this temperature for 1 h. TEM image
and SAED pattern of the same is shown in Fig. 12.4. These nanorods demonstrated
interesting magnetic properties, which are considerably different from those of their
bulk counterparts.

Schaak et al. [207] adopted a modified Hyeon method for the synthesis of CoP
nanoparticles by injecting TOP into a preheated solution containing [Co(acac)2] in
OLAandHDAat 330 °Cand thenheated to 370 °Candheld at this temperature for 1 h.
This method involves the solution-mediated reaction of pre-formed Co nanoparticles
with TOP at temperatures below 370 °C. O’Brien et al. prepared orthorhombic phase
CoP nanowires by thermal decomposition of [Co(acac)2] and tetradecylphosphonic
acid (TDPA) as cobalt and phosphorus precursors in a mixture of TOPO and HDA
at 370 °C for 3 h [226]. They have also observed that a mixed solvent system (HDA
and TOPO) is vital for the growth of CoP nanowires. The dimensions of nanowires
(the diameter and length) can be tuned by changing the ratio of HDA to TOPO. For
instance, with a 1:2 and 1:1 weight ratios of HDA to TOPO the dimensions were
10 nm in diameter, 100 ± 10 nm in length and 7 nm in diameter and 400 ± 20 nm
in length, respectively. Longer nanowires were formed with increased concentration
of HDA.

Liu et al. [223] have synthesized CoP nanorods and Co2P microspheres
by injecting TOP or triphenylphosphine, respectively into a mixture containing
[Co(acac)2] in ODE and OLA at 120 °C and then heated to 330 °C and stirred
for 1–2 h. Their investigations show that the HER catalytic efficiency of CoP is
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better than Co2P and it can be improved further by adjusting active phase and carbon
species structures.

A cheaper and conveniently handled aminophosphine with moderate reactivity
offers an alternate phosphorus precursor to air sensitive phosphorus precursors like
TOP.

Cossairt group has synthesized Co2P and CoP nanocrystals by hot injection of
tris-diethylamino phosphine [P(NEt2)3] into a solution of CoCl2 in OLA at 200 and
250 °C, respectively for a definite time.TEM images show CoP and Co2P of various
morphologies with widths/diameters of 7.8± 0.7 nm and 6.5± 0.6 nm, respectively.
It was also observed that phase purity of the nanocrystals at a given temperature is
determined by the halide precursor. For instance, the use of CoI2 gives a mixture of
Co2P and CoPwhereas phase pure CoPwas obtained fromCoCl2 under similar reac-
tion conditions. However, Co2P in the mixture can be converted to CoP by increasing
the reaction duration. These nanocrystals were examined as electrocatalysts for the
hydrogen evolution reaction. Among Co2P and CoP nanocrystals, Co2P is the most
active material [133].

Other than the expensive, toxic and difficult to handle phosphorus under ambient
atmosphere, in expensive, less toxic and scalable source of phosphorus like TPP is
very useful in the preparation of metal phosphides. In view of this, Shavel et al.
prepared Co2P nanorods or quasi-spherical nanoparticles by the reaction of CoCl2
with TPOP in the presence of HDA and ODE and heated to 280–300 °C. The forma-
tion of Co2P nanorods or quasi-spherical nanoparticles depend on the occurrence or
absence of HDA·HCl during the reaction, which in turn is governed by the ability of
argon flow to purge this compound. The dimensions of nanorods are 6.9 ± 0.8 nm
× 33 ± 9 nm [188].

Other than these reports, recently Kapri and Bhattacharyya [227] reported
polydopamine-capped cobalt phosphide nanorods with aspect ratios ranging from
1.4 to 10 were prepared by single step thermal decomposition method. The nanorods
with aspect ratio of 6.4 exhibited good dispersibility in physiological solutions and
an exceptional near-infrared (NIR) photothermal performance with a photothermal
conversion efficiency (PCE) of 64%. The rods are highly photostable with no
cytotoxic effects on normal cells and are useful in controlled drug release to the
cancer cells. The photochemothermal property of these rods makes them potential
candidates in tumor theranostic applications.

Rhodium Phosphides

The development of alternate noble metal based catalysts is desirable for large-scale
applications due to the high cost and scarcity of platinum in spite of its excellent
HER catalytic performance.

Rhodium phosphides are the most studied compounds among all the platinum
group metal phosphides in the field of catalysis due to their applications in hydropro-
cessing and syngas-related catalysis [224]. The former exists in different composi-
tions viz. Rh2P, Rh3P2, Rh4P3, RhP2 and RhP3 [228]. The diversity in the compo-
sitions and crystal structures of rhodium phosphide and cheaper prices of rhodium
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relative to platinum make it a promising candidate for catalysis. The active mate-
rial of the catalyst can further make it affordable by enhancing its performance by
reducing the particle size of the material to nanoscale which in turn increases the
surface area of the catalyst. Furthermore, controlling and tuning the size and shape of
the particles to be used as catalyst also helps the catalyst to have flexibility and better
performance. However, the control of size and shape depends on synthetic methods.

In general, two important synthetic routes are developed for the preparation
of transition metal phosphides, i.e., solution-phase and solid-state reactions which
have applications in catalysis. Of these, solution methods have better control over
size, shape and crystal structure. Solution methods include reduction of phosphates,
solvothermal and thermal decomposition (through hot injection and heat up) using
suitable metal and phosphorus precursor. Among these, the last method produces
quality colloidal nanoparticles compared with the former methods, though some-
times solvothermal also gives quality nanoparticles. At least for the synthesis of
rhodium phosphide nanoparticles, the phosphorus source is always TOP. To the
author’s knowledge, there is only report by Li and co-workers [229] which employed
a solvothermal method for the preparation of monodispersed Rh2P nanocubes with
an average edge length of 4.7 nm. The synthetic protocol involves heating a mixture
containing [Rh(acac)3], TOP and OLA in an autoclave at 180 °C followed by
the purification procedure. Rh2P nanocubes supported on carbon (Rh2P/C) shows
extraordinary performance for hydrogen evolution reaction and oxygen evolution
reactions compared to Rh/C and Pt/C catalysts.

Other than the above method, all other studies involving synthesis of colloidal
nanoparticles of rhodium phosphide are via thermal decomposition of suitable
rhodium precursor and TOP as phosphorus source, except one report dealing with the
thermal decomposition of single source precursor. Schaak et al. [230] synthesized
Rh2P nanocrystals of an average size <10 nm by converting rhodium metal nanopar-
ticles into corresponding phosphides by solution-mediated reaction with TOP at
300–360 °C.

Chen et al. [231] reported colloidal synthesis of monodisperse spherical Rh2P
nanocrystals with an average size of 2.8 nm by injecting TOP into a solution
containing [Rh(acac)3], OLA and ODE at 240 °C and kept at a growth temper-
ature of 320 °C for 60 min. The catalyst made up of these monodispersed Rh2P
nanocrystals display better HER activities than commercial Pt/C over a wide range
of pH.

Guo’s group [232] designed wrinkled ultrathin 2D nanosheets of Rh2P for
enhancing HER catalysis at all pHs. Rh2P nanosheets were synthesized by phospho-
rization of Rh nanosheets (prepared by reducing [Rh(acac)3] using ascorbic acid,
OLA as solvent and surfactant and carbon monoxide as a surface confining agent)
through the decomposition of TOP at 300 °C. The thickness of nanosheets is about
3.3 nm as determined by atomic force microscopy. The nanosheets exhibited excel-
lent HER activity and durability than the commercial Pt/C catalyst. Rh2P nanosheets
are efficient and stable HER catalysts in both acid and neutral electrolytes.

In addition to the above methods, single source precursor approach provides an
alternate pathway for the synthesis of phase pure nanocrystals. This method has been
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adopted for the synthesis of cubic shape Rh2P nanocrystals with an average side of
10.3± 2.8 nm. The synthesis involves thermal decomposition of [Rh(PPh3)2(CO)Cl]
in OLA and ODE through heat up approach by heating the mixture to 300 °C and
held at this temperature for 1 h [233].

Iridium Phosphides

Iridium is a metal belonging to group 9 and occupies the same group as iron and
rhodium in the periodic table. The former has been hardly explored as an HER
catalyst. Furthermore, iridium phosphide being metallic in nature is expected to
have high HER activity. However, synthesis of iridium phosphide requires harsh
conditions.

Accordingly, for the first time Mu et al. [234] reported synthesis of N-doped
carbon (NC) encapsulated IrP2 (IrP2@NC) nanoparticles at ambient conditions.
The synthesis involves a solid-state reaction using IrCl4 × H2O, phytic acid and
melamine as Ir, P and C sources, respectively. Electrochemical measurements show
that IrP2@NC exhibits better HER activity and durability than both Pt/C and Ir/NC
catalysts under acidic and basic conditions.

12.5.5 Syntheses of Colloidal Nanomaterials of Group 10
(Ni, Pd, Pt) Metal Phosphides

Group 10 metal comprise both noble (Pd, Pt) and non-noble (e.g., Ni, etc.) metals.
While noble metals have already been established as catalysts in various reac-
tions, their higher cost and scarcity gave thrust to explore cheaper alternatives with
improved catalytic performance. Among the alternatives, non-noble metal based
Ni2P on silica support proved as an efficient catalyst in hydrodesulfurization (HDS)
and hydrodenitrogenation (HDN) [235] while PdxP materials exhibited comparable
catalytic activity to that of Ni2P [236, 237]. In the latter case, the addition of phos-
phorus to Pd helps in cutting down the costs to some extent with improved perfor-
mance with respect Pd metal. The efficiency of these phosphides can be enhanced
further by scaling down the crystallite dimensions to few nanometers. Therefore, the
development of synthetic methods to produce size and shape controlled colloidal
nanomaterials of these phosphides is highly desirable and has been discussed below.

Nickel Phosphide

A number of transition metal phosphides (e. g. WP, MoP and Ni2P, etc.) act as HDS
and HDN catalysts. Especially, silica-supported Ni2P [235] exhibited the highest
HDS (98%) andHDN (90%) activities compared to other transitionmetal phosphides
and are also better than commercially available catalysts like sulfided Co–Mo/Al2O3

[238]. Furthermore, nickel phosphides are brilliant corrosion-, oxidation- and water-
resistant materials. Particularly, nanoscale phosphides have unique mechanical and
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thermal properties. Binary phase diagram of Ni–P show that Ni3P, Ni12P5, Ni5P4 and
Ni2P are the possible nickel phosphide phases.

Synthetic routes such as solvothermal [239], high temperature reduction of
supported phosphates [240] and reaction of supported Ni and NiO particles with
PH3 [241] and microwave synthesis [242] have been utilized for the preparation of
nickel phosphide nanocrystals in the literature. Among these, solution basedmethods
involving reaction of metal salts or organometallic precursors together with phos-
phines or conversion of metal or metal oxide nanoparticles with phosphines offers
great control over the size, shape and phase of the nanocrystals.

Hyeon and co-workers [200] have employed a continuous injection method to
produce Ni2P nanorods by thermal decomposition of a Ni-TOP complex solution
into TOPO at 330 °C through continuous injection. Henkes et al. applied a new
approach for the synthesis of Ni2P nanocrystals via the reaction between nickel
nanoparticles and TOP below 370 °C [207]. Similarly, Chiang and co-workers [243]
utilizedKirkendall effect to synthesize hollowNi2P nanospheres through the reaction
between Ni nanocrystals and TOP. The former adopts heat up approach where a
reaction mixture containing nickel acetate, ODE, OLA and TOP were heated to
320 °C and held at this temperature for 1 h. It is observed that the concentration of
TOP and the reaction temperature are crucial for obtaining hollowNi2P nanospheres.
They also found that the reactivity of intermediateNi nanoparticles can be changed by
the nature of the ligands or surfactants at the interface. Accordingly, hollow nanorods
to nanospheres were obtained by using different surfactants such as alkylamines
(OLA and HDA), oleic acid and TOPO.

Brock et al. [244] reported synthesis of monodispersed spherical Ni2P nanoparti-
cles by a hot injection method involving rapid injection of TOP solution of bis(1,5-
cyclooctadiene)nickel(0) ([Ni(COD)2]) into TOPO at 340 °C and continued the
reaction for 24 h. An average crystallite size of Ni2P nanoparticles are 10.2 ±
0.7 nm. The surfacemodifications of theNi2P nanoparticleswere performed either by
washing with CHCl3 or by replacing TOP/TOPO groups with mercaptoundecanoic
acid (MUA). Both the surfacemodified nanoparticles act as better HDS catalysts than
Ni2P nanoparticles or the bulk Ni2P prepared by thermal reduction of a phosphate
precursor.

Although the synthesis of Ni2P nanoparticles have been studied by few groups as
mentioned above, literature on the preparation of nickel phosphide nanocrystals with
different phases (Ni12P5, Ni2P and Ni5P4) and shapes are scanty and the underlying
mechanism of nickel phosphide nanocrystals formation has not been discussed.

Accordingly, Tracy and co-workers [245] prepared mixed phase
Ni2P/Ni12P5(NixPy) nanoparticles by the thermolysis of [Ni(acac)2] using TOP
as a ligand and phosphorus source. It was also demonstrated that the size and
morphology (hollow and solid structures) depend on the molar ratio of P:Ni. For
molar ratios of 1–3, Ni nanoparticles were formed below 240 °Cwhich consequently
yield crystalline-hollow NixPy nanoparticles at 300 °C while higher P:Ni ratios drive
the direct formation of NixPy rather than nickel. The reason for the latter is due to
the requirement of higher temperatures for nanoparticle growth due to the formation
of a Ni-TOP complex. However, the issue of phase impurity remains unresolved.
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To overcome this problem, Brock et al. [246] carried out a number of reactions to
evaluate the influence of temperature, reaction duration, Ni:P precursor ratio and
amount of reactants on the phase of the ultimate product. Accordingly, the group
has reported the synthesis of phase, size and shape controlled nickel phosphides by
adopting one-pot approach where [Ni(acac)2] and TOP were used in the synthesis
of precursor nanoparticles at 230 °C followed by their conversion to crystalline
phosphide at higher temperatures. In another approach, the precursor nanoparticles
were separated and then redispersed in octyl ether and OLA and reacted with TOP
as the phosphorus source, at 350 °C. Hollow and solid nanoparticles of Ni12P5
and Ni2P were prepared in a range of sizes (10–32 nm) by modifying the reaction
parameters (P:Ni precursor ratio, temperature, time, OLA quantity). It was observed
that large and hollow particles were formed at low P:Ni while small and solid
particles were produced at high P:Ni ratio. The P:Ni ratio also influences the type
of phase formed at the crystallization temperature. For instance, Ni12P5 is formed at
low P:Ni whereas Ni2P at high P:Ni [246].

Similarly, Liu et al. [247] reported the preparation of monodispersed nickel phos-
phide nanocrystals with different phases (Ni12P5, Ni2P and Ni5P4) by the thermal
decomposition route using [Ni(acac)2] and TOP as the metal and the phosphorus
source and OLA in ODE as the reducing agent. The phases of the nickel phosphide
nanocrystals were controlled by varying the P:Ni precursor ratio. They have also
studied phase dependent electrocatalytic properties of nickel phosphide nanocrys-
tals for hydrogen evolution reaction. Among all the phases, solid Ni5P4 nanocrystals
show higher catalytic activity which has been attributed to the higher positive charge
of Ni and a stronger ensemble effect of P in Ni5P4 nanocrystals. The investigations
also revealed that the crystalline phase is one of the key factors which affect the
electrocatalytic properties.

As mentioned above, a number of synthetic protocols used TOP as phosphorus
source due to its coordination behavior and the donor nature of P atom via thermal
decomposition at around 330 °C to produce metal phosphides. However, this method
uses excess amount of TOP than that is required stoichiometrically for the final
production an uncontrolled practice making it a costlier method.

Furthermore, TOP is toxic and readily oxidizes in air and hence all the manipu-
lations involving have to be carried out under inert atmosphere. So, there is a need
for cheaper alternative phosphorus sources. Accordingly, Mézailles and his group
[248] reported a new, simple, cheaper and controlled method for stoichiometric Ni2P
nanocrystals at low temperature based on the high reactivity of P4 toward reactive
Ni(0) complexes. They have also established that the reaction between Ni(0) and
P4 result in the insertion of in P–P bonds leading to the required stoichiometric
nickel phosphide. Synthesis of Ni2P nanocrystals involve heating of a mixture of Ni
nanoparticles [prepared by heating a mixture of [Ni(COD)2] and TOPO or OLA at
100 °C for 2 h] and TOPO or OLA and a solution of P4 in toluene at 100 °C under
inert atmosphere. Ni2P nanoparticles of size 4.8 nm were obtained by this method.
The same group has studied the relation between crystallization and phosphorus
diffusion in the synthesis of metal phosphide nanoparticles frommetal nanoparticles
using reactive white phosphorus (P4) as P(0) source. These studies lead to thorough
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understanding of metal phosphide synthesis in the context of obtaining specificMxPy
phases and the basis for the reaction temperature required for crystallization [206].

In addition to the multiple source precursor methods mentioned above, single
source molecular precursors have also been used for the preparation of nickel phos-
phide nanocrystals. Single source precursor method offers an alternative technique
for the preparation of size and phase controlled metal phosphide nanoparticles
without the formation of metal nanoparticle intermediates which leads to hollow
particles.

Obrien and co-workers prepared nickel phosphide (Ni2P and Ni12P5) nanoparti-
cles by thermolysis of dialkyldiselenophosphinatonickel(II), [Ni(Se2PR2)2] (R=iPr,
tBu andPh) inTOPOorHDA.Depending on the alkyl group of the precursor, reaction
temperature and capping agent, nanoparticles of either nickel selenide or nickel phos-
phide or both were formed. To evaluate the role of capping agents, HDA and TOPO
were used as optional capping agents under the same experimental conditions. It was
observed that thermolysis of [Ni(Se2PiPr2)2] inHDAandTOPOgavedifferent phases
of nickel phosphide nanoparticles while [Ni(Se2PtBu2)2] gave hexagonal phase Ni2P
at 330 °C and mixed phase nickel selenide nanoparticles at 280 °C. The latter indi-
cated that higher temperatures favor the formation of nickel phosphide nanoparticles
because of either higher phosphorous availability or via TOP decomposition. Ther-
molysis of the precursor, [Ni(Se2PPh2)2] offered only mixed phase nickel selenide
nanoparticles inHDAwhereas in TOPOgave only phosphide [249]. It was also found
that the phosphorous rich phase Ni2P (P:Ni = 0.5) was always produced in TOPO
as the capping agent whereas the phase Ni12P5 (P:Ni = 0.42) was formed in HDA.

Recently, Liu et al. [250] developed a single source precursormethod for the prepa-
ration of nickel phosphide nanocrystals by thermal decomposition of [NiCl2(PPh3)2]
in the presence of OLA. They found that size of nanocrystals can be altered by the
reaction temperature and the amount of OLA while the phase can be controlled by
changing the reaction duration. The shorter and longer reaction times were favorable
for the formation of Ni12P5 and Ni2P nanocrystals, respectively which have been
explained on the required time for the completion of phosphorization at a particular
temperature. A possible growth mechanism of nickel phosphide nanocrystals based
on nucleation, diffusion, aggregation growth process was also proposed.

Recently, Habas and co-workers utilized [Ni(PPh3)2(CO)2] as a single source
precursors for the preparation of Ni2P nanoparticles. The synthesis includes the rapid
heating of the mixture containing [Ni(PPh3)2(CO)2] and triphenylphosphine in OLA
and ODE to 320 °C (ca. 10 °C/min) and continued the reaction at this temperature
for 2 h [233].

Palladium Phosphides

Palladium phosphide is an interesting phosphide because of its existence in a number
of crystalline phases with different compositions of metal and phosphorus ranging
from Pd15P2 to PdP3 [251]. The catalytic activity of PdxP (Pd4.8P, Pd3P and Pd5P2)
nanoparticles in heterogeneous hydrogenation reactions are comparable with that
of Ni2P catalysts [236, 237]. The presence of phosphorus even in small amounts
in the palladium lattice enables it to pick up substantial amount of hydrogen.
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For instance, both stoichiometric Pd6P and non-stoichiometric Pd3P0.80 forms the
interstitial solutions with H2 [252, 253].

Among the several methods available for the synthesis of palladium phosphides,
the most commonly adopted methods for the preparation of platinum group metal
phosphides are the incipient wetness impregnation method combined with calci-
nation and reduction, the reaction of metals or metal oxides with a phosphorus
precursor under reducing conditions and the deposition of metal phosphide nanopar-
ticles prepared through colloidal synthesis on a support material. Of these methods,
the impregnation method often requires high reaction temperatures and the catalyst
needs to be passivated by surface oxidation in few cases. This surface oxide layer
needs to be reduced completely before its evaluation as a catalyst which otherwise,
can impact its catalytic activity. Furthermore, the former two methods in general
produce polydisperse particles of the active material due to the nature of the support.
However developments in the colloidal method enable a great control over the size
shape and phase of the nanoparticles and post synthetic dispersion of these nanopar-
ticles on the support eliminates the influence of the support on the size, shape and
distribution of the nanoparticles.

Colloidal synthesis of palladium phosphide nanoparticles in general produced by
reacting palladium precursors such as [Pd(acac)2], [Pd2(dba)3] (dba = dibenzyli-
deneacetone] with phosphorus sources like PH3, white phosphorus, trioctyl-, triph-
enylphosphine. Shmidt and co-workers [65] used PH3 and [Pd(acac)2] as precursors
to synthesize a mixture of palladium phosphide (Pd6P, Pd4.8P and Pd5P2) nanoparti-
cles along with Pd(0) clusters. The catalyst made up of this mixture was used for the
hydrogenation of styrene and phenylacetylene, nitrobenzene and benzaldehyde. The
same group reacted [Pd(acac)2] with an excess of P4 to obtain amixture of crystalline
PdP2 and Pd5P2 [254].

To improve the phase purity and size distribution, reactions of metal precursors
either in M(0) state or in metal nanoparticles form were carried out with white
phosphorus. For instance, Sanchez et al. [255] synthesized phase pure Pd5P2 and
PdP2 nanoparticles by reacting Pd(0) nanoparticles in OLA and ODE with required
amount of P4 in toluene at 310 °C [206]. However, synthesis involving the use of
Pd(0) precursor [Pd2(dba)3], dba = dibenzylideneacetone] with an excess of P4 in
solution yielded a mixture of polydispersed Pd6P and Pd3P2 particles with average
particle sizes of 140 and 65 nm, respectively.

The same group carried out a number of reactions of Pd(0) nanoparticles with
phosphorus (P4) in various stoichiometric amounts to study the mechanism of the
formation of crystalline palladium phosphide nanoparticles. They proposed that
the formation of crystalline palladium phosphide nanoparticles takes place through
an intermediate step involving the formation of amorphous palladium phosphide
nanoparticles and the crystallization temperature depends on Pd/P ratio [256].

The quality palladium phosphide nanoparticles were obtained by replacing P4
with TOP as the phosphorus source. Schaak et al. synthesized monodispersed spher-
ical nanocrystals of Pd5P2 and PdP2 nanorods by injecting [Pd(acac)2] into a hot
TOP/TOPO or octyl ether at 300–360 °C. The stoichiometry control is achieved by
adjusting the reaction conditions [230].
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Similarly, Brock et al. [257] prepared monodispersed Pd5P2nanoparticles of size
5–10 nm by encapsulation in a mesoporous silica network. Precursor palladium
phosphide amorphous nanoparticles were prepared by reacting [Pd(acac)2] with TOP
at 300 °C. Crystallization of these amorphous particles by maintaining their size
was carried out by encapsulating these particles in a mesoporous silica shell and
subsequent treatment of these particles at 500 °C under a reducing atmosphere. This
crystalline Pd5P2@mSiO2 shows high BET surface areas (>1000 m2/g) and average
pore size of 3.7 nm.

Although quality phosphide nanocrystals were obtained by using TOP as phos-
phorus precursor, TOP is air sensitive and readily oxidizes in air. So, an inexpensive
and stable alternative like triphenylphosphine (PPh3) can be a better phosphorous
source. Accordingly, Zhao has synthesized phase pure and monodispersed Pd3P0.95
nanoparticles of size 3.9 nm. The synthesis involves the heating of [Pd(acac)2]
with triphenylphosphine in a mixture containing TOPO as a surfactant, borane tert-
butylamine complex as a reducing agent and OLA as a co-reducing agent as well as a
stabilizer at 270 °C for 15min. These nanoparticles were annealed at 300 and 400 °C,
to grow to a size of 4.0 and 4.8 nm, respectively. Palladium phosphide nanocrystals of
4.8 nm exhibited high catalytic selectivity in semi- and stereoselective hydrogenation
of alkynes [258].

Other than dual ormultiple sourcemethods, single source precursormethod is one
of the versatile routes for the synthesis of metal phosphide nanocrystals. Recently,
Habas et al. [233] synthesized spherical Pd3P nanocrystals of size 4.0 ± 0.8 nm by
thermal decomposition of single source precursor [Pd(PPh3)4] in OLA and ODE by
heating the mixture to 300 °C and held at this temperature for 1 h.

Platinum Phosphide

Platinum metal is a known commercial catalyst in many industrial applications.
However, scarcity and cost per unit mass make the industrial processes expensive.
Therefore, cheaper alternatives in the form of its phosphide derivatives are a viable
option to reduce the cost of large-scale processes. Furthermore, platinum phosphides
such as PtP2 pertain to a fascinating category of phosphorus-rich polyphopsides
which are difficult to produce in bulk form. Hence, colloidal synthesis provides a
way to access these phosphide phases. The only report for synthesizing colloidal
platinum phosphide nanoparticles involves the injection of metal salt solution in
TOP into a hot TOP at 300–360 °C. The formation of PtP2 nanoparticles take place
through a metal nanoparticle intermediate step [230].

12.5.6 Syntheses of Colloidal Nanomaterials of Group 11
(Cu, Ag, Au) Phosphides

The growing energy demands accompanied by increasing carbon emissions have
motivated us to harvest and store more renewable energy through solar cells and
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lithium ion batteries, etc. and converting CO2 into useful chemicals by utilizing
renewable energy to reduce carbon emissions. In the above process, group 11 metal
phosphides have contributed significantly through their utilization as anode in lithium
batteries [158] and as a catalyst to convert CO2 to CO [259]. Therefore, the devel-
opment of synthesis of colloidal nanomaterials of group 11 metal phosphides with
different shapes and size in a controlledmatter further enhance the efficiencies of their
bulk counterparts. Accordingly, fewer synthetic protocols which have been explored
are accounted for in the following section.

Copper Phosphides

Copper phosphides are air-stable and environmentally friendly materials. Copper
phosphide is a promising candidate for applications in lithium ion batteries
[158], field effective transistors (FET) [158] and electrocatalysis [260]. Especially,
phosphorus-rich copper phosphides have higher theoretical weight- and volumetric
capacitances than that of graphite. Therefore, CuP2 can be an alternative anodemate-
rial for graphite due to high energy density and power density requirements in lithium
ion batteries [261].

The first colloidal synthesis of hexagonal shaped Cu3P nanocrystals were
performed by the hot injection of Cu nanocrystals and TOP into TOPO at high
temperature. Schaak et al. in this report found that metals can dissociate the P–C
bond leading to diffusion of phosphorus into the metal [207]. Later, the size distri-
bution of hexagonal plates like Cu3P nanocrystals were improved by using CuCl
to react with TOP instead of Cu nanocrystals. The sizes of these nanocrystals can
be tuned in the range of 5–50 nm depending on the duration of the reaction. The
mechanism of the formation of Cu3P can be either by direct nucleation of Cu3P or
via the formation of Cu nanocrystals which is dependent on the ratio of TOP and
CuCl. The direct nucleation of Cu3P gives rise to reproducible and size controllable
pure Cu3P, while the Cu nanocrystals mediated mechanism results in the formation
of Cu–Cu3P Janus-like nanocrystals [262]. The latter type of nanocrystals is not apt
for battery applications.

Manna et al. [263] reported the synthesis of single-crystalline hexagonal shape
Cu3P nanoplatelets by using PH3 and CuCl as the phosphorus and copper sources
in a mixture of alkylamine and TOPO as solvent and TOP as the nucleation control-
ling agent at moderate temperatures (200–230 °C). The width of these platelets
can be tunable in the range of 10 to 1000 nm by controlling the number of nucle-
ations followed by rapid growth along two feasible directions. In the entire size
range, the platelets are single crystalline, have narrow size distribution and hexagonal
shape. These Cu3P nanoplatelets have semiconducting, plasmonic and rectification
properties. Recently, Liu et al. prepared size controlled Cu3−xP nanocrystals using
[P(SiMe3)3] as the P precursor by pulsed laser at low reaction temperature). These
nanocrystals showed the localized Surface Plasmon Resonance and nonlinear optical
absorption. They also demonstrated that plasmonic Cu3−xP nanocrystals can act as
simple, effective and solution-processed nonlinear absorbers for fiber laser [264].

In addition to the above costly phosphorus precursors, Mézailles et al. [206]
synthesized Cu3P and CuP2 nanoparticles by reacting Cu(0) nanoparticles (prepared
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by heating [Cu(acac)2] in a mixture of OLA and ODE at 250 °C for 2 h) were reacted
with stoichiometric amounts of white phosphorus (P4) in solution at 250 and 320 °C,
respectively. The formation of phase pure Cu3P2 occurs via Cu–Cu3P2 core-shell
intermediate step. It was observed that CuP2 nanoparticles are prone to aggregation
compared to Cu3P2 nanoparticles. This could be explained by the dominance of
diffusion kinetics below 250 °C which is taken over by aggregation phenomena at
reaction temperatures >250 °C.

In addition to themethods using [P(SiMe3)3], PH3, TOP, P4 as phosphorus precur-
sors, inexpensive and less toxic phosphorus precursor like TPP is an alternative for
the preparation of metal phosphides and their large-scale production. Shavel et al.
[188] synthesized disc or hexagonal shaped Cu3P2 nanocrystals with dimensions of
4.5 ± 1 nm × 17 ± 1 nm by heating of CuCl2 with TPP in the presence of HDA and
ODE and heated to 280–300 °C.

Silver- and Gold Phosphides

The conversion of CO2 into useful chemicals by employing renewable energy is an
ideal method to reduce carbon emissions. Therefore, the development of an effective
and selective catalyst is crucial for the above process. Gold and silver were realized as
highly selective electrocatalysts for conversion of CO2 to CO. Accordingly, various
approaches using silver based catalysts have been adopted to decrease the required
overpotential for highly selective reduction of CO2 to CO, but in vain. Furthermore,
the integration with the current chemical infrastructure is hindered due to the limited
range of the ratio of CO:H2. Therefore, alloying phosphorus with silver is an effective
way to modify the electronic structure and surface properties of silver for electrocat-
alytic applications. Thus, AgP2 can be a potential electrocatalyst for the reduction
of CO2 to CO and studying the influence of phosphorus insertion in the lattice of Ag
on the catalytic performance, durability and selectivity for CO2 reduction applica-
tions is necessary. However, the reports on synthesis of AgP2 nanostructures are rare
due to the difficulty in controlling the size, shape and purity [207, 259]. Especially,
colloidal synthesis which is known to afford quality monodispersed nanostructures
with effective control over the shape is still a more challenging task in case of silver
phosphide.

Schaak and co-workers [207] are the first to report the synthesis of colloidal AgP2
nanocrystals by injectingAg nanocrystals in TOP solution into hot TOP at 370 °C and
maintained at that temperature for 2 h. AgP2 nanocrystals were always accompanied
by Ag impurity and the size of AgP2 nanocrystals are approximately 500 nm.

Although the abovemethodyieldsAgP2 nanocrystals, the nanocrystalswere larger
in size and were not employed for CO2 reduction. Therefore, Geyer et al. [259]
synthesized monodispersed spherical AgP2 nanocrystals of an average size of 3.5 ±
0.5 nm by injecting [P(Me3Si)3] in ODE into a solution containing silver acetate,
OLA, OA and ODE at 180 °C and continued heating for 10 min and demonstrated
their use as a catalyst for the reduction of CO2 to CO. AgP2 nanocrystals exhibited
a threefold reduction in overpotential for electrochemical reduction of CO2 to CO
compared to the benchmark Ag catalyst.
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Gold is one of the most studied metals for synthesis of nanoparticles. In contrast,
only a limited number of methods are available for the synthesis of gold phosphide
nanoparticles [265]. Only few methods for colloidal gold phosphide nanomaterials
have been reported [184, 230, 266, 267]. Early works of Oberkampf [266] and Baker
and Usher [267] for the synthesis of gold phosphide involves the reaction of PH3

with Au(III) or Au(I) in solution, however, their size could not be estimated. In 2007,
Henkes et al. reported the synthesis of Au2P3 nanoparticles by the reaction of Au
nanoparticles with TOP as phosphorus source at 360 °C. The phase of the nanoparti-
cleswas determined byXRD, but the sizewas not estimated [230]. Recently, Sanchez
and co-workers synthesized Au2P3 nanocrystals by reacting gold nanoparticles with
soluble white phosphorus (P4) donor at 250 and 320 °C. At 250 °C, the reaction
limited to the surface of the nanoparticles with the unreacted P4 in the solution.
Later, the surface is modified by reducing the stoichiometry of P4 to Au: P to 10:1
and decreasing the temperature to 110 °C. The reactionwhen carried out at 320 °C for
3 h produced crystalline Au2P3 and the nanoparticles aggregated to form nanowires.
Furthermore, composite Au2P3-Au nanostructures were also formed wherever the
gold phosphide domains are larger than the unreacted gold nanoparticles. These
results reveal that gold is hesitant to form gold phosphide due to its metastable
nature of this phase [184].

12.6 Application of Colloidal Metal Phosphide
Nanomaterials

Traditional methods for manufacturing electronic devices include expensive physi-
cally manufacturing processes such as wafer fabrication from single crystals and thin
film deposition from bulk materials. Likewise, catalysts are fabricated by impregna-
tion technique. All these processes involve lot of costs due to higher materials costs
and material losses during the manufacturing leading to more cost burden on the
final product. However, these products can be made cost effective either by adopting
modern technologies which can cut down the material wastage or improvising the
performance of the device or catalyst. In view of this, usage of active materials in
the form of colloidal nanocrystals makes the fabrication of the devices and cata-
lysts inexpensive. This is due to the easy processability and scalability of colloidal
nanocrystals which enables the manufacturing of cheaper thin films devices or cata-
lysts by suitable coating and printing techniques. Furthermore, usage of colloidal
nanocrystals helps in the development of high performance devices and catalysts
due to the size- and shape-dependent properties.

Among colloidal nanocrystals, metal phosphide nanocrystals provide a benign
and environmentally friendly alternative to toxic and heavy metal chalcogenides
(e.g., CdE and PbE (E=Se or Te)) for solution-processable optoelectronic devices,
including photodetectors [268], photovoltaic cells [269] and LEDs [270] due to their
photo-physical properties.



502 G. Kedarnath

In addition, colloidal metal phosphide nanocrystals can also replace costly noble
metal catalysts in the field of catalysis due to their abundance, high activity and excel-
lent stability. Especially, transition metal phosphides exhibit better performance in
catalytic applications of hydrogenation, hydrodesulfurization, hydrodenitrogenera-
tion [12, 141, 271] and water splitting [273, Chem Mater, 28 (2016) 6017–6044]
compared to sulfides and nitrides. Furthermore, metal phosphides can also be used
as resourceful anode materials for Li-ion batteries (LIBs) [13, 15] and biological
applications [14, 110].

12.6.1 Optoelectronic and Photovoltaic Applications

Of the metal phosphide nanocrystals, Zn3P2 and InP nanocrystal/quantum dots are
noteworthy in light absorption and emission-based applications due to their suitable
band gap which can be tuned in visible region. The main attraction of these semi-
conductors is due to the presence of covalent bonds compared to the ionic bond in
group 12 chalcogenides (e.g., ZnE or CdE (E=Se, Te)). The covalent bond improves
the optical stability of these metal phosphide QDs and also reduce their toxic nature
due to the nonerosion of the constituent species in biological ambiance [14, 110].
In spite of excellent properties, metal phosphide nanocrystals exhibit broad size
distributions, low photoluminescent quantum yields and poor thermal- and photo-
stability. Accordingly, considerable attention has been given to overcome these prob-
lems through chemistry, structure engineering at the interface and exciton dynamics
leading to high performance optoelectronic- and photovoltaic- devices.

Among group 13 metal phosphides, InP has a bulk bandgap of 1.35 eV and
exciton Bohr radius of 10 nm providing it considerable bandgap tunability. For
instance, synthesis of high-quality InP QDs have been used in white LEDs and
electroluminescence (EL) devices [66]. Lim et al. [8] demonstrated efficient InP QD
based light emitting diodes (QLEDs) by creating exciton within QD through suitable
carrier injection into QDs and the subsequent radiative exciton recombination within
QDs. The QLEDs show 3.46% of external quantum efficiency and 3900 cd m–2 of
maximum brightness, which are manifold better than their predecessors. The bright-
nesswas further enhanced in an invertedQLEDdevicewith InP/ZnSeS/ZnS quantum
dot as an active material and ZnMgO as the electron transporting layer through an
improved electron injection [9].

In contrast to metal chalcogenide nanocrystals, metal phosphide nanocrystals
exhibit low photoluminescent quantumyields (PLQYs) and poor thermal- and photo-
stability. In view of this, considerable attention has been given to optimize their
photo-physical properties through interfacial engineering and managing the exciton
dynamics. Recently, advances in the synthesis of core–shell-type InP QDs has been
made with reference to both PL and EL [9, 66, 273] (Fig. 12.5). In spite of this,
problems such as smaller size of InP@ZnS QDs as a result of lattice mismatch
between the core and shell leads to more interface defects which in turn causes low
PLQY and poor stability. Furthermore, the negative effects of Auger recombination
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Fig. 12.5 a Schematic illustration of InP/ZnSe/ZnS based QLEDs structure. b photoluminescence
(PL) spectra of QDs in solution, electroluminescence (EL) spectra and photographs of the QLEDs
at 0.1 mA (Reproduced from Ref. [66] with the permission of American Chemical Society)

and non-radiative Förster resonant energy transfer (FRET) among closely packed
QDs severely affect the performance of QLEDs due to thinner shells of QDs [274].
The above problems have been overcome by the synthesis of InP/ZnSe/ZnS QDs
(size of 15 nm) with a thick ZnS shell by layer-by-layer shell growth strategy. The
thickness of ZnS shell was sufficient to suppress the negative effects resulting in a
record external quantum efficiency of 6.6% in environmentally friendly red QLEDs.
The highly stable QDs exhibit the highest PLQY of 73% with narrow emission line
width.

In addition, the use of narrow band green, red InP/ZnSeS/ZnS QD films by blue
QD-emissive liquid–crystal displays (LCDs) in place of conventional red, green,
blue (RGB) color filters improves the relative luminance levels and EQE values
significantly [275].

Semiconductor nanowires (NWs) lasers have drawn significant attention in
nanophotonics due to their use as a potential for nanoscale photonic sources. At
present, their prospects for on-chip light sources are limited due to poor direction-
ality and high threshold gain. Recently, Ren et al. [276] overcome these problems
by designing a laser with InP NW integrated in a cat’s eye (CE) antenna. This
laser exhibits a higher degree of polarization, narrower emission angle, enhanced
internal quantumefficiency and reduced lasing threshold.This systemoffers excellent
prospects in future integrated nanophotonics systems.

Main group metal phosphides nanocrystals have also been utilized as potential
absorbing materials for photovoltaic applications. For instance, Zn3P2 is a potential
solar absorber in photovoltaics [277], due to its high absorption coefficient (10−4

to 10−5 cm−1), large carries diffusion length of 5–10 μm and suitable band gap of
1.5 eV [71]. These physiochemical properties can be improved further by producing
these metal phosphides in nanoscale.
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Luber and co-workers [10] fabricated a heterojunction device consisting of
ITO/ZnO/Zn3P2/MoO3/Ag and evaluated its photovoltaic performance. The device
shows exceptional rectification behavior and strong photosensitivity under 100 mW
cm−2AM 1.5G illumination.

Another important group 12 metal phosphide is Cd3P2 which has a direct band
gap of 0.55 eV and exciton Bohr radius of 18 nm providing it tunability in visible to
near-IR range within the quantum confined size regime [278]. Thus, making Cd3P2
colloidal quantum dots a promising material for light harvesting in a wide range.

Cao et al. fabricated PbS CQDs/Cd3P2 CQDs the quantum heterojunction
colloidal quantum dot (CQD) solar cell where both p- and n-layers were tunable
light absorbers. The optimized device exhibited an efficiency of 1.5% [279].

Group 13 metal phosphide materials because of their direct, tunable energy band
gap and good minority carrier properties are potential candidates for photovoltaic
applications. For instance, InP has a bulk band gap of 1.35 eV and exciton Bohr
radius of 10 nm offers it band gap tunability over a wide range which enables it to
absorb solar energy from visible to near-IR. In fact, for a single junction solar cell,
InP has an energy band gap very close to the ideal band gap value of 1.1 eV for a
maximum theoretical power conversion efficiency of 30% [280].

Chang-Hasnain and co-workers [67] fabricated a single-crystalline indium-
phosphide (InP) nanopillar solar cell grown on a silicon substrate with an an open
circuit voltage (Voc) of 0.534 V under Air Mass 1.5 Global (AM 1.5 G) illumination
at room temperature and a power conversion efficiency of 19.6%. The high Voc for
the solar cell is attributed to a novel regrowth technique that reduces the dark current
to sub-fA/μm.

InP and InZnP CQDs are less toxic and have suitable band gaps, high absorption
coefficient and high charge carrier mobilities. The charge carrier mobilities and life
times of InP and InZnP QDs can be improved with appropriate ligand-exchange
treatments. QD thin films made up of such materials can be used in solar cells which
have power conversion efficiencies of 0.65 and 1.2% (Fig. 12.6) [281].

Recently, the problem of both quantity and mobility of photocarriers has been
overcomeby a hybrid systemcomprising of graphene and self-doped colloidal copper
phosphide (Cu3−xP) QDs and have been used for broadband photodetection. Here,
Cu3−xP nanocrystals cause strong doping in graphene, which assists the formation of
a p–n junction by partially covering graphene with Cu3−xP NCs. The three-terminal
photodetector based on graphene-Cu3−xP exhibit broadband photoresponse from

Fig. 12.6 Device structure
of solar cell made up of InP
and InZnP QDs (Reproduced
from Ref. [281] with the
permission of American
Chemical Society)
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400 to 1550 nm with an ultrahigh responsivity and high photoconductive gain at
405 nm and a good responsivity at 1550 nm. Such type of flexible graphene- Cu3−xP
photodetectors operated at near-IR wavelengths may find potential applications in
optical sensing, biological imaging and wearable devices [282].

12.6.2 Catalytic Applications

The increasing interest for hydrogenation and hydrotreating processes with metal
phosphides as alternate to traditional catalysts (e.g., noble metals, metal sulfides,
carbides and nitrides, etc.) accompanied by the advances made in the synthesis of
metal phosphide nanostructures provided thrust to the catalytic applications of metal
phosphide nanostructures. In particular supported or unsupported colloidal metal
phosphide nanomaterials have assisted in boosting the catalytic performances.

The improvement in catalytic properties is mainly due to the change in the internal
electronic structure of transition metals due to incorporation of phosphorus in metal
lattice. In addition, phosphorus anion can distort the electron cloud around the
metals and modify the surface charge state of transition metal phosphides to ease the
intermediate process of catalysis [283].

The potential of metal phosphide nanostructures in catalysis was realized after a
groundbreaking work of nitrobenzene hydrogenation over bulk Ni2P [284] followed
by the strict environmental regulations to limit the sulfur content in fuels, upgradation
of bio oils as an energy alternative and growing demand for large-scale utilization and
storage of electrical energy derived from renewable energy in the form of hydrogen
further generated tremendous momentum for investigating metal phosphide nanos-
tructures as potential catalysts in hydrotreating, hydrogenation and water splitting
processes.

Hydrotreating

Hydrotreating is a process to eliminate impurities such as sulfur, oxygen and nitrogen
from different feed stocks or substrates using molecular hydrogen. The strict regu-
lations on the usage of fuels due to environmental issues gave thrust to research
on materials for catalysts in hydrotreating petroleum feeds and refined products,
particularly for sulfur removal. Hydrodesulfurization (HDS) and hydrodeoxygena-
tion (HDO) are the two important hydrotreatment processes that are employed to
remove sulfur from petroleum-related fuels and to remove oxygen from biomass for
upgraded bio oils. Reduction of oxygen content in biomass is necessary to control
the damaging characteristics such as high viscosity, immiscibility with hydrocarbon
fuels, poor heating value and low thermal stability, etc.

At present, catalysts employed in hydrotreating are mainly metal sulfides.
However, the stringent regulations to reduce the sulfur content in fuels and deac-
tivation of the sulfide catalyst in HDO process due to the replacement of sulfur by
oxygen necessitates the search for new catalysts with higher HDS activity and sulfur



506 G. Kedarnath

free catalysts. Therefore, nanoscaled metal phosphides could play an important role
in hydrodesulfurization and hydrodeoxygenation.

Hydrodesulfurization (HDS)

Hydrodesulfuriztion is the process of the removal of organosulfur compounds such
as thiophene, dibenzothiophene and substituted dibenzothiophenes from crude oils.
The direct reaction between these organosulfur compounds and H2 is difficult even
at high temperature and pressure, due to the high activation energy for the reaction.
Therefore, a suitable catalyst is required to facilitate the HDS reaction by lowering
the activation energy and resulting in high rates of conversion. Although catalysts
such as metal sulfides, noble metals are available for HDS, the demerits associated
with these catalysts drive the search for new catalysts. For instance, metal sulfide
catalysts are avoided due to stringent regulations to have low sulfur content in fuel
while noble metals are vulnerable to sulfur poisoning leading to decreased activity
over time [285]. These problems can be dealt with by replacing the noble metals
with noble metal phosphides as phosphides are more resistant to sulfur poisoning
and do not add any sulfur to the products while sustaining good HDS activity. For
instance, Rh2P catalysts exhibit better sulfur tolerance and higher dibenzothiophene
HDS activity compared to commercial Ni-Mo/Al2O3 and Rh/SiO2 catalysts [286].

In general, transitionmetal phosphides adopting isotropic structures exhibit appre-
ciable capacity for HDS [238, 240]. Amongmetal phosphides, silica-supported Ni2P
shows the highest HDS (98%) and HDN (90%) activity compared to other nickel
phosphides (Ni5P4 and NiP2) and transition metal phosphides [235]. However, these
nickel phosphide samples are polydispersed in size. Therefore, examining the role of
the particle size on catalytic activitywould be useful for improvising the performance
of catalyst. Accordingly, Brock and co-workers [287] studied the size-dependent
catalytic activity of Ni2P nanoparticle of size in the range 5 − 20 nm probed against
dibenzothiophene (DBT) for HDS by loading them on silica support via incipient
wetness. Contrary to the expectation,materials prepared by temperature programmed
reduction (TPR) are more active than the above Ni2P nanoparticles. In fact, the
smallest particles were the least active which is attributed to sintering of the particles
under HDS conditions. However, HDS activity of the Ni2P nanoparticles is doubled
by minimizing sintering by encapsulating them in a mesoporous silica shell.

Similar to the size-dependent studies, catalytic activities of unsupported nanoscale
Ni2P materials are rarely investigated [288] compared to the HDS activities of
supported Ni2P materials. In view of this, exploring the catalytic activities of unsup-
ported Ni2P nanoparticles and studying the influence of surface ligand on the thermal
stability and activity of catalysts at high temperatures and reducing atmospheres
would be interesting. Therefore, the same group investigated the surface dependent
thermal stability and thiophene HDS activity of monodisperse, unsupported Ni2P
nanoparticles [244]. They have shown that the surface modified Ni2P nanoparticles
influence the catalytic activity and phase stability under high temperature reducing
and/or HDS conditions and are more active than bulk materials.

Other than the non-noble metal phosphide like nickel phosphides, noble metal
phosphide like palladium phosphide nanoparticles were also employed as HDS
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catalysts. For instance, Brock et al. [257] produced monodisperse Pd5P2 of size
5–10 nm and encapsulated in a mesoporous silica network and employed them for
HDS. Encapsulation maintains the particle size during the sintering. The resultant
Pd5P2@mSiO2 shows an increase in HDS activity as a function of temperature, with
dibenzodithiophene (DBT) conversion of 60% at 402 °C.

Hydrodeoxygenation (HDO)

Hydrodeoxygenation is the process of the removal of oxygen fromoxygen-containing
compounds. The former process has significant importance in the upgradation of bio
oils to possible biofuels by converting oxygenated groups present in bio oils. The
upgradation is required to improve the properties of biofuels by improving their
thermal and chemical durability, heating value and volatility. The HDO reaction is
commonly carried out under harsh conditions in the presence of a catalyst to improve
efficiency. In general, industrial hydrotreating process uses metal sulfides as cata-
lysts due to their high selectivity and activity in HDO of bio oils. However, the loss
of sulfur during the process leads to both deactivations of these catalysts as well as
contamination of the cleaned products [285]. Although noble metal catalysts over-
come these problems, the scarcity and the cost of these metals limit their industrial
applications. In view of this, research is focused on non-noble-and noble metal phos-
phide based catalysts for HDO due to their satisfactory catalytic activity and cost
effectiveness.

Among noble metal phosphides, nickel- and cobalt phosphides have drawn signif-
icant attention due to their remarkable catalytic activity. Most of these reports deal
with the catalyst prepared by using either supported- or unsupportedmetal phosphide
or doped metal phosphide on support where metal phosphide is being prepared by
incipient wetness impregnation method combined with reduction and the conver-
sion of supported metals or metal oxides with a phosphorus source combined with
under reducing conditions. Although there are various reports discussing the metal
phosphide applications in HDO [289–292], investigations dealing with HDO appli-
cations using colloidal nanoparticles are very rare. Habas and co-workers synthesized
phase pure metal phosphide nanoparticles of Ni2P, Rh2P and Pd3P by single source
molecular precursor route and supported on SiO2 to evaluate them as a catalyst for
hydrodeoxygenation of acetic acid. The catalytic performance of these supported
nanoparticles was compared to the corresponding metal and metal phosphide cata-
lysts prepared by incipient wetness (IW) over the range of 200–500 °C. The catalysts
prepared by colloidal Ni2P and Rh2P nanoparticles were stable and comparable to
the IW metal phosphides. Interestingly, Ni2P nanoparticle catalyst shows H2 acti-
vation and incorporation, in difference with IW-Ni, suggesting that both the metal
phosphide and the parent metal behave differently from each other [233].

Using the above single source molecular precursor route, Schaidle et al. [293]
synthesized Ni2P and Rh2P nanoparticles along with ligand-capped Ni, Pt, Rh
nanoparticles and utilized as catalysts for studying the hydrodeoxygenation of
guaiacol under fast pyrolysis conditions. The catalyst comprised of Rh2P nanoparti-
cles supported on SiO2 (NP-Rh2P/SiO2) is less active for guaiacol conversion than
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NP-Ni/SiO2. However, the former catalyst produce completely deoxygenated prod-
ucts and has the highest selectivity to anisole, benzene and cyclohexane, indicating
that it is a favorable catalyst for deoxygenation of aryl-OH bonds. The commercial
Pt/SiO2 catalyst and the catalyst prepared by incipient wetness impregnationmethod,
i.e., IW-Pt/SiO2 demonstrated the highest normalized rate of guaiacol conversion
per m2 and per gram of active phase, respectively, but only produce incompletely
deoxygenated products.

Hydrogenation

Hydrogenation is a reactionbetweenmolecular hydrogen (H2) and another compound
or element, in the presence of a suitable catalyst such as palladium, etc. Hydrogena-
tion reaction is commonly employed to reduce or saturate a molecule by adding
pairs of hydrogen atoms [294]. In general, hydrogenation involves the transfer of
hydrogen atoms to unsaturated compounds from gaseous hydrogenation or other
hydrogenation sources (e.g., hydrazine, formic acid, dihydronaphthalene isopropyl
alcohol).

The potential of bulk metal phosphides such as Ni2P recognized with the
pioneering work of Brown and co-workers dealing with nitrobenzene hydrogena-
tion [284] which subsequently received thrust from the application of metal phos-
phide nanoparticles in hydrogenation catalysis [295, 296]. In general, hydrogena-
tion reactions were either performed using unsupported or supported nanoparticles
(amorphous or crystalline).

Ni2P nanoparticles selectively hydrogenate a range of functional alkynes into
alkenes in milder conditions. Carenco et al. [297] employed Ni2P nanoparticles of
size 25 nm as a catalyst for the selective hydrogenation of terminal and internal
alkynes. Cis-alkenes were obtained under mild conditions with good conversion and
selectivity. For instance, phenylacetylene was selectively hydrogenated to styrene
in solution. The phosphorus inserted in the Ni–P nanoparticles is critical for the
selectivity of the catalyst. Mechanistic studies were probed using isotope labeling
for understanding the interactions of the reactants with the nanoparticle’s surface.

PdxP nanophosphides hydrogenated selectively olefins and polyolefins. For
instance, Belykh et al. [298] employed palladium phosphide nanoparticles formed by
the interaction of [Pd(dba)2] with N, N-dimethylformamide and white phosphorus as
catalyst for hydrogenation. An inhibiting effect was observed on the catalytic process
when elemental phosphorus is added to Pd(0) due to the formation of palladium
phosphide- nanoclusters and nanoparticles. The same group has studied the effect of
the ligands in the palladium precursor on the varying action of elemental phosphorus
on Pd catalysts for hydrogenation of styrene. In the case of oxygen-containing ligands
in the palladium precursors, at small P/Pd ratios phosphorus shows an encouraging
effect leading to an increase in the TON and TOF values by a factor of about 9. On
the contrary, with PdCl2 as the precursor, phosphorus wields a hindering effect while
improving the durability of the catalyst and elevating the TON value at P/Pd = 0.3
[299].

Zhao [258] has demonstrated the utility of crystalline and single phase Pd3P0.95
nanocrystals as highly active catalysts in semi- and stereoselective hydrogenation
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of alkynes. In this investigation, monodisperse palladium phosphide nanoparticles
of size 3.9 nm were produced by using triphenylphosphine as phosphorous source.
These nanoparticles were deposited and calcined at 300 and 400 °C, respectively.
The resulting single phase of Pd3P0.95 nanocrystals acted as the catalyst for the
hydrogenation of alkynes.

Synthesis of aromatic alcohols by selective hydrogenation of aromatic ketones
is challenging. For instance, when noble metal catalysts like Pt, Rh and Ru are
employed, they show similar reactivity towards the hydrogenation of the C=O group
and the aromatic ring [300–302]. To enhance the selectivity of C=O hydrogenation
towards C–OH, Pd supported catalysts were used. However, Pd further catalyzes
the hydrogenolysis of C–OH to give ethylbenzene as a final product [303–305].
To overcome these problems, Vetere et al. [306] supported Ni2P/Ni12P5 nanopar-
ticles (obtained by thermal decomposition of [Ni(acac)2] together with tripheynl
phosphine) on mesoporous silica and utilized the same for the hydrogenation of
the acetophenone carbonyl group to 1-phenylethanol. The nanoparticles exhibited
activity and high selectivity for the mentioned hydrogenation reaction which is
attributed to the specific geometry of theNi–P locations on the surface of the nanopar-
ticles. The findings are interesting as nickel phosphides exist in different crystallo-
graphic structureswhich could be active and selective to hydrogenatemulti functional
molecules.

Analyzing the results based on the above reports, Vetere et al. [307] explored
the possible promoter effect due to the presence of phosphorus in nickel phosphides
during chemoselective hydrogenation of an aromatic ketone. Accordingly, catalysts
were prepared with monodisperse Ni and Ni2P nanoparticles of the same average
diameter (16.0± 0.2 nmvs. 15.1± 0.6 nm, respectively) so that the exact effect of the
electronic and structural differences between the nickel and the nickel phosphides on
the catalytic activity and selectivity in hydrogenation of acetophenone can be found
without anymisleading effects that can be produced due to different sizes of nanopar-
ticles. The nanoparticles were supported on mesoporous silica nanospheres for their
use as catalysts in the hydrogenation of acetophenone in liquid phase. Surprisingly,
both the catalysts produced the same product with similar final conversion of 30%
and selectivity to 1-phenylethanol of about 95%. The only difference is that nickel
phosphides show a lower reaction velocity than Ni.

Other than the above hydrogenation reactions, substrates such as cinnamaldehyde
and acetonitrile were selectively hydrogenated with Ni2P on SiO2 [308] and MoxP,
respectively [309]. For instance, the selective hydrogenation of α,β-unsaturated alde-
hydes using nickel phosphides as a non-noble metal catalyst has been explored as
the reaction is of great importance in industrial production. In view of this, Liu and
co-workers employed an amorphous nickel phosphide for the selective hydrogena-
tion of cinnamaldehyde. Amorphous nickel phosphide exhibited better activity and
selectivity compared to crystalline nickel phosphide and commercial Pd/C catalyst.
Furthermore, initial P/Ni ratio affects the activity of amorphous nickel phosphide.
In addition, amorphous nickel phosphide show better catalytic performance in the
selective hydrogenation of different α,β-unsaturated aldehydes and ketones[310].
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However, in the case of hydrogenation using MoxP, the reaction is dependent on
the M/P ratio. HighM/P ratio of 1.1 produced ethylamine as the major product while
low ratio of 0.9 yielded diethylamine and triethylamine as the product [309].

Hydrogen production through water splitting

The rapid consumption of traditional energy sources such as petroleum and coal
worsened both the global energy and the environmental pollution problems. In addi-
tion, the large-scale storage requirement of renewable energy sources like wind or
solar energy to allay these problems is not solved yet. Converting the electricity
derived from these renewable energies to hydrogen fuel via water electrolysis opens
an interesting path to realize both energy conversion as well as scalable storage tech-
nology. Hydrogen is considered an ideal fuel for storage and supply due to its clean
and high energy density.

Among various methods available for the production of hydrogen, water splitting
is one of the most encouraging technologies. Water splitting can be achieved either
electro- or photo catalytically. Electrocatalytic water splitting is the main approach
to produce H2 through HER of the electrolysis of water. The electrolysis of water
involves hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
[272] as mentioned below.

Cathodic reaction:

2H+(aq) + 2e− → H2(g)

Anodic reaction:

2H2O(l) → 4e− + 4H+(aq) + O2(g)

In general, HER in acidic medium involves the absorption of H+(aq) and the
desorption of H2 from the surface of the catalyst [311]. The absorption step also
known as Volmer reaction is a discharge process that involves an electron transfer
to the cathode surface to capture a proton of the electrolyte forming an intermediate
state of an adsorbed hydrogen atom on the active site of the catalyst.

H+(aq) + e− + Catalyst ↔ Hads (Volmer reaction)

The desorption step follows two different paths to produce H2 depending on the
coverage of adsorbed hydrogen atom on the catalyst which in turn depends on the
absorption of the catalyst towards H+ [311]. Under lower coverage condition of the
adsorbed hydrogen atom (Hads), the electrochemical desorption step is known as
Heyrovsky reaction where as the chemical desorption involving high Hads coverage
is called Tafel reaction.

Hads + H+(aq) + e− ↔ H2(g) (Heyrovsky reaction)



12 Synthesis and Applications of Colloidal Nanomaterials … 511

Hads + Hads ↔ H2(g) (Tafel reaction)

Overall, the above reactions could be described as thermodynamic adsorption and
desorption processes of Hads from the active sites of a catalyst.

Theoretically, water splitting requires a minimum Gibbs free energy (�Go) of
237.13 kJ mol–1 to overcome an energy barrier for dissociating each mole of water
[12]. This is equivalent to a potential difference of 1.23 V in electrochemical process
and equal to photon energy of 1.23 eV in photochemical process. However, the
required voltage in the actual electrochemical reaction is much larger than 1.23 V
due to the various energy barriers in electrochemical process. Absolute value of the
difference between the experimental potential and the thermodynamically calculated
potential is called overpotential. The latter is caused by polarization of the electrode
which always demands more energy for electrolysis than that is predicted by theory.
Overpotential is one of the important parameters for evaluating an electrocatalyst
and should be low for an excellent electrocatalyst.

Therefore, the use of catalysts in these energy conversion reactions is crucial to
reduce the energy requirement by lowering the activation energy and increase the
efficiency of energy conversion. In view of this, exploration of a suitable catalyst
is crucial for water splitting. Accordingly, noble metals like Pt and its composites
have been studied as possible catalysts for many energy conversion reactions such
as electrolytic and photocatalytic water splitting and found to be excellent catalysts.
However, their high cost and scarcity restrict their industrial/ large-scale applica-
tions. Therefore, efforts towards the development of low cost and earth abundant
metals and their alloys and other derivatives with better catalytic performance gained
momentum. Accordingly, a number of metal selenides [312], chalcogenides [313],
borides [314], nitrides [315], carbides [316] and phosphides [164] were studied
as the potential HER catalysts. Among them, metal phosphides have benefits such
as the most earth abundant and cheaper non-metallic elements, phosphorus as its
constituent and the moderate P–H bond strength which has an important role in
producing hydrogen and reducing the H-poisoning effect [317].

Accordingly, the investigations on transitionmetal phosphides for electrochemical
hydrogen evolution were performed by a number of groups including Shi et al. [272],
Popczun et al. [318] and Jiang et al. [319]. These reports have encouraged the research
of transition metal phosphides as efficient HER electrocatalyst.

Liu and Rodriguez [320] were the first to predict Ni2P(001) as a potential HER
catalyst using density functional theory (DFT) calculations. Ni2P(001) exhibits struc-
tural and electronic similarities to the active biological HER catalyst namely [NiFe]
hydrogenase. Inspired by these theoretical predictions, Schaak et al. [318] exper-
imentally demonstrated that nanostructured Ni2P is an active HER electrocatalyst
with improved performance and stability compared to other earth abundant electro-
catalysts. Here, hollow Ni2P nanoparticles were prepared by heating [Ni(acac)2] in
ODE, OLA and TOP to 320 °C for 2 h.

However, shape-dependent effect of the nickel phosphide nanoparticles on HER
activity remains unexplored, due to the difficulty in the synthesis of nanomaterials
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with different morphologies. Therefore, Joo et al. studied themorphology-dependent
HER catalytic activity of nickel phosphide nanoparticles using spherical and rod
shaped Ni2P nanoparticles. The investigations revealed that spherical Ni2P nanopar-
ticles with (001) surface exhibited better HER activity than Ni2P nanorods with the
(210) surface. This is attributed to better interactions of Ni2P(001) surface with the
adsorbent and lower activation energy requirement for hydrogen adsorption. The
outcome of the study emphasizes the significance of shape of the nanoparticles in
electrocatalysts for improving catalytic activities [321].

Recently, Zhang and co-workers [322] demonstrated that nickel phosphide
nanoparticles of composition Ni12P5 loaded on silicon nanowires also show effi-
cient HER catalytic activity and stability and are at par with other nonexpensive
catalysts. The best possible overpotential required for 20 mA/cm2 current density
using these nanoparticles as HER electrocatalyst is 143 mV in acidic solution. The
HER activity of Ni12P5 nanoparticles were linked to the charged natures of Ni and P.

Iron phosphide nanomaterials have also been studied for their use as HER cata-
lyst as early as nickel phosphide nanomaterials have been investigated for the same
purpose. Zhang and co-workers [323] high HER catalytic performance of transi-
tion metal nanomaterials using FeP nanosheets. The FeP nanosheets with porous
nature were synthesized through an anion exchange reaction of Fe18S25–TETAH
(TETAH = protonated triethylenetetramine) nanosheets with phosphorus ions. The
FeP nanosheets show high HER catalytic activity with a low overpotential (~0.1 V)
and small Tafel slope (~67 mV per decade).

However, highly active HER catalysts made up of high-quality iron phosphide
nanoparticles are still desirable. Accordingly, Schaak et al. [324] reported FeP
nanoparticles of remarkable electrocatalytic activity for H2 generation in both acidic
and neutral-pH aqueous solutions. At a current density of 10 mA cm−2, these
nanoparticles show overpotentials of 50 and 102 mV in acidic and neutral solu-
tions, respectively. The performance of FeP nanoparticles is comparable to their
non-noble metal nanoparticle predecessor as HER electrocatalysts in both acidic and
neutral-pH aqueous solutions.

Other than nickel phosphides, cobalt phosphides have also been known as good
HER catalysts with different morphologies [319], particle sizes, support materials
[325–327] and synthetic procedures [327–330]. The common methods used to
synthesize these CoP nanomaterials include colloidal synthesis involving the reac-
tion of readily prepared cobalt nanoparticles with TOP [325] or phosphidation of
nanostructured templates of cobalt oxide and related compounds [327].

Of these, only colloidal cobalt phosphide nanomaterials which have potential
HER catalytic activity will be the part of this discussion. For example, Schaak et al.
[325] reported uniform multifaceted hollow CoP nanoparticles on Ti foil showing
reasonably comparable HER electrocatalytic activity under strongly acidic condi-
tions. The CoP nanoparticles were synthesized by reacting Co nanoparticles with
TOP at 320 °C. Electrodes made up of these CoP nanoparticles on a Ti support
generated a cathodic current density of 20 mAcm–2 at an over potential of –85 mV.

Although it is known that CoP nanostructures exhibit high HER activity of CoP
nanostructures, understanding the origin of the activity is important which requires
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synthesis of high-quality andmorphologically discrete samples.Accordingly, Schaak
et al. [325] synthesized CoP nanostructures which have the most of its (111) crystal
facets exposed. These nanostructures were assessed for HER electrocatalysts and
compared with that of multifaceted CoP nanocrystals. The activity is better for multi-
faceted CoP nanocrystals. The comparison indicated that the high HER activity is
intrinsic to the CoP system and also elucidated that morphology has no significant
influence on the activity and stability of nanostructured HER electrocatalysts [321].

Cobalt phosphide nanostructures other than CoP, which is known for efficient
HER catalytic activity and has a compositionally and structurally distinct phase is
Co2P. For instance, Chen and co-workers [322] synthesized Co2P nanorods and
evaluated their HER activities by depositing on glassy carbon and Ti electrodes.
The nanorods were prepared by injecting a hot oleic acid and OLA solution of
[Co(acac)2] into a mixture containing OLA and TOP at 330 °C with the injection
rate of 0.125 mL/min and heated at the same temperature for 10 min. The former
shows better activity, stability and reversibility than Ni2P counterparts. The Co2P
nanorods on glassy carbon have the lowest Tafel slope while their exchange current
density on Ti electrode is comparable to that of Pt electrode.

Similarly, Huang et al. [333] also reported efficient HER catalytic activity for
Co2P nanorods with the overpotentials required as low as 167 and 171 mV in acidic
and basic solutions, respectively for a current density of 20 mA/cm2.

Recently, Robinson and co-workers [334] prepared morphologically alike Co2P
and CoP nanoparticles using premade Co nanoparticles. Motivated by such synthetic
capabilities, Schaak et al. [335] synthesized morphologically equivalent, uniform,
hollow Co2P and CoP nanoparticles and evaluated their HER activities in 0.50 M
H2SO4. Both nanoparticles are highly crystalline with identical shapes, sizes and
distributions. Such identical nanostructures help in correlating similarities and differ-
ences inHER activity directly with composition and structure while curtailing contri-
butions from morphology, size, size distribution and facets. Co2P exhibit high HER
electrocatalytic activity with high acid durability. Although catalytic performance
of Co2P is comparable to that of CoP, the higher overpotentials required for Co2P
compared to CoP when correlated with the relative Co/P ratios indicates that CoP
may offer a higher density of possible active sites due to the proximity of cobalt and
phosphorus atoms on the surface [335].

Other than iron-, cobalt- and nickel phosphide nanostructures, amorphous MoP
nanoparticles are among the best molybdenum-based HER catalysts and also one
of the active, acid-durable, non-noble-metal HER catalysts. Schaak et al. [187]
synthesized amorphous MoP nanoparticles of diameter 4.2 ± 0.5 nm and loaded
the nanoparticles on Ti to evaluate as electrocatalysts for the HER at pH 0.3 condi-
tions. Amorphous MoP nanoparticles were obtained by heating [Mo(CO)6] and
TOP in squalane at 320 °C which stayed amorphous after heating at 450 °C in
H2(5%)/Ar(95%) to take out the surface ligands. MoP/Ti electrodes showed over-
potentials of −90 and −105 mV at current densities of −10 and −20 mA cm−2,
respectively and remained stable over 500 cycles in acidic media under operating
conditions.
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Similarly, another amorphous system of colloidal WP nanoparticles with an
average diameter of 3 nm was produced and demonstrated as a novel HER electro-
catalyst in acidic aqueous solutions. WP/Ti electrodes showed overpotentials of only
−120 mV and −140 mV at current densities of −10 mA cm−2 and −20 mA cm−2,
respectively in acidic medium [192].

12.6.3 Lithium Ion Battery Applications

The expansion of renewable and long lasting energy sources is very much needed to
decrease the dependence on fossil fuels. For storing and transporting, the renewable
energy generated by different sources electrochemical energy storage devices such
as rechargeable batteries and supercapacitors are required which can be further used
in portable electronics and electric vehicles [336]. Among them, lithium ion batteries
(LIBs) are source of power for handy electronic devices owing to their high energy
density, durability and environmental friendly nature [337–339]. However, for their
affordable applications in electric- and hybrid electric vehicles, important require-
ments such as safety, affordability, longer shelf time, power- and energy–density have
to be met. The efficiency of LIBs mostly depends on the electrode material. Hence,
the development of cheaper and efficient electrodes is the need of the hour. More-
over, nanostructurization of electrodes enhances the electrode/electrolyte contact
area facilitating higher lithium ion flux across the interfaces for LIBs improving rate
capability. The former also enhances diffusion rate due to the short ion and electron
transport path and helps in managing volume expansion of the electrode with Li-ion
incorporation.

Accordingly, a number of nanostructures have been synthesized for fabricating
electrode materials for LIBs with an intention to improve electrochemical perfor-
mance [13]. Metal phosphides are interesting materials and exhibit better chemical
properties due to the existence of multi-electron orbitals. Hence, metal phosphides
have been used as HDS catalysts [271] and HER [11, 17], etc. Metal phosphides are
considered as potential anode materials for LIBs owing to their lower intercalation
potentials and remarkably high volumetric and gravimetric capacities compared to
carbonaceous materials available in the market.

The pioneering work of Nazar and co-workers [340] on CoP3 as an electrode
material demonstrated promising Li-storage performance which has garnered huge
interest due to low cost, low intercalation potentials and high theoretical capacity.
Ever since a number of binary metal phosphides such as Co2P [153], Zn3P2 [341],
GaP [342] and FeP2 [343], etc. have emerged as potential anode materials for LIBs.
Furthermore, the size and shape tuning of nanostructures added new dimensions to
the research on metal phosphides for LIB applications.

To date, a number of colloidalmetal phosphide nanostructures, including nanopar-
ticles [344], nanosheets [345], nanorods [222], nanowires [346], hollow spheres [153]
and hierarchical nanospheres [347] have been reported.
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The following section will discuss the colloidal metal phosphide nanostruc-
tures based on anodes for LIBs including nickel-, iron-, cobalt—and tin-phosphide
nanostructures.

Among the metal phosphides, nickel phosphides (e.g., Ni3P [348], Ni2P [345],
Ni12P5 [349], Ni5P4 [350], NiP2 [351] and NiP3 [352]) are the most studied mate-
rials for LIB applications. Of these, phosphorus-rich phases have higher capacities.
However, both phosphorus- and metal-rich nickel phosphides degrade on continuous
cycling due to volume change and separation from the copper foil. Therefore, many
researchers focused on improving the cycling performance of these phosphides and
trimming down the irreversible capacity loss. To date, a number of nickel phosphides
with distinct morphologies have been documented.

One of the ways to improve electrochemical performance is nanostructuriza-
tion of nickel phosphides, especially synthesis of porous nanostructures efficiently
contain the large volume changes and directed a short diffusion length for Li+ ions
during cycling [345]. For instance, thin porous Ni2P nanosheets (thickness of 3 nm)
synthesized by organometallic precursors used as potential anode materials for LIBs.
The nanosheets exhibit a reversible discharge capacity of 379.8 mAh g−1 after 50
cycles. The enhanced performances of nanosheet electrodes are ascribed to the porous
thin sheet structure, creating an improved contact between the active material and
electrolyte and also result in a short diffusion length of Li+ ions [345].

Although nanostructurization of electrodes improves the performance of lithium
ion batteries, fabrication of electrodes using nanoparticles is not simple. Their cohe-
sive structure has to be attained both mechanically and electronically for long-term
cyclic performance and effective electronic percolation. The former has been accom-
plished by carbon coating of the nanoparticles either by the deposition or growth of
nanoparticles on nanostructured carbonaceous materials (e.g., graphite layers [353]
and carbon nanotubes [354], etc.) or by the use of molecular sources of carbon (e.g.,
glucose [355], etc.). These nanoparticles coated nanostructured electrodes are gener-
ally less sensitive to oxidation or carbide formation than anode materials which have
been simply carbon coated using molecular sources of carbon. So, there is still scope
for novel carbon coating methods that would be well-suited for highly oxidation
sensitive nanoparticles and would guarantee a coating with better electronic perco-
lation through the electrode, without sintering of nanoparticles. Therefore, Sanchez
et al. [344] designed a simple in situ generated carbon coating method, using Ni2P
nanoparticles of size 25 nm where a soft thermal treatment (400 °C, 30 min) decom-
posed the surface ligands of the nanoparticles to form a thin carbon layer without
sintering of the nanoparticles. The thickness of carbon coating can be tailored by
changing the surface ligands. Electrochemical properties of the anode comprised of
Ni2P/C composite vs Li compared with the electrode made up of bulk Ni2P. The
capacity of the electrode fabricated by Ni2P/C nanoparticles were much better than
that of bulk material even after few cycles. The self-generated carbon coating offers
an electron-conductive penetrating network for Li permeability which enhances the
uptake of Li and also ameliorates the mechanical integrity of the electrode.

Furthermore, coating nickel phosphides with carbonaceous materials (e.g.,
graphene, or carbon nanotubes) or making composites of nickel phosphides with
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carbon materials alleviates the volume changes caused due to lithium ion insertion
and also avoid the accumulation of the nickel phosphide. These factors enhance
their lithium storage performance. For instance, Tu and co-workers synthesized
hierarchical nickel phosphide (h-Ni2P) nanospheres comprising of nanoparticles
with 5–10 nm sizes and filled by amorphous carbon. The structure enhances the
contact betweenNi2P and electrolyte providing space for lithium ion accommodation
shortens the diffusion length of Li+ and improves the reactivity of the electrode reac-
tion. The amorphous carbon filled hierarchical Ni2P nanostructures provide cushion
to buffer volume expansion and hence improves the electrode durability. The h-Ni2P
electrode displays high-capacity and Coulombic efficiency [347].

Among various carbonaceous materials, one dimensional tubular structures
namely carbon nanotubes (CNTs) have several advantages of high stability, -
electronic conductivity, -Young’smodulus and excellent surface properties for perfect
supporting material. Furthermore, CNTs also act as a conductive medium benefiting
good contact between the nanoparticles and ease volume changes and prevent the
aggregation of nanoparticles during the charge/discharge processes. CNTs also offer
shorter paths for electron transport and Li+ diffusion due to their large surface-to-
volume ratio resulting in short charge/discharge times. Accordingly, Yang et al. [349]
synthesized unique hybrid nanostructures of Ni12P5/CNT by direct in situ deposi-
tion of Ni12P5 nanocrystals onto oxidized multiwall CNTs. The conductivity of the
hybrids is enhanced and the aggregation of Ni12P5 nanoparticles are avoided with the
help of CNTs. The Ni12P5/CNT nanohybrid anode exhibit improved electrochem-
ical performance for LIBs and display a high capacity and remarkable stability. The
improved properties are a result of a synergetic effect between Ni12P5 and CNTs.

The 1-D nanowires are useful for realizing high performance of LIBs as they assist
in improved lithium ion and electron transportation than the electrodes comprised
of small particles where transportation is limited by the inter-particle connections
and continuities. In view of this, Tu et al. [346] produced single-crystalline Ni2P
nanowireswith a uniformdiameter of about 8 nmand lengths of fewhundrednanome-
ters demonstrated that the nanowires deliver much higher reversible capacity with
good rate performance compared with the hexangular structured Ni2P nanoparti-
cles. The better electrochemical performance is ascribed to the small size and stable
cylindrical structure of the nanowires which increase the interfacial contact area with
the electrolyte improve the efficiency of lithium ion transportation. Electrochemical
impedance spectra endorse that Ni2P nanowires have superior electrical conductivity
facilitating better movement of the lithium ion and electron in the electrode.

Among carbon-coated transition metal phosphide (TMP) nanomaterials and
composites of nanostructured TMPs, mono-phosphorus TMPs are less compared
to metal-rich phosphides due to lack of appropriate synthetic methods. Moreover,
the high carbon content in carbon-coated transition metal phosphide nanomaterials
and their composites make it difficult to maintain high energy density. Therefore,
Yang et al. [350] choosing PPh3 and [Ni(acac)2] as phosphorus and nickel precursor,
successfully prepared Ni5P4@C nanoparticles with reduced the carbon content and
demonstrated that the composite show high lithium storage capacity, cyclic stability
and exceptional rate capability.
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Iron phosphides have drawn considerable due to their earth abundance, afford-
ability and high theoretical capacities [356]. Similar to nickel phosphides, the
phosphorus-rich iron phosphides as anodematerials show higher reactivity versus Li.
The factors affecting their performance as anode materials are Fe/P ratio, structure
and electronic properties of the active material [356]. Until now, countable reports
of colloidal iron phosphides for lithium battery applications are available.

Hall et al. [343] produced amorphous FeP2 nanoparticles by treating
[Fe(N(SiMe3)2)3] with PH3 in THF at 100 °C and demonstrated their brilliant
performance in electrochemical lithiation/de-lithiation by utilizing as the anode
material in LIBs. The gravimetric charging and discharging capacities are 766 and
1258 mA h g–1, respectively. Moreover, a reversible capacity of 906 mA h g–1 after
ten cycles was achieved which corresponds to 66% of the theoretical capacity of
amorphous FeP2 nanostructures.

Cobalt phosphides (Co2P [153], CoP [153] and CoP3 [340, 357]) have been
explored as anode materials in LIBs. Depending on the physiochemical structure
of cobalt phosphides, their theoretical capacities can go beyond 500 mA h g–1.
However, their poor electrical conductivity and substantial volume changes during
cycling make their applications as anode materials in LIBs very challenging. Use
of nanostructured cobalt phosphides such as Co2P nanorods [222] and CoP hollow
nanoparticles [153] as active materials of anodes in LIBs is one of the ways to over-
come the above problems. For instance,Co2Pnanorods andCoPhollownanoparticles
synthesized by thermal decomposition method when examined as anode materials
for LIBs, it was observed that the effective Li+ insertion/extraction was improved and
the volume strain was alleviated. The hollow CoP particles show the best reversible
capacity of 630 mA h g–1after 100 cycles and excellent rate capability [153].

Another approach is to employ cobalt phosphide/carbon-based composites as
anodematerials as carbon increases the conductivity of the electrode and also accom-
modates the volume variations during cycling. For instance, Lu et al. [222] reported
Co2P nanorod/graphene nanocomposite with graphene sheets supporting Co2P
nanorods. The composite exhibits a relative reversible capacity of 888 mA h g–1after
250 cycles at 100 mA g–1 and remarkable cycle stability. This capacity is greater
than the individual theoretical capacity of Co2P and grapheme. The performance
of composite was better than its bulk counterpart. The improved performance has
been attributed to microspores in Co2P/graphene nanocomposites. Recently, Jiang
et al. synthesized CoP@C nanorods that displayed lithium ion reversible capacity of
around 530 mA h g−1after 200 cycles at 900 mA g–1 with good cyclic stability [350].

In addition to transition metal phosphide nanostructures, main group metal phos-
phide nanostructures have also been for LIB application. For instance, Sn4P3 has
a layered structure with alternating P and Sn layers. Utilizing this layered struc-
ture Sn4P3, Liu et al. [140] synthesized Sn4P3 nanoparticles with an average size of
15 nm and demonstrated their use as anodes in LIBs. The nanoparticles evidenced
a high reversible capacity of 442 mA h g–1 after 320 cycles at 100 mA g–1and
admirable cycling performance, which has been ascribed to their small size. Kim
et al. [68] established the application of teardrop like ultrafine SnP0.94 nanoparti-
cles as anode materials for LIBs. The nanoparticles show a reversible capacity of
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681 mA h g–1 after 40 cycles at 120 mA g–1. The greater stability exhibited during a
large number of cycles was attributed to flexible structural reversibility based on the
intercalation/deintercalation mechanism by molecular channels.

12.6.4 Biology, Medicine, Toxicology and Environmental
Applications

Some of the most important applications of QDs are in the field of biology, medicine
and environment. The crucial requirements for biomedical applications are cheaper,
less toxic- and biocompatible-luminescent QDs [358]. Colloidal metal phosphide
QDs based on InP based QDs are one of these QDs which have applications in
biology and medicine [359]. For instance, Prasad et al. produced highly monodis-
persed hydrophillic InP–ZnS core-shell nanocrystals and utilized them as lumines-
cent probes for cell imaging. Here, the surface of the mercaptoacetic acid-capped
InP/ZnS core/shell nanocrystals was conjugated with folic acid for biofunctionaliza-
tion and demonstrated their delivery into folate-receptor-positive cell lines by using
confocal microscopy. The folate-receptors are overexpressed in human cancerous
cells [110]. Mercaptosuccinic acid-capped InP/ZnS QDs surface functionalized with
antibodies and utilized for imaging of human pancreatic cancer cells [14]. The
surface modification and bioconjugation of QDs for targeting and imaging cells has
been shown in Scheme 12.3. Recently, InP/ZnS QDs in combination with rare-earth
emitters and peptide functionalization on QD surface were used for cell labeling
[360].

In addition to cell imaging, the toxicity of InP/ZnS nanoparticles has also been
studied and compared with that of CdSe/ZnS [361]. Recently while examining the
toxicity of InP QDs, Nadeau, et al. [362] observed that it is the phototoxicity that
contributes to cytotoxicity of these QDs though the constituent elements are less
toxic.

Apart from the biological applications, metal phosphide nanostructures have also
been used in environmental applications for the removal of heavy metal ions [363,
364] and as a photocatalyst for treating environment [365].

12.7 Conclusion and Future Perspective

In conclusion, a number of strategies have been developed for the synthesis of
colloidal nanomaterials of main group- and transition- metal phosphides over the
years and have been employed in various applications. In spite of interesting prop-
erties, colloidal synthesis of metal phosphides has encountered problems such as
broad size distributions, poor stability and lower quantum yields compared to other
conventional nanocrystals. Although considerable progress has been made in the
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Scheme 12.3 An illustration of the formation of the water-dispersible InP/ZnS QD bioconjugates
(Reproduced from Ref. [14] with the permission of American Chemical Society)

synthesis of quality colloidal metal phosphides by addressing many of these issues,
a thorough understanding of the underlying mechanisms is much awaited. More
systematic investigations and comprehensive understanding of the various synthetic
mechanisms could be helpful to have better control over shape, structure and stoi-
chiometry. This in turn can be useful in tailoring the physiochemical properties and
hence in the device applications. Therefore, future prospects of colloidal metal phos-
phide nanomaterials to replace conventional nanocrystals in various applications lie
in understanding the synthetic mechanisms and tackling the stoichiometry issues by
using single source molecular precursors.
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properties of NiP alloys. J Superconduct Novel Magnet 29:1001–1011

44. Zeppenfeld K, Jeitschko W (1993) Magnetic behaviour of Ni3P Ni2P, NiP3 and the series
Ln2Ni12P7 (Ln = Pr, Nd, Sm, Gd-Lu). J Phys Chem Solids 54:1527–1531

45. Odile JP, Soled S, Casro CA, Wold A (1978) Crystal growth and characterization of
the transition-metal phosphides copper diphosphide, nickel diphosphide, and rhodium
triphosphide. Inorg Chem 17:283–286

46. Fruchart R, Roger A, Senateur JP (1969) Crystallographic and magnetic properties of solid
solutions of the phosphides M2P, M = Cr, Mn, Fe, Co, and Ni. J Appl Phys 40:1250–1257

47. Xu J, Greenblatt M, Emge T, Höhn P, Hughbanks T, Tian Y (1996) Crystal structure, electrical
transport, and magnetic properties of niobium monophosphide. Inorg Chem 35:845–849

48. Shirotani I, Kaneko I, Takaya M, Sekine C, Yagi T (2000) Superconductivity of molybdenum
phosphides prepared at high pressure. Phys B 281–282:1024–1025

49. Blaugher RD, Hulm JK (1965) Superconducting phosphides of the transition metals. J Phys
Chem Solids 26:2037–2039

50. Ohta S (1996) Magnetic properties of 4d metal phosphides containing Co and Ni. J Phys Soc
Jpn 65:4090–4091

51. Raub ChJ, Zachariasen WH, Geballe TH, Matthias BT (1963) Superconductivity of some
new Pt-metal compounds. J Phys Chem Solids 24:1093–1100

52. Sweeney CM, Stamm KL, Brock SL (2008) On the feasibility of phosphide generation from
phosphate reduction: the case of Rh, Ir, and Ag. J Alloys Compd 448:122–127

53. Rühl R, Flörke U, Jeitschko W (1984) Crystal growth, properties, and structure refinements
of some rhenium phosphides and arsenophosphides. J Solid State Chem 53:55–63

54. Rühl R, Jeitschko W (1982) Preparation and crystal structure of dirhenium pentaphosphide,
Re2P5, a diamagnetic semiconducting polyphosphide with rhomboidal Re4 clusters. Inorg
Chem 21:1886–1891



522 G. Kedarnath

55. Wang P, Wang Y, Wang L, Zhang X, Yu X, Zhu J, Wang S, Qin J, Leinenweber K, Chen H,
He D, Zhao Y (2016) Elastic, magnetic and electronic properties of iridium phosphide Ir2P.
Sci Rep 6:21787

56. Sahu T (1991) Magnetic susceptibility of InP, InAs, and InSb. Phys Rev B 43:2415–2418
57. Sahoo Y, Poddar P, Srikanth H, Lucey DW, Prasad PN (2005) Chemically fabricated magnetic

quantum dots of InP: Mn. J Phys Chem B 109:15221–15225
58. Han DS, Bae SY, Seo HW, Kang YJ, Park J, Lee G, Ahn J-P, Kim S, Chang J (2005) Synthesis

andmagnetic properties of manganese-dopedGaP nanowires. J Phys ChemB 109:9311–9316
59. Huang B, Zhuang H, Yoon M, Sumpter BG, Wei S–H (2015) Highly stable two-dimensional

silicon phosphides: different stoichiometries and exotic electronic properties. Phys Rev B
91:121401 (R)

60. Kovnir KA, Kolen’ko YV, Ray S, Li J, Watanabe T, Itoh M, Yoshimura M, Shevelkov AV
(2006) A facile high-yield solvothermal route to tin phosphide Sn4P3. J Solid State Chem
179:3756–3762

61. Minami K, Jogo J, Mori M, Ishibashi T, Sato K (2005) 2005 IEEE international magnetics
conference (INTERMAG), Nagoya, pp 271–272

62. WilliamsR,McGovern I (1975) Surface characterisation of indiumphosphide. Surf Sci 51:14–
28

63. TyckoR (1998) Optical pumping in indium phosphide: 31PNMRmeasurements and potential
for signal enhancement in biological solid state NMR. Solid State Nucl Magn Reson 11:1

64. Tessier MD, Nolf KD, Dupont D, Sinnaeve D, Roo JD, Hens Z (2016) Aminophosphines: a
double role in the synthesis of colloidal indium phosphide quantum dots. J Am Chem Soc
138:5923–5929

65. Shmidt FK, Belykh LB, Skripov NI, Belonogova LN, Umanets VA, Rokhin AV (2007) Nano-
sized hydrogenation catalyst based onpalladiumbisacetylacetonate andphosphine: formation,
the origin of activity, and properties. Kinet Catal 48:640–648

66. Ramasamy P, Ko KJ, Kang JW, Lee JS (2018) Two-step “seed-mediated” synthetic approach
to colloidal indium phosphide quantum dots with high-purity photo-and electroluminescence.
Chem Mater 30:3643–3647

67. Ko WS, Tran T-TD, Bhattacharya I, Ng KW, Sun H, Chang-Hasnain C (2015) Illumination
angle insensitive single indium phosphide tapered nanopillar solar cell. Nano Lett 15:4961–
4967

68. Kim YS, Hwang HS, Yoon CS, Kim MG, Cho JP (2007) Reversible lithium intercalation in
teardrop-shaped ultrafine SnP0.94 particles: an anode material for lithium-ion batteries. Adv
Mater 19:92–96

69. Zaikina JV, Kovnir KA, Sobolev AN, Presniakov IA, Kytin VG, Kulbachinskii VA, Olenev
AV, Lebedev OI, Van Tendeloo G, Dikarev EV, Shevelkov AV (2008) Highly disordered
crystal structure and thermoelectric properties of Sn3P4. Chem Mater 20:2476–2483

70. Liu S, Li S, Li M, Yan L, Li H (2013) Synthesis of tin phosphides (Sn4P3) and their high
photocatalytic activities. New J Chem 37:827–833

71. Green M, O’Brien P (2001) A novel metalorganic route to nanocrystallites of zinc phosphide.
Chem Mater 13:4500–4505

72. Fleet ME, Mowles TA (1984) Structure of monoclinic black zinc diphosphide, ZnP2. Acta
Cryst, C 40:1778–1779

73. Li X, Peng F, Zhou X, Wang P (2013) The synthesis of ZnP4 based on liquid–solid reaction
under high pressure and temperature. Solid State Sci 21:51–53

74. Miao SD, Hickey SG, Waurisch C, Lesnyak V, Otto T, Rellinghaus B, Eychmüller A
(2012) Synthesis of monodisperse cadmium phosphide nanoparticles using ex-situ produced
phosphine. ACS Nano 6:7059–7065

75. Zanin IE,AleinikovaKB,AntipinMYu,AfanasievMM(2006) The structure of the compound
Cd3P2. J Struct Chem 47:78–81

76. Mellor JW (1947) The metal phosphides. In: A comprehensive treatise on inorganic and
theoretical chemistry, phosphorus. Longmans, London, pp 844, 849, 851



12 Synthesis and Applications of Colloidal Nanomaterials … 523

77. White WE, Bushey AH (1944) Aluminum phosphide—preparation and composition. J Am
Chem Soc 66:1666–1672

78. Kuisl M (1967) Synthesis of indium phosphide from indium and phosphorus pentoxide.
Angew Chem 6:177–177

79. Ringel CM (1971) Synthesis of gallium phosphide. J Electrochem Soc 118:609–613
80. Karimov S, Mavlonov S (1976) Izvestiya Akademii Nauk SSSR. Neorg Mater 12:1290–1292
81. Olofsson O, Gullman J (1971) The crystal structure of TlP5. Acta Chem Scand 25:1327–1337
82. Carlsson JRA, Madsen LD, Johansson MP, Hultman L, Li X-H, Hentzell HTG (1997) A

new silicon phosphide, Si12P5: formation conditions, structure, and properties. J Vacuum Sci
Technol A 15:394

83. Reinhold R, Mikhailova D, Gemming T, Missyul AB, Nowka C, Kaskel S, Giebeler L
(2018) Silicon monophosphide as a possible lithium battery anode material. J Mater Chem A
6:19974–19978

84. Kwon H-T, Kyoung Lee C, Jeon K–J, Park C-M (2016) Silicon diphosphide: a Si-based three-
dimensional crystalline framework as a high-performance Li-ion battery anode. ACS Nano
10:5701–5709

85. Li L, Wang W, Gong P, Zhu X, Deng B, Shi X, Gao G, Li H, Zhai T (2018) 2D GeP:
an unexploited low-symmetry semiconductor with strong in-plane anisotropy. Adv Mater
30:1706771

86. Osugi J, Namikawa R, Tanaka Y (1967) Chemical reaction at high temperature and high
pressure IV: high pressure phases in the Ge-P system. Rev Phys Chem Jpn 37:81–93

87. Nam K-H, Jeon K-J, Park C-M (2019) Layered germanium phosphide-based anodes for
high-performance lithium-and sodium-ion batteries. Energy Storage Mater 17:78–87

88. Yang B, Nie A, Chang Y, Cheng Y, Wen F, Xiang J, Li L, Liu Z, Tian Y (2018) Metallic
layered germanium phosphide GeP5 for high rate flexible all-solid-state supercapacitors. J
Mater Chem A 6:19409–19416

89. Tallapally V, Alan Esteves RJ, Nahar L, Arachchige IU (2016) Multivariate synthesis of tin
phosphide nanoparticles: temperature, time, and ligand control of size, shape, and crystal
structure. Chem Mater 28:5406–5414

90. Gullman J, Olofsson O (1972) The crystal structure of SnP3 and a note on the crystal structure
of GeP3. J Solid State Chem 5:441

91. Carenco S, DemangeM, Shi J, Boissiere C, SanchezC, Le Flochz P,Mézailles N (2010)White
phosphorus andmetal nanoparticles: a versatile route to metal phosphide nanoparticles. Chem
Commun 46:5578–5580

92. Schäfer K, Benndorf C, Eckert H, Pöttgen R (2014) PbP7–a polyphosphide with a three-
dimensional [P7]2− network of condensed and P-bridged P6 hexagons. Dalton Trans
43:12706–12710

93. Liu B, KöpfM, Abbas AN,WangX, GuoQ, Jia Y, Xia F,Weihrich R, Bachhuber F, Pielnhofer
F, Wang H, Dhall R, Cronin SB, Ge M, Fang X, Nilges T, Zhou C (2015) Black arsenic–
phosphorus: layered anisotropic infrared semiconductors with highly tunable compositions
and properties. Adv Mater 27:4423–4429

94. Hsu C–W, Tsai Y-C, Cossairt B, Camp C, Arnold J, Cummins C (2018) Synthetic route to
white phosphorus (P4) and arsenic triphopshide (AsP3). Inorgan Syntheses 123–134

95. Allen GC, Carmalt CJ, Cowley AH, Hector AL, Kamepalli S, Lawson YG, Norman NC,
Parkin IP, Pickard LK (1997) Preparation and characterization of a material of composition
BiP (Bismuth Phosphide) and other intergroup 15 element phases. ChemMater 9:1385–1392

96. Kimball GM, Mueller AM, Lewis NS, Atwater HA (2009) Photoluminescence-based
measurements of the energy gap and diffusion length of Zn3P2. Appl Phys Lett 95:112103

97. Nayak A, Rao DR (1993) Photoluminescence spectra of Zn3P2-Cd3P2 thin films. Appl Phys
Lett 63:592

98. Sharma SB, Paliwal P, Kumar M (1990) Electronic dielectric constant, energy gap and
fractional ionic character of polyatomic binary compounds. J Phys Chem Solids 51:35

99. Weller H, Fojtik A, Henglein A (1985) Photochemistry of semiconductor colloids: properties
of extremely small particles of Cd3P2 and Zn3P2. Chem Phys Lett 117:485–488



524 G. Kedarnath

100. Miao S, Yang T, Hickey SG, Lesnyak V, Rellinghaus B, Xu J, Eychmüller A (2013) Emis-
sive ZnO@Zn3P2 nanocrystals: synthesis, optical, and optoelectrochemical properties. Small
9:3415–3422

101. MobarokMH, Luber EJ, Bernard GM, Peng L,Wasylishen RE, Buriak JM (2014) Phase-pure
crystalline zinc phosphide nanoparticles: synthetic approaches and characterization. Chem
Mater 26:1925–1935

102. Glassy BA, Cossairt BM (2015) Ternary synthesis of colloidal Zn3P2 quantum dots. Chem
Commun 51:5283

103. Ho MQ, Esteves RJA, Kedarnath G, Arachchige IU (2015) Size-dependent optical properties
of luminescent Zn3P2 quantum dots. J Phys Chem C 119:10576–10584

104. Wang R, Ratcliffe CI, Wu X, Voznyy O, Tao Y, Yu K (2009) Magic-sized Cd3P2 II−V
nanoparticles exhibiting bandgap photoemission. J Phys Chem C 113:17979–17982

105. Miao SD, Hickey SG, Rellinghaus B, Waurisch C, Eychmuller A (2010) Synthesis and char-
acterization of cadmium phosphide quantum dots emitting in the visible red to near-infrared.
J Am Chem Soc 132:5613–5615

106. Xie RG, Zhang JX, Zhao F, Yang WS, Peng XG (2010) Synthesis of monodisperse, highly
emissive, and size-tunable Cd3P2 nanocrystals. Chem Mater 22:3820–3822

107. Ojo WS, Xu S, Delpech F, Nayral C, Chaudret B (2012) Room-temperature synthesis of
air-stable and size-tunable luminescent ZnS-coated Cd3P2 nanocrystals with high quantum
yields. Angew Chem Int Edn 51:738–741

108. Green M, O’Brien P (1998) A novel synthesis of cadmium phosphide nanoparticles using the
single-source precursor [MeCdPtBu2]3. Adv Mater 10:527

109. Yang X, Zhao D, Leck KS, Tan ST, Tang YX, Zhao J, Demir HV, Sun XW (2012) Full visible
range covering InP/ZnS nanocrystals with high photometric performance and their application
to white quantum dot light-emitting Diodes. Adv Mater 24:4180–4185

110. Bharali DJ, Lucey DW, Jayakumar H, Pudavar HE, Prasad PN (2005) Folate-receptor-
mediated delivery of InP quantum dots for bioimaging using confocal and two-photon
microscopy. J Am Chem Soc 127:11364–11371

111. Kim S, Lee K, Kim S, Kwon O-P, Heo JH, Im SH, Jeong S, Lee DC, Kim S-W (2015)
Origin of photoluminescence from colloidal gallium phosphide nanocrystals synthesized via
a hot-injection method. RSC Adv 5:2466–2469

112. Muskens OL, Diedenhofen SL, Kaas BC, Algra RE, Bakkers E, Rivas JG, Lagendijk A (2009)
Large photonic strength of highly tunable resonant nanowire materials. Nano Lett 9:930–934

113. Allen CR, Jeon J-H, Woodall JM (2010) Simulation assisted design of a gallium phosphide
n–p photovoltaic junction. Sol Energy Mater Sol Cell 94:865–868

114. Yamaguchi M, Takamoto T, Khan A, Imaizumi M, Matsuda S, Ekins-Daukes NJ (2005)
Super-high-efficiency multi-junction solar cells. Prog Photovolt: Res Appl 13:125–132

115. Elgun N, Davis EA (1994) Transport and optical properties of a-GaP prepared at different
substrate temperatures. J Phys: Condens Matter 6:779

116. Toufanian R, Piryatinski A, Mahler AH, Iyer R, Hollingsworth JA, Dennis AM (2018)
Bandgap engineering of indium phosphide-based core/shell heterostructures through shell
composition and thickness. Front Chem 6:567
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Chapter 13
Synthesis Strategies for Organoselenium
Compounds and Their Potential
Applications in Human Life

Prasad P. Phadnis

Abstract This article describes the prime role of selenium (Se) and its compounds
in mammalian biochemical systems, performing diverse functions like maintenance
of health through various selenoenzymes, diagnostic, therapeutic functions and as
targeted drug delivery system. The role of inorganic selenium compounds in food
chain and in nourishing human health is also briefed. The deficiency, as well as
excess selenium, leads to detrimental effects on health. Hence, the essential dose
required and its food sources or supplements have been described. Its role inmaterials
science serving for facilitating human life through various electronic devices, solar
cells, H2 evolution catalysts, etc. has also been described briefly. To harness the
full potential of such a useful element, what we need is a real compound, material
or its formulation in hand with utmost purity. As the properties of compounds are
governed by their structures, the literature knowledge helps us to design the selenium
compounds appropriately for desired applications. The present article underlines the
importance of design, synthesis, purification and characterization of the selenium
compounds. In viewof this, various classes of seleniumcompounds and their classical
and newly reported synthesis strategies have been described. In the later part of the
chapter, the prominent characterization and estimation methods for selenium species
have also been described briefly.
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13.1 Introduction

The research in area of design and synthesis of selenium (Se) compoundshas achieved
the paramount position due to the extraordinary properties of Se compounds making
their impact in various aspects of human life. Currently, the Se compounds aremaking
strides in biochemistry, chemical biology, human health related applications,material
science, in developing organic synthesis strategies—catalysts or reagents, as ligands
in coordination chemistry for exploring fundamental chemistry, diverse industrial and
agricultural applications. It finds direct relevance for human life—as a constituent
of bio-system, pharmacological or therapeutic applications to treat various disease
states including current COVID-19 and other respiratory viral infections, antioxidant,
anticancer, radioprotectors, neuroprotective agent, in treating bipolar disorders and
hearing loss, inhibitory effect on HIV as well as diagnostic and therapeutic 75Se
labelled radiopharmaceuticals. In case of pharmacology, the new concept of their
thiol modifier ability responsible for pharmacological action has also been proposed.
Besides the pharmacological actions, its forms as biomaterials have exhibited utility
for targeted drug delivery to a diseased site. Recently, Se compounds and its nano-
form have been explored as fertilizer for crops and plants. The inorganic form of
selenium compounds mainly selenites and selenates have prime importance in food
chain since they are absorbed through roots of plants and enter in food chain [1].
In materials science, the binary or ternary metal selenides have been utilized for
applications like supercapacitors, photovoltaic, optoelectronic,H2 evolution bywater
splitting, solar cells, energy harvesting, sodium ion batteries (SIBs), etc., [2]. In
this perspective, the researchers have developed novel synthetic strategies for the
synthesis of appropriate organoselenium compounds and novel structural features
were proposed in their design in order to achieve appropriate properties as well as
stability for certain unstable derivatives [3]. Subsequently, the account of selenium
chemistry, pharmacology has also been reported in some reviews [4].

In this chapter, the approach is to give a brief account of importance of selenium
compounds, mainly for human health and materials and principally summarize the
design strategies, various synthetic approaches of different classes of organosele-
nium compounds, their characterization and estimation. The difficulties and risks
associated during synthesis, hence, the required precautions and the waste disposal
after reactions are also summarized. It is expected that it will be helpful for beginner
researchers in this field. Hence at this moment, it will be worthy to comprehend the
historical milestones from discovery of selenium element, its general properties and
subsequent progress in understanding its crucial role in biological systems and other
material applications which was a directive for today’s research.
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13.2 Background and General Properties

The selenium (Se) element was discovered by a Swedish chemist J. J. Berzelius
(1817) in the reddish deposits appeared in the lead chambers in a sulphuric acid
plant [5]. It was named as selenium in honour of Greek Goddess ‘Selene’ meaning
TheMoon. Initially, it was thought to be tellurium; but subsequently, it was observed
that even though it exhibited very similar properties to tellurium, it was actually a
new element. Hence, Berzelius termed it selenium, which originated from a Greek
word Selene, meaning the Moon with the purpose to match the name tellurium,
which was derived from the Latin word Tellus which means the Earth. Selenium is a
trace element occurring nearly 0.09 ppm in the crust of earth and 0.2 ppm in aquatic
system. It ismetalloid in nature. The natural selenium exists as amixture of 6 isotopes
viz., 74Se (0.87%), 76Se (9.02%), 77Se (7.58%), 78Se (23.52%), 80Se (49.82%) and
82Se (9.19%). The Se exists in three stable allotropic forms. The amorphous form
is either red (powder form) or black (vitreous form) while a monoclinic selenium
in crystalline form is deep red and the most stable variety, a crystalline hexagonal
form, is ametallic grey. Selenium belongs to p-block,Chalcogen (group 16) elements
having electronic configuration [Ar] 3d10 4s2 4p4. It exists with −2, −1, +2, +4 and
+6 oxidation states in its compound forms. These vulnerable oxidation states confer
high reactivity to the selenium compounds which have evidenced in vast chemistry
of selenium compounds. In case of organoselenium chemistry, the Se2+ state is the
dominant form while in case of inorganic chemistry +4 and +6 states are dominant
forms.

13.3 Strides in Biological Sciences and Medicine

To begin with, the glimpses of role of selenium chemistry in biological and medical
fields are given. In case of biological sciences, since 1930s selenium has been
regarded as a potentially toxic substance due to high toxicity of livestock (selenosis)
in areas of soil with high selenium content known as seleniferous soil. This event
attracted the attention for studyof biochemical properties of seleniumcompounds [6].
Subsequently, in 1957, Schwarz and Foltz find Se as a micronutrient for mammals,
birds and bacteria as well as Se was identified as an essential component of a nutri-
tional factor which protected rats from severe necrotic degeneration of liver [7].
Since then it is treated as an essential micronutrient. Further in vivo experimental
studies on selenium deficiency syndromes in animals resulted in finding of two sele-
nium containing bacterial enzymes viz., formate dehydrogenase and glycine reduc-
tase [8]. These findings lead to a beginning of a new research domain of selenium
biochemistry. Concurrently the biochemical role of selenium in mammals was actu-
ally established by the identification of Se as a part of the active site of the antioxi-
dant enzyme glutathione peroxidase (GPx) [9]. This encouraged further work in this
domain and consequently, the number of selenoproteins authenticated has increased
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significantly in recent years [10]. They contain the selenium at their active sites in
form of selenocysteine (Sec) which is regarded as 21st proteinogenic amino acid
that imparts catalytic activity to the selenoezymes [11]. The reason for its activity
can be explained on the basis of its physicochemical properties. At physiological pH
(7.4) the selenocysteine exists mainly in anionic selenohydryl (RSe−) form which
is a good nucleophile as well as a good leaving group as compared to cysteine
which is its sulphur analogue [12]. Although all the selenoenzymes have the same
selenocysteine moiety at their active sites, their specificities for substrate are strik-
ingly different which enables them to perform diverse functions for maintaining
health of mammals. The unique redox properties of Se influence the catalytic activ-
ities of organoselenium compounds. The most significant selenoenzymes are viz.,
glutathione peroxidise (GPx), thioredoxin reductase (TrxR) (enzymes responsible
for detoxification) and iodothionine deiodinase (IDs), etc.[13].

Selenocysteine (Sec) 

Sec-Trp-Gln catalytic triad in 
active site of GPx

These findings encouraged to evaluate selenium compounds for their pharmaco-
logical actions in various disease states and study further selenium biochemistry. As
a result, the selenium compounds were evaluated for treatment of various disease
states which exhibited their potent activities. Their potency has been clearly proved
in vitro as well as in vivo. At present the selenium compounds have clearly exhibited
the antioxidant, GPx mimicking, radioprotection, anticancer, antiviral agents and in
healing of indomethacin-induced stomach ulceration, neuroprotective action as well
as their inhibitory role in case of AIDS. In case of GPxmimetic actions, new thoughts
in this area are also coming up. Accordingly, thiol modifier effects (oxidation of thiol
groups of proteins) of the organoseleniumcompounds to save the selenoproteins from
the inactivation caused due to soft electrophiles likeHg2+, CH3Hg+, Cd2+, etc.may be
more appropriate for explaining their pharmacological properties than their GPx like
catalytic activity. Hence the utilization of the thiol modifier property [thiol oxidase
(TOx) potential] of selenium compounds can be utilized more thoughtfully than use
of low molecular weight compounds to mimic the activity of selenoenzymes. Very
recently ebselenwas evaluatedmainly to treat the current Covid-19 pandemic disease
and other viral infections. The main Mpro (a cysteine protease) activity is crucial for
virus replication in the host cells. Hence, inhibition of Mpro activity will obviously
lead to cure the diseased state. The studies of Sies et al., clearly revealed that Mpro of
the corona virus SARS-CoV-2was the potential target during evaluations of potential
drugs. Among the ten thousand compounds evaluated, the researchers have identified
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ebselen as a promising inhibitor of Mpro activity. In this application, it is proposed
that the ebselen reacts with a multitude of protein thiols, forming a selenosulphide
bond resulting in pleiotropic effects of antibacterial, antiviral and anti-inflammatory
actions required especially in lung inflammation. Additionally, it is hypothesized that
seleniummay prevent cardiovascular and related chronic diseases [1]. Some of them
like ebselen [14], ethaselen [15] have been undergone clinical trials in phases III and
II respectively. Especially the ebselen is an important compound which exhibited
radio-protecting, hydroperoxide- and peroxynitrite-reducing activity and exhibited a
glutathione peroxidase and peroxiredoxin enzyme mimicking activities also. Addi-
tionally, it has exhibited potency during clinical trials performed for treating the
bipolar disorder.

Ebselen                             Ethaselen 

These established results of selenium compounds lead their further studies for
applications of its nanoparticle form as biomaterials for pharmacology [16] as well
as site specific targeted drug delivery [17]. Further the 75Se labelled compounds
have been explored for physiological and pharmacological studies [18] as well as
diagnostic probes in disease states [19]. All the facts have clearly established that
selenium is essential formammalian health. Hence let’s discuss about its requirement
for various functions, its dietary sources and amounts required for maintaining good
health. In case of Se deficiency, its implication in diverse disease states, as well as
its excessive dose leading to detrimental effects on health shall also be discussed.

13.4 Food Sources of Se for Health and Recommended
Dietary Allowance

Till this point, there is a clear view about biological and pharmacological role of sele-
niumwhich is an essential micronutrient (trace element) required formany important
biochemical functions in mammals. These functions are part of the maintenance of
normal metabolic status, immune regulation and to reduce inflammation. Hence
identifying the food sources and have them in our usual diet, which will provide
us Se is of prime importance to maintain health and keep away from diseases.
We obtain selenium from food sources in the form of amino acid based organose-
lenium compounds especially L-selenomethionine present mainly in cereal grains
(wheat,maize and rice, etc.), soybeans and enriched yeast, selenoneine present in tuna
fish, Se-methylselenocysteine present in broccoli vegetable, selenocysteine present
mainly in foods of animal origin (meats). Additionally, Se-methyl-selenomethionine
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and Se-methyl-selenocysteine are obtained from food sources like onion, garlic, etc.
Selenium yeast (Na-selenide source) is also a better food supplement [20].

The minimum requirement of selenium for an adult human is 50–70 μg/day.
Recommended dietary allowance (RDA) allows daily an adequate intake for adults
of 200 μg/day only [21].

13.5 Deficiency of Selenium Leading to Disease States

Selenium deficiency is associated with various disease states. It negatively affects
the activity of several selenoenzymes including glutathione peroxidases (GPx1 and
GPx3), thioredoxin reductase (TrxR), iodothyronine deiodinases (IDs), selenopro-
teinWandmethionine-R-sulfoxide reductase B1 (MsrB1). It results inweak immune
system, leading to current COVID-19 infections as well as other viral infections like
AIDS, fatigue,mental fog, degeneration ofmuscles fromoxidative damage and infer-
tility. Additionally, prolonged selenium deficiency is linked with skeletal myopathy
as well as cardiovascular diseases like cardiomyopathy and congestive heart failure
(inflammation and damage to the heart muscle—Keshan disease), liver necrosis,
disfiguring form of arthritis resulting from cartilage atrophy breakdown (Kashin-
Beck disease) and finally death. The risk of selenium deficiency may be increased
after bariatric surgery (weight loss surgery) or in severe gastrointestinal diseases like
Crohn’s disease (an inflammatory bowel disease—inflammation of digestive tract).
Generally, the selenium deficient individuals are more susceptible to physiological
stress, leading to various disease states [22].

13.6 Scope for Designing New Bioactive Selenium
Compounds

In case of regions with selenium deficient soil the selenium contained in food chain
is less. Hence the Se supplements can be externally provided to individuals in the
formof synthetic selenium compounds. Further, the Se compounds can be utilized for
therapeutic applications as antioxidant, radioprotector, anticancer drugs for treatment
in disease states resulted due to its deficiency. Hence, it provides a lot of scope
for scientists to design the novel selenium compounds with appropriate structural
features for their desired therapeutic applications.
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13.7 Selenium Toxicity—Selenium is Double Edged Sword

As the deficiency is linked with various disease states, the excess of selenium intake
(acute or chronic) by either food (from seleniferous soils) or external supplementation
is also hazardous to health which is called as selenosis [23, 24]. The symptoms
of selenosis are garlic odour in the breath (foul breath), gastrointestinal disorders,
sloughing of nails, hair loss, irritability, fatigue as well as neurological damages. In
case of extreme selenosis, patients can develop cirrhosis of liver, pulmonary edema,
or even death. According to RDA, the intake of 400 μg/day for adults is critical and
800 μg/day leads to coma and even death in 24 h [25]. In view of this, it is inferred
that the selenium is double edged sword. Hence, precise intake of required selenium
is an essential thing for maintaining good health.

13.8 Strides in Materials Science

After having glimpses about the role of selenium in biological sciences let’s have
a tour through its domain of material science. The Se compounds have established
their applications in many demanding aspects in commercial areas as the mate-
rials useful for facilitating the living of human life. Additionally, they have exhib-
ited applications as biomaterials for body appendages, diagnostics and therapeutics
as well as in targeted drug delivery systems. Majority of commercial applications
of selenium materials are based on an extraordinary susceptibility of electrons of
selenium which get excited by incident light, generating an electric current. This
phenomenon has enabled selenium to be used as metal chalcogenides (ZnSe, CdSe,
HgCdSe, CuInSe) in electronic industry like photoelectric cells, light meters, recti-
fiers and xerographic copying machines, etc. The thin films of Cu2Sn(SxSe1-x)3 and
Cu2ZnSn(SxSe1-x)4 (0 ≤ x ≤ 1) materials were deposited for fabrication of solar
cells which exhibited ~7% efficiencies under AM1.5 illumination. Furthermore, the
transition metal chalcogenides (TMCs) have attracted a great deal of attention due
to their optoelectronic properties that make them potential candidates essentially for
energy conversion applications. Additionally, the metal selenides like zinc selenide
in combination with copper gallium selenide (ZnSe:CGSe), as their solid solutions
have been employed as photocatalysts for hydrogen (H2) evolution by splitting of
purewater, giving the opportunities formetal-selenidematerials based photocatalytic
systems for producing the solar fuel. The iron-nickel selenide, iron-cobalt selenide
andnickel-cobalt selenide have exhibited potential applications as electrodematerials
in the development of sodium ion batteries (SIBs). Selenium is also used for decol-
orization of a greenish tint of glass resulted because of iron impurities or in excess
to generate the ruby red color seen in warning signals and tail lights of automobile.
Additionally, the selenium sulphide (2.5%) containing shampoos for dermatological
care have been used in daily life [2, 26].
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13.9 Importance of Design and Synthesis Strategies
of Selenium Compounds

The above account of applications of selenium compounds gives us a clear view of
its importance in life. Its versatile utility is dependent on its reactivity which can be
modulated by designing the appropriate structure of a selenium compound having
suitable functional groups. The literature regarding structure activity relationship
(SAR) directs for further design of molecules which are to be explored for an antic-
ipated application. Hence using the fundamental knowledge of synthetic chemistry,
one has to design the selenium compounds for specific purposes then synthesize them
precisely and evaluate their anticipated activities. All the applications are possible
only when a pure selenium compound, its material formulation for pharmacology or
nano-materials for material applications are available in hand with high purity. This
prominently underlines the importance of synthesis, purification and characteriza-
tion of selenium compounds which is a difficult task due to the inherent toxicity and
instability associated with them. Hence it gives a golden opportunity to the synthetic
chemists for designing molecules with appropriate functional groups which will
confer the stability as well as reduce the toxicity. It can be achieved through analysis
of toxicological data from literature reports as well as theoretical studies through bio-
and chemo-informatics using techniques like computer aided drug design (CADD)
and molecular modelling or combinatorial chemistry techniques. The computational
methods are used to envisage, how a particular compound interacts with a given
biological target. These techniques are valuable in conceptualizing the hypotheses
about desirable chemical properties while designing the selenium containing phar-
macological molecules and additionally, these approaches can be employed to refine
and formulate drug candidates as per desired applications [27].

13.10 Milestones in Development of Synthetic Strategies
of Selenium Compounds

Since in this chapter, the predominant focus will be on synthesis aspects of organose-
lenium compounds, it is worthwhile to go through the landmarking developmental
steps of their synthesis strategies which will be helpful in further research related to
this domain.

As one goes through literature, it is realized that although the first organoselenium
compound ever isolated was diethyl selenide by Löwig in 1836 but it was isolated
in the pure form in 1869 [28]. Later the ethylselenol was reported by F. Wöhler and
C. Siemens in 1847 [29]. The initial growth for synthetic selenium chemistry was
hampered because of (i) instability (ii) malodorous nature and (iii) toxicity asso-
ciated with selenium compounds. But knowledge acquisition regarding the reduc-
tion in toxicity and more biocompatibility of organoselenium compounds over the
inorganic based selenium compounds as well as further developments in synthetic
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strategies by 1970s, have marched ahead of the synthetic organoselenium chem-
istry more efficiently. It has resulted in today’s wealth of various useful selenium
compounds. But since the aim of scientists is to discover further or innovatively use
these compounds for more efficient applications; the research goes on. The research
is a continuous process that takes both practice and time. Hence in this chapter, the
attempt is to provide a brief account of synthetic strategies for various classes of
selenium compounds, their purification and characterization methods with the hope
that it will be beneficial for a beginner researcher in this field.

13.11 Synthesis Strategies for Organoselenium Compounds

In this section, the synthetic strategies for various types of selenium compounds are
discussed along with the account of difficulties and risks involved and precautionary
measures to be implemented while synthesizing the selenium compounds. Later the
treatment for selenium waste after extraction of desired reaction products will be
discussed briefly.

13.11.1 Difficulties and Risks Involved in Synthesis
of Selenium Compounds

Before discussing the synthesis strategies for different classes, it is worthwhile to
consider fewcharacteristic properties of seleniumcompoundswhich negatively influ-
ence the successful synthesis. Hence, onemust overcome these difficulties by precau-
tionary measures. At the outset, it must be noted that the vulnerable oxidation states
of selenium compounds impart them a high redox activity [30] rendering them air and
moisture sensitive species. It necessitates the use of dried solvents and performing
reactions in an inert atmosphere, preferentially argon. TheSe compounds are unstable
due to low bond energies of C–Se and Se–Se bonds (C–Se, 244 kJ mol−1 and Se–
Se, 172 kJ mol−1) [31] while Se–O and Se–S (233 kJ mol−1 and 203 kJ mol−1,
respectively) [32], which makes them easy to be oxidized or reduced and lead to
decomposition giving side products during synthesis process. Hence the reactions
can be made more product specific using lower temperatures during synthesis. Their
malodorous nature is attributable to the emissions of volatile compounds of sele-
nium formed during synthesis procedures especially selenium compounds having
small aliphatic chains. Since Se is toxic, acute selenium poisoning leads to acci-
dental death [33]. Hence the reactions must be performed in well ventilated fume
hoods or in the glove boxes.



546 P. P. Phadnis

13.11.2 Physiological Properties and Health Hazards
of Selenium Compounds

Hydrogen selenide irritates the eyes, nose, lung, tissues, etc. and implicates in detri-
mental effects on the digestive and nervous systems. The solutions of selenium
compounds can cause burning of skin and severe pain by skin absorption. Sele-
nium dioxide (SeO2) dust irritates the skin, eyes and respiratory tract system. SeO2

is particularly harmful in case of its skin absorption. Its swallowing causes severe
irritation as well as poisoning. The prolonged exposure to selenium dust may cause
fatigue, digestive upset, dermatitis and bronchitis. Hence, one must avoid breathing
the Se dust, contact with skin and eyes. The Threshold limit value-time weighted
average (TLV-TWA) for selenium is 0.2 mg/m3 [34]. The TLV-TWA value repre-
sents a time weighted average concentration of any toxic substance over a normal
workday (8 h) and workweek (40 h), to which almost all workers may be repeat-
edly exposed, every day, without any adverse health effects. Such a small value of
TLV-TWA clearly indicates the extent of toxicity of selenium compounds.

13.11.3 Preparations and Precautions Before Starting
Synthesis of Selenium Compounds

In this section, the precautionary measures and preparations are discussed which is
essential before starting the synthesis of selenium compounds. As a scientist, one
must follow synthetic strategies verymeticulously and in a plannedway taking care of
health of all the individuals working in laboratory. Performing any reactionmust start
with the knowledge of physical properties of chemicals to be used, their toxicity limits
and handling of any accident associatedwith them. It can be easily leant frommaterial
safety data sheets (MSDS). Additionally, the general fire extinguishers and multi-gas
detectors to protect from toxic and combustible gases, fire alarm system in laboratory
must be functional. Let’s come back to our topic of interest of synthesis of selenium
compounds. In view of the toxicity associated with selenium compounds, the first
and foremost thing is that the researcher must wear gloves and mask/respirator,
safety glasses while performing any activity while handling selenium compounds.
If inhalation or ingestion of any sort like gases produced during synthesis like H2Se
(highly poisonous and offensive smell) or selenium salts in form of selenites and
selenates [35], the researcher must seek medical help. All the reactions must be
performed in well ventilated fume hoods. The processing of reactions like testing
the reaction completion with thin layer chromatography, iodine chamber or other
identifying reagents followed by purification, either by column chromatography,
recrystallizations must be performed in fume hoods. After processing, the selenium
compounds must be stored in fume cupboards or desiccators in view of their toxicity
and volatile nature.
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The synthesis of organoselenium compounds involves highly inflammable,
pyrophoric, air and moisture sensitive reagents like n-butyllithium, t-butyllithium,
superhydride (LiBEt3H), sodium hydride, sodium borohydride, most dangerous
elemental sodium and potassium for reducing elemental selenium in situ in liquid
NH3 and further substitution reactions. These reactions are performed most of the
times in organic solvents like tetrahydrofuran, diethyl ether, ethyl alcohol, acetonitrile
and hexane, etc. with exception of reduction of seleniumwith sodium borohydride in
aqueous medium, however, it is an exothermic reaction, care must be taken by slow
addition of reagent and performing reactions at low temperature (0–5 °C). Rest of the
reactions involving especially n-butyl lithium and t-butyl lithium must be performed
at a very low temperature (−84 °C) by using cooling bath consisting of freezing
the ethyl acetate by liq. N2 or dry ice-acetone mixture (−78 °C). Hence the use of
moisture free solvents freshly dried over sodium (Na) and benzophenone are manda-
tory during synthesis in order to avoid highly exothermic reactions which may cause
severe accidents. The solvents and precursors used for synthesis must be purified
by standard practices in order to avoid the undesired side products from reaction.
Additionally, the solvents must be oxygen free which can be achieved by purging
them with inert gases preferentially argon (Ar) in round bottom flask with septum
and small exit by piercing a syringe needle through septum to dissipate the pres-
sure generated during purging. The transfers of reagent solutions must be performed
using the cannula techniques. Most selenium compounds are purified by column
chromatography which involves lot of organic solvents as eluents in combinations of
their mixtures like ethylacetate-petroleum ether/hexane, chloroform-methanol, etc.
These organic solvents are highly inflammable; hence in general care must be taken
to inhibit their ignition by direct flames, hot plates or even by electric sparks. In
case of purification by recrystallization, the excessively long duration for standing
the solutions of organoselenium compounds should be avoided in order to protect
them from decomposition [36], disproportionation reactions [37] and photochemical
reactions leading to side products or decomposition. E.g. dibenzyldiselenide under
photolytic as well as thermolytic conditions leading to liberation of selenium from
compound, i.e. decomposition [38].

13.11.4 Treatment and Disposal of Selenium Waste After
Extraction of Desired Reaction Products

It is the obvious responsibility of the researchers to ensure the safe and correct
disposal of all wastes produced in the process of handling selenium compounds.
Improper and irresponsible disposal of chemical wastes down drains, into the envi-
ronment or refuse to the local authority for collection, leads to various hazards to
environment and ultimately cause various health hazards to living organisms. Hence
after extracting the reaction products from the reaction mixtures it is mandatory to
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treat properly the remaining solutions or solids before discharge or stored conve-
niently in a separate labelled bottle or jar for disposal. In any case, different types of
waste should never be mixed. Additionally, advice should be sought from the safety
co-ordinator of organization before beginning any work [39].

Selenium waste disposal

Recycle the selenium materials whichever possible. Avoid release to the environ-
ment. Themanufacturer should be consulted for getting information about any option
for recycling or regional or local waste management authority should be consulted
before disposal in case of no disposal facility or suitable treatment is found. The treat-
ments and neutralization of the selenium wastes should be done at the authorized
treatment plants. The selenium waste should include, the neutralization using soda
ash (Na2CO3) or soda lime (mixture of Ca(OH)2 and NaOH) followed by buried
in dumping ground, specifically registered to accept pharmaceutical or chemical
wastes. They can also be incinerated in a licensed device after preparing their admix-
ture with appropriate combustible substances. Later the empty containers should be
decontaminated using 5% aq. NaOH or Na2CO3 and then cleaned by water. All label
safeguards must be observed until containers are thoroughly cleaned and destroyed.

Large quantities of Se waste: Store it in a labelled and covered container for
recycling or disposal at authorized dumping area.

Small quantities of Se waste: The trained personnel equipped with personal
protective equipment (PPE) like laboratory coat, eye protection, nitrile rubber gloves,
respirator and working in well ventilated fume hoods should perform the disposal
of selenium waste. The Se salt should be dissolved in water and followed by its
neutralization by aq. NaOH (1 M) or sulphuric acid (1 M). An aqueous solution of
sodium sulphide (1 M) should be added to the selenium salt solution followed by
pH adjustment to neutralize (pH 7) by addition of sulphuric acid (1 M) solution.
The precipitate should be separated by decantation or preferably filtration. Then
precipitate should be washed, dried and recycled or sent for disposal process at a
safe landfill [40].

Additionally, all the glassware after waste disposal organoselenium reactions is
mandatory to be treated with dil. HNO3 (strong oxidizing agent) solution which
lead to water soluble selenius acid (H2SeO3). Subsequently, the glassware shall
be cleaned further with chromic acid solution (H2CrO4) conveniently prepared by
adding concentrated sulphuric acid to a potassium dichromate (K2Cr2O7) which is a
strong oxidizing agent (Cr6+ state) which will decompose any traces of compounds
remained in glassware. Alternatively, the aq. NaOH-ethanol mixture may be used for
the same cause. These oxidizing agents and base NaOH lead to formation of selenite
salts (Na2SeO3 or K2SeO3). Due to toxicity associated with selenium compounds, it
is categorized in ‘red list’ hence it should never be washed down a drain. It should
be recycled or disposed in a secure landfill.

In general, the guidelines for laboratory waste treatment must be followed. These
guidelines are outlinedbyvarious universities aswell as governingbodies or chemical
companies [41].At all instances, the disposal to drainagemaybeperformedaccording
to rules and regulations of local governing bodies which should be considered with
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priority. Whenever one is in doubt, consult with responsible authority. From the
waste, try to recycle whichever possible for economic purpose or seek guidance
from the manufacturer for any options for recycling. Consult the state land waste
management authorities for disposal. Bury the residue only in an authorized landfill.
Even the containers can also be recycled as long as they are in good condition
otherwise dispose them at an approved dumping area.

After this account, let’s march to actual processes of synthesis of organoselenium
compounds.

13.12 Synthesis of Various Classes of Oganoselenium
Compounds

As discussed earlier due to vulnerable oxidation states, rendering high reactivity,
the selenium compounds exist in various classes. Now typical and newly developed
synthesis strategieswill be discussed for the prominent classeswhich are contributing
in biomedical as well as material applications in facilitating human life.

13.12.1 Diorgano Diselenides (R2Se2)

Diorgano diselenide 

The diorgano diselenides contribute to majority of applications of selenium
compounds because of their versatile structures modulating their activities and
stability achieved by structural features like weak inter- and intra-molecular
interactions like Se–N or Se–O non-bonding interactions [42]. Such interac-
tions are contributing to enhancing their biomimetic activities like selenoenzymes.
These interactions result in stability of their intermediates species (formed during
biomimetic activities) like selenols, selenenic acids which also functions as antiox-
idants making them more potent [43]. Additionally, such interactions give better
shelf life to diorgano diselenides than other selenide species. Using polar functional
groupmoieties (COOH, OH, NH2) or heterocyclic organic frames (pyrodinol, nicoti-
namide, nicotinic acid) the compounds achieve water solubility, e.g. di-nicotinamide
diselenide, diselenodipropioniic acid [(SeCH2CH2COOH)2], dipyridinol diselenide
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[44]. It makes them convenient for exploring therapeutic applications [45]. Addi-
tionally, the GSeSeG, a diselenide analogue of oxidized glutathione (GSSG) has
exhibited potential applications for effective oxidative protein folding [46].

Dinicotinamide diselenide    Dipyridinol diselenide          Diselenodipropioniic acid 

Furthermore, they exhibit important role as precursors as well as reagents in
synthetic chemistry, e.g. diphenyl diselenide (Ph2Se2) is primely used as a reagent
[47]. Additionally, diorgano diselenides exhibit remarkable redox behaviour. The
diselenides can be oxidized to electrophilic species (e.g. RSeX or RSeX3) and
reduced to nucleophilic selenolate ions (RSe¯) by the cleavage of a Se–Se bond.
Hence, both electrophilic and nucleophilic reagents can be conveniently synthesized
from the diselenides.Many diselenides have been used to obtainmetal chalcogenides
utilized for materials applications in electronic devices [2, 26, 48].

General methods for synthesis of diorgano diselenides

There are some synthetic approaches in practice for preparation of diorgano dise-
lenides and still, there is a lot of scope for developing new strategies which may
avoid the strong bases or exothermic reagents as classical methods are employing.

The diorgano diselenides are conveniently prepared by treatment of their alkali
metal diselenide frames prepared in situ with appropriate halofunctionalized organic
moieties (aliphatic and some heterocyclic) in appropriate polar solvents like THF,
DMF, diethyl ether, water, ethanol, etc. The choice of solvents depends on compat-
ibility with reagents which are involved in performing the synthesis. Initially,
the elemental selenium is treated with strong reducing agents like superhydride
(LiBEt3H), Na or K in liquid NH3, NaBH4, NaH, NaOH or NH2NH2, etc. in compat-
ible solvents, in order to achieve reducedSe2− species (diselenide frames) likeNa2Se2
or Li2Se2 in situ which further react with halofunctionalized moieties to afford the
diorgano diselenides (Scheme 13.1) [49]. Instead of halofunctionalized species, the
diazonium salts prepared in situ from amine based moieties (by diazotization reac-
tions of amines using aq. NaNO2 and HCl at 0–5 °C) can also be reacted with alkali
metal diselenides (M2Se2) for obtaining diaryl diselenides [50]. Even the diseleno
dipeptides can also be prepared by this method [51]. It should be noted here that
the molar ratios of elemental Se and a reducing agent matter in formation of dise-
lenide salts. Even the solvent of reaction also matters, e.g. Se reactions with NaBH4

in ethanol and water rendering NaSeH or Na2Se2, as clearly given by Klayman
and Griffin [52]. Additionally, sodium hydrogen selenide (NaSeH) generated in situ
either by NaBH4 reduction of selenium or by treatment of H2Se with NaOEt, NaOH,
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Scheme 13.1 Synthesis of diorgano diselenides from alkali metal diselenide frames

or Na2CO3 in ethanol; can be used for the synthesis of diselenides [53]. In some
cases, the formation of selenol (RSeH) is observed. It can be converted easily to its
diselenide form by oxidizing agents like H2O2 or even by aerial oxidation through
bubbler for few hours [54].

In case of diorgano diselenides consisting of aromatic or heterocyclic aryl organic
moieties, their heteroatomdirected lithiationwithn-, t- or sec-butyl lithium (n-BuLi/t-
BuLi or sec-BuLi) in appropriate solvents at −78 to −90 °C followed by insertion
of elemental selenium and aerial oxidation results in formation of corresponding
diselenides (Scheme 13.2) [55].

Another route of lithiation strategies, using lithium diisopropylamide (LDA) also
yields the diorgano diselenides [56]. In addition to this, the aromatic diselenides
can also be prepared from the reduction of selenocyanates (RSeCN) by LiAlH4,
NaBH4 or by treatment with base like KOH, NaOMe followed by aerial oxidation
(Scheme 13.3) [57].

Scheme 13.2 Lithiation based strategies for synthesis of diselenides

 

Scheme 13.3 Synthesis of diorganodiselenides through diazotization
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In some cases, the treatment of Na2Se2 with 2-bromo pyridine or 2-bromo
pyridinol with refluxing in aqueous solutions yields the desired py2Se2 or (SepyOH)2
due to high lability of Br leaving group on heterocycle as compared to Br on simply
aryl group (Scheme 13.4). In such reactions, the selenol and selone, the tautomeric
forms existing in equilibrium, were also isolated which on slow aerial oxidation
finally yielded the corresponding highly stable diselenides (Scheme 13.5) [58].

Additionally, the position of leaving groupBr on pyridine aswell as substitution on
aromatic moieties is also directive for the product formation and yields. It is evident
from the failure of reactions of Na2Se2 with substituted pyridine or even phenyl
bromide or analogues. But nothing is impossible if we search for new methods. The
reactions with aryl groups were successful with the Grignard reagent route. Initially,
the Grignard product of PhMgBr can be prepared in diethyl ether as a polar solvent.
Its further reaction with elemental Se for insertion of Se in frame and subsequent
reaction with bromine followed by oxidation leads to easy formation of diphenyl
diselenide (Ph2Se2) (Scheme 13.6) [59].

New strategies for synthesis of diorgano diselenides

The diorgano dislenides were prepared conveniently from analogous diorgano-
disulphides by treatment of disulphides with Ph3.I2 in 4-dimethylaminopyridine
(DMAP) followed by treatmentwithNaHSe and subsequent oxidation (Scheme13.7)
[60]. Additionally, the chiral aliphatic amino functional diselenides have also been

Scheme 13.4 Synthesis of dipyridinol diselenide

Scheme 13.5 The equilibrium between selenol and selone and their oxidation to dislenide

Scheme 13.6 Synthesis of a diselenide (Ph2Se2) through Grignard reagent route
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Scheme 13.7 Synthesis of diselenides from disulphides

reported. They were readily synthesized via the ring opening reactions of appro-
priate Boc-N protected aziridine rings (Scheme 13.8) by treatment with Li2Se2 at
room temperatures [61].

Furthermore, simple and efficient Cu(II) catalyzed coupling reactions between
aryl halides substituted with halo, alkyl or alkoxy groups and elemental selenium
have been developed to yield various diselenides in excellent yields (up to 96%)
(Scheme 13.9) [62]. Additionally, a cupric oxide (CuO) nanoparticles catalyzed
coupling reactions of alkyl, aryl and hetero-aryl halides (Br or I) or with Se element
were reported in presence of strong base like KOH at higher temperatures (90 °C)
in a polar solvent dimethyl sulfoxide (DMSO). By following this strategy, various
symmetrically substituted diselenides were obtained with excellent product yields
(Scheme 13.10) [63].

In further efforts,microwave assisted one pot synthesis of symmetrical diselenides
from organoyl iodides and elemental selenium catalyzed by cupric oxide nanopar-
ticles has also been reported [64]. Recently, the one pot and efficient synthesis of
diorgano diselenides from aryl halides with functional groups like Cl, Br or OTs
and elemental selenium in polyethylene glycols (PEGs), using metal organic frame-
works (e.g. MOF-199) in basic medium as catalysts have been reported to yield a

Scheme 13.8 Synthesis of diselenides through aziridine ring opening

Scheme 13.9 Synthesis of diselenides from aryl halides using Cu(II) catalyst
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Scheme 13.10 Synthesis of diselenides from aryl halides using CuO nanoparticles as catalyst

variety of diselenides in excellent (up to 98%) yields in relatively short duration for
reaction completion (Scheme 13.11) [65]. Furthermore, by using one pot synthesis
strategies, the symmetrical dibenzyl diselenides were obtained from the reactions
of corresponding benzyl alcohols with NaBH2Se3 as a selenium transfer reagent.
By using these reaction methods, the structurally diverse substituted benzyl alcohols
yielded the corresponding diselenides in excellent yields at easy and mild reaction
conditions and in a short reaction time (Scheme 13.12) [66].

Recently, the iodine mediated synthesis of diphenyl diselenides by treatment of
aryl-boronic acids with selenium dioxide (SeO2) as a selenium source in THF solvent
under milder conditions (60 °C) has been reported to give about 70–90% yields
(Scheme 13.13) [67].

Further, a fast and effective procedure for large-scale synthesis of symmet-
rical diselenides was developed which involved the oxidative coupling of corre-
sponding selenols using bipyridinium hydrobromide perbromide (BPHP) catalyst
at room temperatures (Scheme 13.14) [68]. Additionally, the aromatic and hete-
rocyclic diselenides have been reported to obtain from the reductive selenation of
corresponding aldehydes (ArCHO) treated with elemental Se in presence of carbon

Scheme 13.11 Synthesis of diselenides using metal organic framework (MOF-199)

Scheme 13.12 Synthesis of diselenides using NaBH2Se3 as selenium transfer reagent
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Scheme 13.13 Synthesis of substituted diphenyl diselenides from aryl-boronic acids

Scheme 13.14 Oxidative coupling of selenols

monoxide (CO) in their aqueous or DMF solutions, afforded the anticipated dise-
lenides, ArCH2SeSeCH2Ar where carbonyl group has been reduced to methylene
(CH2). The reaction yields the product in high yields under atmospheric (1 atm)
pressure without using any base (Scheme 13.15) [69].

It should be noted here that, the synthesis of diorgano diselenides in majority
of classical reactions is usually accompanied by the formation of corresponding
monoselenides (R2Se) in variable amounts, as an impurity. It necessitates require-
ment of purifications of diorgano diselenides by recrystallization, columnpurification
or vacuum distillation techniques whichever is convenient for individual products
depending on their stability, functional groups and physical states.

Scheme 13.15 Synthesis of diselenides by Reductive selenation of aldehydes
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13.12.2 Diorgano Monoselenides (R2Se)

Diorgano monoselenide 

The class of monoselenides is the most prevalent among the organoselenium
compounds. Because of structural similarity of monoselenides with ethers (R–O–R),
this class is also called—selenoethers. As discussed earlier in historical milestones,
the first organoselenium compound, i.e. diethylselenide (Et–Se–Et) belongs to this
class. Hence, it is the oldest class among the various classes of organoselenium
compounds.

The class of diorgano monoselenides has exhibited biological and pharmacolog-
ical applications in diverse areas. The monoselenides with aliphatic chains bearing
hydroxyl, amine and carboxyl groups have been explored for biological applications
like antioxidant and GPx mimicking activities. The monoselenides lead to forma-
tion of seleninate esters which are the bioactive species for such antioxidant func-
tions [70]. The significance of the monoselenides in biological functions is realized
because of presence of such monoselenide species in food sources like in Allium
family vegetables like garlic and onion. They contain the monoselenides like allyl
methyl selenide, dimethyl selenide, Se-methyl selenocysteine and γ-glutamyl-Se-
methyl selenocysteine and some others like bis(allylthio)selenide [71]. Additionally,
the selenium based amino acids present in food sources like Se-methionine, Se-
methylselenocysteine are also belonging to the same monoselenides class [72]. The
most important selenocysteine (Sec) present at active sites of selenoenzymes like
GPx, TrxR and IDs also exist as a monoselenide form. The crucial functions of these
selenoenzymes in physiology, ultimately in human health is now unambiguously
recognized [73].

γ-glutamyl-Se-methyl selenocysteine
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In view of the biological importance of this class, the various symmetrical and
unsymmetrical diorganomonoselenideswere synthesized alongwith theirmono- and
di-cyclic analogues. Their cyclic analogues were initially observed as intermediates
during evaluation of antioxidant activities of monoselenides. Their synthesis will
also be explained subsequently as a separate class, later in this chapter. During
the physicochemical studies, it is observed that diorgano monoselenides undergo a
variety of reactions. They get readily oxidized by one- and two-electron oxidants [74].
Their oxidation is considered as the rate determining step for the catalytic activities
for reducing the detrimental hydrogen peroxide or hydroperoxides species (formed
in mammals during oxygen metabolism) to harmless water or alcohol. Hence, faster
the oxidation better is the performance of diorgano monoselenide compounds as a
catalyst. Their easy oxidation process as inferred from reports of physicochemical
studies renders them a potential for use as antioxidants [75].

Additionally, diorgano monoselenides have been extensively used as ligands in
coordination and organometallic chemistry and as nucleophilic reagents in various
organic reactions. The organometallic compounds with selenides find extensive
applications in material science as molecular precursors for synthesis of metal
selenides and related materials for electronic applications [76].

General methods for preparation of monoselenides

At this point, the various synthetic strategies employed for synthesis of monose-
lenides are discussed. Themonoselenides aremost conveniently synthesized by some
commonly employed methods (Scheme 13.16). They include reduction of elemental
selenium with NaBH4, LiBEt3H (superhydride) or sodium element in ammonia,
etc., to obtain alkali metal monoselenides which further react with halofunction-
alised moieties yielding various symmetrical as well as functionalized diorgano

Scheme 13.16 Various routes for synthesis of diorgano monoselenides
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monoselenides [77]. Additionally, in situ generation of selenolate species (RSe ion)
by reductive cleavage of the Se–Se bond of a diselenide by common reducing agents
like NaBH4, LiBEt3H or hydrazine in the presence of NaOH in DMF followed by
their treatment with halo functionalized moieties (aromatic, hetero-aromatic), yields
the desired diorgano monoselenides [78]. Similarly, the treatment of selenolates with
diazonium salts has also afforded the desired monoselenides [79]. Additionally, an
effectual one pot synthesis strategy of symmetrical pyridyl monoselenides by the
reaction of bromo- or iodo-pyridine with an appropriate Grignard reagent followed
by quenching with selenyl chloride (SeCl2) yielded the diorgano monoselenides
[80]. Additionally, using Grignard’s reagent route, as reported by Tang et al., the
monoselenides were conveniently synthesized [81]. Under an inert atmosphere of
nitrogen, a simple and effective method for the preparation of symmetrical monose-
lenides has been developed by the reaction of alkyl or aryl halides with magnesium
and elemental selenium and ligand in THF and toluene under reflux at 86 °C; in
the absence of any catalyst. This strategy has been used for the preparation of a
variety of symmetrical selenides in excellent yields. In course of this reaction, the
PhSeMgBr could be formed by reacting elemental selenium with phenyl Grignard
reagent. Then, PhSeMgBr reacts with phenyl bromide to give diphenyl selenide in
the absence of catalyst and ligand. There are various synthetic approaches employed
for the preparation of selenides using selenocyanates [82].

Additionally, the selenides with functionalized moieties with polar functional
groups likeNH2,OHwere efficiently synthesized by treatment of epoxides, aziridines
or appropriate molecules with selenols, which are ring opening reactions. For
example, β-hydroxyaryl selenides or Se{(CH2)nOH}2 (n = 2–4) were suitably
yielded by a regioselective ring opening reactions of appropriate epoxides with a
nucleophile like selenophenol (PhSe−) (Scheme 13.17) in a basic medium at lower
temperatures [83]. Similar reactions with aziridine rings afforded the selenides with
amine functionalities. In such reactions, the aziridine N must be protected by tosyl
(Ts) or tert-butoxycarbonyl (Boc) (Scheme 13.18) [84].

Furthermore, the unsymmetrical organoselenium monoselenides were prepared
by exploiting the high reactivity of selenenamide bond in selenazoles towards
nucleophiles. It has been found that benzisoselenazol-3(2H)-ones (ebselen deriva-
tives) having a Se–N moiety when treated with Grignard reagent afforded unsym-
metrical aryl–alkyl and aryl-aryl monoselenides in moderate to good yields [85]

Scheme 13.17 Synthesis of monoselenides from epoxides
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Scheme 13.18 Synthesis of monoselenides from aziridines

(Scheme13.19). The electrophilic (RSeX;X=Cl orBr) and nucleophilic (RSeH) sele-
nium compounds were reported to add to alkynes, alkenes and carbonyl compounds
to afford the functionalized selenides [86]. A redox transmetalation of Ag(C5H4N)
with red selenium in EtCN at room temperature yielded (NH4C5)2Se, but at 50 °C
formation of analogous diselenide was reported (Scheme 13.20) [87].

New strategies for synthesis of diorgano monoselenides

The diaryl selenides have been synthesized by treatment of phenyl boronic acid with
SeO2 over PEG-400 and K2CO3 as a base at 110 °C (Scheme 13.21) [88].

A copper(II) catalyzed selenation of aryl-boronic acids by Se element in DMSO
and pyridine is established, which affords diaryl diselenides or diaryl monoselenides
in good yields with excellent selectivities (Scheme 13.22) [89]. Furthermore, an
effective one pot strategy for synthesis of unsymmetrical diorganomonoselenides has

Scheme 13.19 Synthesis of monoselenides from selenamide with Grignard reagent

Scheme 13.20 Synthesis of selenides from redox transmetalation

Scheme 13.21 Synthesis of diaryl monoselenides from phenyl boronic acid
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Scheme 13.22 Cu catalyzed synthesis of aryl monoselenides from organo boronic acids

been designed which employ the Ru(III)-chloride catalyzed treatments of diphenyl
or dibenzyl diselenides with alkyl halides in presence of zinc. In such reactions,
organic bromides, iodides and activated chlorides were observed to undergo the
reactions efficiently. The unreactive organic chlorides have also undergone the same
reactions of selenation in presence of sodium bromide as the additive (Scheme 13.23)
[90]. Additionally, the CuBr catalyzed, direct selenation of C–H bond of aromatic
moieties leading to diaryl selenides by using elemental selenium sources under
oxidative conditions in polar solvents like DMSO and water at higher tempera-
tures (Scheme 13.24) [91]. The novel strategy by utilizing a CuI-bpy catalyzed
synthesis of various diorgano monoselenides from corresponding diselenides using
organoboronic acids has also been used. Accordingly, the unsymmetrical diorgano
monoselenides can be conveniently synthesized by a coupling of dichalcogenides
with alkyl- or aryl-boronic acids in presence of a copper compound as a catalyst
followed by aerial oxidation (Scheme 13.25) [92].

Additionally, C–Se coupling of aryl bromides with diaryl diselenides in BMIM-
BF4 solvent and catalyzed by CuO nanoparticles and KOH as a base yielded
the corresponding diaryl monoselenides in high yields [93]. The substitution of

Scheme 13.23 Ru(III) catalyzed synthesis of monoselenides from diselenides

Scheme 13.24 Cu(I) catalyzed C-H bond selenation to synthesize diselenides
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Scheme 13.25 Cu catalyzed synthesis of monoselenides from diaryl diselenides

halogen atom on diverse aryl, pyridyl and thienyl bromides or iodides by sodium
benzeneselenolate (PhSeNa)was catalyzed byvarious nickel(I1)-bromide complexes
with nitrogen heterocycles or chelating phosphine moieties. For this reaction,
bis(bipyridyl)nickel(II) bromide was found as the most effective catalyst. This reac-
tion is regioselective and gave high yields of the corresponding aryl-phenyl selenides,
pyridyl-phenyl selenides and thienyl-phenyl selenides (Scheme 13.26) [94]. Addi-
tionally, a suitable and effective procedure was developed for the preparation of
alkyl-phenyl selenides and selenoesters in one pot reaction by utilizing indiummetal.
The reaction exhibited the selectivity for tert-alkyl, benzylic and allylic halides over
primary and secondary alkyl halides. In case of a reaction of primary and secondary
alkyl iodides and bromides, the yields of monoselenide products were improved by
an addition of catalytic amounts of iodine (Scheme 13.27) [95]. Similarly, the palla-
dium (Pd) catalyzed reactions also were developed to afford the monoselenides. The
palladium complexes, such as [Pd(PPh3)4] catalyzed the reaction of phenyl tributyl-
stannyl selenide (PhSeSnBu3) with alkyl and aryl halides, yielding the corresponding
diaryl and alkyl-aryl monoselenides in good yields (Scheme 13.28) [96].

Furthermore, the synthesis of diorgano monoselenides has been reported by
methodologies which utilize the selenium dioxide (SeO2) as selenating agent. The
SeO2 is a stable, effective and commercially available oxidizing agent. In this novel
and easy protocol, it involves formation of biphenols along with a desired diaryl
selenides, which depends on the solvent used for reaction. The oxidative treatment of

Scheme 13.26 Nickel(I1) bromide catalyzed synthesis of aryl selenides

Scheme 13.27 Indium mediated synthesis of unsymmetrical monoselenides from diselenides
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Scheme 13.28 Pd catalyzed synthesis of monoselenides

phenols in acetic acid as solvent affords the corresponding biphenols, whereas reac-
tions in pyridine as a solvent, results in the preferential formation of diaryl selenides.
Henceforth, isolation of novel diaryl selenides is possible. These compounds act as
pincer-like ligands having further applications in organic synthesis or as ligands in
transition metal complexes for catalysis (Scheme 13.29) [97].

A new methodology for preparation of unsymmetrical diaryl selenides from
triaryl-bismuthines and diaryl diselenides through a photoinduced pathway has been
designed. Usually, arylation reactions with triaryl-bismuthines are reported to be
catalyzed by transition metal complexes, this type of arylation reaction of diaryl
diselenides with triaryl-bismuthines proceeds through a photoirradiation in absence
of transition metal catalysts. A wide range of unsymmetrical diaryl monoselenides
were conveniently synthesized by utilizing this arylation strategy (Scheme 13.30)
[98].

Further strategies like activation of aliphatic hydroxyl group containing moieties
like L-serin have been employed by either tosylation or treatment with phenyl-
methanesulfonyl fluoride (PMSF) and the resultant sulfonylated product is further
treated with excess of selenium nucleophile like hydrogenselenide (NaHSe) yields
selenium insertion yielding monoslenols. This process was used for synthesis of
semisynthetic enzymes or chemical modifications of L-serin based enzymes to insert
Se at the side-chain alcohol of Ser221of subtilisin to afford the chemically-mutated or

Scheme 13.29 Synthesis of monoselenides by using selenium dioxide as a Se source

Scheme 13.30 Photoinduced synthesis of unsymmetrical diaryl selenides
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Scheme 13.31 Chemical modifications of serin proteases to form selenides

-modified selenosubtilisin which exhibited outstanding glutathione peroxidase-like
catalytic and antioxidant activity (Scheme 13.31) [99]. It indicated the importance
of synthetic strategy in chemical biology field.

In view of these reports, it can be concluded that such kinds of novel strategies for
synthesis of monoselenides have underlined their utility for synthesizing monose-
lenideswhich play a crucial role in biology, biochemistry, pharmacology, physiology,
chemical biology as well as materials science. It gives an opportunity for scientists
to develop new strategies specifically for novel biologically and pharmacologically
important aspects like chemical modifications of enzymes.

13.12.3 Diorganoselenoxides (R2Se=O)

Diorganoselenoxide

The diorganoselenoxides (R2Se=O; R = alkyl or Ar) class of organoselenium
compounds possess the catalytically important compounds as intermediates in
biochemical or pharmacological processes as well as catalysts or reagents for indus-
trially important processes and as ligands for synthesis of organometallic compounds.
In case of biochemical processes like oxidative metabolism of seleno-L-methionine,
the corresponding oxidized species L-methionine selenoxide is formed as well as in
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catalytic scavenging of myloperroxidase (MPO) derived oxidants, the L-methionine
selenoxide is observed to play a crucial role [100]. In case of pharmacological
actions of monoselenides as antioxidants, GPx mimics the corresponding selenox-
ides are formed which is a rate determining step [101]. Additionally, the selenox-
ides were evaluated for understanding protein chemistry, as efficient oxidizing
reagents for protein disulphide-bond formation. The rationale for such applications
is interconversion reactions between thiols and disulphides which are biochemi-
cally significant processes involved in antioxidant functions of cells against reac-
tive oxygen species and the oxidative folding of proteins having several disul-
phide (SS) bonds [102]. In further developments, the organoselenium metabolite
Se-adenosylselenohomocysteine selenoxide (SeAHO)was designed and synthesized
via hydrogen peroxide oxidation of Se-adenosylselenohomocysteine to evaluate the
biochemical pathways [103].

The selenoxides have exhibited diverse applications in chemical synthesis strate-
gies as oxygen transfer agents [104] in organic as well as organometallic synthesis
[105]. The property of allyl-selenoxides to undergo fast [2, 3]-sigmatropic rearrange-
ment was utilized for preparing optically pure alcohols and allens [106]. Moreover,
the selenoxide syn elimination gives a suitable strategy for introducing olefins into
variousmolecules [107]. In this way, the dissociative cycloelimination, new selenium
based pericyclic reactions exhibited catalytic applications. [108]. Further, several
procedures for the preparation of α-phenylseleno ketones have been developed. The
most useful procedures are direct selenenylation of ketone enolates is performed by
using PhSeBr. This transformation of ketones to enones takes place through sele-
nenylation followed by selenoxide elimination [109]. Furthermore, the aryl benzyl
selenoxides are used as catalysts for epoxidation of several olefinic substrates and
the Baeyer–Villiger oxidation of aldehydes and ketones with H2O2 in CH2Cl2 at
2.5 mol% catalyst. Benzyl 3,5-bis(trifluoromethyl)phenyl selenoxide was the most
effective catalyst and using it and H2O2, Mono-, di- and tri-substituted alkenes were
epoxidized and adarnantanone, cyclohexanone and 3,4,5-trimethoxybenzaidehyde
underwent Baeyer–Villiger oxidation [110]. Some more applications of selenoxides
in combination with other reagents have been reported. In case of hydrogen peroxide
oxidation, the selenides R2Se and selenoxides R2SeO were used as the catalysts,
e.g. 2-Carboxyphenyl phenyl selenide was successfully used as a catalyst for oxida-
tion of sulphides into sulfoxides and/or sulfones [111]. The diorganoselenoxides like
diphenyl selenoxide, dibenzyl selenoxide and several aryl benzyl selenoxides were
used as catalysts for the bromination of organic substrates [112]. The selenoxides also
served in coordination chemistry as oxygen donor ligands [113]. The selenoxides of
unsymmetrical type can achieve chirality and they exhibit stability towards pyramidal
inversion at room temperature, but their racemization is facilitated in acidic media
[114]. The selenoxides get reduced easily with biomolecules like thiols (glutathione,
GSH) or by triaryl phosphites [115] to regenerate active selenides in redox reactions
of selenides which is a prime biological application. All these strategies are used for
developing the various biologically or industrially important molecules.
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Strategies for synthesis of selenoxides

In view of the importance of diorganoselenoxides, researchers have designed and
developed various strategies for their synthesis which will be discussed briefly.
The selenoxides were conveniently synthesized by the treatment of diorgano
monoselenides with commonly used oxidizing agents like hydrogen peroxide
(Scheme 13.32) [116], tert-butyl hydrogen peroxide (TBHP) [117], cumene
hydroperoxide [118], ozone, sodium hypochlorite (NaOCl) (Scheme 13.33) or
tert-butyl hypochlorite in methanol or DMF [119], peroxy acids like meta-
chloroperbenzoic acid (mCPBA) or tert-butylhypochlorite (Scheme 13.34) [120].

Additionally, selenoxides were obtained by the hydrolysis of diorganoselenium
dichlorides by their treatment with alkali metal hydroxides, sodium acetate and
silver oxide in aqueous medium. The oxidation of 3,3′-selenodipropionic acid
readily afforded a dehydrated cyclized product, whereas the homologous 4,4′-
selenodibutyric acid and 5,5′-seleno divaleric acid yielded corresponding selenoxides
[121]. In other efforts, themonoselenides were oxidizedwith 2-nitrobenzenesulfonyl
chloride and potassium superoxide in dry acetonitrile at −15 °C, e.g. alkyl-phenyl
selenoxides were produced in excellent yields by oxidation of the corresponding
selenides by this method [122] (Scheme 13.35).

Scheme 13.32 Selenoxide formation by selenide oxidation by hydrogen peroxide

Scheme 13.33 Oxidation of selenide with sodium oxy chloride

Scheme 13.34 Oxidation of selenide with tert-butylhyposhlorite
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Scheme 13.35 Synthesis of selenoxides using potassium superoxide

13.12.4 Selenuranes

Spirodioxyselenurane         Spirodiazaselenurane

Now let us discuss further about a prominent class of selenium compounds—
selenuranes. The compounds from this class were observed during the antioxidant
GPx mimetics mechanism of diorgano monoselenides and -selenoxides. It infers
that this class consists of the compounds derived by reactions on the selenoxides.
In view of its emerging importance as intermediates directing further progress of
reaction, as well as individual antioxidant activities of compounds belonging to this
class, further studies were performed which revealed that their structure plays a
crucial role. Hence, the choice of starting selenoxide also matters for choosing as the
catalyst or GPx mimic for their anticipated applications in biological studies which
further lead to pharmacology of the potent candidate. Hence this class play a crucial
role and hence it is worthwhile to discuss the class.

The class of selenurane consisting mainly the spirodioxyselenurane and spiro-
diazaselenurane and related compounds; is emerging as a new class of biological
antioxidantswhichmimic glutathione peroxidase (GPx) activity [123].Asmentioned
earlier the structures play a crucial role in the biological activities of the compounds
of this class [124]. They are intermediates in GPx mimetics of selenoxides as an
antioxidant catalyst. The variation in structure of this type of compound leads to
another type of selenuranes, i.e. pincer is achieved. They also exhibited the potent
GPx like catalytic activities [125]. Although they were found as intermediates, they
were fairly stable to isolate and characterize by NMR spectroscopy as well as single
crystal XRDanalyzes [126]. In this perspective, they are potential candidates for their
further investigations till accomplishment of their pharmacological applications.

Let us discuss synthesis of these species. They were conveniently synthesized by
oxidation of diorgano monoselenides followed by dehydration leading to a desired
species [127]. The rearrangement reactions may take place during oxidation in case
of selenoxides which have protic (e.g. OH, COOH) groups on organic moieties
bodedwith selenium atoms. E.g. oxidation of di(3-hydroxypropyl)selenide with tert-
butyl hydroperoxide results in the formation of corresponding selenoxide which
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readily undergoes intra-molecular dehydration to yield a spiro selenurane compound
(Scheme 13.36) [128].

Similarly, using hydrogen peroxide as oxidizing agent, the cyclohexene fused
selenuranes, as well as bezylic moiety-based analogues, have been prepared [129].
Additionally, the oxidationprocess of 2,2’-selenobis(benzamide) byusing commonly
used oxidizing agents like hydrogen peroxide or N-chlorosuccinimide (NCS) in
methanolic solutions afforded corresponding stable azaselenonium chloride and
hydroxide, respectively (Scheme 13.37) [130]. Similarly, the pincer type azaselenu-
ranes have been synthesized (Scheme 13.38) [125b]. Along with this, oxidation
of 3,3′-selenodipropionic acid readily afforded a dehydrated cyclized compound
(Scheme 13.39) [131].

Another type of selenurane class, the pincer selenuranes are designed by the vari-
ations of spirodioxy-selenuranes and spirodiaza-selenuranes. In this case of pincer
compounds, both nucleophilic groups (hydroxyl or amido) originate from ortho posi-
tions of the same arylseleno substituent, while the remaining selenium substituent is
an independent aryl or alkyl group. The selenium pincer compounds have exhibited

Scheme 13.36 Synthesis of spiro selenurane from a monoselenide

Scheme 13.37 Synthesis of azaselenonium chloride

Scheme 13.38 Synthesis of pincer selenuranes
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Scheme 13.39 Synthesis of
selenurane from
3,3′-selenodipropionic

applications in GPx mimetics, as well as their metal complexes, especially Pd(II)
complexes have exhibited catalytic applications.

The first example of this class was synthesized by Singh et al., who prepared
pincer selenide from treatment of bromo-functionalized aryl moiety with in situ
generated selenolate, i.e. sodium benzeneselenolate (PhSeNa+) to achieve dirgano
monoselenide. It was further treated with LiAlH4 followed by oxidation by H2O2

to obtain the selenoxide species, which on dehydration yielded the desired pincer
selenium compound [132]. These compounds also exhibited the antioxidant andGPx
mimetic activities (Scheme 13.40).

Additionally, the pincer selenides were synthesized by treatment of bromo-
functionalized diaryl amido compounds with Woollin’s reagent to yield selenides
which were coordinated with metal ions to give the complexes. Although less
number of metal complexes with pincer selenium ligands have been reported, they
exhibited reasonable utility in catalysis [133]. Additionally, the pincer compounds
served as ligands in coordination chemistry [134]. Their versatility has made them

 
Scheme 13.40 Synthesis of pincer selenurane from diorgano monoselenide
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convenient for preparing metal complexes as precursors suitable for making metal
selenides, which further transform into active catalysts for Suzuki-Miyara and Heck
coupling reactions [135]. Further, the palladium(II) complexes with organoselenium
pincer ligands catalyzed Suzuki coupling reactions in aqueous media through in situ
generated palladium quantum dots [136]. Additionally, the palladium(II) complexes
of the first pincer seleno ligand, 2,6-bis((phenylseleno)methyl)pyridine as well as
bis(chalcogenones) has exhibited the catalytic applications for Heck Reaction [137].
One canfind from literaturemore details about catalytic applications of pincer ligands
containing a Se site which have been reviewed [138].

This account of selenuranes gives the clear idea that, despite their potential, the
literature on SeNSe pincer compounds is limited. This gives us a scope for further
development of their synthetic protocols and applications for further research in
health related applications as well as exploring their utility in materials and catalytic
applications.

13.12.5 Cyclic Seleninate Esters

Cyclic seleninate esters

Now let us discuss an important class of selenium compounds which were
observed during the antioxidant GPx mimetic reaction mechanism of diorgano
monoselenides like allyl 3-hydroxypropyl selenide. The said class consists of the
compounds derived by further oxidations reaction on such selenides being evaluated
as GPx mimics. In view of their emerging importance as intermediates, which are
potentially active species for reduction of hydrogen peroxide or hydroperoxides using
sacrificial thiols to form stable and harmless species like water or alcohol, the selen-
inate esters were synthesized. These compounds are fairly stable and water soluble
species, suitable for biological applications. They were characterized for their crystal
structures and evaluated for GPx mimetics. The studies performed, reveal that their
structure plays a crucial role in conferring them the potential activity.

Synthesis strategies for seleninate esters

The seleninate esters were conveniently synthesized by oxidation of allyl 3-
hydroxypropyl selenide with tert-butyl hydroperoxide. This reaction afforded the
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novel cyclic seleninate ester, rapidly and quantitatively through the oxidation
followed by [2, 3]-sigmatropic rearrangement steps. They were obtained similarly
by oxidation of or 3-hydroxypropyl-selenol with tert-butyl hydroperoxide. Their
aromatic congeners were also reported. The seleninate esters exhibited remarkably
effective catalytic activity for reduction of peroxides at the expense of thiols. The
catalytic activity of seleninate ester was found to bemuch better than the several other
knownGPxmimics containing cyclic selenenamide [123, 139, 140] (Scheme 13.41).

Furthermore, starting from bromo-functionalized aryl-benzylic moiety, its treat-
ment with Na2Se2 and subsequent oxidation with H2O2 the seleninate ester species
were obtained [141]. Furthermore, Singh et al., have reported a seven-membered
cyclic seleninate ester species which was derived from 2-phenoxyethanol. It was
obtained from allyl (2-(2-hydroxyethoxy)phenyl) selenide through a series of oxida-
tion and [2, 3]-sigmatropic rearrangement steps (Scheme13.42). This seleninate ester
exhibited good GPx like activity evaluated coupled reductase assay [142]. Moreover,

Scheme 13.41 Synthesis of seleninate ester from allyl-based monoselenides

Scheme 13.42 Synthesis of 7 membered seleninate ester
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the selena-heterocyclic compounds, aliphatic- and aryl based, cyclic, seleninate esters
were also reported which found their potential as the GPx mimics [143].

Due to natural drive of researchers to create new structural modifications in
known structures targeting for enhanced activities, methoxy substituents on of an
aromatic cyclic seleninate were designed and effect on their activation barriers of the
glutathione peroxidase-likemechanismwas investigated by density functional theory
(DFT) models. It revealed that methoxy substitutions affect the rate of scavenging of
reactive oxygen species differently depending upon the position. The activities were
found to be enhanced when the methoxy substituent at para position, unaffected for
meta- and decreased for ortho-substituted derivatives. The analyzes fromDFT calcu-
lations showed that the activation barrier for oxidation of selenenyl sulphide (Se-S
species) which is an anticipated key intermediate, is higher for the ortho- methoxy
substituted derivative than for its analogues where substitution of methoxy at other
positions. Additionally, it was found to be consistent with the low experimental
conversion rate [144].

In addition to GPx mimetic applications, the seleninate esters were evaluated for
oxidation of disulphides to thiolsulfinates. The results from this study have revealed
the potency of seleninate esters for medicinal applications because of the possibility
of catalyzing the undesired oxidation of disulphide-containing spectator proteins
and peptides. It is known that the seleninate esters catalyze the reduction of harmful
peroxides with thiols, which are converted to disulphides in the process. Hereafter,
the possibility that seleninate esters may be able to catalyze further oxidation of
disulphides to thiolsulfinates species or other over oxidation products formed in
these conditions was evaluated. In this study, the benzo-1,2-oxaselenolane Se-oxide
was used as catalysts for further catalytic reactions with disulphide species. The
results confirm the possibility that cyclic seleninate esters could catalyze the further
undesired oxidation of disulphides in vivo (Scheme 13.43) [145]. This property of
seleninate ester added further in its biological applicability and encouraged their
further research.

In continued research endeavours, the optically active seleninate esters were
obtained through chromatographic resolution on an optically active column and the
absolute configuration of some of them was determined by X-ray crystallographic
analyzes. The optically active seleninate esters, generally tend to racemize in solu-
tion. The racemization process was studied by the oxygen exchange reaction with
H(2)(18)O. Additionally, the theoretical studies also cleared that the racemization

Scheme 13.43 Application of seleninate esters for oxidation of disulphides
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of optically active seleninate esters in solution state proceeded through formation of
achiral hypervalent selenurane intermediate species due to the addition reaction of
water which was present in the solvent. The treatment of optically active seleninate
ester having bulky substituents with Grignard reagents was found to undergo by
retaining the stereochemistry and yield the optically active selenoxides [146].

This account of cyclic seleninate esters clearly indicates their importance in
biomimetics as well as further utility in disulphide oxidation to neutralize the detri-
mental effects of hydroperoxides and unwanted disulphides for health related appli-
cations. It gives a good opportunity for further research for new pharmacological
concepts and eventually uses in medicine.

13.12.6 Thioselenuranes [RSSe(=O)OH)]

Thioselenuranes

Earlier spiro-, pincer- and seleninate ester species were discussed as the inter-
mediates formed during the GPx mimetic of monoselenides. In subsequent research
other short lived, tetra-coordinate species as intermediates were proposed by Chen
et al., for catalytic reaction of methylphenyl selenoxide with GSH [147]. Addition-
ally, the efforts were directed for the isolation and authentication of thioselenurane
by 77Se NMR spectroscopy, mass spectrometry and stop flow techniques, etc. These
intermediates were named thioselenurane species. In this mechanism, the oxidation
of diorgano monoselenides to selenoxides, apparently the active oxidant in the GPx
catalytic cycle was assigned as a rate determining step [148].

It has been seen earlier, that GPx mimetic catalytic mechanism of selenoxides
to reduce the hydroperoxides proceeds to the stable and harmless forms like water
or alcohol at the expense of thiol cofactors. The theoretical investigations on this
mechanism have been performed by Craig Bayse. The mechanism for ebselen as a
catalyst was investigated by SAPE network theoretical calculations which suggested
that it proceeds through a short lived, tetra-coordinate intermediate thioselenurane
[(RSSe(=O)OH)] species. Hence, there were efforts to calculate their 77Se NMR
chemical shifts (δ) theoretically by using the GIAO method which suggests that δ

values of selenoxide and intermediate thioselenurane are well separated for detec-
tion [149]. However, since intermediate has a very short half-life, in earlier efforts
the species could not be detected using 77Se NMR spectroscopy [150]. Henceforth,
the researchers focused on isolation and characterization of thioselenurane inter-
mediate species but high reactivity and instability of such tetra-coordinate selenium
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species having fast reaction rates of organoseleniumcompoundswith oxidants orwith
reducing agents, have made it difficult to clearly characterize thioselenurane species
like intermediates [128, 147, 150–154]. Even the identification of such species by
using 77Se NMR spectroscopy was unsuccessful. Hence, the strategies by employing
the bulky organic moieties were thought. In such efforts, the mesityl selenoxide was
synthesized and further treated with thols like mesityl thiol and HS-CH2CH2NMe2
and investigated for GPx mimetics by using the 77Se NMR spectroscopic analyzes
but still the thioselenurane species was not possible to detect. Instead of identi-
fying thioselenurane species, it was observed that the selenoxide acted as a hydrogen
bond acceptor to afford Mes2Se=O–HX species (HX = thiols) [79]. Additionally,
Iwaoka et al., (Scheme 13.44) [101b] also studied the reduced dihydroxy selenonane
(DHSred) compound for the study of thiol to disulphide (S–S) formation reactions
pertaining to peptide and protein chemistry. It revealed that the reaction mechanism
of S–S formation in a polypeptide chain using DHSox is a two steps process: (i)
the attack of cysteinyl SH group to the selenoxide (DHSox) to form a short lived
unstable intermediate species having a selenenyl sulphide (Se–S) linkage and (ii)
intra-molecular rearrangement of thioselenurane intermediate species to form an S–
S bondwith elimination of DHSred and awater molecule. The stochastic behaviour of
the S–S formation indicated that the first step (i) is the rate determining step. Hence,
as long as, polypeptide chain is in a random-coil state, velocity for S–S formation
reaction would depend on probability of molecular contact between DHSox and SH
groups on a polypeptide chain (Scheme 13.45) [155].

Finally, the evidence from stopped-flow kinetics and ESI–MS and ESI–
MS/MS experiments revealed that the oxidation-reduction reaction between pheny-
laminoalkyl selenoxides and glutathione occurs through a two-step process
that involves the intermediacy of a tetra-coordinate thioselenurane species
(Scheme 13.46) [156] as well as by mass spectral analyzes of aryl selenides as

Scheme 13.44 Thioselenurane species as intermediate in GPx cycle of monoselenides
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Scheme 13.45 Thioselenurane intermediate during formation of S–S

Scheme 13.46 Characterization of phenylaminoalkyl thioslenurane species

Scheme 13.47 Identification of thioselenurane species by mass spectral analyzes
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Scheme 13.48 Identification of perhydroxy hydroxy selinenes species along with selenuranes

reported by Singh et al., (Scheme 13.47) [153]. These examples unambiguously
prove the formation of thioselenurane species as intermediates.

Later, based on experimental evidence, a more consistent catalytic cycle for
the GPx like activity of selenides and selenoxides was proposed by Braga et al.,
(Scheme 13.48). It suggested the hydroxy perhydroxy selenane species which react
with a thiol in two different attackingmodes resulting in two different products [157].

This account gives us a clear idea that in the mechanism of seleoxides as catalysts
for GPx activities, the tetra-coordinate and short lived species, thioselenurane plays
a crucial role. In view of its instability and scarcity of detailed studies, it gives us
opportunity to explore it further to get more knowledge of pathway.

13.12.7 Selenenic (RSeOH), Seleninic (RSeOOH)
and Selenonic (RSeOOOH) Acids

Selenenic acid               Seleninic acid                    Selenonic acid

These are important short lived intermediate species generated in the antioxidant
GPx catalytic cycle of organoselenium compounds. The GPx active catalysts having
selenol group or the diorgano diselenide species react with H2O2 or hydroperoxide to
produce the Se(II) species known as selenenic acids (RSeOH). Its over oxidation due
to high concentration of peroxides leads to formation of Se(III) and Se(IV) species
known as seleninic- and seleninic- acids respectively [158]. All these species are
highly reactive intermediates which are generated during the oxidation of selenols
and diselenides (Scheme 13.49) [159]. They are postulated in various reactions like
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Scheme 13.49 Identification of selenenic and selenininc acid species

selenoxide syn elimination. These species are highly unstable and undergo dispro-
portionation, probably involving intermediates, to the corresponding diselenides and
seleninic acids or anhydrides [160].

The studies related to their biochemical roles were hampered because of their
instability. Hence, several strategies were designed in order to isolate or synthesize
these species by favourable structural features like internal functionalization or steric
hindrance. It was anticipated because of their stabilization by coordination of amine,
nitro, carbonyl functional groups in solution state [161]; but alkylselenenic acid could
not be detected in any case. However, by use of bulky aryl moieties the efforts were
successful. Using bulky aryl groups [162] like 2,4,6-Pri3C6H2 and triptycyl (trip)
[163] the seleninic acid, ArSeOH has obtained and was characterized using NMR
spectroscopy. Additionally, the redox behaviour of tripSeOH was also investigated
[164]. Furthermore, by using a bulky bowl-shaped organic moiety, a stable seleninic
acid, BmtSeOH species (Scheme 13.50), has been isolated by the direct oxidation of
selenolwithH2O2 and itwas structurally characterized also. The compound exhibited
remarkable stability, both in solid and solution states [165].

There are reports of some other strategies also for synthesis and isolation of
these species. Hydrolysis of selenenyl halides or reduction of seleninic anhydrides
also afforded selenenic acids. Such reactions have been used for in situ generations
of selenenic acids. E.g. 2-Nitrobenzene seleninic acid on reduction with NaH2PO2

yielded the corresponding selenenic acid [167a]. the hydrolysis of selenenyl bromide

where Bmt  = 

Scheme 13.50 Synthesis of stable selenenic acid species



13 Synthesis Strategies for Organoselenium Compounds … 577

during crystallization proceeds to a formation of selenenate esters [166]. Oxidation
of secondary and tertiary amide based diselenides by hydrogen peroxide has been
investigated. It is envisaged that such reactions proceed through involvement of
seleninic acid. In the case of the secondary amide group, rapid cyclization takes
place to produce seleneyl amideswhichonoxidationwith excessH2O2 yield seleninic
acids. The seleninic acids of tertiary amides undergo further oxidation with an excess
of H2O2 to afford selenonic acids (Scheme 13.51). The seleninic acids exhibited
intra-molecular Se· · ·O interactions [167].

In other efforts Goto et al., have isolated a stable selenenic acid species by using
strategies of steric hindrance created by bulky organic moieties like m-phenylene
dendrimer framework (Scheme 13.52) [168].

Unlike selenenic acids, seleninic and selenonic acids are stable, isolable, colorless
and odourless solids. They are used as oxidants in organic synthesis. Both aliphatic

Scheme 13.51 Selenenic acid species with Se–O non-bonded interaction

(Bsq = m-phenylene dendrimer framework) 

Scheme 13.52 Isolation of stable selenenic acid using bulky organic moiety
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and aromatic seleninic acids are obtained by oxidation of diselenides or seleno-
cyanates with concentrated HNO3, H2O2, potassium permanganate (KMNO4) in
acetic acid or chlorine in aqueous medium (Scheme 13.53).

Nitration of aromatic groups can be observed on oxidation of aromatic sele-
nium compounds with HNO3 [169]. Hydrolysis of organoselenium trihalides affords
seleninic acids. Isolation of trihalides can be circumvented if chlorination or bromi-
nation of diselenides is carried out in aqueous media [170]. Other oxidants like
dimethyldioxirane (DMD) [163, 171] and ozone [172] were also utilized for conver-
sion of selenium compounds to seleninic acids. Oxidation of selenenic acid species,
tripSeOHbyDMDafforded the corresponding seleninic acid, tripSe(O)OH in quanti-
tative amounts (Scheme 13.54) [163]. Similarly, polyfunctional seleno esters, such as
Se-glucopyranosylphenyl seleno acetate, were oxidized by using DMD to seleninic
acid [171]. Further oxidation of seleninic acids like PhSe(O)OH by H2O2 resulted
in peroxyseleninic acids, PhSe(O)OOH, which find applications in Baeyer–Villiger
oxidation of various carbonyl compounds (Scheme 13.55) [173].

Although isolation of optically pure seleninic acid is a tedious process due to their
apparent racemization, seleninic acids are optically active molecules. Kamigata et.
al., obtained the enantiomeric pure forms of seleninic acids by using either a chiral
column in medium pressure liquid chromatography or chiral crystallization (e.g.
MeSeOOH) [174, 175].

Scheme 13.53 Various synthesis routes of seleninic acid

Trip = 

Scheme 13.54 Oxidation of polyfunctional seleno esters
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Scheme 13.55 Over oxidation of diaryl diselenides leading to seleninic and peroxyseleninic acids
formation

It should be noted that the oxidation of seleninic acids by using strong oxidizing
agents, like KMnO4 in aqueous KOH, results in the formation of potassium salts of
selenonic acid, RSeOOOK. The selenonic acids are strong oxidizing agents and can
be reduced to seleninic acids in conc. HCl.

13.12.8 Selenoesters

Selenoesters

It is one of the important classes of organoselenium compounds exhibiting
biological activities with promising biomedical applications. Recently this class has
attracted attention due to the lability of Se–CO ester bond. In earlier developments,
selenium compounds were employed for prevention of various disease states in
humans,mainly through their supplementation. But since the appropriate supplemen-
tation depends on species like selenomethionine or sodium selenite, which proved
to have limited solubility and bioavailability resulting in limited activity. To over-
come this limitation, other selenium species were needed to be explored. Hence the
organoselenium compounds which will liberate selenium species easily in situ were
thought to be explored. Hence, the class of selenoesters was explored for biomedical
applications. Eventually, the selenoethers exhibited potent applicability in treatment
of cancer, due to their cytotoxicity and capacity to reverse multidrug resistances
(MDR) [176]. TheCOSeCH2COCH3 andCOSeCH2CO(CH3)3 moieties have proved
their importance as cytotoxic, apoptosis inducing, chemopreventive, antiproliferative
agents and adjuvants in cancer treatments. They exhibited GPx like catalytic activity
also [177]. Additionally, the selenoesters were reported to exhibit antiviral, antimi-
crobial and antibiofilm activities also [178]. Recently, these compounds like imida-
zole based heterocyclic selenoesters exhibited utility for chemical detoxification of
mercuric chloride (HgCl2) [179].
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The compounds are useful as reagents in organic synthesis processes [180] even
for peptide bond formation and peptide ligation reactions (Schemes 13.56 and 13.57)
[181]. The amides based on carbohydrate moieties were conveniently prepared in
good yields from various substrates like pyranosyl and furanosyl derivatives. This
strategy is dependent on the in situ generations of lithium selenocarboxylates by reac-
tions of elemental Se with a reducing agent superhydride (LiEt3BH) and carboxylic
acids or acyl chlorides and their treatment with sugar azides [182]. They have been
used in synthesis of organometallic complexes asmolecular precursors for deposition

Various types of selenoesters

Scheme 13.56 Application of selenoester in glycopeptide ligation through a direct aminolysis
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Scheme 13.57 Application of selenoester in peptide bond formation

of metal chalcogenides. Especially the selenocarboxylates have exhibited potential
applications for materials preparations [183].

The selenoesters can be conveniently synthesized by treatment of sodium
hydrogen selenide (NaHSe) with acyl chlorides followed by treatment with chloroac-
etamide (Scheme 13.58) [183b]. Additionally, reactions of diaryl and dialkyl dise-
lenideswith aldehydes afforded selenoesters. In such reactions, di-tert-butyl peroxide
(DTBP) is a promoter of C–H selenation of aldehydes by using the diselenides under
metal free and solvent free conditions (Scheme 13.59) [184].

Additionally, the synthesis of selenoesters starting from selenoalkynes followed
by an acid catalyzed, redox neutral oxyarylation process was also reported. The
activation of a selenoalkyne by Brønsted acid resulted in a selenium stabilized
vinyl cation, which was captured by an aryl sulfoxide and undergone a sigmatropic
rearrangement to afford α-arylated selenoester product (Scheme 13.60) [185].

Scheme 13.58 Synthesis of selenoesters

Scheme 13.59 Selenoester synthesis via DTBP promoted the C–H selenation of aldehydes
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Scheme 13.60 Synthesis of selenoester from selenoalkyne

Scheme 13.61 Synthesis of selenoesters from aldehydes

Recently, difluoromethylselenoesters are efficiently synthesized from aldehydes
and BnSeCF2H through a radical process. The reaction is catalyzed by AIBN
(Scheme 13.61) [186].

This brief account of selenoesters clearly depicts the importance of selenoesters
in biomedical applications. Since it is not well explored yet, this gives an opportunity
for researchers for further pharmacological studies.

13.12.9 Selenoanhydrides

Cyclic selenoanhydride         Linear Selenoanhydrides 

The selenoanhydride class is analogous to earlier discussed selenoethers. This
class has also attracted attention recently for biological activities. Due to struc-
tural and physicochemical similarity selenoanhydrides also exhibit pharmacological
properties similar to selenoethers.
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The selenoanhydrides exhibited potent anticancer activities. They were observed
to trigger apoptosis in majority (>80%) of MDR mouse cells. Additionally, they
possess the ability to reverse the cancer multidrug resistance (MDR) [176]. One of
the compounds from this class, phthalic selenanhydrides exhibited diverse biological
activities including anticancer, cancerMDR, apoptosis inducer, efflux pump inhibitor
as well as antimicrobial activities. They exhibited antioxidant radical scavenging
activities also. It was conveniently synthesized by phthalic anhydride by lithiation
strategies (Scheme 13.62) [187].

It was also synthesized by treatment of phtholyl chloride (in toluene) with Na2Se
prepared in situ by treatment of elemental selenium and NaBH4 in an aqueous solu-
tion. The phase transfer catalyst tetrabutylammonium hydrogen sulphate was utilized
as phase transfer catalyst (Scheme 13.63) [188].

The linear selenoaldehydes were also synthesized (Scheme 13.64) by treatment of
benzoyl chloride with LiAlHSeH. Further, the obtained selenoanhydrides were used

Scheme 13.62 Synthesis of phthallic selenoanhydride from phthallic anhydride

Scheme 13.63 Synthesis of phthallic selenoanhydride from phtholyl chloride

Scheme 13.64 Synthesis of linear selenoaldehyde and its application
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for amide bond formation through a reaction of potassium selenocarboxylates with
aromatic azides at room temperature. Such strategies have importance in synthesis
of bioactive molecules [189].

In view of the recent applications of selenoanhydrides in biomedical domain, we
have a lot of scope for their further detailed studies.

13.12.10 Diorganoselenenyl Sulphides (RSe-SR′)

Diorganoselenenyl sulphides

The diorganoselenenyl sulphides are well known important intermediates formed
in the catalytic cycle of glutathiome peroxidase (GPx). The high reactivity of dise-
lenides with thiols has been utilized for the synthesis of selenenyl sulphides [190].
This process was employed for the synthesis of selenenyl sulphide glycopeptides
[191] and selenenyl sulphide bearing lipids [192] also, which were characterized by
using mass spectroscopic analyzes. The reaction of ebselen and its analogues with
aromatic thiols yielded selenenyl sulphides (Scheme 13.65), which exhibit strong
Se–O intra-molecular interactions [192]. These interactions prevent the regener-
ation of catalytically active selenol species resulting in low catalytic activity of
ebselen analogues in the presence of thiols and hence such species are considered
as the dead-end products [193]. Additionally, the hypervalent T-shaped selenenyl
sulphides, {2-R2NCH2C6H4}Se-SP(S)R’2, exhibiting weak intra-molecular Se–N
(~2.67 Å) interactions [194], have been isolated by redistribution reactions between
diorganodiselenides and bis(diorganophosphinothioyl)disulfanes, [R2P(S)S]2. The
diorganoselenenyl sulphides have also been prepared by the treatment of RSeX with
the sodium salt of a thiol.

Scheme 13.65 Synthesis of ebselen based selenenyl sulphide
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Additionally, the N,N-dimethyl diselenide react with benzene thiols to yield the
selenenyl sulphide species (Scheme 13.66),

In case of GPx mimetic activities, G. Mugesh et al., have proved that selenenyl
sulphides play a key role. The attack of thiols at S atom of selenenyl sulphide is more
favoured for the forward reaction resulting in formation of harmless products from
the hydroperoxides (Scheme 13.67) [195].

Additionally, selenenyl sulphides can be obtained by reactions of selenenic acids
with thiol cofactors, as a part of GPx mechanism (Scheme 13.68) [196].

Scheme 13.66 Synthesis of N, N-dimethylbenzyl amine based selenenyl sulphide

Scheme 13.67 Selenenyl sulphide key intermediate in GPx mechanism

Scheme 13.68 Formation of selenenyl sulphide in GPx mimetics
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13.12.11 Selenols (ArSeH) and Selones (Ar=Se)

Selenol                  Selone 

Selenols are biologically important moieties as they constitute the active site of
selenoenzymes in the form of selenocysteine (Sec) moiety. The enhanced catalytic
activity of selenoenzymes is a result of easy deprotonation or dissociation of Sec
group at physiological pH (7.4). This phenomenon is possible because of improved
physicochemical properties of selenol as compared to analogous thiol group. Some
biologically important molecules like a histdine based amino acid selenoneine (Se
analogue of ergothioneine) found in Tuna fish and in skin of Beluga whales, consti-
tute the active centre of Se in the form of selone form. In fact, the selenol and its
tautomeric form selone are present in equilibrium in synthetic molecules (as seen
earlier). However, in case of enzymes, the selenol is stabilized because of hydrogen
bonding with neighbouring amino acids. In view of biological importance of selenol
and selone, it is worthwhile to synthesize these compounds and utilize them for
their pharmacological applications. Hence, their appropriate design and synthesis
are important.

Selenoneine

The selenols are selenium analogues of thiols and alcohols. They are stronger
acids than the corresponding thiols (pKa of PhSeH 5.9 and pKa of PhSH 6.5).
They can be easily oxidized to diselenides by aerial oxidation and hence they must
be generated in situ for any kind of reaction. The selenols have been synthesized
by various methods (Scheme 13.69) [197–200]. Some common methodologies for
their synthesis are discussed now. The treatment of organolithium species or Grig-
nard reagent with elemental selenium followed by hydrolysis by using dilute acids
afforded the selenol species. Such reactions were often accompanied by the forma-
tion of selenides, diselenides and H2Se as the by-products. For example, carborane-
selenol (B10H11C2SeH) was prepared by lithiation route. Accordingly, the treatment
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Scheme 13.69 Various routes for synthesis of selenol

of 1,2-dicarba-closo-dodecaborane with n-BuLi in DME followed by selenium inser-
tion with elemental Se followed by hydrolysis by aqueous HCl [201]. This reaction
was accompanied by formation of diselenide as a by-product. The treatments of
organic halides [202] or aromatic diazonium bromides [203] with sodium biselenide
(NaHSe) orNa2Se2 are other general strategies for preparation of selenols. Generally,
organic bromides and iodides are utilized in such reactions. Additionally, the selenols
were obtained conveniently after reduction of diselenides by various commonly used
reducing agents like sodium borohydride [204] and hypophosphorus acid (H3PO2)
in hydrochloric acid or in organic solvents [203, 205]. The thiols like PhSH, dithio-
threitol (DTTred) [206, 207] and Bu3SnH [208] were also used for reduction of
diselenides, but in such reactions selenenyl sulphides (RSe-SR′) and Bu3SnSeAr,
respectively were also observed. Hydrolysis or reductions of selenocyanates in alka-
line conditions were also used for synthesis of selenols [198, 209]. Additionally,
the aliphatic and aromatic selenocyanates (RSeCN) were reduced by zinc powder in
acidic conditions affording the selenols. The treatments of alkylsulfates with potas-
sium selenide and reactions between selenourea and tert-butylmalonodialdehyde
[202] in ethanolic solutions at refluxing conditions were also employed to obtain
the selenols (Scheme 13.70). In addition to this, pyridyl based selenol species were

Scheme 13.70 Synthesis of selenol using selenourea
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obtained by reactions of bromo-functionalized pyridyl compounds with a sodium
selenol (Scheme 13.71).

Although the selenols were easily oxidized to diselenides, natural enzymes stabi-
lize them by hydrogen bonding with neighbouring amino acids. Along with this,
inventive human minds have used strategies like stearic hindrance for selenol stabi-
lization. Accordingly, the stable selenol was obtained by using a bulky organic frame-
work (Bmt). The stearic hindrance of bulky organic groups restricts the selenol group
from easy oxidation (Scheme 13.72) eventually afforded a stable selenol.

Along with synthesis methodologies, it is worth to discuss about reactivates of
selenols. These species get easily deprotonated in basic solutions to give selenolate
ions. Selenols consisting of unsaturatedN-heterocyclicmoieties exhibit tautomerism.
Hence selenol and corresponding selone (C=Se linkage) exists in equilibrium [210,
211] which can be isolated easily. For example, in case of pyridyl based selenides
(pyridyl, pyridinol, nicotinamide, etc., the selenol and selone were identified as two
discrete species, e.g. 2-pridyl selenol and 2-pryridylselone (Scheme 13.73) [210].

Similarly, in case of reduction of di-nicotinamide diselenide by NaBH4 in
ethanolic solution, initially, the selenol and selones were observed to coexist, but
as time proceeds only the selone form was observed as a stable and dominating
species in a solution (Scheme 13.74).

Scheme 13.71 Synthesis of pyridyl based selenol

where Bmt  = 

Scheme 13.72 Isolation of selenol with bulky organic moiety
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Scheme 13.73 Existence of selenols and selone as a mixture

Scheme 13.74 Synthesis of nicotinamide based selenol and selone

The oxidation of both, selenol and selone lead to formation of corresponding
diselenides as we have seen earlier.

Their high reactivates of selenols and their conjugate bases, i.e. selenolates (RSe–)
attributable to their high energy highest occupiedmolecular orbitals (HOMO) and are
weak bases but potent nucleophiles and react easily with electrophilic organic and
inorganic compounds [197, 198]. The selenols are significant reagents for conju-
gating organoselenium moieties with organic molecules either by reaction with
epoxides, organic halides, carboxylic acid chlorides, etc. or addition to carbon-
carbon multiple bonds. Selenols were observed to undergo addition of Se–H bond to
alkynes to afford α,β-unsaturated organoselenium compounds [212]. Additionally,
the non-catalytic (radical or base initiated) or photochemical addition reactions were
progressed through non-stereoselectively to afford a mixture of anti-Markovnikov
products, whereas palladium catalyzed processes resulted in Markovnikov products
(Scheme 13.75) [213].

Scheme 13.75 Reactivity of aryl selenol
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13.12.12 Organoselenium Halides (RSeX)

Alkyl selenium halide    Dialkyl diselenium dihalid     Alkyl selenium trihalid      Trilkyl selenium halide 

The class of organoselenium halides perform functions as the electrophilic
reagents for introducing selenium atoms in organic moieties. These compounds exist
in diverse oxidation states viz., +2 (RSeX) and + 4 (R3SeX, RSeX3 and R2SeX2)
(X = halides). The stability of an individual organoselenium halide depends on
nature of X and the organic moiety attached to selenium atom. The organosele-
nium halides existing in +4 oxidation state are less stable. For example, the oxida-
tive addition of bromine to diorgano monoselenides (R2Se) afforded diorganose-
lenium dibromide (R2SeBr2) which are susceptible to decomposition on standing
(lose bromine and/or bromoalkanes). Hence, they must be freshly prepared in situ
for their use in organic synthesis processes [214]. Additionally, phenyl selenenyl
trichloride (PhSeCl3) obtained by reaction of Ph2Se2 with SO2Cl2 (1:3) in CHCl3, is
utilized for inserting a selenium atom at α-position of ketonic substrates [215]. The
trihalides (RSeX3) on heat treatment in a vacuum above their melting points were
observed to decompose affording relatively stable selenenyl halides and halogens.
Further, the selenenyl halides find applications mainly as electrophilic reagents for
selenenylation reaction. On way of synthesis, selenenyl halides (RSeX) were also
synthesized by treatments of diorgano diselenides with halogens or halogenating
agents like sulphuryl chloride (Scheme 13.76). The selenocyanates (RSeCN) were
susceptible for cleavage by solutions of chlorine or bromine in chloroform affording
selenenyl halides.

The potential reactivity of selenenyl halides is attributable to the low-lying lowest
unoccupied molecular orbitals (LUMO) which makes them effective electrophiles.
Among them, phenyl selenenyl halides (PhSeX where X=Cl or Br) are commonly
used electrophilic reagents, e.g., selenenylation of olefins and carbonyl compounds
[216, 217]. On the other hand, nucleophilicity of halide atoms in organo-selenenyl
halides usually resulted in diving side reactions during organic synthesis processes.
As a result, various non-halide compounds were developed which exhibited similar
reactivities with RSeX, e.g. trifilate (RSeOTf) reagent is preferred over RSeX. Other
such preferred compounds were obtained by the treatments of RSeX with suitable
silver salts (Scheme 13.77) [218–222].

Let’s discuss about the reactivity of selenenyl halideswith other organic substrates
affording the useful products. The treatment of selenium electrophiles with alkenes
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Scheme 13.76 Various routes for synthesis of selenenyl halides

Scheme 13.77 Reactivity of
selenenyl halides with Ag
salts

Scheme 13.78 Reactions of
aryl selenenyl halides with
alkenes

proceeds in a stereospecific manner and progresses through a formation of seleni-
ranium ion as an intermediate. The nucleophilic attack resulted in the opening



592 P. P. Phadnis

of seleniranium ion ring giving addition products (Scheme 13.78) [217]. The α-
phenylselenocarbonyl compounds were prominently used to afford olefins through
a selenoxide elimination reaction. It should be noted that the 2- and 4-pyridyl seleno
groups are preferred leaving group than phenyl seleno moieties in selenoxide elim-
ination reactions (Scheme 13.79) [223–225]. The pyridyl based seleno compounds
formed the enone species in excellent yields, even in reactions where reasonable
yields were not obtained with α-phenylselenocarbonyl compounds. Additionally, the
selenenyl halides were found to react with esters at low temperatures and undergo
selenolactonization reactions (Scheme 13.80) forming the cyclic selenide species
[226].

The selenenyl chlorides and bromides exist as discrete molecules, but their anal-
ogous iodo compounds demonstrate significant structural diversity. The selenenyl
halides based on bulky organic moieties [227] or aryl moieties having hetero atoms
(O or N) on the pendant arms [228, 229] generally exist as RSeI with a covalent
Se–I bond. Most of the selenenyl iodides are charge transfer (CT) species in which
Se–Se bond of diselenide species remain intact. The iodide (I2) molecule interacts
either with a selenium atom {e.g. biphenSe2I2, Me2Se2·I2, (4-FC6H4)2Se2·I2} [230,
231] to afford a three-coordinate spoke structure. In another way, I2 molecule coor-
dinates with both Se atoms forming a centrosymmetric dimer {e.g. (Ph2Se2·I2)2}
(Scheme 13.81) [232].

Scheme 13.79 Reaction of pyridyl selenenyl halide to form selenides

Scheme 13.80 Selenolactonization of selenenyl halides



13 Synthesis Strategies for Organoselenium Compounds … 593

(Ph2Se2·I2)2

biphenSe2I2

Scheme 13.81 Iodine mediated synthesis of aryl selenol from aryl diselenides

It is known that the electron donating alkyl or aryl groups which increase basicity
of selenium atom result in charge transfer selenenyl halide compounds [233]. A
charge transfer compound (1:1) containing a covalent Se–I bond, e.g. p-ClC6H4SeI·I2
was isolated by treatment of (p-ClC6H4Se)2 with three molar equivalents of iodine
[231]. The presence of Se· · ·X (X=N, O, S) non-bonding interactions in various
organo-selenenyl halides was observed in several compounds which were authen-
ticated by X-ray crystallography and NMR spectroscopic analyzes. Such interac-
tions were supported theoretically also by density functional theory calculations
(Scheme 13.82) [234].

Scheme 13.82 Synthesis of
selenenyl halide from bulky
diselenide
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13.12.13 Selenocynates (RSeCN)

Selenocynates

The compounds belonging to selenocynate class also exhibit potential phar-
macological applications. They have demonstrated antioxidative, antistress, radio-
protecting, anticarcinogen, chemopreventive, antimutagenic and antileishmanial
pharmacological properties [235]. Most of the organic selenocyanates have been
conveniently synthesized by treatment of appropriate organic moieties with potas-
sium selenocyanate (KSeCN) which is highly toxic and foul-smelling compound.
Hence precautions must be taken while synthesis. Generally, diselenocyanates like
selenium diselenocyanate or selenium dicyanate have been reported. The seleno-
cynates are conveniently synthesized by the treatment of cyanide ions with sele-
nenyl halides or cyanogen bromide with selenolates. One example of selenocy-
nate synthesis is discussed here. The isoquinoline based selenocynate was conve-
niently synthesized. The biologically active naphthalimide based compound, 2-
(2-selenocyanic acid ethyl ester)-1H-benz[d]isoquinoline-1,3-(2H)-dione is antic-
ipated to exhibit anticancer, antitumour and other potential therapeutic properties
of considerable potency with low systematic toxicity [236]. Various organoseleno-
cyanate compounds with 1,8-naphthalimide moiety were synthesized as shown in
(Scheme 13.83). In this process, their hydroxyl derivatives were converted to corre-
sponding bromo derivatives by their treatment with phosphorous tribromide in a

Scheme 13.83 Synthesis of isoquinoline based selenocynate
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polar solvent like ethyl acetate (70 °C). The subsequent nucleophilic substitution
of a bromide group with anhydrous KSeCN in acetone with refluxing conditions
afforded the desired organoselenocyanates.

Furthermore, selenocyanates are often used in preparation of other selenium
derivatives.

13.12.14 Cyclic Selenides

The class of cyclic selenides has gained importance since the ebselen—a cyclic sele-
namide has exhibited potent pharmacological properties and subsequent applications
as drug as we have discussed earlier. The cyclic selenide species are found as inter-
mediates or really active pharmacological species as we have discussed earlier. The
prominent examples this class are discussed now.

(i) Selenolanes (tetrahydroselenophene)

The class of organoselenium, compound consists of the cyclic monoselenide species.
These compounds have proved their importance in pharmacological studies due to
their potency as an antioxidant, glutathione peroxidase (GPx) mimic, radioprotector,
an anti-inflammatory agent and ulcer curative agents. The well known compounds
are 3,4-dihydroxy selenolane (DHSred) [237], monoamine selenolane (MAS) [238]
and their derivatives with fatty acid conjugates as well as α-seleno tocopherols.

DHSred MAS

DHSred fatty acid conjugates MAS alkyl chain derivatives

It is necessary to discuss the synthesis of some compounds. The DHSred is
conveniently synthesized by reaction of 1,3-butadiene diepoxide by the reaction
with sodium hydrogen selenide (NaHSe) in aqueous medium (Scheme 13.84a, b)
[239], was treated with various acid chlorides (RCOCl) or strong bases like NaH and
further treatment with halo functionalized moieties to obtain various compounds
with fatty acids (Scheme 13.85) [240] or bioactive organic and luminescent moieties
like indolyl and naphthyl based compounds respectively for biological applications
(Scheme 13.86) [241].

Additionally, different kinds of cyclic monoselenide compounds having hydroxy-
lated selenolane rings were synthesized by the treatment of monobenzylated petioles
and aldoses dithioacetals with NaHSe (obtained from reaction of elemental Se and
NaBH4) in good yields (Scheme 13.87) [242].
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(A) 

(B) 

Scheme 13.84 Synthesis of DHSred

Scheme 13.85 Synthesis of fatty acids substituted derivatives of DHSred

Scheme 13.86 Luminescent and bioactive moieties substituted derivatives of DHSred

Scheme 13.87 Synthesis of cyclic selenolanes
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Hydroxylated selenolanes

Furthermore, selenolanes were also prepared by the treatments of hydroxylated
aliphatic compounds by selective bromination of terminal hydroxyl groups which
reacted with selenide ions (Se2−) obtained in situ by reaction of elemental Se with
NaBH4) as depicted below (Scheme 13.88) [242].

(ii) Selenamides

The cyclic selenamides like ebselen were conveniently prepared by some modifica-
tions in the method of lithiation of benzanilide by BuLi followed by Se insertion and
subsequent oxidation with hydrogen peroxide (Scheme 13.89) [243].

With slight modification by using CuBr2 induced oxidative cyclization after lithi-
ation and selenium insertion of step L. Engman et al., have reported the efficient
synthesis of ebselen [244]. Additionally, the nitro-, azo- and amino derivatives of
ebselen were also reported by L. Engman et al., which exhibited the cytoprotective
activities (Scheme 13.90) [245].

Recently, Mugesh et al., have reported various derivatives of ebselen which
exhibited potent antioxidant activities (Scheme 13.91) [246].

Scheme 13.88 Synthesis of selenolanes

Scheme 13.89 Synthesis of
ebselen
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Scheme 13.90 Aazo-derivatives of ebselen

(A) 

(B) 

Scheme 13.91 Synthesis of ebselen derivatives

Similarly, the five and six membered selenoheterocyclic compounds viz., 1,2-
benzoselenazine and 1,2-benzoselenazols respectively which are the homologues of
ebselen have also been reported (Scheme 13.92) [247].

In view of the pharmacological importance of ebselen compounds, they were
further developed by fluorescent tags since fluorescence-labelled probes containing

Scheme 13.92 Synthesis of six membered selenoheterocyclic
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Scheme 13.93 Fluorescence-labelled probes containing ebselen

Scheme 13.94 Synthesis of ethaselen

ebselen suitable for mechanistic, biological and medicinal studies. E.g. coumarin-
tagged activity-based probes’ bearing the ebselen was explored (Scheme 13.93)
[248].

The ebselen analogue, ethaselen was synthesized by lithiation of benzanilide in
THFat lower temperatures, followedby selenium insertion and treating the selenolate
with 1,2-dibromoethane (Scheme 13.94) [249].

In view of the established pharmacological importance of ebselen, ethaselen and
related compounds, the researchers have a good scope for further development in
synthetic strategies for addition of new features in their structures appropriately for
enhancing the activities.

13.12.15 Selenopeptides

The peptides which contain selenocysteine (Sec/U), a 21st proteinogenic amino acid
moiety are known as selenopeptides. They are the constituents of selenoproteins
which acts as redox enzymes and are essential for living organisms as they participate
in diverse biological processes such as the control of cellular redox balance [250]. The
Sec moiety is supposed to be the most conservative substitution for cysteine (Cys)
residues belonging to proteins or enzymes. The Sec imparts the interesting proper-
ties to selenoenzymes due to difference in pKa of Sec (pKa ∼5.5) and thiol group
(pKa ~ 8.3) of Cysteine residues. In such processes, one or more Sec residues are
inserted co-translationally in proteins. Also, the redox properties of disulphides and
diselenides differ significantly, since the redox potential of diselenides being signif-
icantly lower than corresponding disulphides. Hence, the strategy of replacement of
Cys by Sec is increasingly used in protein engineering approaches for modulating
the desired properties of constituent peptides in selenoproteins. Hence, this inter-
esting class of selenopeptides has fascinating and characteristic properties which
enables them for diverse range of applications such as modulating stability, physico-
chemical properties structural, functional and mechanistic probes, robust scaffolds,
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enzymatic reaction design, peptide conjugations and folding tools. Hence, design
and synthesis strategies have significance especially for structure activity relation-
ship (SAR) studies for further design of selenopeptides for appropriate applications
[251].

One typical example of designed selenopeptide is as shown below.

Selenopeptide

Various synthesis strategies have been adopted for synthesis of selenopeptides.
The selenopeptides synthesis started with solution phase or solution method in 1964
as evidenced by reported synthesis for selenoglutathione [252, 253]. Later, the Boc-
SPPS (solid state peptide synthesis) stratergies for synthesis ofmetalloselenoeinwere
started to use in 1991 [254]. Further, the chemical ligation strategies were developed
in 2007 for synthesis of Se15P [255]. Additionally, the selenopeptides and proteins
have been obtained by recombinant expression methods [256]. Later, various types
of selenopeptides have been reported by modified methods of synthesis [257].

In general, by the chemical synthesis strategies, the peptides are synthesized by
two major procedures (i) solution method and (ii) a solid phase method carried out
on a resin. The peptide synthesis is based on following basic chemical principles
(i) selection of protecting groups for amino acids, followed by deprotection and (ii)
peptide bond formation. Hence, the strategies for peptide synthesis in solution can
be directly applied to solid phase methodology.

Among them, the native chemical ligation (NCL) requires extensive organic
synthesis strategies. One example of the NCL strategy is given below [258]
(Scheme 13.95).

Similarly, the cyclic selenopeptides can also be prepared by native chemical
ligation method (Scheme 13.96) [259].

Scheme 13.95 Synthesis of selenopeptide through native chemical ligation
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Scheme 13.96 Synthesis of cyclic selenopeptides

13.12.16 Selenium Containing Peptides

This class of compounds consists of the organoselenium compounds bearing the
peptide bond. Inspired from the selenoenzymes, the mimics like ebselen developed
and they exhibited potential antioxidant, radical scavenging, GPx mimicking, radio-
protecting activities. For further development in activities and achieving biocompat-
ibility for bio relevant applications, the peptide frames were utilized for designing
the organoselenium molecules.

The appropriate peptide frameworks were initially designed and then Se moieties
were couple with them to obtain the desired compounds. In one such approach, the
phenylseleno N-acetyl-α-amino acids were designed. The treatment of glycine with
chloroacetyl chloride in a basic aqueous medium at lower temperatures (0–5 °C)
afforded a chloro functionalized peptide frame which on treatment with PhSe−Na+
(phenylselenolate) in ethanol yielded the selenium containing peptides as shown in
(Scheme 13.97). Such compounds as evidenced from single crystal XRD analyzes
are associated through hydrogen bonding leading to supramolecular assemblies. It

Scheme 13.97 Synthesis of phenylseleno N-acetyl-α-amino acids
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Scheme 13.98 Conjugation of N-acetyl α-amino acid compounds on Fe3O4 MNPs

Scheme 13.99 Synthesis of Se-benzyl-L-selenocysteine based peptides

Scheme 13.100 Synthesis of selenium containing peptides

was observed that the variation of amino acid fragments results in stabilizing different
motifs of secondary structures. These Se containing peptides exhibited free-radical
scavenging activities. The additional feature of their supramolecular assembly may
be useful for exploring their biological and medicinal applications [260].

In further developments for their targeted delivery, Fe3O4 (MNPs) based formula-
tions of selenoglycine and selenoserine based seleniumcompoundswere prepared for
targeted delivery. The EDC-NHS coupling reaction was employed for formation of
peptide bond between COOH group of selenium compound and primary amine func-
tionalized over surface of MNPs [261] (Scheme 13.98). The formulations exhibited
the DPPH radical scavenging activities.

In earlier reports, the Se-benzyl-L-selenocysteine based peptides have been
reported. Their synthesis strategies proceed through nucleophilic displacement of
the O-tosyl moiety in O-tosylated serine derivatives and O-tosylated serine residues
within peptides by sodium benzyl selenolate (Scheme 13.99) [262].

Similarly, following selenium containing peptides have been synthesized by
nucleophilic displacement by selenocysteine selenol group (Scheme 13.100) [263].

13.12.17 Semisynthetic Selenoproteins/Enzymes

It was discussed earlier regarding biochemical importance of a selenoenzyme GPx.
It is now established that GPx has potential therapeutic value as an antioxidant,
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Scheme 13.101 Typical synthesis of serin based selenoenzymes

however, its pharmacological progress was restricted because GPx is known to use a
selenocysteine as its catalytic site and it is difficult to generate selenium containing
proteins with traditional recombinant DNA technology. Hence, the new strategies
were designed in order to obtain the selenoproteins. The naturally occurring proteins
like subtilisin or trypsin can be chemically modified to generate the semisynthetic
selenoenzyme which exhibited GPx activity. This modification can confer excep-
tional structural and catalytic properties to proteins and enzymes. The chemicalmodi-
fication strategies were developed to replace the serine residues with selenocysteine.
The serin groups can be activated by phenylmethanesulfonyl fluoride (PMSF) to give
sulfonated products which on treatment with strong nucleophiles like NaHSe for
insertion of Se in the native host proteins. The chemically modified selenoenzymes
like selenosubtilisin [264], selenoglutathione transferase [265] and selenotrypsin
[266] exhibit high GPx activities due to their high biocompatibility and enhanced
physicochemical properties (Scheme 13.101).

In another approach, the semeisynthetic selenoproteins/enzymes can also be
prepared by peptide ligation on the target proteins. One example of intein-mediated
peptide ligation with peptides containing N-terminal Sec residues is shown below
(Scheme 13.102) [263]. This method also utilizes chemical treatment strategies.

13.12.18 Selenium Containing Bio-materials

The class of selenium containing biomaterials constitutes the dendrimeric or poly-
meric compounds which bear one or more Se atoms at their active centres. Such
compounds find promising biomedical applications for controlled drug release or
as synthetic enzyme mimics. Earlier, researchers have developed responsive poly-
meric materials for controlled drug release or diagnosis but therapeutic applications
have not achieved till expectations. Hence the design of specific materials which
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Scheme 13.102 Synthesis of selenoproteins by peptide ligation on the target protein

precisely respond to physiologically relevant concentrations, within the micromolar
or nanomolar concentration range is still challenging.

Hence such compounds have been designed to obtain biomaterials with unique
properties and that respond to mild biochemical signals or biomarkers related to
disease states. In view of this, the selenium containing biomaterials have been devel-
oped. The reason for use of selenium compounds is unique bond energy conferring
the C–Se or Se–Se covalent bonds a dynamic character and make them responsive
to mild stimuli. Therefore, selenium containing copolymers, hyperbranched sele-
nium containing polymers and dendrimeric materials can disassemble in response
to changes under physiological relevant conditions. This property of selenium
containing biomaterials renders them as promising biomaterial for controlled drug
release or their use as synthetic enzyme mimics.

In developing such materials, the main skill is in the synthesis of selenium
containingmain chain block copolymers.An example is dialkyl diselenide containing
polyurethane (PUSeSe) blocks. They were then synthesized via stepwise polymer-
ization of toluene diisocyanate in slight excess with mono- and diselenide containing
diols and finally terminated by PEG monomethyl ether. They are denoted as PEG-
PUSeSe-PEGandamonoselenide analoguePEG-PUSe-PEG(Scheme13.103). They
have been utilized for doxorubicin drug delivery applications in combination with
radiotherapy for anticancer applications [267].

Other selenium containingmaterials like PEG43-b-PAA153-SeQTA exhibited GPx
like enzyme mimetic activities (Scheme 13.104).

Hyperbranched polyselenides (HBPSe)

The HBPSe species were synthesized by using diverse strategies. They exhibited
GPx mimicking catalytic activities (Schemes 13.105 and 13.106) [274].
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(A) 

(B) 

Scheme 13.103 Selenium containing main chain block copolymers a PEG-PUSeSe-PEG and
b PEG-PUSe-PEG for drug delivery applications

Scheme 13.104 Selenium biomaterial PEG43-b-PAA153-SeQTA exhibiting GPx activity

(A) 

(B) 

Scheme 13.105 Hyperbranched polyselenides A and B acting as GPx mimics
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Scheme 13.106 Selenium biomaterials in GPx mimetics

Scheme 13.107 Dendrimeric selenium biomaterials

Scheme 13.108 Synthesis of selenomelanin

Dendrimeric compounds containing Selenium

The selenium cantered dendrimeric compounds have also been reported which find
applications for a targeted drug delivery (Scheme 13.107).

Furthermore, the selenomelanin NPwas synthesized through an oxidative copoly-
merization reaction of L-DOPA and selenocystine in aqueous solutions at neutral pH
(Scheme 13.108) [268].

13.12.19 Organic Polyselenides

This class of organoselenium compounds consists of a limited number of compounds
due to inherent instability leading to decomposition. There are very few reports
which depict that the triselenide species have superior GPx activity when compared
to their diselenide analogues [269]. The example is a diorganoyl triselenide species
bearing 2-phenyl-5,6-dihydro-4H -1,3-oxazine moiety. It was synthesized by initial
ortho lithiation by n-BuLi in Et2O followed by selenium insertion and subsequent
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oxidation leading to a mixture of corresponding diselenide and triselenide. The latter
can be converted to diselenide by treatmentwithBr2 followed by sodiumborohydride
(Scheme 13.109). Although the triselenide derivative is interesting and its crystal
structure is also reported, a triselenide cannot be a suitable drug candidate due to its
relative instability [270].

Further, the organo-triselnide, bis[4-methyl-1,3-dithiol-2-one] triselenide was
reported to form unexpectedly in reactions of 4-methyl-5-tri-n-butylstannyl-1,3-
dithiol-2-one and selenium dioxide. Although the compound is fairly stable since
the crystal structure has been determined in the same report, its utility in biological
studies is not yet reported (Scheme 13.110) [271].

Further tetra or higher oregano polyselenides are scarcely known unlike the
sulphur analogues the polysulphide moieties are present as constituents in vegeta-
bles of Allium family like garlic [272]. Additionally, the organic polyselenide ions
have been obtained; along with material applications their utility for biological
applications is also observed [273].

The organic moieties based hyperbranched polyselenide were synthesized and
they exhibited GPx like catalytic activities [274]. This has been already discussed

Scheme 13.109 Synthesis of triselenides

Scheme 13.110 Synthesis
of triselenide
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in class of selenium biomaterials. Although such polyselenides were explored for
biological applications, still the potential selenium based materials are not used in
therapeutics.

In view of the relative instability of organic polyselenides, the utility for biological
and therapeutic applications is hampered. It gives the researchers a lot of scope for
stabilizing such species by the structural modifications using appropriate organic
frames. This will be helpful for further pharmacological applications since the
compounds will be analogous to polysulphides present in vegetables, which play
vital role in human health.

13.12.20 Inorganic Selenium Compounds—In Biological
Applications

The inorganic selenium species like elemental Se (Se0), selenium dioxide (SeO2),
its alkali metal salts (Na or K) of selenides (Se2−), selenite (Se4+), selenate (Se6+) are
known to exist in nature [275]. These selenium species can be found in air, natural
water and soil in a varied concentrations. These species are water soluble (except
Se element), hence can easily enter food chain from through root absorption of
plants and then further plays its most important role in producing selenoproteins and
selenoenzymes through the intermediacy of selenophosphate (PSeO3

3−) in mammal.
It is now established that the Se plays a crucial role in maintenance of heath of
mammals as well as plants [276]. The deficiency of selenium causes diverse disease
states, ill immunity and its excess lead to selenium toxicity. The type of selenium
species found is a result of its oxidation state. It may change according to ambient
conditions, such as pH and microbial activity. The various Se species established in
the mammalian selenium metabolism are depicted in Scheme 13.111 [277]. Further,
the importance of selenophosphate has been shown in Scheme 13.112 [278].

Particulate Se enters in air because of volcanic eruptions or burning coal or
oil. Majority of Se in air is bound to fly ash and to suspended particles. The
selenium element available in fossil fuels leads to formation of selenium dioxide
during their burning as fuels. The selenium dioxide (SeO2) observed to form sele-
nious acid (H2SeO3) by reacting with moisture or sweat exerting harmful effects on
human health. It is also observed that the selenium anhydride was released in the
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Scheme 13.111 Selenium
species identified in
selenium metabolism

Scheme 13.112 Role of
selenophosphate in health

heating processes of lead, zinc and copper and selenium containing ores. Most toxic,
hydrogen selenide is also released in environment from industrial processes [279].

The Se released in environment is helpful ultimately for health but its high
concentration leads to toxicity as we have already discussed.

Synthesis strategies for selenite and selenate species

The sodiumselenite and sodiumselenate canbe conveniently prepared by the reaction
of selenium dioxide with sodium hydroxide in aqueous medium (Eq. 13.1) [280].

SeO2 + 2 NaOH aq. → Na2SeO3 + H2O (13.1)

The hydrated form of sodium selenite gets converts to an anhydrous salt after heat
treatment at 40 °C.

Additionally, the treatment of elemental Se with nitric acid (HNO3) in aqueous
medium leads to formation of selenious (selenous) acid (H2SeO3) which on neutral-
ization with sodium carbonate (Na2CO3) yields the sodium selenite (Eqs. 13.2 and
13.3).

Se + 2 HNO3 → H2SeO3 + NO + NO2 (13.2)

H2SeO3 + Na2CO3 → Na2SeO3 + H2O + CO2 (13.3)
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Further, the sodium selenite is oxidized in a basic medium by hydrogen peroxide
to form a sodium selenate (Eq. 13.4) [281].

Na2SeO3 + H2O2 → Na2SeO4 + H2O (13.4)

13.12.21 Inorganic Selenium Compounds—In Commercial
and Material Applications

There are diverse synthetic inorganic selenium species like polysenides or their
alkali metal salts, transition metal clusters and transition metal selenides (PdSe,
ZnSe, CuInSe2, CuInSnSe4, etc. The synthetic inorganic selenides or metal selenides
find applications mainly in optoelectronic, thermo-electric and electroluminescent
devices, IR detection and imaging, solar cells, rechargeable batteries and industrial
processes for rendering appropriate properties to the products. Selenium compounds
are extensively used in paints, dyes, glass, electricals, rubber, insecticides and indus-
tries. The selenium in form of nanoparticles has been used in textiles, paints, antimi-
crobial coatings, keyboards, engineering, electronics, cosmetics, food industry, bio-
sensing, wound dressings and even in biomedical devices [282]. The lithium polyse-
lenides are used in Li-Se batteries [283]. It was observed that the cyclic Se8 molecules
in ordered mesoporous carbon greatly improved the Li–Se battery performance
[291a], similarly, sodium polyselenides were also conveniently prepared [291b]. The
polyselenides have also been utilized to produce selenium films by electrochemical
deposition [284]. The polyselenides exhibited applications for reaction strategies for
preparation of metal chalcogenides also [285]. Some DMF soluble metal polyse-
lenide frames are shown below (Scheme 13.113). Their thermolysis afforded the

Scheme 13.113 Metal polyselenide frames as precursors for metal selenides by thermolysis
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binary metal selenides like CuSe, InSe, TlSe, etc., useful for electronic applications
[293b].

The [SbSe4Cu(μ2-Se4)]4− cluster containing a five-numbered {Cu(μ2-Se4)} ring
have been treated with Mn(dien)2 to obtain the heterobimetallic complexes like a
copper-antimony polyselenide, [Mn(dien)2]2[SbSe4Cu(μ2-Se4)]. Their thermolysis
leads to formation of ternary materials (Scheme 13.114). This report was the first
example of Cu-Sb polyselenide [286].

Further, the reactions of polyselenides (like K2Se32−) with the metal carbonyls
yielded the selenometalates with formulae viz., MoSe42− and WSe42− in a DMF, as
shown in equation below (Eq. 13.5) [287].

2 Se2−3 + M(CO)6 → MSe2−4 + Se2−2 + 6CO(M = Mo or W) (13.5)

Further, MSe42− reacted with excess of grey selenium (5 equivalents) at room
temperature in DMF solvent yielding the MSe92− within 2 h in high yield. Further,
slow and equimolar addition of tetrahydrofuran (THF) to deep red crystals of
[(C6H5)4P]2[MoSe9]. The anionic frame is shown below (Scheme 13.115).

Similarly, the reactions of metal carbonyls [Re2(CO)10] with DMF soluble anhy-
drous polyselenides (K2Se4) yielded the rhenium complexes containing a dianion
fragment with polyselenides (Eq. 13.6 and Scheme 13.116). Their further thermal
treatment yielded the binary metal selenides [288].

[
M2(CO)10

] + Se2−4 → [
M2(Se4)2(CO)6

]2−
(M = Mn,Re) (13.6)

Further, the Mo complexes with cyclic selenides were reported (Scheme 13.117)
[289].

The treatments of (η5-C5H5)2Mo2(CO)6 with elemental selenium and sodium
(Na) in DMF afforded the [(η5-C5H5)2Mo(Se4)2].

 4.[Mn(dien)2] 2+

Scheme 13.114 Preparation of heterobimatallic complex

Scheme 13.115 Formation of molybdenum selenide anion MoSe92−



612 P. P. Phadnis

K2[M(Se4)2] 
Δ

Scheme 13.116 Formation of K2[Re2(Se4)2(CO)6] and its thermal treatment leading to formation
of K2[M(Se4)2]

(η5-C5H5)2Mo2(CO)6 + Se + Na                        

DMF   

Scheme 13.117 Complexes of molybdenum with polyselenides

. [Ni(1,2-dap)3]
2+

Scheme 13.118 The structure of [As2CdSe4]2– chain which forms complex with [Ni(1,2-dap)3]2+

Additionally, the Ni and Zn complexes with cadmium selenidoarsenates
like, [Ni(1,2-dap)3][As2CdSe4], [Zn(1,2-dap)3][As2CdSe4] (where 1,2-dap: 1,2-
diaminopropane) have been synthesized by solvothermal process (Scheme 13.118)
[290]. These complexes exhibited optical properties.

13.13 Characterization of Se and Selenium Compounds

13.13.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) technique detects the radiofrequency absorbed
by changes in the nuclear spin state. The nucleus with non-zero nuclear spin gives
rise to a characteristic spectrum for each nucleus as well as determines the interac-
tions between neighbouring nuclei. This multinuclear characterization property as
well as 2DNMR tool has imparted a lot of potential for this technique for elucidating
structures mainly for organic, organometallic, inorganic compounds. The variable
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temperature NMR is also useful for this cause [291]. The application of NMR spec-
troscopy for the study of peptides, proteins and nucleic acids provides unique infor-
mation for structure, the dynamics and chemical kinetics of these biomolecules, over
time scales ranging from seconds to pico-seconds [292].

As far as characterization of selenium compounds is concerned, the 77Se isotope
possesses spin quantum number ½ and natural abundance of 7.58%. Non-zero spin
confers it an NMR active nucleus. Its other useful features are its positive magneto-
gyric ratio (γ = 5.101) and relative receptivity (5.26 × 10−4) with respect to proton
[293]. Additionally, in case of 77Se NMR the nuclear Overhauser effects are absent
and the longitudinal relaxation times (T1 ~ 1 to 30 s) is influenced by spin-rotation
for analytes consisting of small molecules and chemical shift anisotropy mecha-
nisms for larger molecules [294]. As a result, 77Se NMR spectroscopy has been
used prominently as a characterization tool in the area of organoselenium chemistry
[295, 296].

While recording the 77Se NMR spectrum the universally accepted reference is
Me2Se (δ 77Se = 0 ppm). Due to its volatility and malodorous nature, a fairly stable,
odourless solid as secondary reference, i.e. Ph2Se2 (δ 77Se = 463 ppm) in CDCl3 or
C6D6 is commonly used.

The chemical shifts for 77SeNMRanalyzes are spreadover awide spectralwindow
of about 3300 ppm. The 77SeNMR chemical shifts are highly sensitive to their oxida-
tion states, the stereochemistry of selenium and its local environment [297–300].
The decrease in electron density of selenium (deshielding) is responsible for larger
δ values and increase in electron density (shielding) gives smaller δ values in ppm
scale. A wide variation in 77Se NMR chemical shifts with respect to the chemical
state of selenium can be noted in biologically important compounds [299]. Addi-
tionally, the intra-molecular non-bonding Se· · ·X interaction leads to a downfield
shift of the 77Se NMR resonance [301]. Approximate linear correlation between
the 77Se NMR shifts and the strength of non-bonding Se· · ·X interaction has been
found using theoretical calculations [302]. 77Se NMR spectroscopy is now widely
used for understanding various processes, like conformational mobility, molecular
interactions of selenocysteine (sec) in biological macromolecules, etc., involving
selenoproteins in biological samples [303]. Glutathione Peroxidase (GPx) activity
of semisynthetic selenoenzymes like selenosubtilisin and designed organoselenium
compounds selenonicotinamide has been investigated using 77Se NMR spectroscopy
and the presence of selenol (RSeH), selenenic acid (RSeOH), selenenyl sulphide
(RSe-SR′) and seleninic acid (RSe(O)OH) species were identified in the catalytic
cycle of their GPx like catalytic activities [304, 305].

The presence of other nuclear spins 1/2 nuclei results in spin-spin couplings which
appear as satellite peaks and provide invaluable information about the structure and
stereochemistry of the molecule. Most of the coupling constants nJ(77Se–X) are now
reported [306].
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13.13.2 Mass Spectrometry

The mass spectrometry is also an appropriate tool for characterization of organosele-
nium compounds because of a characteristic isotopic pattern exhibited by Se species
due to presence of six isotopes viz., 74Se (0.87%), 76Se (9.02%), 77Se (7.58%), 78Se
(23.52%), 80Se (49.82%) and 82Se (9.19%) in natural selenium. This has enhanced its
utility for systematic characterization of organoselenium compounds. Additionally,
mass spectrometry has been largely used for characterization of selenium containing
biological species like metabolites in Se-rich yeast. The technique is useful for
study of mechanism of pharmacological actions of organoselenium compounds in
therapeutics like anticancer treatment [307, 308].

13.13.3 Single Crystal X-Ray Diffraction (XRD) Analyzes

Single crystal XRD is a non-destructive analytical tool that can afford comprehensive
data regarding the internal crystal lattice of crystalline matters. It is based on Bragg’s
law. It correctly identifies the elements depending on electron densities around them
which are a characteristic of each nucleus. Hence, it is possible to analyze Se from
the crystalline compounds along with its crystal lattice structure.

For employing this technique, we need to grow the crystals of the selenium
compounds which diffract the X-rays. There are few general techniques for crystal
growth. But the solution methods, at low temperatures or at room temperature with
slow evaporation are very commonly used. Other methods include: convection,
solvent diffusion, vapour diffusion, reactant diffusion, seeding, sublimation, fluid
phase growth. In case of inorganic compounds, the solid state synthesis method can
also be used for crystal growth [309].

Hence by obtaining the single crystals we can unambiguously identify the Se from
the compound.

13.13.4 Powder X-Ray Diffraction Analyzes (PXRD)

The PXRD analyzes can be performed to authenticate the elemental selenium,
its nanoparticle forms as well as inorganic selenium compounds especially metal
selenides. The characteristic pattern with appropriate 2θ values is decisive for the
crystal lattice systems in which thematerial exists. Thematerial, as well as biological
properties of the selenides, is dependent on the crystal systems. Hence the PXRD is
useful for characterization of materials.
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13.13.5 X-Ray Spectroscopy Techniques

Energy dispersive X-Ray spectroscopy (EDS/EDX/XEDS/EDXA)

The energy dispersive X-ray (EDX) is a qualitative as well as quantitative X-ray
microanalytical technique which offers information pertaining to chemical compo-
sition of a test sample except for some lighter elements (atomic number <3). The EDS
functions on the principle that high energy electromagnetic radiation (X-rays) inci-
dent on sample leads to eject the core electrons of an atom. Since each element
has a unique set of energy levels, hence Se from selenium compounds exhibits
characteristic X-rays, rendering a qualitative detection of selenium [310].

EDS is used for characterization especially in materials science. It is used effec-
tively in characterization in biomedical research like drug delivery as well as clinical
utility.

13.14 Estimation of Selenium

Selenium is an essential micronutrient as well as itvis toxic in higher concentrations.
Hence for analyzing safety levels, the estimation of Se from biomedical, food grains,
as well as geological, oceanographical and chemical samples is essential. It is present
naturally in soil and eventually in water sources and environment. It occurs in the
biological materials in a wide range of concentrations which vary from a few parts
per billion (ppb) to a few per cent. Hence the various destructive, as well as non-
destructive methods, have been employed for analysis or estimation of selenium in
the samples from various sources. But currently, the non-destructive techniques for
estimation of Se have been preferred [311].

13.14.1 Destructive Analysis Methods

Such methods require the destruction of the organic matter from biological materials
is for the analysis of selenium by chemical means. Following this step, there are
variousmethodswhich can be appropriately used formeasuring the Se concentration.
Among them, some methods require Se isolation from interfering substances and
other methods require heat treatment like ashing or combustion in a closed system
and wet digestion.

Inductively coupled plasma-based techniques

This technique is popularly used for estimation of selenium. It has detection limits of
approximately the parts per million (1 ppm) levels. Some of the reported techniques
for selenium estimation are noted below [312–314].
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(i) Inductively coupled plasma mass spectrometry (ICP-MS).
(ii) Inductively coupled plasma—optical emission spectrometry (ICP-OES) or

Inductively coupled plasma atomic emission spectroscopy (ICP-AES).
(iii) High performance liquid chromatography/Ion chromatography and induc-

tively coupled plasma mass spectrometry (HPLC-ICP-MS).

13.14.2 Non-destructive Techniques

As the name suggests such techniques don’t proceed through the destruction of
sample. Hence the sample can be analyzed with multiple appropriate analysis tech-
niques for selenium estimation as well as sample can be re-used for any other studies.
There are several reports of such techniques used for analysis of seleniumcompounds.

Atomic absorption spectroscopy

The various hyphenated techniques were used in AAS. E.g. Electrothermal atomic
absorption spectrometry (ETAAS) [315], flow injection hydride generation atomic
absorption spectrometry (HGAAS) [316], graphite furnace atomic absorption spec-
trophotometry (GFAAS), electrothermal atomic absorption spectrometry, (ETAAS)
was used for direct determination of selenium in human blood serum, blood
plasma. The flame atomic absorption spectrometer (FAAS) was used for detection
of selenomethionine (SeMet) and trimethylselenonium ion (TMSe) [312].

Atomic fluorescence spectrometry (AFS)

The AFS is considered an appropriate detection tool for speciation studies. It is
a very sensitive and selective method for the determination of environmentally and
biomedically important elements. The literature reports its use in detection of diverse
selenium species [317]. The AFS has detection limits below the μg L−1 renders it
utility for bioanalytical and toxicology related studies.

Neutron activation analysis (NAA)

It is an important non-destructive analytical method used for selenium determination
from biological samples [318]. The sample is bombarded with neutrons resulting in
the formation radioactive isotopes from target elements. Radioactive emissions, as
well as paths of radioactive decay for each individual element, are well established.
This information is helpful to study spectra of emissions of radioactive samples and
for determination of concentrations of its constituent elements.

Energy dispersive X-Ray fluorescence spectroscopy (EDXRF)

EDXRF is used to determine selenium at 0.1–5.1μg g−1 levels in biological samples.
It is used for analysis of selenium in food grains, vegetables and cereals. It is applied
for analysis of geological as well as oceanographical samples also [319].
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13.15 Conclusions

In this chapter, various classes of seleniumcompounds, their applications in biochem-
ical and pharmacological domains have been discussed. Their applications in mate-
rials science have been briefly discussed. Hence to perform these functions, it
is required to synthesize the desired molecules with specific structural features
appropriate for desired application. Hence the strategies to design and synthesis of
organoselenium compounds belonging to all these classes have been mentioned. The
preparations and precautions needed while syntheses of organoselenium compounds
have been briefly mentioned. After synthesis, characterization and purity are most
important criteria before any kind of application. Hence the important characteriza-
tionmethods have been discussed. Additionally, the estimation of Se from biological,
biomedical samples, environment or chemical sources is an important task. Hence the
methods for estimation of Se from biological samples are mentioned. We conclude
with hope that this present chapter may be helpful for the beginner researcher in
organoselenium chemistry.
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Chapter 14
Synthesis and Development
of Platinum-Based Anticancer Drugs

Prasad P. Phadnis

Abstract This article describes the prime role of anticancer drugs based on plat-
inum in clinical treatment, their limitations and side effects. The efforts to investigate
the molecular mechanism of their anticancer action proved by crystal structural and
NMR spectrometric analyses and other techniques have been summarized in order
to give clear picture of developments in establishing the mechanism. It has given
clear evidences of platinum(II) interactions with DNA forming the adducts leading
to death of cancer cells. Along with these interactions, the harmful as well as bene-
ficial interactions of platinum with various sulphur containing biomolecules and
sulphur containing molecules have been briefly described; which has given a new
direction to design the novel platinum-based drugs and the use of sulphur containing
molecule as chemoprotective actions. After the understanding the reason, i.e. high
reactivity of platinum(II) leading to such undesired interactions; the new strategy of
kinetically inert Pt(IV) prodrug concept was developed to overcome such limitation.
Such Pt(IV) compounds having additional features of axial groups which confer the
favourable biocompatible properties have been described. After the understanding
of developmental stages, the synthesis of representative examples various types of
platinum(II) as well as platinum(IV) compounds have been described. Later the eval-
uation methods for anticancer properties have mentioned. The drug delivery systems
in order to overcome the side effects have been mentioned. It is anticipated that this
account of platinum-based anticancer drug development, will help in designing novel
compounds which will overcome limitations of existing drugs.
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14.1 Introduction

The cancer is a 2nd foremost cause for worldwide deaths. It tolled about 9.6 million
lives globally in 2018 and about 18.1 million new cases were estimated for a next
year. Worldwide, about 1 among 6 deaths is because of cancer [1]. Hence, to treat
such a deadly disease, various treatments mainly chemotherapy, radiotherapy and
surgery as well as newly developing immunotherapy, hyperthermia, boron neutron
capture therapy (BNCT) and photodynamic therapy (PDT), etc. have been employed
in the modern era of medicine [2]. Among them in most of the cases, chemotherapy
is conveniently used since it is a less invasive mode of treatment. Additionally, the
innovations in chemotherapy led to a new era of oral and topical chemotherapy. As
the name suggests, the chemotherapy employs chemical compounds to treat cancers.
Among them, various classes of compounds like, plant alkaloids, antitumour antibi-
otics, alkylating agents, topoisomerase inhibitors, antimetabolites, etc. have been
employed. In case of alkylating agents, the metallodrugs, based on metals like plat-
inum (Pt), gold (Au), ruthenium (Ru), osmium (Os), iridium (Ir), copper (Cu), etc.
have exhibited potency [3]. Among them, the Pt-based drugs have made great strides
in the clinical treatment of cancers [4]. Among the approved metallodrugs, majority
of candidates are the platinum-based drugs.

The new era of platinum-based antineoplastic drugs started after an unexpected
finding of cisplatin cytotoxicity by Rosenberg et al. and subsequent FDA approval
in 1978 as an anticancer (antineoplastic) drug for clinical applications [5]. It is
widely applied for treating various cancers like ovarian, testicular, bladder cervical,
breast, head and neck, esophageal, lung, mesothelioma, neuroblastoma cancers and
brain tumours [6]. But it has severe side effects including neurotoxicity, ototoxicity
(hearing loss), nephrotoxicity (kidney damage), hair loss as well as nausea [7]. Addi-
tionally, limitations like poor water solubility, development of cellular resistance to
cisplatin after prolong treatment and undesired side reactions with cellular thiols and
sulphur containing biomolecules like L-methionine have been amain clinical imped-
iment [8]. It directed the research for structural modifications of cisplatin tominimize
side effects and overcome the limitations. In due course, various compounds were
designed and evaluated for anticancer activities. Among them carboplatin (in 1989),
oxaliplatin (in 2002), were globally approved for cancer treatment while nedaplatin,
lobaplatin and heptaplatin, got approval for clinical applications in Japan, China
and South Korea respectively (Scheme 14.1). They exhibited reduced side effects
relative to cisplatin. Overall, the Pt(II) based antineoplastic drugs have been used
globally for treatment of various malignancies [9]. Additionally, the Pt(IV) prodrug-
based compounds where axial positions have acetato, chloro and hydroxo groups
viz., satraplatin, tetraplatin and iproplatin respectively, were found less toxic than
cisplatin [10] and they were further investigated under clinical trials (Scheme 14.2)
[9c, 11]. This significant contribution of Pt-based compounds has initiated a new
research area known as ‘medicinal inorganic chemistry’ [12].

This brief account of Pt-based anticancer drugs clearly depicts their pivotal role
in clinical treatment. The wealth of Pt-based approved anticancer drugs and Pt
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Scheme 14.1 Platinum(II) based compounds: approved drugs for clinical treatment of cancer
Reproduced with permission from ACS Publications Ref. [13b]

Scheme 14.2 Pt(IV) based prodrugs investigated under clinical trials Reproduced with permission
from ACS Publications Ref. [13b]

compounds under clinical trials as well as new Pt compounds under pharmaco-
logical studies was achieved through their appropriate structural modifications. The
account of these studies has also been reported in some reviews [13]. Hence, at this
instance, it will be worthwhile to discuss the molecular mechanism of anticancer
action of platinum-based clinical drugs and summarize diverse strategies used to
develop various platinum(II) based compounds. The effort of this chapter may be
useful for the beginner researchers in this research area for designing the novel plat-
inum compounds for achieving reduced side effects, enhanced biocompatibility and
for overcoming the limitations of existing drugs.
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14.2 General Properties of Platinum Contributing to Its
Anticancer Action

Before starting to molecular mechanism of Pt drugs and their appropriate design
strategies, it is worth to discuss general electronic properties of platinum. These
properties attribute to its reactivity and structures which performs a key role in
molecular mechanism and activity of anticancer action of these compounds.

Platinum belongs to transition (d-block) elements with electronic configuration
[Xe] 4f14 5d9 6s1. Platinum compounds exist most commonly in +2 and +4 oxida-
tion states having square planar (d8 system) and octahedral (d6 system) respectively.
They occur less commonly in +1 and +3 oxidation states and generally achieve
stability by metal bonding in bimetallic or polymetallic compounds. [14]. The Pt(II)
undergoes dsp2 hybridization forming highly reactive complexes with square planar
geometry where cis- and/or trans-isomers are possible. The bond angles are typically
90° or with slight distortion depending on donor species. The Pt being a soft metal,
such Pt(II) compounds have high affinity for soft nucleophiles like sulphur-based
compounds present in body. They are labile compounds susceptible for substitu-
tion or replacement reactions and their kinetics depend on electronic properties of
donor species. While in case of Pt(IV) compounds, platinum ion undergoes d2sp3

hybridization affording kinetically inert complexes with octahedral geometry [15].
They are stable or inactive complexes. However, the Pt(IV) species on treatment with
reducing agents or by photon activation, can be reduced to Pt(II) species, i.e. active
form. After understanding the molecular mechanism of cisplatin, these properties of
platinum have been very trickily used in designing novel platinum compounds to be
targeted for anticancer applications [16].

14.3 Molecular Mechanism of Anticancer Properties
of Platinum(II) Based Drugs

14.3.1 Platinum DNA Binding

14.3.1.1 Platinum Binding with Purine Bases on DNA

Molecular mechanism of anticancer action of cisplatin is now well established.
Accordingly, the DNA (deoxyribo nucleic acid) is a primary target of cisplatin and
later the mechanism is observed for other platinum-based drugs also. The platination
of DNA, i.e. binding of Pt drugs with DNA takes place which consequently interfere
with transcription and DNA replication, hence inhibiting cell growth and division,
eventually resulting in apoptotic cell death [17].

It is proved that cisplatin after intravenous injection undergoes sequential aquation
in cells where chloride groups are replaced by water, forming [PtCl(NH3)2(H2O)]+
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and further aquation forms [Pt(NH3)2(H2O)2]2+ as an activated cationic species
which interact with DNA in a mono- and bifunctional modes. This aquation is a
fast reaction and takes place in cells as soon as cisplatin is injected. The favourable
physiological conditions in body facilitate this process. The presence of chloride ions
(Cl−) in blood plasma in high concentration (100mM)maintains stability of cisplatin
towards hydrolysis [18].While lower intra-cellular concentration of chloride (4 mM)
facilitates fast hydrolysis (t1/2 ~ 2 h) of chlorides of the drug. This process of cisplatin
aquation and its subsequent binding with DNA is experimentally well studied and
then reviewed also (Fig. 14.1) [19].

Furthermore, it is interesting to investigate about the binding sites on DNA and
overall modes of cisplatin–DNA interactions. In this regard, various computational
and theoretical studies have evidenced the binding mechanism [20]. The vast exper-
imental investigations by NMR spectroscopy and single crystal structural analyses
have unambiguously established the binding modes. In these investigations, the first
crystal structure was reported by Lippard et al. which revealed, cis-[Pt(NH3)2]2+

bindingwith a dinucleotide [21] and they further confirmed its bindingwith a double-
stranded oligonucleotide [22]. Additionally, Lippard et al. in their further investiga-
tions reported the crystal structure of binding of Pt with DNA duplex also [23]. The
same findings were established by analysing the structure of the same adducts by
NMR spectroscopy in solution state with additional information of structural aspects
by Lippard et al. [24]. In the further investigations, Lippard et al. have established

Pt
NH3H3N

DNA
binding
protein

Repair
Blocked

Rep
air

Cell death

Repaired DNA

Cell functions further

Bent
DNACell NucleusTumor cell

[Cl-] = 100 mM

ClH3N
Pt

ClH3N
Cisplatiin

[Cl-] = 4 mM

ClH3N
Pt

ClH3N

H2O OH2H3N
Pt

OH2H3N

2
+

Fig. 14.1 Schematic presentation of cisplatin anticancer mechanism
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the role of HMG (high mobility group) and other proteins, in anticancer mecha-
nism of cisplatin. Their studies revealed that the major proportion of adducts viz.,
intrastrand d(ApG) and d(GpG) cross-links are formed leading to bend and unwind
the duplexDNA.This alteration in structure attractsHMGandother proteins resulting
in binding between cisplatin bindedDNAand proteins of highmobility group (HMG)
domain; which is considered to mediate the antitumour activity of cisplatin. There
are various HMG-domain proteins which have ability to recognize the altered DNA
structures. Hence to understand the molecular basis for such recognition, Lippard
et al. have investigated the pathways by crystal structure analysis of an adduct (1:1)
between cisplatin modified DNA and HMG [25]. Other extensive investigations by
structural and spectral analyses as well as molecular dynamic simulations have also
supported the Pt–DNA interactions [26]. Additionally, these interactions have been
authenticated by infrared-multiple photon dissociation (IRMPD) and Tandem mass
spectrometry (MS/MS) analyses also [27].

Another drug, carboplatin is used for treating especially testis, ovary, head, neck,
aswell as small-cell lung cancer [28]. In case of carboplatin also, themolecularmech-
anism of its anticancer property is proposed to follow a binding of Pt–DNA which
inhibit the replication and transcription, which further leads to cell death. The inves-
tigation for molecular mechanism of carboplatin was performed by Lippard et al.
with the help of crystal structural analysis. They established the binding between
the [Pt(ammine)(cyclohexylamine)]2+ and dodecamer-DNA Duplex [29]. Similarly,
Brabec et al. have investigated the same interactions responsible for anticancer prop-
erties of carboplatin [30]. Additionally, carboplatin binding with DNA was investi-
gated by using an accelerator mass spectrometry (AMS) as a very much sensitive
technique for detection which is quantifying the radiocarbon 14C labelled species.
These studies revealed the kinetics of adduct formation between [14C] carboplatin
and genomic DNA and drug uptake also [31]. Even the biochemical mechanisms for
a developed resistance to carboplatin drug have been proposed [32]. Additionally,
the adduct formation between carboplatin and DNA was evaluated in vitro as well
as in situ drug reactions with RIF-1 and CHO cell lines and in human buccal cells
by using a quantitative immunostaining assay. The rate of Pt–DNAwas evaluated by
using atomic absorption spectroscopy [33].

Oxaliplatin is utilized especially for the treatment of colorectal cancer [34]. Its
molecular mechanism was also investigated which revealed the same type adduct
formation between Pt and the same sites (purine bases) on DNA as established in
case of cisplatin. In these efforts, Chaney et al. have investigated the structures of
binding between oxaliplatin and two guanine residues (oxaliplatin-GG complex)
[35]. Additionally, the same group has authenticated the binding of oxaliplatin with
a DNA dodecamer duplex in 1,2-d(GG) intrastrand cross-linking fashion [36] as
well as adduct of oxaliplatin-GG 12-mer DNA [37] by using NMR spectroscopic
analyses.

Along with such finding, some investigations of binding between oxaliplatin and
other biomolecules like a protein lysozyme (protein in hen eggwhite)were performed
by using X-ray structure analyses. Their structures were found significantly different
than the structures of adducts of Pt drugs and proteins. Hence, it is proposed that their
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resultant different reactivates may lead to different biological implications which
possibly influence the drug efficiency [38].

14.3.1.2 Platinum Binding with Pyrimidine Bases on DNA

All such studies revealed the various types of possible modes of interaction between
cisplatin with DNA. Eventually, it is established theoretically as well as experimen-
tally that the purine bases adenine and guanine of DNA preferentially coordinate
covalently with Pt(II) ion through their N atom [39]. However, recently, Wang and
Wuet al. have discovered a binding of the cisplatinwith pyrimidine bases thymine and
cytosine also. They have investigated such binding of cisplatin with a single stranded
oligodeoxynucleotide, which was proved by high resolution Fourier transform-ion
cyclotron resonance mass spectrometry (FT-ICR MS) [40].

14.3.2 Binding Modes of Platinum with DNA

Let us focus on established modes of interactions of cisplatin with DNA. Accord-
ingly, the cisplatin binds especially with purine bases present on DNA. The nitrogen
N7 atoms belonging to purine bases [guanine (G) and adenine(A)] are the best donors
since they are havingmaximumelectron density aswell as they are at easily approach-
able sites present on DNA for the electrophilic attack of platinum ions (Pt2+). Addi-
tionally, N1 of adenine and N3 of cytosine, can also contribute in binding with
platinum (II) centre [41].
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Eventually, the Pt2+ binds with them in various modes to form Pt–DNA adducts
(Fig. 14.2). Among them, the predominant mode (in ~60% cases) is formation
of a bifunctional guanine-guanine (GG) intrastrand cross-links, between Pt2+ and
nitrogen N7 of neighbouring guanine (G) residues belonging to same DNA strand
which is referred as 1,2-intrastrand d(GpG) [39a] (Fig. 14.3). Similarly, the bifunc-
tional adenine and guanine are possible between adenine and adjacent guanine which
are referred as 1,2-intrastrand d(ApG) cross-links (in ~25% cases). While bifunc-
tional guanine-guanine intrastrand [1,3-intrastrand d(GpNpG)] cross-links between
the purine bases separated by one or more interfering bases as well as inter-strand
cross-links forming the monofunctional adducts to guanine residues were present in
less than 10%, altogether together [19i, 42].
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Fig. 14.2 Prominent modes of Pt2+ binding with DNA. Reproduced with permission from Elsevier
Publications Ref. [19i]
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14.3.3 Platinum RNA Binding

There are very few studies reported on cisplatin binding with RNA (ribonucleic
acids) contributing to its cytotoxicity. In such efforts, Steitz et al. have investigated the
binding of cisplatinwithRNAwith authentic evidence by theX-ray structure analysis
[43]. Some more reports have also depicted the RNA platination [44–46]. But, this
interaction is not considered to be effective in imposing cisplatin toxicity because a
damaged RNA-molecule can be possibly replaced with a newly synthesized RNA. In
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this regard, the investigations have shown that that cisplatin doesn’t hamper synthesis
of RNA,while it negatively affects DNA synthesis. Additionally, in vitro studies have
exhibited very minor damage of RNAmolecules (maximum 10%) when treated with
cisplatin of concentration range found as lethal dose for cancer cells [47]. Hence,
this concept is not yet well established and requires more detailed investigations.

14.3.4 Harmful Interactions of Platinum and S Containing
Endogenous Biomolecules

After knowing about all these possibilities, it is worthy to note here that, the Pt2+ has a
potential to interact competitively with various other sulphur (S) containing endoge-
nous biomolecules like glutathione (GSH, a tripeptide) or S containing amino acids
(e.g. methionine or cysteine) and eventually such proteins (e.g., metallothionein and
albumin) also. These reactions were observed in many stages of platinum drug treat-
ments like drug uptake, its excretion and even slowly developed cellular resistance
to drug also. In context to anticancer properties, such interactions are considered as
undesired or non-selective interaction, which hamper the efficiency due to unavail-
ability of activatedPt2+ in sufficient concentration to interactwithDNA.Additionally,
these non-selective interactions are the cause of severe side effects also, since they
bind with proteins leading to their structural changes and hence hamper them from
performing their desired functions. Although reports revealed, that the Pt2+ bindings
with guanine bases of DNA prevails over other such interaction, but still complete
avoiding for such ubiquitous interactions is difficult. It has been reviewed well by J.
Reedijk [48].

14.3.5 Beneficial Interactions of Platinum with Sulphur
Containing Exogenous Molecules

In contrast to endogenous Pt-sulphur interactions leading to side effects, the exoge-
nous S containing drug molecules like amifostine (FDA approved radioprotector)
and dimesna (uroprotective agent) were observed to alleviate the side effects of plat-
inum(II) based anticancer drugs [49]. Similarly, various S-based natural as well as
synthetic compounds like N-acetyl cysteine, methionine, glutathione, sodium thio-
sulfate, diethyldithiocabamate, etc. have exhibited utility as chemoprotective agents
during in vivo (in animal models) studies and in cancer patients also. In one exem-
plary report, J. Gailer et al. have reported the structural features platinum–sulphur
complexes and tried to find best possible chemoprotective agent to overcome severe
toxic side effects of cisplatin making it relatively safer and more effectual anti-
cancer drug [50]. Additionally, during earlier investigations of metabolic and mech-
anistic pathways of cisplatin therapy, the platinum complexes with L-methionine, i.e.
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[Pt(Met-S,N)2] was extracted from the urine of patients [51] as well as L-methionine
complex with carboplatin treated animals was isolated from their urine [52]. As a
result, Pt-sulphur interactions have given a thought to look positively into such inter-
actions rather than considering them as a barrier. Hence, it was further investigated
and revealed that such complexes play a crucial role as intermediates which were
formed prior to Pt2+ and DNA binding [53]. Hence, all the reports revealed that such
platinum sulphur interactions may prove beneficial in efficient clinical applications
of Pt-based anticancer drugs. With their proper understanding, it is anticipated to
employ them for a rational designing of novel platinum-based anticancer drugs.

14.3.6 Pt(IV) Prodrugs Concept for to Win Over Limitations
of Existing Pt(II) Drugs and Molecular Mechanism
of Their Anticancer Activity

From the discussion till this point, it is clear that along with anticancer potential the
cisplatin and other platinum-based drugs pose the side effects due to their undesired
or non-selective side reactions with various biomolecules rather than a desired target
DNA. This is possible in fact due to high reactivity of these drugs which are in
their vulnerable 2+ oxidation state. It can possibly be avoided by using an oxidized
cisplatin in+4oxidation statewhich confers kinetic stability to compound, i.e. reduce
its reactivity [13a, 16, 54]. Hence the Pt(IV) inert analogue of cisplatin was supposed
to act as prodrug since it was anticipated to get reduced to the active cisplatin in Pt(II)
state by the cellular reductants in acidic pH (~6) existing only at cancerous cells or in
tumour periphery. In rest of body at physiological pH (7.4), the Pt(IV) prodrug will
remain unaffected [55]. Further, the additionalmodes of reduction of Pt(IV) species to
Pt(II), like using photon were also investigated [56]. These research outcomes led to
synthesis of Pt(IV) prodrugs of other platinum-based drugs also [57]. This initiated
a thought to utilize the axial positions of Pt(IV) species for attaching the appro-
priate functional groups to enhance water solubility [58] or attaching bio-relevant
molecules like vitamin E [59] and many others bioactive groups [60] for making the
prodrugs biocompatible or lipophilic or fluorescent moieties [61] attaching known
drug molecules to act as adjunct and enhance the potency [62]. In this regard, proper
choice of axial ligands which facilitate enhanced cellular accumulation and uptake
[63] as well as easy reduction at acidic pH of cancer site is essential [64]. Hence, it is
essential for such drugs to reach specifically at tumour site and reduce easily to active
form. The reports ofmechanistic studies have clearly established that the cytotoxicity
of Pt(IV) compounds is mainly depend on their capability of accumulation in the
cancerous cells and to enhance the intra-cellular basal ROS (reactive oxygen species)
concentrations, causing a loss of the mitochondrial membrane potential and induc-
tion of apoptosis [65]. Considering all these facts, one should design and synthesize
the new Pt(IV) prodrugs for therapeutic applications.
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14.4 Synthesis of Platinum-Based Anticancer Compounds

The understanding of molecular mechanism discussed till this point has given the
direction for design of new compounds for their evaluation for anticancer activities.
In this effort, a myriad of platinum-based compounds was synthesized and about
3000 compounds were evaluated for anticancer activities. Hence, at this point, it
is necessary to look into design and synthesis strategies of representative examples
of platinum compounds. It will be helpful for design of new compounds which are
anticipated to overcome the limitations of existing drugs.

14.4.1 Design and Synthesis Strategies of Platinum(II) Based
Complexes

As discussed earlier in introduction and general properties, the platinum compounds
exist in their most common and stable oxidation states +2 and +4. Regarding all the
six clinically approved drugs, central platinum ion has d8 electronic configuration
and exist in +2 oxidation state. These complexes exist in square planar geometries.
The synthesis of such Pt(II) complexes follows the associative ligand substitution
mechanism. Additionally, the stereochemistry of Pt(II) compounds has impact on
their anticancer activities. The cisplatin acts as anticancer agent but its geometrical
isomer transplatin does not exhibit anticancer activities. Hence, while designing
the new anticancer Pt(II) complexes one must aim to achieve complexes with cis-
stereochemistry. For achieving this purpose, one must choose the appropriate ligands
since their trans-effect plays a decisive role in dictating stereochemistry of a resulting
product [11b, 66].

There are some reports, about the trans-compounds exhibiting anticancer activity.
In such species, the amine ligands of cisplatin or its derivatives were substituted by
imino ligands, branched aliphatic amines or bulky aromatic N-donor heterocycles
[67].Hencewhile designing the trans-compounds, theN-substituent groups shouldbe
suitable to achieve biocompatibility and having appropriate functional groups which
facilitate formation of adducts with DNA through their interactions with functional
groups on DNA.

New Pt(II) based compounds for anticancer activities, were developed by struc-
tural modifications of cisplatin. As we see its structure, there are two cis-chloride
leaving groups and two amino non-leaving groups. Hence, the leaving group modifi-
cations with acetate or ester groups like easily hydrolysable groups lead to better
solubility and reduced side effects. Similarly, the non-leaving group modifica-
tions by substituting the H atoms of amine with aliphatic chain rendered enhanced
lipophilicity which may facilitate penetration through cancer cell membrane. Such
structural modifications have effectual for improving kinetic, lipo- and hydrophilic
properties as well as on toxicity and resistance profile of new compounds to be eval-
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uated for anticancer properties. The beneficial aspects of further modifications of
cisplatin are shown schematically in Fig. 14.4 and structural developments in Pt(II)
based drugs have been depicted in Scheme 14.3.

14.5 Synthesis Strategies for Various Classes of Pt(II)
Compounds

Since the discovery of cisplatin and its modifications followed by new designs,
various compounds (~3000) were evaluated for anticancer applications. They are
categorized in different classes according to their chemical composition. Let us
discuss the salient features and optimized synthesis routes of these classes.
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14.5.1 Synthesis Methods for Cisplatin and Its
Characterization

The trans Pt(II) compounds can be conveniently synthesized by treatment of Pt(II)
precursors like K2PtCl4 salt or [PtCl2(RCN)2] (R = Me, Ph) dissolved in aqueous-
methanolic or polar organic solvents with two molar equivalents of appropriate
ligands (L) and stirring of reaction mixtures for ~4–5 h. The resultant compounds
of general formula trans-[PtCl2L2] can be precipitated out with solvent in which the
compounds have poor solubility or can be recrystallized by their slow evaporation
or by cooling their solutions at 5–10 °C. The cis Pt(II) compounds can be prepared,
by appropriate use of trans-effect of ligands.

In case of synthesis of cis Pt(II) compounds, the concept of trans-effect plays a
key role which was proposed by Chernyaev in 1926 [68] to elucidate the experiential
observation that, a rate of substitution of any ligand present in a square planar or
octahedral metal complex is reliant on a group present at trans position to it rather
than the groups at cis positions. Hence, a knowledge of trans-series helps to design
such complexes. The following trans-series of some usual ligands exhibiting the
trans-effect intensity which is a measure of rate of substitution of ligand at their
trans-position [3b, 69].

F−,H2O,OH
−,NH3 < py < C1− < Br− < I−,SCN−,NO2

−,Ph− < SO3
2−

< PR3,SR2,H
−,NO,CO,CN−,C2H4

The well-known example of trans-effect strategy is a synthesis of cisplatin
(Scheme 14.4) described by Dhara [70]. The treatment of aqueous K2PtCl4 with
excess iodine afforded tetraiodoplatinate [K2PtI4]. Its treatment with first ammonia
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molecule forms an intermediate triiodo species, K[PtI3(NH3)] which reacts further
with second ammoniamolecule to form a cis-[PtI2(NH3)2]. In this process the second
step is directed by trans-effect. From the above trans-series, it is understood that the
iodo ligand have stronger trans-directing effect as compared to ammonia ligand. As
a result of this, the ligand present at trans-position to the iodide is more labile, so
that is displaced easily by second NH3 ligand resulting in the anticipated cis config-
uration forming the cis-[PtI2(NH3)2] which is treated further with aq. AgNO3 to
give cis-[Pt(OH2)2(NH3)2]2+ which on treatment with aq. KCl yields a desired cis-
[PtCl2(NH3)2], cisplatin. Although initial time preparations of cisplatin by similar
procedure did not involve iodination steps; the iodination stepwas amended byDhara
to ensure the desired cis-geometry formation without any side product formations of
[Pt(NH3)4][PtCl4] known as Magnus’ Green salt, because of stronger trans-effect of
iodo ligands as compared to chloro ligands.

This method byDhara is most frequently used for synthesis of cisplatin. Addition-
ally, cisplatin can also be synthesized by treatment of aqueous solution of [K2PtI4]
with ammonium chloride (NH4Cl) at basic pH yield cis-[PtI2(NH3)2] which on
further treatment AgNO3 followed by KCl affords the cisplatin (Scheme 14.5).

Confirmation of cis-Geometry of Reaction Product

(i) Kurnakow Test

Since, it is established that only cis form, i.e. cisplatin exhibits anticancer actionwhile
its stereoisomer tranplatin does not exhibit anticancer potency; it is indispensable to
obtain the product in exclusive cis-form. It has proved true for the cisplatin deriva-
tives or compounds with general formula [PtCl2L2] also. Hence, during synthesis of
cisplatin or its derivative for anticancer applications, the exclusive formation of cis
isomers without any trans impurity must be evaluated by Kurnakow test [13b, 71].
In this test, the treatment of an aqueous solution of test compound [Pt(NH3)2Cl2] or
its derivatives is treated with an excess of thiourea. Formation of a white, sparingly
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water-soluble precipitate indicates the presence of trans isomer because of resulted
trans-[Pt(NH3)2(thiourea)2]Cl2, while clear yellow solution is seen due to formation
of water-soluble complex [Pt(thiourea)4)]Cl2 (Scheme 14.6). The test products are
resulted due high trans effect of thiourea ligands.

(ii) HPLC analyses of Kurnakow test products

The high performance liquid chromatography (HPLC) analysis is a highly sensitive
technique to separate and detect the isomeric impurities owing to different retention
times for the thiourea coordinated complexes of cis- and transplatin. Their strong
UV–Vis absorption properties allow these species to be detected by easily by UV
detector of HPLC [72].

(iii) NMR spectroscopy
1H NMR spectroscopic analysis is also a helpful to distinguish between the cis
and trans isomers. Three bond platinum-hydrogen coupling constants (3JPt-H) can
be determined by using 1H NMR spectral analyses. It has revealed that the values
of 3JPt-H are higher for cis-isomers than trans-isomers by magnitude of ~8–14 Hz
[73]. But, the 195Pt NMR spectral analyses are not helpful for distinguishing
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the cis and trans, because their chemical shifts (δ) do not differ much, e.g. cisplatin
(δ = − 2104 ppm) while transplatin (δ = − 2101 ppm) [74].

After distinguishing the products can be thoroughly characterized by using:

(i) Elemental analyses
(ii) 1H, 13C and 195Pt NMR spectroscopy (and other NMR active nuclei if present)
(iii) FT-IR spectroscopy
(iv) Raman Spectroscopy
(v) Single crystal X-ray diffraction analyses
(vi) Mass spectrometry.

Hence, following the synthesis and characterization strategies discussed till this
point, various types of compoundswere synthesized for their anticancer applications.
These compounds exhibited different structures and stereochemistry depending on
the ligand systems, their bonding modes like mono- or bidentate or chelating, etc.
with central Pt(II) ion. These compounds are categorized based on geometry, ligand
system and depending on no. of sites available to interact with DNA. Let us discuss
some prominent classes of Pt(II) compounds which were evaluated for anticancer
activities.

14.5.2 Classical Pt(II) Compounds Having Cis Geometry
for Anticancer Applications

After discovery of cisplatin, it was observed that its stereoisomer transplatin is lacks
the anticancer activity. Hence, the influence of this fact was existing on designs
of platinum(II) based anticancer agents in earlier time. Hence, the efforts were
focussed only on Pt(II)-ammine based compounds having cis geometrywhich resem-
bled to cisplatin. Some examples of such classical cis-[Pt(NH3)2(L)2] (L = NO3 ,
NO2 , H2O, Br , I , SCN , etc.) type compounds which were prepared by modi-
fying the leaving group, i.e. substituting the chloride group by various ligands (L).
Some reports depict their anticancer activities (cytotoxicity) against the sarcoma 180
tumour cell lines in vitro (Scheme 14.7) as well as treatment against test tumour
Sarcoma 180 implanted in Swiss mice (female).

Additionally, strategies to substitute the non-leaving amine groups were also
employed. In such efforts, the classical complexes with non-leaving group (NH3)
modifications with substituted amines like [Pt(Amine)Cl2] (Amine = en, pyrroli-
dine or aziridine rings) were developed which exhibited anticancer activities against
ADJ PC6 plasma cell tumour (Scheme 14.8). In both the cases of modifications,
the resultant compounds exhibited the superior anticancer activities over their trans
analogues [75].

Further Developments in Cisplatin Derivatives

This trend of modifications of cisplatin derivatives encouraged the researchers to
develop the newcisplatin-basedderivatives in recent time also. In such efforts, various
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cisplatin derivativeswithN-benzyl ethylenediamine, 1,2-phenylenediamine and 2- or
4-picoline were conveniently synthesized offering the reasonable yields by treatment
of K2PtCl4 with appropriate ligands. Although they exhibited slight less activity than
cisplatin, such synthesis strategies help to develop new structural modifications to
enhance potency (Scheme 14.9) [76].

Additionally, other cisplatin derivatives like picoplatin and JM-118 were devel-
oped which exhibited excellent anticancer activities and were investigated in clinical
trials (Scheme 14.10). There structural features offer them potency. For example, in
case of picoplatin, a methyl group present on pyridine ring protects it from undesired
or non-selective side reactions with biological nucleophiles, such as methionine and
cysteine containing proteins or peptides [77] and enables it to attain a higher nuclear
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Scheme 14.9 Amine
substituted cisplatin
derivatives
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concentration as compared with both BBR3464 and cisplatin [78]. These properties
contribute for enhanced efficacy of such derivatives.

The leaving chloride groups were substituted with acetate or oxalato groups.
Very recently, Lippard et al. have reported the acetate bridged Pt(II) complexes
derived from cisplatin (Scheme 14.11) [79] where leaving group of cisplatin (Cl)
was substituted with a bridging acetate group rendering a dinuclear platinum(II)
compound. Hence, these observations catalyze the thinking for developing new
designs of cisplatin derivatives and research goes with drive to achieve superior
anticancer activities.
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Furthermore, the cycloplatam having modifications at both leaving as well as
non-leaving groups was developed which has exhibited potent anticancer activities
and has undergone clinical trials (Scheme 14.12) [80]. Its analogue was also reported
(Scheme 14.12b) In similar efforts, the indazole derivatives of cisplatin were also
designed (Scheme 14.13).

The strategies of structural modification of cisplatin, were applied to other clin-
ically approved platinum-based drugs also. For example, oxaliplatin was modified
by substituting its oxalato leaving group by ester chains to enhance lipophilicity (A)
[63c] or by emissive organic moieties (B) [81] as given below.
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Furthermore, the oxaliplatin derivatives with leaving group modifications by urea
have also been synthesized and exhibited potent anticancer activities (Scheme 14.15).

14.5.3 Platinum(II) Complexes with Trans Geometry

As discussed earlier, the substitution of NH3 group of transplatin by bulky and planar
N-heterocycles or substituted amines afforded the symmetrical as well as unsymmet-
rical platinum(II) based trans compounds exhibiting the cytotoxicity significantly
enhanced as compared to the parent transplatin drug and in most of the cases it was
found equivalent to potency of cisplatin [82].

The rationale behind the activity exhibited by such compounds over the native
transplatin is property of bifunctional adducts of DNA which is dependent promi-
nently on the nature of amine groups. Additionally, the stability of the monofunc-
tional adducts facilitates the preferential formation of cross-links between DNA
and protein. It was clearly observed that the trans-platinum type of compounds can
confer remarkable potential for designing the selective DNA–protein cross-linking
complexes (Scheme 14.16) [83].

Similarly, other reports also have established the potency of trans plat-
inum(II) compounds with various symmetrical as well as unsymmetrical planar
N-heterocycles like quinoline, thiazole, Me-imidazole derivatives (Scheme 14.17).

The results of their biological studies supported the concept of activating the trans
geometry by utilizing the planar donor. Their cytotoxicity evaluations against murine
leukaemia (LI210) cell lines viz., sensitive as well as rendered resistant to cisplatin,
exhibited their cytotoxic efficacy comparablewith cisplatin. It is evident that, the anti-
cancer activities of trans-compounds with substituted ammine are of higher magni-
tude than the trans-[PtCl2(NH3)2]. The substituted compounds exhibited cytotoxic
potency against cisplatin resistant cancer cell lines. Although only cis-geometry
compounds were thought to exhibit the anticancer activities, the compounds with
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trans geometry have also exhibited cytotoxicity equivalent to cytotoxicity of anal-
ogous cis-isomer. These observations have pointed to a further cause of platinum-
based anticancer complexes acting through the different molecular mechanism than
the mechanism cisplatin with the potential for antitumour potency equivalent with
the clinically used drug [84].

Additionally, large no of compounds where trans-ammines were substituted
variously were also reported (Scheme 14.18).
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Additionally, using the both, leaving and carrier group modification by alde-
hyde groups and N-substituted planar ring like picolin, the derivative of transplatin,
trans-[Pt(CCHO)2(NH3)(4-pic)] was reported to possess potent anticancer activities
(Scheme 14.19).

Scheme 14.19 Picoplatin,
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In similar efforts, the ammines substituted by pyridyl (py) or quinoline while
chloride substituted by acetate groups were also reported with better biocompatible
features as compared to transplatin (Scheme 14.20).

14.5.4 Synthesis Strategies for Pt(II) Based Trans-Isomers

Synthesis of Transplatin

The transplatin can be synthesized easily by performing the ammonation reaction of
K2PtCl4 with an excess of ammonia solution (aq.NH4OHsolution) followed by treat-
ment with HCl in aqueous solutions at higher temperatures 70–80 °C (Scheme 14.21)
[85].

This reaction of transplatin synthesis also follows a trans-effect principle. After
amination forming at cationic species, treatment of HCl leads to coordination of
first chloride non-selectively while the second chloride attack selectively substitutes
the ammine group at trans to initially coordinated chloride, leading to formation
of trans-isomer due to higher trans-effect exhibited by chloride ions than that of
ammonia molecules. This typical reaction procedure is also useful for the synthesis
of trans-Pt(II) compounds having various amine ligands as well as N-heterocycles
[86].

Other Synthesis Routes of Pt(II) Based Trans-Isomers

Additionally, the trans-complexes are also obtained from [PtX2L4] compounds
without using the hydrochloric acid (HCl). Accordingly, the suspension of [PtX2L4]
in the organic solvents or as a solid were heated in vacuowhich led to the substitution
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Scheme 14.21 Synthesis of transplatin
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inner sphere N-heterocycle or amine by of outer sphere halides exclusively forming
the trans-isomer [86, 87]. In other strategies where the treatment of [PtCl2L4] with an
excess of Et4NCl in DMF at refluxing conditions also afforded the anticipated trans-
geometry complexes [88]. In case of analogous complex, trans-[PtL2Cl2] (L= pyra-
zole) can be obtained conveniently from treatment of [PtCl2L4] and hydrocholoric
acid (HCl) [89].

Let us go through other types of amine modified Pt(II) based compounds.

14.5.5 Platinum(II) Iminoether Compounds

The compound of this class consists of cis- as well as trans-Pt(II) based compounds,
with the iminoether as non-leaving group. Both the symmetrical as well as unsym-
metrical iminoether compounds have been synthesized. The typical structure of
iminoether is as shown below:

NH

R OR'
Iminoether

Natile et al. have presented the extensive work on the Pt(II) compounds with
iminoethers. The Pt(II)-imonoether compounds are synthesized by base catalyzed
treatment of cis- as well as trans-[PtCl2(RCN)2] (R = Me or Ph) with alcohols at
0–20 °C (Scheme 14.22). In this type of compounds, the leaving group is chlorido
group similar to cisplatin.

RCN

RCN
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Cl
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KOH cat,

HN

HN

Pt

Cl
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R OR'
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Scheme 14.22 Synthesis of cis-[PtCl2(iminoether)2]
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Additionally, the Pt(II) iminoether compounds where various donor ligands like
PPh3, AsPh3, thiourea or dimethyl sulfoxide have been coordinated instead of
chlorido groups (Scheme 14.23).

Additionally, the thiourea complexes of Pt(II)-iminoethers complexes lead
to formation of a cyclic species which exhibited a potent anticancer activity
(Scheme 14.24) [90].

Additionally, the unsymmetrically substituted iminoethers with general formulae,
trans-[PtC12(L)(L′)] (where L and/or L′ = pyridine) or trans-[PtC12L2] with L =
iminoether have been reported (Scheme 14.25) [91].

In other reports, various cis-Pt(II)-iminoethers derivatives with various structures
were synthesized. Accordingly, the treatment of cis-[PtC12(MeNC)2], with KOPh or
KOH in methanol, ethanol or isopropanol yielded the Pt-iminoether complexes of
general formulae [PtCl2(NH = C(OR)Me)2] [92].
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14.5.6 Platinum(II)-Thioether Compounds

NH

R SR'
Thioether

The platinum(II)-thioether compounds which are structurally analogous to
iminoether analogues have also been synthesized. The treatment of trans-
[PtCl2(RCN)2] with n-butyl lithium followed by thiols (RSH) yields the Pt(II)-
thioether compounds (Scheme 14.26) [92].
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Scheme 14.26 Synthesis of trans-[PtCl2(thioether)2]
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14.5.7 Platinum(II)-Amidine Compounds

NH

R NR'

Amidine

Amidines are possessing the RC(NR)NR′
2 functional group (R = R′ or R �= R′).

They are nothing but the imine derived from corresponding amides (RC(O)NR′
2).

The amidines can conveniently synthesized by the treatment of the nitrile specieswith
alcohols by addition of acid to afford iminoether which further reacts with ammonia
or by treatment of dimethylformamide acetal with primary amines (RNH2) affording
the amidine [93]. The various drugs or drug candidates like imidocarb, amitraz,
tribendimidine, and xylamidine, consists of amidine moieties in their structures [94].
Most importantly, the amidine derivatives have exhibited the anti-inflammatory and
anticancer activities [95]. Hence, the Eventually, the complexes of amidines with
platinum(II) were investigated for anticancer activities anticipating the synergistic
action of both the species. This has originated the novel anticancer compounds of
platinum(II). Let us discuss few examples.

Synthesis of Pt(II)-amidine Complexes

The Pt(II)-amidine type of compounds were synthesized by treatments of
[PtCl2(RCN)2] with excess of amines in dichloromethane at lower tempera-
tures (about -10 °C). Accordingly, trans-[Pt(amine)2(amidine)2]Cl2, cis- and trans-
[PtCl2(NH3)(amidine)] and cis- and trans-[PtCl2(amidine)2] have been synthesized
and were evaluated, both in vitro and in vivo for their anticancer properties (Schemes
14.27 and 14.28) [96].

14.5.8 Monofunctional Platinum(II) Compounds

The monofunctional platinum-based complexes are able to bind with DNA at only
a single site, inducing a smaller alteration in their double helix. In spite of this fact,
these compounds have exhibited extraordinary anticancer potency, with a different
spectrum of activity as compared to activity exhibited by classical bifunctional cross-
linking drugs like cisplatin. Their binding with DNA was investigated well [97]. In
the efforts to obtain amost potent monofunctional platinum compound, Lippard et al.
have synthesized various derivatives of type cis-[Pt(NH3)2(N-heterocycle)Cl](NO3)



670 P. P. Phadnis

RCN

Cl

Pt

NCR

Cl HN

Cl

Pt

N

Clxs R'NH2, -10 oC

R
H
N

CH2Cl2

N
H

R

R'

R'

trans-[PtCl2(amidine)2]

Scheme 14.27 Synthesis of platinum(II)-Amidine compounds

RCN

Cl

Pt

NCR

Cl HN

N
H2

Pt

N

H2
Nxs R'NH2, RT, 24 h

R
H
N

CH2Cl2

N
H

R

R'

R'

trans-[Pt(NH2R')(amidine)2]

R'

R'

Cl2

R′ = H or substituent

Scheme 14.28 Synthesis of platinum(II)-Amidine cyclic species

where the N-heterocycle was varied from small pyridine, quinoline to phenan-
throline derivatives (Scheme 14.29) which are anticipated to modulate a steric
protection about the Pt(II) centre. Among them phenathriplatin has exhibited most
potent activity against a large number of human cancer cell lines. In general, these
monofunctional Pt(II) complexes have been obtained by treatment of cisplatin with
equimolar aq. AgNO3 in DMF solution followed by treatment with an appropriate
equimolar of N-heterocyclic ligand. The reaction was worked up in the methanolic
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(NO3)
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Scheme 14.29 Representative monofunctional cis-[Pt(NH3)2(N-heterocycle)Cl](NO3) complexes
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solution to obtain the desired product. The representative synthesis of phenanthroline
is shown in Scheme 14.30 [98].

Additionally, Bierbach et al. have reported the platinum-acridine-based mono-
functional complexwhich exhibited an effective anticancer ability against non-small-
cell lung cancer (Scheme 14.31). The notable thing about this complex is that it is
the first non-cross-linking platinum agent but by substituting the thiourea with an
amidine group, it was observed that the cytotoxicity against H460 non-small-cell
lung cancer (NSCLC) was greatly enhanced in vitro as well as in vivo [99].

Furthermore, Bierbach et al. using the similar synthesis strategies (Scheme 14.18)
have reported the diverse analogues of Pt-acridine-based monofunctional complexes
by incorporating NH3, ethylenediamine (en) or propane-1,3-diamine (pn) to render
better biocompatibility were synthesized. These complexes were further linked to
various biologically active molecules bearing the primary and secondary amine
functional groups (e.g. rucaparib, E/Z-endoxifen, quinazoline) (Scheme 14.32).
Hence these complexes themonofunctional Pt(II) complexes linkedwith bio-relevant
moieties has originated a class of highly potent anticancer compounds by adopting
the linker technology [100].

Furthermore, Bierbac and Farrell et al. have reported the platinum(II) basedmono-
functional complexes with mono- and bifunctional thiourea derivative. The results of
their evaluations have suggested that the steric and electronic effects of the peralky-
lated thiourea derivatives have potential formodulating their affinity for biomolecules
(Scheme 14.33). Their synthesis was performed by following the strategies similar to
discussed earlier. The treatment of [Pt(en)Cl2], cis-[Pt(NH3)2Cl2] or [Pt(DACH)Cl2]
with aq. AgNO3 in DMF solvent followed by treatment of urea-based ligands afford
the desired products. The reaction work-up was performed on methanolic solution
[101].

Additionally, Smith et al. synthesized diethylenediamine ligated Pt(II) based
monofunctional complexes viz. [Pt(dien)Cl]+ and [Pt(Et2dien)Cl]+ (Scheme 14.34)
along with pyriplatin and phenanthriplatin. Their binding with 5-GMP s well as their
uptake in cancer cells (A549, Caco2, HTB16) was also evaluated. It is inferred from
the results that, a greater steric hindrance posed at cis positions to one side of Pt2+
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coordinating centre of the monofunctional platinum(II) complexes promotes an effi-
cient targeting of the nuclear compartment of cancer cells and the guanosine residues
which may be responsible for cancer cell deaths. Additionally, the monofunctional
platinum(II) compounds caused shifts in hearing threshold with reduced effect on
hair cell density. It clearly reveals that the monofunctional Pt(II) complexes may
adopt different mechanism than cisplatin for their cytotoxic effects.

The [Pt(dien)Cl]+ and [Pt(Et2dien)Cl]+ complexes were conveniently synthesized
from treatment of aqueous solution of potassium tetrachloroplatinate (K2PtCl4) with
appropriate amine at acidic lower conditions (pH~3) achievedby additionof dil.HCl,
followed by reflux of reaction mixture for 6 h. The yellow precipitate of anticipated
platinum(II) based complexwas obtainedwhichwas recrystallized in hotwater [102].

14.5.9 Trifunctional Di- and Tri-Nuclear Platinum(II)
Compounds

The clinically approved Pt(II) based anticancer drugs, after their hydrolysis bindwith
DNA at two sites, hence they act in bifunctional way. But, as discussed earlier, to
overcome the drawbacks of existing drugs, the new drugs were designed to enhance
potency by creatingmore favourablemodes of Pt–DNAbinding, i.e. improvingDNA
binding profile, leading to enhanced killing of cancer cells.

For this cause, Farrell et al. have designed dinuclear platinum compounds
where two cisplatin molecules were linked by an aliphatic carbon chain having
terminal amino groups [{cis-PtCl(NH3)2}μ-H2N(CH2)6NH2-{cis-PtCl2(NH3)}]+
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and another consist of one cis- and one transplatin linked by the same chain
[{trans-PtCl(NH3)2}μ-H2N(CH2)6NH2{cis-PtCl2(NH3)}]+ (Scheme 14.35) [103].

Such complexes were investigated for binding with DNA as well as their capacity
to enforce covalent ternary cross-links between DNA and protein. Their cytotoxic
activities were compared with some bifunctional dinuclear Pt(II) compounds like
[{PtCl(NH3)2}2μ-H2N(CH2)nNH2]2+. Their interactions studies were performed by
various techniques and assays like inhibition of ethidium bromide (EthBr) fluores-
cence, circular dichroism (CD), inter-strand cross-linking and unwinding assays, etc.
All the results have evidenced that the (Pt,Pt) inter-strand cross-links were respon-
sible for predominant lesion of such trifunctional complexes and the best possible
structure to form the ternary cross-links between DNA and protein. From the results
obtained, it is anticipated that the trifunctional agents have better prospects to be
used as drugs that target proteins and as well as investigation tools for studying the
conformational effects on interactions between DNA and proteins.

A typical synthesis strategy for a representative complex is shown (Scheme14.36).

14.5.10 Platinum-Oxalato Compounds

The drive to design and develop novel anticancer drugs, directed the researchers to (i)
replace the existing leaving as wells carrier ligands by new groups or (ii) modify the
existing groups. This leads to design of derivatives of existing drugs. In this regard,
looking into structures of existing platinum(II) based clinical drugs, the leaving
carboxylate-based anionic groups are of prime importance. They lead to hydrolysis
at physiological conditions forming Pt2+ species which bind with DNA followed
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by cancer cell killing. Such drugs include carboplatin, nedaplatin, lobaplatin, hepta-
platin, etc. Among the leaving groups of carboxylate-based moieties, the oxalate
dianion is important group which is coordinated to Pt2+ centre of oxaliplatin, used
mainly for treatment of colorectal cancer [104]. Hence, design and development
of the complexes of platinum(II) with oxalate species which are anticipated to be
biocompatible and worth of studying candidates for design of new compounds.

In view of this, new platinum(II) based compounds with oxalato groups were
designed and were evaluated for anticancer activities. Few representative examples
are of worth to discuss here.

The platinum(II)-oxalato-based complexes having the cis 7-azaindole moieties
as the co-ligands were synthesized. The treatment of aqueous solution of bis-
oxalato cationic species was treated with 7-azaindole ligand in 1:2 stoichiometry
(Scheme 14.37). These compounds exhibited antitumour activities in vitro [105].
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Scheme 14.38 Synthesis of various platinum(II) oxalato complexes

Additionally, various platinum(II) oxalato-based complexes bondedwith adenine-
derivatives as the carrier ligands have been reported (Scheme 14.38). They exhibited
cytotoxic ability against breast adenocarcinoma (MCF7) and osteosarcoma (HOS)
human cancer cell lines as evaluated by MTT assay [106].

The potent cytotoxicity exhibited by these compounds, suggested for potential
to develop the compounds from this class since they are structurally analogous to a
potent clinical drug oxaliplatin.

14.5.11 Platinum(II)-B-Diketonate Compounds

O O

β-diketone

The β-diketonates are useful moieties as ligands for synthesis of various metal
complexes which find diverse applications in fundamental chemistry exhibiting
various compounds and achieving the mixed-metal coordination networks [107],
as highly effective catalysts for fixation of CO2 into cyclic carbonates [108]. Espe-
cially, the lanthanide-based complexes of β-diketonates have exhibited the excellent
photophysical [109] or photothermal properties [110] and most notably electrolu-
minescent properties [111]. The Pt(II)-β-diketonates find excellent applications in
biological imaging [112].
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Regarding biological applications, the β-diketone compounds have exhibited
various pharmacological properties like antimicrobial [113], anti-viral [114], anti-
inflammatory [115], antioxidant [116], most importantly anticancer [117] and
immunomodulatory [118] activities.

In view of the potent biological activities of β-diketonates and prominent photo-
physical properties exhibited by its metal complexes, it is worthwhile to design the
complexes anticipating the synergistic effect of β-diketonates and platinum(II) in
a resulting complex which may have potential for anticancer treatment as well as
useful in imaging during the treatment. Hence, such compounds were designed and
were investigated for anticancer applications.

The first example of such β-diketonate platinum(II) complex along with dimethyl
sulfoxide as ligands was synthesized by Fanizzi et al. (Scheme 14.39) [119]. The
treatment of cis-[PtCl2(Me2S = O)2] with β-diketone yielded the Pt(II)-diketonate.
Further, various Pt(II)-diketonates incorporating diverse amine, phosphine, halides
sulphides or heterocycles were obtained by the same group (Scheme 14.40).

Additionally, the cyclometalated platinum(II)-β-diketonates were efficiently
synthesized in high yield in a one-pot synthesis strategy at optimum temperature
(Scheme 14.41) [120]. By similar strategies their phosphine-based analogues bearing
naphthyl moieties were also synthesized. (Scheme 14.42). These compounds are
anticipated to serve as anticancer agents as well as helpful in cellular studies due to
their excellent photophysical properties.

Furthermore, Lippard et al. have reported the cisplatin derivatives where the cis-
chlorides were replaced by a chelating β-diketone as shown in Scheme 14.43 [121].
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Scheme 14.43 Synthesis of cisplatin-β-diketonates

Additionally, by using the similar strategies using aq. AgNO3 and Na-salt of dike-
tone like Na[PhC(O)CHC(O)R] or Na[PhC(O)CHC(O)Ph], the various derivatives
with substituted β-diketone were synthesized (Scheme 14.44).

It was observed that, the induction of Ph rings enhances the lipophilicity and
eventually the uptake of drug in theHeLa cells but the CF3 groups are accountable for
the decreasing stability of such complexes in the aqueous solutions. Additionally, the
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Scheme 14.44 Synthesis of cisplatin derivatives coordinated with substituted β-diketone

cytotoxicity studies revealed that some of these compounds have exhibited potency
to kill cancer cells comparable to cisplatin [121].

Recently, Chakravarty et al. have reported the synthesis and phot-cytotoxicity
associated with the novel Pt(II)-β-diketone derivatives where the cis-amines of
cisplatin were replaced by azo-based bulky aromatic rings like anthracene. The treat-
ment of [K2PtCl4] with 3-chloro-2-methyl-1-propene in refluxing ethanolic solution
yielded the dimeric allyl-platinum(II) compound which on further treatment with
azo-based bulky aryl moieties afforded the chloro-bridged dimeric Pt(II) compounds
which on further treatment with appropriate diketone moieties including a bioactive
molecule like curcumin (H-cur) or acac (H-acac) or pyridyl substituted analogue
(Hpy-acac) in dichloromethane afforded the desired products. (Scheme 14.45) [122].

A typical strategy of synthesis is as shown below (Scheme 14.46).
These compounds exhibited anticancer activities. During the evaluation the dike-

tonate species were released in situ after addition of glutathione (GSH). The resulted
platinum(II) species play a role as transcription inhibitor while the β-diketonate
base released during reaction exhibited photochemotherapeutic action. The Pt(II)-β-
diketonates induced the photo-cleavage in plasmid DNA upon exposure to 457 nm
(blue light) leading to formation of major nicked circular DNA (NC-DNA) (∼75%)
along with hydroxyl radicals (HO.) and singlet oxygen (1O2) as the reactive oxygen

Scheme 14.45
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Scheme 14.46 Synthesis strategy of photo-cytotoxic Pt(II)-β-diketonates

species. Some of the Pt(II)-β-diketonate complexes exhibited photocytotoxicity
against the skin keratinocyte HaCaT cells upon exposing under visible light but non-
toxic in dark conditions. Some complexes were responsible for generating cellular
ROS which cause an apoptotic cell death after exposing to the visible light.

This account has clearly indicated the importance of the Pt(II) based complexes
with β-diketone moieties, may prove an innovative strategy for delivering therapeuti-
cally active platinum(II) species as well as the photo-toxic β-diketones to the cancer
site.



14 Synthesis and Development of Platinum-Based Anticancer Drugs 681

14.5.12 Platinum(II)-Schiff Base Compounds

N

R2R1

R3

Schiff base

Schiff bases are primary-aldimines or -ketimines with a general formula, R1R2C
= NR3 which are readily formed by condensation of primary amines with alde-
hydes or ketones. They have proved to be the versatile pharmacophores for devel-
oping various bioactive compounds. Schiff bases have exhibited potent pharmaco-
logical like antioxidant, anti-inflammatory, antimicrobial, analgesic, antidepressant,
anticonvulsant, antitubercular, anthelmintic, anticonvulsant, antiglycation and most
importantly the anticancer potency also [123]. Additionally, the Schiff bases find the
industrial applications in as the catalyzing agents, dyes and pigments, stabilizers in
polymerization process, active intermediates during organic synthesis and corrosion
inhibitors also.

Let us focus on their anticancer properties. The Schiff bases [124] as well as their
complexes with transition metal (e.g. Ru, Pt, Pd, Fe, Ni, Cu, Zn) have exhibited the
anticancer activities [125]. In view of FDA approved Pt(II) based anticancer drugs for
the anticancer treatment, itwasworth to synthesize the novel platinum(II) compounds
with appropriate Schiff bases anticipating the superior anticancer activities, enhanced
biocompatibility and reduced toxicity. Let us discuss the synthesis strategies of
representative Schiff base and synthesis of its complexes with platinum(II) centre.

The Schiff base was conveniently synthesized by condensation of pyrrolidine-2-
carbaldehyde with benzylamine in methanol for overnight (~10 h). This obtained
Schiff base was treated with [Pt(DMSO)2Cl2] in CH2Cl2 solution and stirred at
room temperature which afforded a chloro-bridged dinuclear platinum(II) complex
[Pt2(μ-Cl)2(DMSO)2(Schiff base)2] which in slow evaporation recrystallized in a
mononuclear platinum(II) complex [PtCl2(DMSO)(Schiff base)]. This compound
was evaluated foe biological activities. It exhibited strong affinity for CT-DNA (calf
thymusDNA) and it exhibited remarkably high selectivity for cancerous cells leading
to reduction in time of their viability and observed to be harmless for noncancerous
breast cell lines. (Scheme 14.47). [126]

Using the same reaction strategies, the analogous Schiff bases were also conve-
niently synthesized (Scheme 14.48) which formed the analogous Pd(II) complexes.
Hence, they have the potential to form the Pt(II) complex also.
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Scheme 14.48 Synthesis strategies for the Schiff bases

The Schiff bases as well as their metal complexes exert their anticancer activities
by targeting (i) DNA and (ii) mitochondria which involve the DNA damage and
oxidative stress respectively (Scheme 14.49).

This account of Schiff bases clearly depicted the pharmacological role of Schiff
bases as well as their platinum(II) complexes. These complexes can be made more
potent and biocompatible by a selecting the appropriate biocompatible organic
frames, which are found as structural parts of biomolecules like. Usually pyridyl,
pyrimidyl, imidazolyl and nicotinoyl moieties with NH2, OH or COOH functional
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groups have been found to exert various pharmacological properties including anti-
cancer activities. Hence the Schiff bases containing such moieties followed by
synthesis of platinum(II) based complexes may afford the highly potent anticancer
drugs.

14.5.13 Platinum(II)-Sulphur-Based Compounds

As discussed earlier, the undesired side reaction of hydrolyzed cisplatin with various
biomolecules especially proteins containing sulphur-based amino acids like L-Cys
or L-Met or peptides like glutathione (GSH) (Scheme 14.50) lead to inactivation of

Scheme 14.50 Sulphur
containing biomolecules
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cisplatin due displacement of amine groups as well as a cause of severe side effects
[127].

This fact was investigated further to understand the mechanism of Pt binding with
DNA. The platinum(II) complexes with thioether or thiols like [Pt(Met-S,N)2] and
ring opened carboplatin with L-Met were obtained from cisplatin and carboplatin
treated patients and animals, respectively. Additionally, the theoretical investigations
also revealed that after initial binding of [Pt(NH3)2(H2O)2]2+, an aquated form of
cisplatin with thiols or thioethers, the loss of the ammine trans to the sulphur ligand
is predicted to be more favoured than the substitution of the sulphur ligand itself by
any other donors like guanine-N7 [128]. Various experimental investigations also
performed in model systems where the sulphur containing biomolecules like urea
and thiourea react with an aquated forms of cisplatin, i.e. [Pt(NH3)2(H2O)2]2+ by
ligand exchange leading to short lived cis-[PtCl(NH3)2(L)]+ complexes that have
been identified by ESI–MS, IRMPD spectroscopy and as well as supported with
computational studies [129]. Similarly, the interactions of glutathione (GSH) with
Pt(II) were also investigated by UV–Vis spectroscopy [130]. Such interactions of
Pt(II) with sulphur in cells during the anticancer action have been explained in details
by Guo et al. [131].

Considering these facts, it was interesting to design the platinum(II) complexes
with sulphur containing ligands and investigate their anticancer activities.

In this regard, Williams et al. have designed the complexes of platinum(II)
with S containing amino acids and a 5′-GMP as fragment on DNA. The treat-
ment of [Pt(Me4en)(D2O)2]2+ with moieties like methionine, N-acetylmethionine
and guanine 5′-GMP was monitored by NMR spectral analyses. The results reveal
that the guanine residue of 5′-GMP reacted platinum(II) in 2:1 ratio whereas the
N-acetylmethionine and methionine reacted with platinum(II) in only a 1:1 stoi-
chiometry. Themethionine formed the chelate through a sulphur and nitrogen donors
while N-acetylmethionine was observed to form a chelate through the sulphur and
oxygen donors. The oxygen atom of the chelate formed with N-acetylmethionine
was easily displaced by an addition of 5′-GMP, although the complete displacement
of N-acetylmethionine was not observed. It reveals that the Pt(II)-sulphur-based
compounds are anticipated to get formed prior to binding with DNA and then act as
anticancer agents by damaging DNA. This process has been supported by molecular
mechanics and dynamics calculations also [132].

The typical reactions strategies where the [Pt(en)Cl2] or [Pt((Me4en)Cl2] were
treatedwith S containing amino acids forming their chelated compounds are depicted
in Schemes 14.52 and 53.

Furthermore, Becker et al. have designed and synthesized variously substi-
tuted terpyridine (terpy) based platinum(II) complexes with diverse sulphur-based
moieties like 2-hydroxyethanethiol, 2-mercaptopyridine, 2-mercaptopyrimidine, 1-
thiolatoglucose, etc., These compounds were investigated for their biological activ-
ities. They exhibited the potent thioredoxin reductase (TrxR) inhibitor activities in
a dose depended manner. Since in cancerous cells the over expression of TrxR is
a characteristic feature, the inhibition of TrxR leads to cancer cell death. Hence
the said compounds exhibit the anticancer property (Scheme 14.54) [133]. In
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the further developments, the Pt(II)-terpyridine-based compounds were covalently
conjugated with 4-pyridylthiol to form a monocation [Pt(Clterpy)(4-pyridylthiol)]+

or with N,S-thioacetimine forming a dinuclear and tricationic [{Pt(terpy)}2(μ-
N,S-thioacetimine)]3+ complexes. They were found to exhibit the antiproliferative
activities against C6 glioma brain tumour cell lines (Scheme 14.55) [134].

Additionally, terpyridine-based platinum compounds bonded with sulphur
moieties have also been reported to exhibit anticancer activities (Scheme) [135].

The competition in binding of platinum(II) based anticancer compounds prefer-
entially with N7 of guanine or adenine from DNA and S containing amino acids like
methionine and cysteine belonging to proteins is critical to metabolism as well as
for a stability of the cytotoxic lesions of anticancer drugs. Recently, the competitive
investigations for compounds of Pt(II) with amines and nucleobases and sulphur-
donor ligands have revealed that the easy transfer from a thioether-S ligand takes
place exclusively at N7 of guanine site, and not from thiolates or to N7 of adenine
(Scheme 14.56) [136].

As per fundamentals of antioxidant, the TrxR (thioredoxin reductase) and Trx
(thioredoxin) are playing crucial role to prevent neoplastic progressions. But, during
the tumour growth, the Trx system is known to support the proliferation of cells
by helping in synthesis of DNA as well as an antioxidant defence. It is evident
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from literature that the increased concentrations of Trx which is directly associated
with expression of TrxR and its localization were found in many tumours [137].
Therefore, researchers have focussed for the development of novel TrxR inhibitors
(Scheme 14.57) which is a prime interest in the domain of biomedical research [138,
139].

Additionally, they can be synthesized by following methods (Scheme 14.58)
[140].

This discussion clearly stated the importance of platinum(II)-sulphur-based
compounds for anticancer applications.
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14.5.14 Platinum-Thiosemicarbazone Compounds

NN
NR R

RR

S

R

Thiosemicarbazone

The thiosemicarbazones (R2N–C(=S)–NR–N = CR2) are the condensation prod-
ucts of thiosemicarbazide [H2N(=S)CNHNH2] with aldehydes and ketones [141].
Further, appropriate substitutions on either thioamide nitrogen atom, sulphur atom,
or hydrazine nitrogen atoms afford their derivatives which have exhibited interesting
pharmacological properties. The thiosemicarbazones have reported to exhibit anti-
cancer [142], antiproliferative [143], anti-viral (e.g.metisazone) [144], anti-bacterial,
antifungal [145] antibiotic (e.g. thioacetazone) [146] and various other biolog-
ical activities like anti-protozoal and in general antimicrobial [147] activities. One
example of the synthesis of thiosemicarbazone derivatives by condensing thiourea
derivatives with quinaldehyde is depicted in Scheme 14.59. These compounds exhib-
ited the antiproliferative activities and exhibited interaction with albumin and DNA
leading to potential anticancer activities. They inhibited the growth of breast cancer
cell also. [148].
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Scheme 14.59 Synthesis of thiosemicarbazone derivatives
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Similarly, Mohan et al. have designed and synthesized the 8-nitroquinoline-based
thiosemicarbazone derivatives which induced the cancer cell cycle arrest and apop-
tosis through the ROS (reactive oxygen species) (Scheme 14.60) [149]. Addition-
ally, the diverse synthesis strategies and the pharmacological activities of various
thiosemicarbazone derivatives having single hetero atoms (N, O or S) as well as
multiple hetero atoms (N,O, N,S or N,O,S) based hybrid thiosemicarbazide deriva-
tives alongwith their pharmaceutical andmedicinal applications on basis of structure
activity relationship have been comprehensively reviewed by Patel et al. [150].

Additionally, their transition metal complexes have also exhibited the potent
biological activities [151]. Recently, the biological applications of newly reported
thiosemicarbazones and their metal complexes have been reviewed well [152]. Most
notably, their metal complexes have exhibited potent anticancer applications. In case
of treatment of cancer, such compounds have ability for controlling iron accumu-
lation which leads to formation reactive ROS which lead to damage of normal cell
also [153].
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In case of fundamental studies, the thiosemicarbazones find extensive applications
as ligands in coordination chemistry [154].

In view of this, some Pt(II) complexes with thiosemicarbazones were designed
and evaluated for biological applications. Hence, few examples of Pt(II)-
thiosemicarbazone derivatives which find pharmacological applications specially,
anticancer properties will be discussed. The thiosemicarbazone forms the complexes
with Pt(II) through a thionic sulphur and azomethine nitrogen atom of the thiosemi-
carbazone.

In such efforts, Souza et al. have reported the platinum(II) complexes with
bis(thiosemicarbazone) linked with 2,6-diacetylpyridine moiety. These novel
complexes exhibited non-toxicity to normal or noncancerous cells (LLC-PK1 cells)
while high cytotoxicity against the cisplatin resistant tumour cells (A2780cisR).
Additionally, they exhibited antiproliferative properties in vitro against MCF-7,
HepG2, A2780, A2780cisR and NCI-H460, human cancer cell lines. They proved
their potency for circumventing the resistance to cisplatin in case of A2780cisR cell
lines. The general structure of pyridyl substituted thiosemicarbazone is as shown
in Scheme 14.61 and typical synthesis of their complexes with Pt(II) is shown in
Scheme [155].

The platinum(II) complexes were synthesized by coordinating these moieties
at basic reaction mixtures using triethylamine at room temperature. The filtrate
on standing slowly formed the precipitate of the desired Pt(II)-thiosemicarbazone
complex (Scheme 14.62).

Their single crystal XRD analyses revealed that the pyridyl-based thiosemicar-
bazone derivatives function as a tetradentate donors which coordinate to the plat-
inum(II) centre having square planar geometry via the pyridinic and iminic N atoms
and the S atoms belonging thiosemicarbazone fragment, whereas the fourth coor-
dination position is occupied by the hydrazinic N atom of other thiosemicarbazone
moiety of a ligand. Such versatile structures initiate thought for new designs also.

Furthermore, Xu et al. have also reported the synthesis and structural characteri-
zation of pyridyl-based thiosemicarbazone compounds as well as their platinum(II)
complexes. They exhibited bio-relevant activities like their binding with proteins like
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human serum albumin (HSA) as evidenced by UV–visible and fluorescence spec-
tral analyses. They exhibited the antiproliferative properties against human breast
(MCF-7), human liver hepatocellular (HepG-2), non-small-cell lung (NCI-H460) as
well as human epithelial cervical (HeLa) banker cell lines. These complexes acted in
a monofunctional way resulting to their cytotoxicity against various cancer cell lines
with IC50 = 1.7–9.6μMwhich is much better than the cisplatin cytotoxicity (IC50 =
5.2–13.5 μM). Some of them have exhibited much higher and rapid accumulation in
cancer cells which is additional feature in designing the new platinum-based drugs.
Additionally, the flow cytometric analysis and fluorescence microscopic studies for
mechanistic investigations have revealed that some of these complexes have killed the
cancer cells by inducing the apoptosis inHeLa cell lines. The representative structures
of these Pt(II) based thiosemicarbazones have been shown in Scheme 14.63 while
the typical synthesis strategy leading to coordination of pyridyl-based thiosemicar-
bazones with K2PtCl4 in aqueous solution affording the monofunctional complexes
has been depicted in Scheme 14.64 [156].

Further efforts in structural modifications of thiosemicarbazone derivatives with
their conjugation with biomolecules like steroidal moieties have lead to formation of
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Scheme 14.63 Platinum(II) complexes with pyridyl-based thiosemicarbazones
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new biocompatible compounds with potent biological activities. They were obtained
by treatment of appropriate thiosemicarbazides with the steroidal ketones of estrone-
17. Such thiosemicarbazone derivatives were coordinated with K2PtCl4 affording the
platinum(II)-thiosemicarbazone compounds which were the structural derivatives of
cisplatin (Scheme 14.65). They exhibited optimum cytotoxicity against HeLa and
Bel-7404 cancer cells lines. Someof themexhibited an excellent inhibitory selectivity
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againstHeLa cells (IC50 = 9.2μM).Most importantly all the compoundswere almost
non-toxic to normal kidney epithelial cell lines (HEK293T). The insights from such
results may be useful for the novel design for new chemotherapeutic drugs [157].

This account gives clear view that the thiosemicarbazones and their metal
complexes have a great potential for further design conferring them with potent
bio-relevant and pharmacological properties.

14.5.15 Platinum(II)-Selenium-Based Compounds

The era of platinum(II)-selenium-based compounds has been started mainly because
of their similarity with their sulphur-based analogues, in their chemical reactivity,
structural aspects as well as known anticancer anticancer potency of selenium-based
compounds. As discussed earlier, the identification of platinum(II)-sulphur-based
short lived species as intermediates before DNA platination were formed. Addi-
tionally, similar to organosulphur compounds the organoselenium compounds (e.g.
selenomethionine) also are well known for the promising anticancer activities [158].
Additionally, the reactions of L-selenomethionine with cisplatin were studied by
using the electrospray-mass spectrometry (ESI–MS) and formation of diverse plat-
inum(II) complexes with selenomethionine (Se-Met) have been observed [159].
Hence, it was anticipated that the conjugation of selenium compounds with platinum
affording the analogues of existing Pt(II) based drugs, may achieve the potent anti-
cancer properties due to synergistic effect of both species. Additionally, the superior
chemical reactivities of selenium, especially the higher redox properties confer the
enhanced potency to selenium compounds. Additional feature of selenium of having
the 77Se as the NMR active nucleus which renders it most useful in characterization
as well as studying the mechanism of anticancer action of the Pt(II)-selenium-based
compounds due to distinct chemical shifts of various species of selenium involved
during anticancer function. These facts have led to beginning of new era of research
anticipating anticancer applications of platinum(II)-selenium-based compounds.

In continuation to earlier work of identifications of Pt(II)-methionine(S,N) deriva-
tives found in cisplatin treated patients, the researchers have thought about the similar
reactions of Pt(II) based drugs with selenomethionine (Se-Met) as well as further
interactions of Pt(II)-methionine(S,N) species with selenium containing amino acids
like selenomethionine (Se-Met) in body of Pt(II) drug treated patients. In this regard,
S. Robey and K. Williams have performed the exclusive work by studying the
various reactions of Pt(II)-methionine species as well as synthesizing the Pt(II) based
compounds with slenomethionine (Se-Met) at different pH conditions since the pH at
normal cell (7.4 units) and the acidic pH of cancerous cells (3–5 units) differ substan-
tially. [160]. All these studies were performed by using 1H NMR spectroscopic
tool.

Treatment of K2PtCl4 with selenomthionine (Se-Met) and sodium chloride in
D2O solvent (placed in NMR tube) and warmed on water bath at 80 °C afforded
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Scheme 14.66 Cisplatin
derivative with
selenomethionine Se

Pt

NH2

Cl Cl

COO

[Pt(Se-Met-Se,N)Cl2]+

H3C Se

Pt

NH2

Cl Cl

COO

H3C

the monochelated complex of composition [Pt(Se-Met-Se,N)Cl2]2+ existing as two
isomeric forms (Scheme 14.66). It is treated as the cisplatin derivative.

In case of treatments of methionine chelated Pt(II) compound [Pt(L-Met-
S,N)Cl2]2+.with Se-Met, the monochelated as well as well as bischelated species
were formed at lower pH (~ 2.8) and higher pH (~6.5) respectively (Scheme 14.67).

Formation of these products was authenticated by 1H NMR spectroscopy.
Additionally, the reactions between oxaliplatin derivative [Pt(en)ox]2+ and excess

of selenomethionine (Se-Met) were evaluated. Their reactions at acidic pH (4 units)
afforded the bis chelated [Pt(Se-Met-Se)2]2+ intermediate with removal of en group
while the same reaction at higher pH (7 units) afforded exclusively the monochelated
[Pt(en)(Se-Met-Se)2]2+ with retaining the en group (Schemes 14.68 and 14.69).

Additionally, the same reaction using excess of [Pt(en)ox]2+ lower pH (4 units)
afforded the nonchelated [Pt(en)(Se,Met-Se,N)]2+ species (Scheme 14.70).

All these above efforts suggested the versatile chemistry resulting in various struc-
tures of platinum(II)-selenomethionine species which are likely to form in the body
of Pt(II) based drug treated patients before they bind with the cellular target DNA
which lead to killing of cancer cells. Hence, this triggered the thoughts to design,
synthesize the Pt(II)-organoselenium compounds and evaluate them for anticancer
potency.

For this cause, highly water-soluble cationic Pt(II)-selenium-based compounds
having structural similarity to existing Pt(II) based drugs were designed and synthe-
sized (Scheme 14.71). They were designed as cisplatin analogues by replacing chlo-
rides of cisplatin by Se-O chelate of selenoethers with terminal COOH functional
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Scheme 14.67 pH dependent product formed after treatment of Pt(L-Met-S,N)Cl2]2+.with Se-Met
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Scheme 14.71 Various
complexes of Pt(II) with
selenoethers
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groups. Further, the same selenoethers coordinated with Pt(en) fragment affording
the compounds having structural similarity with oxaliplatin [161].

The typical synthesis strategy for achieving these compounds is shown
in Scheme 14.72. Accordingly, the aqueous solutions of [Pt(en)Cl2] or cis-
[Pt(NH3)2Cl2] were reacted with two molar equivalents of aq. AgNO3 followed
by two equivalents of aq. NaOH forming [Pt(NH3)2(OH)2] or [Pt(en)(OH)2]
species in situ which on further treatment with appropriate selenoethers afforded
the highly water-soluble Pt(II)-Selenoether complexes having general formula
[Pt(NˆN)(OOC(CH2)nSe(CH2)nCOOH)][OH] (NˆN= 2NH3 or en). They were well
characterized especially with NMR spectroscopy (1H, 13C, 77Se and 195Pt) and single
crystal X-ray diffraction analyses.

The binding of these [Pt(NˆN)(OOC(CH2)nSe(CH2)nCOOH)][OH] complexes
with 5′-guanosine monophosphate (5′-GMP) which a mononucleotide fragment on
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Scheme 14.72 Synthesis of water-soluble complexes of platinum(II) with selenoethers
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Fig. 14.5 Time-dependent 195Pt{1H} NMR spectral analyses clearly depicting the binding of a
Pt-selenoether complex [Pt(en)(OOCCH2SeCH2COOH)][OH] (δ = - −2865 ppm) with 5′-GMP
[Pt-5′-GMP binded product (δ = -−3198 ppm)]

DNAwas evaluated by time-dependent 195Pt{1H} and 77Se{1H} NMR spectral anal-
yses. It revealed that these, complexes bind with 5′-GMP within 8 h time (Fig. 14.5).
The complete binding was unambiguously established from the distinct chemical
shifts of 195Pt{1H} resonances. The test complex exhibited 195Pt{1H} NMR reso-
nance at δ = – 2865 ppm while its 4′-GMP binded product exhibited resonance at
δ = – 3198 ppm. Additionally, the 77Se{1H} NMR analyses in D2O also supported
the fact. The complex [Pt(en)(OOCCH2SeCH2COOH)][OH] (77Se{1H} NMR spec-
trum in D2O: δ 148 ppm (1JPt-Se = 280 Hz) after complete binding with 5′-GMP
formed [Pt(en)(HOOCCH2SeCH2COOH)(5′-GMP)][OH] complex which exhibited
a single resonance at 77Se{1H}NMR spectrum inD2O: δ 188 ppm (1JPt-Se = 438Hz).
The deshielding of Pt-5′-GMP product by 40 ppm as compared to staring complex
and a vast difference in their coupling constants (158 Hz) is a clear evidence of two
distinct species. The anticipated product is as shown in Scheme 14.73.

Furthermore, by using similar synthesis strategies the highly water-soluble
cationic cisplatin derivatives by either substituting the labile chlorides with a
chelating dimethyl pyrazolyl-based selenoethers or their analogues with substituted
amines [162]. Some of such compounds have been shown in Scheme 14.74.
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These compounds have also been prepared by using the similar reactions strate-
gies as discussed earlier for platinum(II)-selenium complexes. The synthesis of a
representative complex is as depicted below (Scheme 14.75).
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Scheme 14.75 Synthesis of Pt(II)-dimethylpyrazolyl-based selenides
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Additionally, the treatment of [PtCl2(PhCN)2]with dimethylpyrazolyl-based sele-
noether (1:1 and 1:2 molar ratio) in CH2Cl2 solution has afforded the cationic bis
dimethylpyrazolyl platinum(II) complex as a precipitated form. It is worthy to note
here that, a bis coordinated Pt(II) complex was formed exclusively irrespective of
stoichiometry of Pt(II) and selenoether moieties during synthesis (Scheme 14.76).

All these compounds have been evaluated for cytotoxicity against human ovarian
(A2780), colon (Colo205, HT29) and bladder (T24) cancer cell lines and compared
with the cytotoxicity of cisplatin and doxorubicin (adriamycin). They exhibited
cytotoxicity lower than the doxorubicin but comparable with cisplatin.

Furthermore, the preparation of Se containing Pt(II) based anticancer compound
Pt- EG-Se was performed by Sun and Xu et al. (Scheme 14.77) [163]. The coor-
dination of Se containing amphiphile (possessing both hydrophilic and lipophilic
properties) molecules like EG-Se with a cisplatin afforded the Pt-(EG-Se) complex
which was characterized with MALDI-TOF mass spectrometric analyses as well
as by 77Se NMR spectroscopy. This Pt-(EG-Se) complex induced apoptosis in the
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Scheme 14.76 Synthesis of Pt(II)-bis-dimethyl pyrazolyl complex
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cancer cells (viz., A549, MCF-7 and HT-29 cell lines) and tumour reduction in
tumour (HepG2) in the female BALB/C nude mice via the formation of ROS. The
ROS lead to high selectivity between cancer cells and normal cells in cytotoxicity
assays. It is important to note here that the Pt-(EG-Se) compound has exhibited effec-
tive inhibition of the tumour growth in case of tumour inducted mice. It is expected
that tuning the ROS concentrations in cells through the assembly of Se containing
compounds may be a general strategy to achieve anticancer selectivity. The anti-
cancer mechanism of such compounds is established to follow the ROS mediated
pathway leading for apoptosis induced byPt-(EG-Se) complex. The samePt-(EG-Se)
has exhibited killing of lymphoma and leukaemia cells (T-LBL/ALL) by inducing
cell cycle arrest as well as caspase and ROS mediated apoptosis via mitochondrial
signalling pathway [164]. The results have revealed that Pt-(EG-Se) compound is
anticipated as a potentially therapeutic compound for a treatment of T-cell acute
lymphoblastic leukaemia/lymphoma (T-ALL/LBL) cancer. Additionally, the results
exhibited that the complex, Pt-(EG-Se) exhibited the inhibition of Jurkat and Molt-4
cell lines viability which was dependent on a dose and time.

Recently, Xu et al. have reported about the selectivity in cytotoxic property of Pt-
(EG-Se) towards cancer cells. The basis for themechanism behind selectivity in toxi-
city is considered to be associated with defence system of glutathione (GSH) antiox-
idant. It is known that the elevated ROS level offer higher vulnerability for cells for
further elevation ofROS levels. ThePt-(EG-Se) compounds can enforce the abnormal
rise in reactive oxygen species, by depletion of glutathione. As a consequence, the
mitochondrial membrane potential falls leading to release of cytochrome, which
further results in apoptotic death of cell. These findings revealed that the glutathione
(GSH)-antioxidant system is an active target for achieving therapeutic selectivity to
the Pt(II) based anticancer compounds. The amphiphilic nature of platinum-selenium
coordination complexes enables them for assembling into nanoparticles and helps
in prolonging the circulation time of a drug in bloodstream, which is an important
feature for in vivo drug delivery. The in vivo anticancer investigations have exhibited
that the rate of inhibition of tumour growth for Pt-(EG-Se) compound was reached
up to ~70%. The most encouraging thing is that, the Pt-(EG-Se) exhibited minimum
side effects as compared to a drug, cisplatin. These results provide new opportunities
for design and development of novel therapeutic strategies against cancer [165].

Furthermore, Xu et al. have reported themonodispersed Pt-Se-based coordination
dendrimers with a Pt-Se core located deep inside. The structures of these dendrimers
were authenticated by various techniques. In this case, the Pt-Se-based coordination
dendrimers have shown the controlled anticancer activities, without any loading of
additional anticancer drugs.Additionally, their in vivo evaluations demonstrated their
potent anticancer activity with a desired low toxicity to the normal tissues [166].

The anticancer activity of these dendrimers was evaluated against liver cancer
cell lines (HepG2) by MTT assay. The cytotoxic potency of Pt-Se coordination
dendrimers was compared with Se containing dendrimers and cisplatin. The MTT
assay results revealed that Pt-Se coordination dendrimers have exhibited the anti-
cancer activity equivalent to cisplatin, while Se containing dendrimer exhibited lower
activity. The in vivo studies of the same compound were performed against tumour
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implanted by injecting 4T1 breast cancer cells in Balb/c mouse model which exhib-
ited the anticancer efficiency and most importantly the low toxicity to normal cells
[167].

The dendrimeric selenium compounds were prepared as follows. The L-
lysine mono-dendrons up to the third generation were prepared by utilizing
N-Boc protected, amino surface groups and N-(2-aminoethyl)amide group at
the focal side were synthesized according to the method reported by Appel-
hans et al. (Scheme 14.78) [168]. Accordingly, treatment of a dichloromethane.
solution of LG1-NH2 and 4,4′- (selenobis(methylene))dibenzoic acid with N,N-
diisopropylethylamine under argon atmosphere was done yielding a solid which was
dissolved followed by addition of (benzotriazol-1-yloxy)tris(dimethylamino)- phos-
phonium. The reaction mixture on stirring for 48 h, dissolved in dichloromethane
and washed with 1 M hydrochloric acid followed by washing with saturated sodium
bicarbonate. The obtained product was processed for purification with column chro-
matography using a mixture of dichloromethane and methanol (8:1 v/v) to obtain a
pure LG1Se compound. Other derivatives LG3Se and LG2Se were also prepared by
following similar procedure. Their structures are depicted in scheme as follows.

The synthesis of their Pt(II) complexes has been described. Accordingly,
preparation of Pt-Se coordination dendrimers viz., Pt/DLG1Se, Pt/DLG2Se/ and
Pt/DLG3Se. The dichloromethane solution of LG1Se treated with trifluoroacetic
under argon atmosphere for 39 min. On concentrating the solution, the product was
precipitated in diethyl ether. Itwas followedby centrifugation to isolate a solid sample
DLG1Sewhichwaswashedwith diethyl ether to obtain a clean product. The obtained
product was further reacted with cisplatin in aqueous solutions and stirred to afford
DLG1Se/Pt. Other derivatives viz., Pt/DLG2Se and Pt/DLG3Se were synthesized
by following similar synthesis strategies.
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Scheme 14.78 A typical Pt(II) complexe with dendrimeric selenium compounds
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14.5.16 Platinum(II)-Phosphine-Based Compounds

The drive for the search of novel anticancer agents having superior potency as well
as reduced toxicity over the existing Pt(II) based anticancer drugs has directed the
researchers to explore various Pt(II) based with diverse functional groups or moieties
which are known for biological potency, biocompatibility with human physiological
system, enhanced water solubility as well as better physicochemical properties. In
this regard, the phosphine-based moieties like 1,3,5-triaza-7-phosphaadamantane
(pta) were also explored. The rationale for use of such moieties was their high
catalytic activities [169], stability due to strong Pt-P bond as well as high water
solubility [170]. Additionally, the gold(I)- and gold(III)-phosphines have exhibited
potent antiproliferative and anticancer activities against H460, K562 and OVCAR8
cell lines with IC50 in the range of ~ 0.10–2.53 μM [171]. Along with these, the
auranofin, a phosphine containing gold compound is FDA approved antirheumatic
agent Additionally, various metal (e.g. Cu, Fe, Ru) complexes with phosphine-based
ligands have exhibited anticancer properties [172].
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O

O
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In viewof the importance of variousmetal-based phosphine complexes as pharma-
cological agents including anticancer potency, the design of platinum(II) compounds
with phosphines anticipating their potent anticancer activities was a prime interest
of researchers. In these efforts, the monofunctional platinum(II) complexes with
1,3,5-triaza-7-phosphaadamantane (pta) which show potent anticancer activity have
been synthesized (Scheme 14.79). These compounds exhibited cytotoxicity against
melanoma (A375) and human lung fibroblasts (MRC5) as evaluated by MTT assay
[170].

Furthermore, several new Pt(II) based complexes with saccharinate (sac) which
contained the phosphine ligands like PPh3, PPh2Cy, PPhCy2 andPCy3 having succes-
sive substitution of Ph (phenyl) group by Cy (cyclohexyl) group have been synthe-
sized by using diverse reaction conditions (Schemes 14.80 and 14.81) [173]. Their
anticancer activities were evaluated against a panel of cancer cell lines viz., lung
(A549), human breast (MCF-7), prostate (DU145) and colon (HCT116) cancer
cell lines and against normal bronchial epithelial (BEAS-2B) cell lines also. The
lipophilic nature and the accumulation of these complexes in cell are contributing
are contributing to their cytotoxic activity. Themechanistic studies of their anticancer
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properties revealed that these complexes are responsible for disproportionate forma-
tion of ROS and exhibit a dual-action, simultaneously targeting both genomic DNA
and mitochondria.

This brief account of findings of anticancer properties of Pt(II) complexes with
phosphines have clearly established them as a prominent class of Pt(II) based
compounds for future applications in medicine.
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14.5.17 Multinuclear Platinum(II) Based Anticancer
Compounds

Although the second and third generation platinum(II) based anticancer drugs have
exhibited reduced side effects aswell as the acquired resistance as compared to a drug,
cisplatin [174], but their toxicity profile does not differ much since the binding mode
remain same [175]. Hence, anticipating the possibility to overcome the limitations
of earlier Pt(II) based drugs, the multinuclear platinum complexes were designed
synthesized and evaluated for anticancer applications. As the name suggests, two or
more platinum centres linked through aliphatic carbon chains constitute the mult-
inuclear platinum complexes. Each Pt centre can covalently bind to DNA. Owing
to their structures, they are able to form entirely different types of DNA adducts as
compared to DNA adducts with cisplatin and its derivatives [176], which facilitates
the enhanced killing of cancer cells. From literature, it is clear that, the multinuclear
platinum complexes achieve their activity from the distinct adducts which they form
with DNA. The design, synthesis and activities of multinuclear platinum complexes
has been reviewedwell byCollins et al. and Farrell et al. [177]. It should be noted here
that alongwith the excellent anticancer activity, themultinuclear platinum complexes
have the associated toxicity for the normal cells also, this fact limits their clinical
use. Hence, the search for novel multinuclear platinum complexes without severe
side effects is of prime interest.

It will of worth to discuss few examples of multinuclear complexes. In initial
efforts, the multinuclear platinum complexes were prepared by the linking of two
cisplatin or cisplatin-like centres by an aliphatic diamine chain (Scheme 14.82) [178].
Further efforts were directed with leaving group modification strategies. Hence, the
chlorides were replaced by malonate species which afforded the complexes with



706 P. P. Phadnis

Scheme 14.82 Dinuclear
platinum complexes
containing two linked
cisplatin centres, where n =
2–6
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enhanced water solubility. Such complexes exhibited better anticancer activity in
cisplatin resistant cancer cell lines [179].

These complexes exhibited their binding DNA similarly to cisplatin through the
GpG intrastrand cross-links, Additionally, they formed longer range intra- as well as
inter-strand adducts also [24]. The mechanistic studies revealed that these complexes
produced a high percentage of inter-strand adducts [179].

By using similar strategies further structural developments were performed by
linking two cisplatin molecules through a 4,4′-dipyrazolylmethane (dpzm) linker.
Its analogous compounds where one of cis-ammine was replaced with DMSO were
reported (Scheme 14.83). Furthermore, the doubly bridged analogous complexes
were also developed (Scheme 14.84). Additionally, their Pt(IV) analogues were also
synthesized by using the similar synthesis strategies (Scheme 14.85). They were
evaluated for anticancer activities both in vitro and in vivo [180].
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Furthermore, the platinum(II) complexes where two cisplatin were linked with a
sulphur or selenium containing dipyridyl linker have been synthesized by Zhao et al.
(Scheme 14.86) [181]. Additionally, the Wheate et al. have reported the di- as well
as tri-nuclear Pt(II) complexes linked by the dipyrazolylmethane (dpzm) moieties
(Scheme 14.87).

Additionaly, in a different approach, Komeda et al. designed and synthesized a
various multinuclear Pt(II) complexes where Pt(II) centres were linked by pyrazole
(Scheme 14.88) [182].

Additionally, a tetranuclear complex using a branched aminoalkane linking chain
was designed and synthesized by Jensen et al. (Scheme 14.89) [183].

This account clearly depicted that the multinuclear platinum(II) and platinum(IV)
complexes were designed to overcome limitations of existing Pt(II) based drugs. The
multinuclear complexes have advantage of enhanced killing of cancer cells owing to
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Scheme 14.86 Cisplatin linked through dipyridyl mono-sulphide or mono-selenide
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their different modes of Pt–DNA interaction and subsequent binding. But the high
toxicity to the normal cell is a limiting its clinical application. Hence, it gives a
lot of scope to design and develop these complexes conjugated with biologically
compatible groups or better the biomolecules.

14.5.18 Photoactivable Platinum(II)- and Platinum(IV)
Based Anticancer Compounds

(a) Photoactivable platinum(II) compounds

This class of platinum(II) as well as Pt(IV) based anticancer compounds is also
known as class of photochemotherapeutic agents. This class was also explored to
overcome the side effects and limitations of conventional platinum(II) based FDA
approved anticancer drugs. Hence, the photo-activatable Pt-based antitumour agents
are designed in order to increase a selectivity for cancer cells while sparing the
undamaged tissues which eventually leads to lowering the toxicity. Such compounds
work on principle of photoactivation to form cytotoxic platinum(II) species. In such
strategies, it is should to be noted that the photo-therapeuticwindow is in 620–850 nm
rangewhich is relatively narrow, hence anynewphoto-activatable drug is needed to be
excitedwithin this range only.Hence, theymust be designed in order to facilitate them
to enforce a direct interaction of a metallic centre and DNA after the irradiation in
the photo-therapeutic window. In case of Pt(II) based compounds, the leaving groups
should be cleaved upon photo-irradiation forming the Pt2+ suitable for binding with
DNA.While in case of Pt(IV) the photo-irradiation should lead to photo-reduction of
axial ligand species liberating the cytotoxic Pt(II) based compounds which are able
to interact with DNA to perform their anticancer function. Hence, the both Pt(II) and
Pt(IV) complexes were designed. It is revealed from the reports that such compounds
have a potential to be applied for treating the localized tumours which are accessible
for laser-based fibre-optic devices.

In case of platinum(II) based compounds, the modifications of amines were
performed with the variously substituted bulky aryl or heterocyclic moieties (e.g.
biphenyl, dipyridyl, anthracene) which are susceptible for photoactivation. These
compounds are nothing but the photoactivable cisplatin derivatives. Some represen-
tative compounds were developed by Jacquemin et al. and they were theoretically
studied by molecular dynamics simulations and density functional theory for their
time-dependent bindingwithDNA forming Pt–DNAadduct aswell as for the compu-
tational studies for their optical properties [184]. Some representative compounds
are shown in Scheme 14.90.

Furthermore, the Pt(II)-terpyridine-based monocationic complexes having the
photoreleasable azide group [Pt(terpyridine)(N3)]CF3SO3 or [Pt(NˆCˆN)(N3)] were
synthesized (Scheme 14.91).

They were evaluated for anticancer activities. They exhibited potential as dual
photoactivable (photochemotherapeutic) aswell as photodynamic therapeutic agents.
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These complexes exhibited intercalation with DNA similarly to their chlorido
analogues. Additionally, they generated the singlet oxygen species upon irradia-
tion with a blue light having 420 nm wavelength. The singlet oxygen is known
for its potency to kill the cancer cells. The photoactivation of azido-based Pt(II)
complexes results in releasing of azide (N3) ligands with formation of new plat-
inum(II) species which eventually bind with DNA and ultimately exhibit cytoxicity.
These crucial properties seem to be responsible for conferring a potential cytotoxicity
for dual-action photoactive prodrugs (Fig. 14.6).
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Fig. 14.6 Pt(II) photo-therapeutic and photodynamic therapy applications of Pt(II) compounds

In addition to these two representative examples, few more photoactivable plat-
inum(II) complexes, were reported to possess anticancer activities. They are typi-
cally transplatin derivatives. The representative compounds are as depicted in
Scheme 14.92 [185].

Similarly, some reports of the photosensitive Pt(II) based compounds have
described the excitation of triplet oxygen species enabling the compound for cancer
cell killing and the process known as photodynamic therapy (PDT) [186].

(b) Photoactivable platinum(IV) compounds

The Pt(IV) prodrug photoactivable compounds usually formed by substituting the
leaving chlorido groups of cisplatin or its derivatives by the photocleavable iodo (I)
or azido groups (–N=N=N). Two types of photo-activatable platinum diam(m)ine
complexes viz., diiodo-platinum(IV) and diazido-platinum(IV) are explored so far.
These compounds after irradiation with photon, lead to photochemical reduction
forming the cytotoxic Pt(II) species which bind with DNA, ultimately leading to
cancer cell death.
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The first generation of Pt(IV) photoactivable prodrugs were cisplatin derivatives
with iodo ligands as leaving groups while non-leaving groups were either ammine
(NH3) or ethylenediamine. The axial OH groups of primary prodrug were substituted
with chloride, ester or sulphur-based ligands (Scheme 14.93).

A representative photo-reduction reaction of iodo-based platinum(IV) compounds
forming cytotoxic products after irradiation (hυ) which binds with which bind
with the 5′-GMP, a fragment on DNA. It clearly evidenced the photo-reduction
of Pt(IV) species to form a hydroxyl-based product which bind with the 5′-GMP
(Scheme 14.94) [187].

The first generation, platinum (IV)-I2 complexes like cis, trans-[Pt(en) I2(OAc)2],
react with visible light followed by their irreversible binding with DNA or forming
the adducts with 5′-GMP (fragment on DNA) in the same mode as [Pt(en)Cl2] binds
with these species. Additionally, the products formed after photolysis are cytotoxic
to human cancer cells in vitro. However, it is evident that such complexes are highly
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reactive towards the thiols in biosystem (e.g. glutathione), which quickly reduce them
to the cytotoxic Pt(II) species. This makes them unsuitable to use as the drugs.

Further developments have lead to second generation Pt(IV) photoactivable
prodrugs. These compounds were having the substituted amines like pyridyl,
dipyridyl, anthracene, picolyl or thiazolyl moieties. The photocleavable groups were
the azide. They were derivatives of cis- or transplatin (Scheme 14.95) [13a].

These compounds exhibited cytotoxicity. The typical mechanism of in situ reduc-
tion of Pt(IV) is discussed. The irradiation of azide-based Pt(IV) with photon lead
to photo-reduction forming the real cytotoxic Pt(II) species (Scheme 14.96).

The Pt(IV)-diazido complexes belong to the second generation of such photoac-
tivable complexes. They are represented as and cis, trans-[Pt(en)(N3)2(OH)2] and
cis, trans, cis-[Pt(N3)2(OH)2(NH3)2]. They also exhibit the photosensitivity, their
irreversible binding with DNA and formation of similar types of products with DNA
or 5′-guanosine monophosphate up on exposure to light similarly to the respective
Pt(II) based complexes. But, they are stable and don’t react with glutathione (GSH),
consequently they exhibit very less cytotoxicity in the dark conditions. Their expo-
sure to light of wavelength 366 nm leads to their activation to cytotoxic species
which efficiently kill the cancer cells. Interestingly, the all the -trans analogue
(e.g. transplatin), trans, trans, trans-[Pt(N3)2(OH)2(NH3)2] does not exhibit toxi-
city to HaCaT keratinocytes cells in dark conditions while it exhibits cytotoxicity
comparable to cisplatin up on exposure to light. The studies have revealed that the
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photo-activatable and antitumour complexes of Pt(IV)-azido type signify a promising
domain of research for new development of novel anticancer drugs.

Additionally, some complexes like Pt(IV)-diazido complex trans,trans,trans-
[Pt(N3)2(OH)2(py)2] were observed to interact with DNA when activated by UVA
as well as by visible light. Activation by visible light is beneficial for further
developments of modality.

N3 N
Pt

N N3
OH

OH

[Pt(N3)2(OH)2(py)2]

The complex [Pt(N3)2(OH)2(py)2] is not reactive in dark conditions but it exhib-
ited cytotoxicity when it was photoactivated by irradiating with UVA as well as with
visible light. Now it is proved that after photoactivation Pt(IV)-diazido complex accu-
mulates in the tumour cells, which facilitate its binding to DNA under the conditions
in which it exhibits toxicity to the tumour cells. In such cases, the features of DNA
adducts like conformational alterations induced by photoactivated trans,trans,trans-
[Pt(N3)2(OH)2(py)2] are particularly different as compared to those produced usually
in DNA by cisplatin or transplatin. The findings help to elucidate the different cyto-
toxic effects of [Pt(N3)2(OH)2(py)2] after photoactivation and a cisplatin. Hence,
these facts thereby new visions in regard tomechanism associatedwith the anticancer
effects of photoactivable platinum complexes.

Along with the Pt(IV)-iodo and -azido complexes, the new class of photoactive
compounds is under investigations. These compounds on irradiation with photon
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(365 nm) lead to homolytic Pt–O bond cleavage forming aryl carboxyl radicals via
spin-trapping and exhibited that the photoreduced platinum species mirror cisplatin
reactivity towards DNA (Scheme 14.97).

Some compounds belonging to this class are as follows (Scheme 14.98).
In addition to the applications of the porphyrin-based compounds to kill cancer

cells by using photodynamic therapy (PDT), their complexes with platinum(II) were
observed to exhibit light-induced anticancer properties also. These tetra platinated,
Pt(II)-porphyrin complexes exhibited minor cytotoxicity in the dark conditions, but
after irradiationwith light by visible light at 420 nm they exhibited potent cytotoxicity
(IC50 values <19 nM) against HeLa cells. Hence, such complexes are acting for a
dual purpose of PDT as well as cytotoxic agents. Hence such compounds having
synergistic effects of two or more properties can lead for further developments in
anticancer drugs (Scheme 14.99) [188].
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This account clearly states the utility of photoactivable platinum(II) as well as
platinum(IV) complexes for anticancer applications by (i) photo-cleavage of the
iodo, azide or organic groups through reduction leading to platinum(II) specieswhich
bind with DNA and kill cancer cells (ii) the photosensitive bulky organic moieties
(e,g., porphyrin, terpyridine) produce reactive oxygen species like singlet oxygen
killing cancer cells—knows as photodynamic therapy. Even the complexes having
combination of both aspects have been reported which act synergistically.

Hence, such complexes are useful for treatment of deep sited cancers in body.
It gives opportunities for the researchers to develop such compounds which can be
photoactivated by their irradiationwith an appropriatewavelength of harmless visible
light.
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14.5.19 Luminescent Platinum(II) Based Anticancer
Compounds

In developments of anticancer compounds, designing of novel complexes can be
performed only after understanding of the mechanism of drug action, its interactions
with biological system from entry point till interactions with molecules present in
cancer cells. These aspects can be investigated by continuous monitoring of drug
molecule after the treatment. Hence the drug molecules should be modified by
applying the fundamental knowledge of chemistry. It can be achieved by (i) radio-
lablling of drug molecules and (ii) conjugating the drugs with luminescent moieties.
The latter way of luminescent molecules is more convenient way. Additionally,
instead of attaching a luminescent moiety to drug, it is more preferable to design
a drug which itself exhibits excellent luminescence after irradiation with light. In
this regard, it should be noted that the lanthanide-based organometallic compounds
exhibit the luminescent properties due to electronic transitions in lanthanon metal
ion itself; the structural features related to ligand system of them can be extended to
platinum-based compounds also because the platinum ion has ability of appropriate
binding with DNA due to its suitable ionic size. This can also be achieved by using
knowledge of chemistry related to chromophoric organic moieties and transitions
of electrons among the appropriate energy levels. Hence, one needs to choose the
ligand systems which are usually the organic moieties which afford the lumines-
cence properties to a drug molecule. Few complexes have reported for this cause.
Let us discuss the representative examples of platinum-based luminescent molecules
exhibiting potential anticancer properties.

The luminescent platinum(II) complexes exhibiting the anticancer properties:
were developed byChe et al. [189] (Scheme14.100).Under physiological conditions,

N
N NHPt

N

R

X

R = X = CF3SO3

R =
X = Cl or CF3SO3

Scheme 14.100 Chemical structures of the platinum(II) complexes
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these complexes exhibited colour emission and sustained release properties which
rely on pHconditions. The cyclometalated Pt(II) luminescent complexeswith various
isocyanide groups as ligands were synthesized by treatment of [Pt(CˆNˆNpyr)Cl]
with an excess of isocyanide ligand followed by stirring of a reaction mixture for
10–12 h at the room temperature.

Furthermore, Contel et al. designed and synthesizes the platinum(II) complex
with a luminescent iminophosphorane ligand obtained from 8-aminoquinoline frame
[Ph3P = N–C9H6N]. The obtained platinum(II) coordination compound, after
performing the C–H activation of a Ph group of PPh3 fragment, was evolved to
afford a stable cyclometalated endo [Pt{κ3–C,N,N–C6H4(PPh2 =N–8–C9H6N)}Cl]
complex. Iminophosphorane as well as its Pt(II) complex exhibited luminescence in
DMSO or DMSO and H2O mixture(1: 1 v/v) solutions at room temperature. The
compound exhibited antiproliferative properties against human ovarian (A2780S),
in human lung (A549) cancer cells and in a non-tumorigenic human embryonic
kidney cell line (HEK-293 T). The platinum compound exhibited more toxicity to
the cancer cell line than to the non-tumorigenic cell line. Studies of the interactions of
the compound with DNA revealed that, they exert their in vitro anticancer properties
based on diverse mechanisms of action as compared to cisplatin (Scheme 14.101)
[190].

Additionally, the same group (Che et al.) have developed the luminescent
platinum(II) complexes coordinated with bidentate N-heterocyclic carbine ligands
(Scheme 14.102). These compounds exhibited selective localization in the endo-
plasmic reticulum (ER) domain and induced the ER stress which eventually leads to
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cell apoptosis. Some of them have exhibited the potent phototoxicity to cancer cell
lines [191].

In view of the importance of understandingmechanistic aspects and develop novel
platinum-based drugs with multiple functions, there is a lot of scope to design the
water-soluble platinum-based luminescent molecules for anticancer applications.

14.5.20 Radio-Labelled Platinum(II)- and Platinum(IV)
Based Compounds

The research for the novel platinum(II) or platinum(IV) complexes as anticancer
agents is still progressing to overcome the limitations as well detrimental side effects
of existing platinum-based drugs in clinical treatments. This process of drug devel-
opment requires proper understanding of mechanism of their anticancer actions. To
achieve this goal, the synergistic use of molecular imaging and targeted drug delivery
strategies provide better opportunities new research areas like ‘image-guided drug
delivery’ (IGDD), which holds tremendous potential towards clinical translation of
novel cancer drugs [192] which help to track the mechanism, measure the delivery
efficiency of drugs, bioavailability, therapeutic efficacy, etc. Although fluorescent
probes can be conjugatedwith the drug, but limitations like non-photostability or auto
fluorescence associated on using these fluorescence [193] hamper their application
in human body.

But the most promising option for this purpose would be the synthesis of suitable
radio-labelled analogues of platinum-based drugs under investigation. This could
be achieved by incorporation of the radionuclide 195mPt during the synthesis of
novel platinum-based drugs or existing drugs under study [194]. The radionuclide
195mPt decays to stable 195Pt by isomeric transition (IT) (half-life ~ 4.02 days) and
emits gamma photons of 66.8 keV (39%), 65.1 keV (22.5%), 75.7 keV (16.8%) and
98.9 keV (11.4%) energy [195]whichwould allow thevisualizationof the 195mPt(IV)-
prodrug after it is administered into the patient. This can help to achieve multiple
goals, real-time assessment of efficiency of targeting of the drug in the diseased
site, its accumulation in healthy organ/tissue, modes of excretion and monitoring the
progress of drug treatment.

In viewof this the 195mPt labelled existingPt(II) based drugs aswell as novel Pt(IV)
prodrugs under investigation have been synthesized and have been investigated for
anticancer applications as well as for mechanistic investigations.

In such efforts, the 195mPt labelled cisplatin was synthesized. It exhibited cytotox-
icity against Ehrlich’s adenocarcinoma tumour cells. The cytotoxicity was exerted
through apoptotic and necrotic pathways [196]. In other efforts, El-Sharkawi et al.
have performed the gamma camera scintigraphy of tumours using 195mPt-labelled
cisplatin [197].

Furthermore, the 195mPt labelled transplatin, trans-[195mPtCl2(NH3)2] was also
synthesized. It exhibited chemotoxicity and radiotoxicity against Chinese hamster
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V79 cell lines. The results revealed the efficacy of 195mPt in causing high-LET radi-
ation type biological effects. The radiotoxicity associated with 195mPt localized in
nucleus of cells, along with ability of platinum-based anticancer compounds to bind
with DNA in the cell nucleus, anticipates that the synergistic combination of chem-
ical and Auger electrons effects from the 195mPt labelled radioplatinum coordination
complexes may have a great potential in the treatment of cancer [198].

Additionally, the 195mPt labelled carboplatin derivative was also synthesized with
its chemical purity >99.3%, the radionuclidic purity of nearly 100% and the specific
activity was 6.0 MBq, mg−1 [199].

Furthemore, to understand the mechanism of newly developed Pt(IV)
prodrugs of cisplatin, the strategies of 195mPt labelled compounds were
designed. A typical synthesis methodology was developed by Phadnis et al.
(Scheme 14.103). [200]. Accordingly, a highly water-soluble 195mPt-labelled
[195mPtCl2(OCOCH2CH2COOH)2(NH3)2] compound which is a Pt(IV) prodrug of
cisplatin, was conveniently synthesized. The radio thin layer chromatography as well
as gamma ray spectrum of the product has confirmed the 195mPt labelling (Fig. 14.7).
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Fig. 14.7 A typical gamma ray spectrum of intrinsically 195mPt-labelled Pt(IV)-cisplatin prodrug

14.6 Design and Synthesis Strategies Platinum(IV)
Prodrug Complexes

The octahedral Pt(IV) prodrug compounds have been proposed for anticancer appli-
cations to overcome the limitations of cisplatin. The rationale behind this design and
strategies of developing the Pt(IV) prodrugs by conjugating axial groups with polar
functional group containing organic frames, biomolecules, clinical drugs or fluores-
cent tags have been described already in Sect. 3.6. All the strategies are schematically
presented in (Fig. 14.8). The Pt(IV) prodrugs after entering in cancerous cell, readily
get reduced to corresponding Pt(II) species which are active drugs. After this stage
the anticancer action of these compounds follow the same mechanism of clinically
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approved Pt(II) based drugs like cisplatin. The reduction of axial groups is performed
by chemical reductants in cancer cells as well as external photolysis process also help
for this cause.

Synthesis Strategies

The platinum(IV) prodrugs are conveniently synthesized by oxidation of Pt(II) based
drugs by treatment of H2O2 in aqueous solutions at hot conditions (~60 °C) and
stirring for 5 h. The oxidized Pt(IV) having two axial hydroxide (OH) geoups gets
formed. It’s a key molecule. The substitution rections perfomed with OH group help
to conjugate various bioactive, biocompatible species as discussed earlier. The typical
synthesis strategoes are depicted in Scheme 14.104.

Furthermore, the two derivatives of Pt(IV) prodrugs containing Vit E (α-
tocopherol; α-TOS) linked at axial positions are conveniently synthesized
(Scheme 14.105) in a single step by treatment of [Pt(NH3)2Cl2(OH)2] or
[PtCl2(NH3)2(OH)(OEt)] with the acid anhydride derivative of α-tocopherol in DMF
solutions and warmed at 50 °C for overnight (~10 h) [201].

Recently, the axial groups were linked with chlorambucil which is a
chemotherapy drug used to treat chronic lymphocytic leukaemia, Hodgkin
lymphoma, andnon-Hodgkin lymphoma.As described in earlier processes, oxoplatin
[Pt(NH3)2Cl2(OH)2] was synthesized in aqueous solution. Further, it was treated
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with an equimolar N-hydroxysuccinimide (NHS) protected chlorambucil in dimethyl
sulfoxide (DMSO) solution at room temperature afforded a Pt(IV) prodrug of
cisplatin linked with chlorambucil (Scheme 14.106) [202]. It is anticipated that such
linking of anticancer drugs will enhance efficiency or treatment since both the drugs
will acts in synergistic manner.

Additionally, the Pt(IV) prodrugs linked with fluorescent probes were also devel-
oped in order to be helpful for themechanistic studies aswell as understand efficiency
of killing of cancer cells, means to ensure the complete killing of cancer cell. Even
if few cancer cells remain they lead the further growth of cancer. Hence complete
eradication of cancer cells is essential which can be judged precisely with the help of
fluorescence probe. In this effort, Lippard et al. have developed the Pt(IV) prodrug
of cisplatin conjugated with the fluorescein (Scheme 14.107).
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14.7 Conclusions

In this chapter, initially the anticancer mechanism of platinum(II) based clinical
drugs proved crystal structural analyses has been explained. The new insights and
results in the research related to the anticancer mechanism are also briefed. Later the
account of development of the Pt(II) based drug has been given. It is followed by the
new design strategies with objective of overcoming the side effects and drawbacks
of clinically approved Pt(II) based drugs. Eventually, various Pt(II) complexes were
designed and evaluated which led to various classed depending on their chemical
composition (modifications in leaving or carrier groups of clinical drugs) and phys-
ical properties (luminescent, photoactivable, radioactive labelled compounds, etc.).
Hence, the various classes of platinum(II) based anticancer compounds have been
described with representative examples of the complexes evaluated for anticancer
activities. Additionally, the prodrug concept which led to develop Pt(IV) compounds
with various modifications was also briefly described. From this account, we hope
that the present chapter may be helpful for the beginner researcher in the domain
of design and developing synthesis strategies of novel platinum-based anticancer
agents.
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Chapter 15
Synthesis, Properties and Applications
of Intermetallic Phases

Ratikant Mishra and Rimpi Dawar

Abstract Intermetallic phases constitute a unique class of materials composed of
two or more metals, sometimes non-metallic elements also, in definite proportions.
They have well-defined stoichiometry, crystal structure and can exhibit metallic,
covalent or ionic bonding. High mechanical strength, resistance to corrosion and
adequate ductility of intermetallic phases make them widely applicable as structural
materials for automobiles, aerospace, telecommunication, electronics, transport and
heavy industries. There is a huge demand for alloys having high mechanical strength
and corrosion resistance at elevated temperatures for energy applications. The phys-
ical properties and mechanical strength of alloys are governed by the presence of
intermetallic phases in these alloys. The formation of these phases in a given alloy
system on other hands is governed by the nature of synthesis of alloys, level of impu-
rity phases present and the heat treatment process. Experimental conditions, like,
level of vacuum, annealing temperature, rate of cooling and thermal shock are among
the factors that play vital role in tailoring their properties. In the present chapter,
types of intermetallic phases, various experimental procedures for their synthesis,
processing and their properties will be discussed. Details of synthesis processes
including heat treatment in different types of furnaces, mechanical alloying, elec-
trochemical processes, chemical reduction methods will be discussed. Influence of
annealing conditions on material properties will also be presented. The knowledge
of phase diagram, structure and thermodynamic parameters in fixing the material
properties will be brought out. The chapter will also include some of the techno-
logically important intermetallic phases, their method of synthesis, properties and
applications.
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15.1 Introduction

Intermetallic phases (IPs) are fascinating group of materials that have attracted atten-
tion in recent years [1–3]. These phases contain two or more metallic /semi-metallic
elements with a fixed composition and have a distinct crystal lattice compared to
their constituent elements [4–6]. They can be considered as ordered phases of two
or more metals in fixed atomic ratio [7]. The impact of intermetallic compounds
could not be realized for a very long time, mainly due to the problems associated
in finding high strength, ductile and tenacious materials that can meet the demands
for high-temperature applications [8]. The potential of intermetallic phases for high-
temperature applications was realized in the early 1900s. Kurnakov et al. [9] led the
foundation of the subject of intermetallic compounds in 1916. The subject of inter-
metallic phases gained importance after the path making discoveries of Aoki and
Izumi [10] in 1980s. Last few decades have witnessed a huge progress in the field
of intermetallics on production of high-temperature alloys for power generation,
aero engines, automobiles, turbochargers etc. Apart from the above applications,
intermetallic phases have been extensively used for chemical, magnetic, optical and
semiconducting applications.

Initial attempts to synthesize intermetallic phases with adequate ductility and
high-temperature creep strength did not succeed. These attempts have led to the
germination of many ideas which have helped in the development of a series of
alloys and phases. For example, introduction of additional elements/new phases and
modifying the process parameters to change the properties of intermetallic phases
have allowed tailor making of the microstructures as per the application demand.

Intermetallic phases generally melt at higher temperature. The properties of inter-
metallic phases are intermediate betweenmetals and ceramics.While these materials
are often resistant to oxidation at high temperature, there is significant reduction in
the toughness and processing abilities [11–13] of these materials as compared to
constituent elements at high temperature. Due to their high structural stability and
improved ductility, many intermetallic phases are extensively used in engineering
applications. For example, titanium aluminides have been used as construction mate-
rial for Boeing [14], whereas nickel aluminides are used as structural material for
fabrication of aeroplane turbine engine parts [15].

Intermetallic phases are most commonly defined by system of Pearson symbols
[16]which consist of an array of two letters and a number. The small letter (first) refers
to the crystal system, whereas capital letter (second) corresponds to the lattice type.
Thenumerical value at the last gives the number of atomspresent in the unit cell. Some
times Strukturbericht symbol, such as A2 and B2, is used for identifying a crystal
structure. In this representation, pure elements are symbolized as A, compounds of
type XY are symbolized as B, compounds of type XY2 type as C, XmYn type as D
and a compound having three or more elements as E, F, G, etc. Examples of typical
intermetallic phases with their respective Strukturbericht and Pearson symbols are
given in Table 15.1.
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Tabel 15.1 Strukturbericht and Pearson symbols of some intermetallic phases

Phases Strukturbericht
symbol

Pearson
symbols

Phases Strukturbericht
symbol

Pearson
symbols

FeAl B2 hR1 Cu2Te D6 hP6

CuPt B2 cP2 Mo2B5 D7 hR7

ZnS (blende) B3 hR2 Nb3Al D8 cP8

AuCu B4 hP3 Ni3Sn D8 hP8

CrB B8 tP4 Ni3Al D9 cP4

AgZn B9 oC8 Er3Ru2 D10 hP10

γ-CuTi B11 hP9 Fe7W6 D13 hR13

β’-AuCd B19 hP12 Fe3Te3 D14 hP14

PdAl B26 hR26 Mg2Ni D18 hP18

σ-FeCr B30 tP30 Fe3Th4 D20 hP20

CoSi2 C2 cF2 Cu3P D24 hP24

MoSi2 C6 tI6 Mn7C3 D40 oP40

IrGe4 C15 hP15 Cu5Zn8 D52 cI52

MgCu2 C24 cF24 ScRh6P4 E4 hP11

Li3N D4 hP4 AlN3Ti4 E16 hP16

Cu3Au D4 cP4 Fe12Zr2P7 E21 hP21

Al3Ni2 D5 hP5 Al9Mn3Si E26 hP26

Bi2Te3 D5 hR5 Co2Al5 D28 hP28

15.2 Types of Intermetallic Phases

Intermetallic phasesmaybe classified as stoichiometric or non-stoichiometric phases.
Stoichiometric intermetallic phases have fixed compositions. They are represented
by a vertical line in the phase diagram. Some examples of stoichiometric intermetallic
phases are: AlSb inAl–Sb system,Mg3Ni inMg–Ni system, Fe3Te2 in Fe–Te system,
Fe3C in Fe–C system, etc. Non-stoichiometric compounds, on the other hand, have
a range of solubility of their constituent elements in the parent lattice. The ratio of
well-defined natural numbers can not represent the elemental composition in these
compounds. They may be called as intermediate solid solutions. Based on the crystal
structure, nature of bonding and particle size, IPs can be classified into the following
categories.

15.2.1 CsCl Type Phases

In CsCl type of phases, one of the atoms occupies the (0, 0, 0) lattice positions in
cubic unit cell, while the other atom occupies (½, ½, ½) position. For example, Cl−
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ions form a primitive array of cubic lattice. Coordination number (C.N.) of Cs+ and
Cl− is 8. Typical examples of such phases are MgSe, PbSe, CaTe, CuZn, CuPd and
TiX with X = Fe, Co, Ni.

15.2.2 CaF2 Type Phases

In calcium fluoride type structure, each of the less electropositivemetal is surrounded
by four more electropositive metal and each more electropositive is surrounded by
eight less electropositive metal. These phases form cubic close packing (CCP) type
of arrangement with electropositive metal at all the corners (000) and at the centre
of each face of the cube. Electronegative atoms occupy all the tetrahedral sites (¼,
¼, ¼). Some of the coloured intermetallic phases of platinum and gold with alloying
elements such as X = Al, In and Ga exhibit CaF2 structure. The colour effects in
such phases are generally achieved by changing content of gold and platinum while
keeping ratio (Au, Pt)X2 constant.

15.2.3 Zinc Blende Structure Type Phases

The elements of group III–V form intermetallic phases with ZnS type crystal struc-
ture. Examples are: GaP, GaAs, GaSb, InP, InAs, InSb. Most semiconductors of
commercial importance are isomorphouswith diamond and zinc blende crystal struc-
ture. For example, the structure of GaAs crystal may be thought of two interpene-
trating fcc lattices, one for arsenic the other for gallium, with their origins displaced
by one quarter along a body diagonal. Ga occupies lattice corners and fcc positions
and As atoms occupy alternate tetrahedral sites.

15.2.4 Wurzite Type (ZnS) Phases

Examples of intermetallic phaseswithWurzite type crystal structure are ZnTe,MnSe,
AlN, GaN, InN, TlN, etc. Wurzite is a more open structure with high lattice energy
than zinc blende type structure. These structures are thermodynamically less stable
and tends convert to zinc blende type structure. They have higher band gap compared
to zinc blend type phase.
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15.2.5 Nickel Arsenide (NiAs) Phase

This structure type is commonly formed by the transition metal alloyed with the
metalloid of group 15 and 16 such as As, Bi, Sb, Se and Te forming chalcogenides,
arsenides, antimonides and bismuthides of transition metals. The structure of these
compounds is hcp with sequence of layers of metal and metalloid atoms stacked
alternatively. These phases exhibit wide range of solubility. Examples of compounds
having NiAs type structure are: NiSb, NiSn, FeSb, PtSn, MnAs, MnBi, PtBi, NiS,
NiSe, NiTe, FeS, FeSe, FeTe, CoS, CoSe, CoTe, CrSe, CrTe, MnTe, etc.

15.2.6 Electron Phases

The intermetallic phases formed at definite electron concentrations are called electron
phases. In these phases, the electron concentration determines their stability. The
phases are also known as Hume Rothery phases in the name of their discoverer.
These phases show high degree of solubility of the component elements. Electron
phases are formed at fixed values of valence electron to atom ratio in the alloy
phase, i.e. 3:2, 21:13 and 7:4. Some examples of electron phases are CuZn (3:2),
Cu5Zn8(21:13) and CuZn3(7:4).

15.2.7 Laves Phases

The laves phases denote intermetallic phases with general chemical formula AB2.
Examples of three prototype structures are: (a) MgCu2, (b) MgZn2 and (c) MgNi2.
Out of these,MgCu2 is cubicwhileMgZn2 andMgNi2 are hexagonal. A large number
of intermetallic compounds are iso-structural with the above Mg-based compounds.
Table 15.2 gives the examples of laves phases iso-structural with MgCu2, MgZn2
and MgNi2.

Table 15.2 Examples of laves phases iso-structural with MgCu2, MgZn2 and MgNi2 type phases

MgCu2 structure type MgZn2 structure type MgNi2 structure type

CuBe2 MnBe2 MgNi2

CeAl2 CaMg2 MgPt2

UAl2 ZrCr2 U(Fe, Ni)2

BiAl2 TiMn2 U(Mn, Ni)2

CeCO2 UNi2 U(Mg, Zn)2

UMn2 CoCrTa
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In laves phase, the atom ‘A’ is generally larger compared to atom ‘B’. The forma-
tion of these phases is favoured when the ratio of the atomic radii of constituent
atoms (rA and rB) is close to 1.225 (ranging from 1.1 to 1.6).

15.2.8 Interstitial Phases

Interstitial alloy refers to ametal lattice inwhich the crystal lattice is formedbymetal–
metal bond and the metal/non-metallic atoms of small sizes occupy interstitial lattice
positions without, or with only a limited degree of, distortion from crystal symmetry.
An interstitial alloy is formed when atoms of sufficiently small radii like hydrogen,
boron, carbon and nitrogen occupy interstitial voids in a metal lattice. The some
important examples of interstitial alloys are: Fe–C and Fe–N alloy. Metals which
have close packed structures, e.g. fcc or bcc, have tetrahedral or octahedral voids.
The smaller atoms are occupied in these voids. The formation of interstitial phases
is favoured when the electronegativity difference between the constituent atoms is
small, difference in the atomic radii of the metal atoms and the smaller atoms is
less than 15% and the crystal structure and the valency of the atoms are same. The
number of smaller atoms present in the interstitial positions is generallymuch smaller
compared to the available interstitial sites.

15.2.9 Sigma Phases

The formation of sigma phases in an alloy is deleterious as they reduce the corrosion
resistance and toughness of the material. Sigma phases are tetragonal structured
compounds (involving transition metals) having 30 atoms per unit cell. These 30
atoms occupy 5 non-equivalent crystallographic positions, viz. (a), (f), (ic), (id) and
(j) in the unit cell. The atoms occupying the above crystallographic positions are
designated as A, B, C, D and E. There are two atoms in the position (a), 4 atoms
in the position (f), 8 atoms in position (ic), 8 atoms in position (id) and 8 atoms
in position (j). These phases have broad homogeneity range. For different systems
composition and temperature stability ranges of these sigma phases are different.
Cr–Co phase diagram [17] showing the presence of sigma phase is given in Fig. 15.1

Some examples of sigma phases with their composition range and decomposition
temperature are given in Table 15.3.

The formation and the stability of sigma phases depend on factors like atomic
size and the electronic configuration of constituent atoms.
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Fig. 15.1 Cr–Co phase
diagram showing the
presence of sigma phase
(Reproduced with
permission from Elsevier,
Calphad 52 (2016), 7)

Table 15.3 Examples of
sigma phases with their
composition range and
decomposition temperature

Sigma phases Composition range Decomposition
temperature (°C)

Cr–Mn 16–24 at % Cr 1000

Cr–Fe 43–49 at % Fe 600

Cr–Co 58.6–63 at % Cr 1200

Mn–V 13.4–24.5 at % V 1000

15.2.10 Zintl Phases

These are intermetallic compounds formed by reaction of group 1 or group 2 elements
with anymetalloid (p block elements). It is named after the scientist who investigated
them in the 1930s (German chemist Eduard Zintl). They are electronically balanced
or closed-shell compounds having very narrowor no homogeneity range. Zintl phases
are brittle in nature and exhibit diamagnetism or very weak temperature independent
paramagnetism. Zintl phases are air andmoisture sensitive. Therefore, their synthesis
and handling is carried out in vacuum or inert atmosphere.

15.2.11 Nanoalloys (NAs)

Nanoalloys (NAs) are metallic systems where properties of material are significantly
modified by the synergistic effects of multi-elements in the nanoform. The varia-
tions in structure, composition and properties of NAs have led to their extensive
applications in catalysis and other engineering fields. The physical and chemical
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properties of NAs can be fine-tuned by altering the chemical composition, ordering
of atoms and varying the size of the clusters. Surface morphology, chemical compo-
sitions and particle size play an important role in fixing their chemical reactivity
with respect to catalysis [18, 19]. Bimetallic NAs sometimes exhibit synergism in
catalysis compared to the bulk alloys owing to nanosize effects [20].

The extent of mixing or segregation of atoms in binary alloys (X, Y) depends on
factors like relative strengths of X–X, Y–Y and X–Y bonds, excess surface energies
of constituent phases, relative atomic sizes, extent of charge transfer and strength
of bonding. Higher inter atomic (X–Y) bond energy and easier electron transfer
from less electronegative atom to more electronegative atom favour the mixed phase
formation. The atoms forming strong homonuclear bonds generally remain at the
centre of the core–shell structure [21]. Similarly, elementwith smallest surface energy
prefers to move to the surface of the alloy while the smaller atoms prefer sterically
confined central region. In case of supported cluster alloy systems, strongly bonded
element is generally pushed towards the surface. In addition to the above factors, the
atomic arrangement for binary NAs also depends on the method of their preparation
and other experimental conditions.

Nanoalloy phases can be deposited onto substrates like graphite, silicon or any
other inorganic oxide from solution or the gas phase adopting different techniques.
In such experiments, controlling the geometric or electronic structure of clusters is
somewhat difficult. However, it is possible to perturb the geometry by changing the
substrate and sometimes by application of electric or magnetic field.

15.2.12 Magnetic Alloys

Magnetic alloys and intermetallics are material that produces a constant permanent
magnetic field under normal condition. Magnets can be of two types: hard magnets
and soft magnets. Hard magnets have a high coercivity and are called as perma-
nent magnet, whereas soft magnets have a low coercivity. Permanent magnets are
intermetallic phases that can bemagnetized and create their own persistent magnetic
field. The materials are strongly resistant to demagnetization after they get magne-
tized. They have coercivities ranging from 10 to 100 kA/m. Fe, Ni, Co and rare earth
metals are among the few elementswhich form permanentmagnets. Rare earth based
magnets such as SmCo5 and Nd2Fe14B are among the strongest permanent magnets
that produce the largest magnetic flux with smallest mass [22]. Examples of non-rare
earth permanent magnets are Fe–Co, Fe0.3Cr3Co3, Fe6.3Cr2.5Co12,Mn–Al–C, Co–Pt.
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15.2.13 Coloured Intermetallic Phases

Out of large number of reported intermetallic phases, only few phases exhibit colour.
Some example of coloured intermetallic phases are: Cu5Sn—golden-yellow; NiAl—
blue; CoAl—yellow; CoGa—yellow; AuGa2 and AuIn2—blue; CoSi2 dark blue,
NiSi2—blue grey, AuAl2—purple and PdIn—red. The origin of colour in inter-
metallic species can be explained due to the existence of both metallic as well as
strong covalent bonds between different metals.

Gold-based intermetallic phase is among the most popular coloured alloys.
In addition to bright golden colours, these phases can be synthesized in various
other colours including blue, purple and black. Reddish colour gold alloys can be
produced by mixing gold with copper. Example of other coloured intermetallic
gold compound is AuAl2 (golden), AuIn2 (blue colour). In turbine blade, some
of the precious coloured intermetallic compounds are used as coating material for
preventing high-temperature oxidation/corrosion.

15.2.14 High-Entropy Alloys (HEAs)

High-entropy alloys (HEAs) are intermetallic phases consist of five or more major
elements having concentration ranging between 5 and 35 at.%. HEAs can also
include some minor elements for modifying base alloy properties [23]. These
are relatively new class of alloys that explore the influence of phase stability
of solid solution through the control of configurational entropy. Due to multi-
principal elemental compositions, HEAs exhibit many special properties including
high strength/hardness, outstanding wear resistance, exceptional high-temperature
strength, good structural stability, good corrosion and oxidation resistance. Many of
these properties of HEAs are not commonly observed in other alloys.

The existing knowledge of phase diagram and physical metallurgy studies suggest
that employing multiple elements for alloy making can lead to the formation of
large numbers of intermetallic compounds and phases, resulting in formation of
discrete and brittle microstructures which have limited practical utility. In contrast,
the experimental results indicate HEAs have simple structures and less number of
phases than expected.

The mass production HEAs can be easily achieved with normal processing equip-
ments, with prevailing technologies. The two important aspects for the formation of
HEAs are the core effects and formation of intermetallic phases. The ‘core effects’
employed to portray HEAs are: sluggish diffusion, lattice distortion, cocktail and
higher entropy effects. The description of these effects is given below.

The high degree of disorderness is responsible for the increase in configurational
entropy in HEAs that favours solid solution phase formation. The higher configura-
tional entropy decreases the Gibbs free energy HEAs and favours their formation, at
high temperatures [21–27]. It is generally observed that in HEAs, the total number of
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phases observed is much smaller than the expected number phases due to high degree
of mutual solubility of constituent elements. However, in some cases, the enthalpy of
formation of intermetallic compounds dominates over the thermodynamic stability
achieved through configurational entropy leading to precipitation of ordered phases.

The lattice of HEAs consists of a large number of elements with different sizes
causes lattice distortion. In such cases, bigger atoms occupy the normal lattice posi-
tions,whereas the smaller atomsoccupy the interstitial positions that lead to distortion
of lattice structure. The lattice strain arising due to the distortion increases the total
free energy and affects its properties. This lattice distortion hinders the movement of
dislocations and strengthens the solid solution. The lattice strain is also responsible
for higher scattering of electrons and phonons, those results in lowering of thermal
and electrical conductivity [28].

In HEAs, it is assumed that the phase transformation and diffusion kinetics are
more sluggish than the conventional alloy phases [29]. This may be understood by
the fact that in HEAs, neighbouring atoms in each lattice site are different from each
other. Hence, neighbouring atoms prior and after the migration to a vacancy are not
same. This leads to a new atomic rearrangement with different binding energy in
local structure. In cases where an atom migrates to a site having lower energy, it gets
‘trapped’, similarly when the atom migrates a site with higher energy; it hops back
to its lower energy site. Both these phenomena decrease the rate of diffusion in the
matrix. The effect of the above local energy fluctuations in diffusion process has been
calculated by Tsai et al. employing seven-bond model. The authors have shown that
the difference in average potential energy among lattice sites in HEAs is generally
50% higher than that of normal alloys. This energy difference leads to a significantly
longer occupation time at low-energy sites. The slow kinetics in HEAs allows readily
attainable supersaturated state and nano-sized precipitates, even in casting stage [30–
33], which contributes to the excellent performance of HEA coatings as diffusion
barrier materials.

The constituent elements influence the HEAs properties to a great extent. Besides
the properties of the component constituent atoms, the mutual interaction among
them also influences the overall properties of HEAs. Figure 15.2 depicts the increase
in hardness of AlxCoCrCuFeNi HEAs by addition of Al atoms [34].

Fig. 15.2 Influence Al
content on micro-hardness of
AlxCoCrCuFeNi HEA
(Reproduced with
permission from Taylor and
Francis; Mater Res. Lett., 2
(2014) 107–123)
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The figure shows that addition of Al significantly increases the hardness of the
AlxCoCrCuFeNi HEA. This could be due to formation of strong cohesive bonding
between constituent elements with Al atom and formation of a hard BCC phase.
Hence, the properties ofHEAs canbe assumed to the average properties of constituent
elements. The average HEA properties also depend on the interaction energy of the
component elements and the distortion of the lattice structure.

15.3 Bonding in Intermetallic Phases

The nature of bonding in intermetallic phases is similar to that of metallic alloys.
In these phases, the metallic bonding is governed by concentration of electron ‘e/a’
(i.e. number of valence electrons per atom). In addition, in these phases, some extent
of other type of bonding also exists between the constituent elements. Intermetallic
phases can be very well described by mixed bonding pattern, viz. partially covalent,
ionic andmetallic bonding [35]. For example, the compounds likeMg2Zn andMg2Pb
possess both ionic and metallic characters. Mg2Sn has high electrical conductivity
indicating metallic bonding in the compound. However, it is not possible to quantify
the % of metallic and non-metallic bonding character in this compound.

For intermetallic phases, the concept of valence is somewhat complicated,
possibly due to the existence of extensive solid solubility and occurrence of non-
stoichiometric compositions. For example, the compound KHg11 does not seem to
follow the rules of chemical valency as in this case the net charge on each Hg atom
is 1/11. Hence, the notion of valence needs careful interpretation of bonding in
intermetallic phases.

The formation of intermetallic phases can sometimes show exothermic effect due
to ionic, covalent and Van der Waals type bonds. However, due to predominantly
metallic bonding, the heat of formation in intermetallic compounds is generally low.
The Pauling equation for the heat of formation in AB type phases is:

�H (kJ/mol) = −96.5× Z(AEa − BEb)
2

where Z is number of valence bonds and Ea and Eb are the electronegativities of
the component atoms. The above equation based on electronegativity becomes less
applicable where covalent and metallic bonds are gradually replaced by ionic bonds.

The Lewis acid–base interaction between the constituent metal atoms is another
concept in describing the formation of intermetallic compounds. In intermetallic
phases containing transition elements, the d-d interaction plays vital role in the forma-
tion of stable bonds. It was observed that on heating, Pt metal reacts with ZrC, which
is a highly stable compound, to form ZrPt3 compound. It indicates that the standard
molar enthalpy of formation of ZrPt3 is more negative than the enthalpy of forma-
tion of ZrC. Similarly, when the mixture containing Hf and Pt powders is heated at
1000 °C, an explosive reaction takes place due to spontaneous evolution of excess
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energy. The enthalpy of formation of HfPt3 measured by calorimetric measurements
confirms evolution of high amount of energy, i.e. −548.7 kJ mol−1.

Zirconium has outermost electronic configuration d2s2 and Pt has outermost elec-
tronic configuration d9s1. When Zr and Pt combine, the partly filled orbitals of Pt
overlap with partly filled d-orbitals of zirconium to form stable fully filled d-orbital.
This leads to strong bonding in intermetallics having transition metals as component
metals.

The strength of the acid–base interaction depends upon the degree of localization
of d-orbital. As nuclear charge increases along a group, s and p-electrons get attracted
more towards the nucleus than the d-electron due to greater penetrative power of s
and p orbital. Thus, ongoing down the group d-orbital gets more exposed, resulting
stronger intermetallic bonds. For right 3-d metals, the electrons are more localized
due to reduced size and hence are less basic than the left 3-d metals. Base strength
of metals with incomplete d-orbitals increases down the group.

In compounds ZrPt3 or HfPt3, the electrons are transferred from Pt to a more elec-
tropositive atom Zr or Hf. The factor that determines the direction of transfer of elec-
tron is the availability of orbital and non-bonding electrons. The electronegativity
difference then determines the electron distribution in bond after their transfer. In
general, larger the difference in the electronegativity among the constituent atoms,
greater is the tendency to form compounds and they are relatively more ordered
compared to the other alloys. The crystal field effects in the transition element also
influence the strength of bonding in intermetallic compound.

15.4 Role of Phase Diagram in the Synthesis
of Intermetallic Phases

Since the properties of intermetallic phases are dependent to a large extent on the
type, number, amount and crystallographic formof the phases present, it is imperative
to know the conditions of existence and transformation of these phases. A phase
diagram gives the number of phases which coexist with each other under equilibrium
conditions. Phase diagram provides a pictorial representation of conditions including
temperature, pressure and compositions for the formation of a given phase.

For example, crystals of A in a binary metallic system A-B (Fig. 15.3a) can be
grown at temperature T (which is below the melting point of A) by adding small
amount of second component ‘B’ that reduces the melting point of A drastically.
In order to obtain the crystals of ‘A’, the mixture with composition X should be
cooled slowly from TF to TE (eutectic temperature). On subsequent cooling to room
temperature, the remaining liquid will crystallize in fine grains of A and B crystal.

Figure 15.3b gives another example, where phase diagram of a complex binary
system provides guidance for the crystallization of intermetallic phase AB from
binary melt. The phase diagram indicates crystallization of AB-phase from the melt
with molar ratio of A and B equals to 1:1 is not possible. Under such situation, phase
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a b

Fig. 15.3 a Phase diagrams of simple binary eutectic system, b phase diagram of binary system
having an intermediate compound

‘A’ will crystallize. Phase diagram dictates that the composition should be more
B-rich (composition range ×1 and ×2) in order to crystallize AB phase.

Apart from predicting crystallization process, phase diagram provides wealth of
information on number of phases that can be formed under given set of composition,
temperature and pressure. It also provides information on crystallographic phase
transition temperature of the pure phases, their melting points, peritectic decompo-
sition temperature if any, solidus liquidus phase boundary, homogeneity range of
stability, etc. All the information is the first hand information needed for synthesis
of a desired product. Phase diagram is extremely important to understand various
stages of intermetallic phase processing.

15.5 Synthesis of Intermetallic Phases

Intermetallic phases are prepared by different techniques such as heating in furnaces,
mechanical alloying, electrolysis methods, and chemical and vapour deposition
methods. A brief description of these methods of preparation is given below.

15.5.1 Furnace Heating Methods

15.5.1.1 Resistance Heating Furnace

Preparation of intermetallic phases by heating the intimate mixture of metals in the
form powders, chips or small pieces is themost commonmethod adopted worldwide.
Heating of the reaction mixture can be carried out in a normal resistance furnace,
induction furnace or arc melting furnace. Resistance furnaces can be tubular or
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box type. The heating elements of the furnace can vary depending upon maximum
operating temperature.

Since most of the metals readily react with oxygen on heating, synthesis of inter-
metallic phases is generally carried out under the flow of high pure inert gas, viz.
nitrogen, argon or helium or under high vacuum conditions. Metallic samples are
generally heated in quartz/recrystallized alumina tube under the flow of inert gas.
The partial pressure of oxygen required for the synthesis of an intermetallic phase
depends on the nature of constituent metals to be heated. Metals with higher reduc-
tion potential get easily oxidized and are difficult to prepare by long heating cycle.
They require stringent control of oxygen partial pressure in the reaction cell. In such
cases, the carrier gases used for maintaining inert gas atmosphere are purified by
passing over oxygen getters. The oxygen impurity in the carrier gas is controlled by
passing the gas over copper turning heated at 500 °C or titanium sponges heated at
900 °C. In addition to these metals, calcium, zirconium or sometimes uranium can
be used to effectively remove oxygen impurity in the gas.

In order to minimize the oxidation, themetallic samples are mostly sealed in evac-
uated quartz ampoules under dynamic vacuum condition. In this case, the oxidation
of sample takes place only by the oxygen diffused through quartz, which is negli-
gible. Proper care should be taken to make sure that the reactive metal does not
reduce silica, which can lead to the leak in the quartz ampoule. In case of reactive
metals, an inert liner of high melting metals like tungsten, tantalum or graphite is
provided between the sample and the silica. Sometimes to prevent any oxidation and
to maintain the desired oxygen partial pressure, oxygen getters can be sealed along
with sample in the ampoule in a separate location. In addition to prevent the oxidation
of the sample, heating metallic samples in the quartz ampoules also help in fixing the
composition during heating. The process prevents vaporization loss during heating
and annealing.

Control atmosphere furnaces and vacuum sealing techniques are limited to
small-scale laboratory synthesis of intermetallic phases with small sample volumes.
However, in industries which involve synthesis of large volume of intermetallic
phases, vacuum furnaces are employed. For vacuum furnaces, high-temperature
alloys like SS 316, inconel, hastelloys are used as reaction tubes. The provisions
for flow of inert gas and water cooling for end coupling of working tube are required
for these furnaces. In order to prevent corrosion of working tube wall by the metal
vapour, sometimes high-temperature ceramics compatible to the furnace and the
sample are used as liner between the two. Since large volume of reactive metal
samples is heated in vacuum furnaces, the control of residual oxygen is taken care
by sample itself, provided the system is leak tight.

15.5.1.2 Induction Heating

Induction heating is a very convenient method to synthesize intermetallic phases in
pure form. The method provides many distinct advantages over heating the samples
in resistance furnace or by arc melting furnace. The most important advantages of
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induction heating method include fine control of atmosphere over the sample, fast
and localized heating, efficient energy consumption.

Principle of Induction Heating

In induction process, an electrically conducting object called susceptor is heated by
transfer of energy from the inductor to the susceptor through electromagnetic field.
The eddy current induced by the rapidly changing electromagnetic field produced
by the flow of high frequency AC current through coil causes the heating effect. The
induction coil functions as a primary coil of the transformer, whereas the susceptor
behaves as the secondary coil of the transformer. The rate at which the susceptor
is heated depends on the frequency and intensity of induced current, and specific
heat, magnetic permeability and the resistance of the material. In this process, only
a limited area is heated due to skin and proximity effects, and there is no direct
contact between the susceptor and the coil carrying high frequency AC current. In
the skin effect, the RF current flows through a limited area of the conducting surface,
whereas in the proximity effect, the primary current flows through the inductor and
the secondary current flow though a limited area of the susceptor material.

The oxygen partial pressure around the sample can be controlled by evacuation
and purging of the high purity inert gas like argon or helium. The residual oxygen
in ppm level present in the inert gas can be purified by passing the carrier gas over
oxygen getter such as titanium sponge maintained at 900 °C.

In order to arrest the change in composition of the sample particularly for the
volatilematerials, sample is usually sealed in a tantalum tube. For sample preparation
at low temperature, sealed quartz ampoules can be used. In such cases, care should
be taken to make sure that the sample components do not react with container of the
sealed tube. The proper mixing of the sample during heating process is possible by
levitation technique, where the sample holder can be rotated to a certain extent.

Induction heating is a very efficient method for the preparation of air sensitive
metallic sample. In addition to the synthesis of metallic phases, it can be used for
other heat treatments, e.g. hardening, annealing, tempering, brazing, etc. Figure 15.4
shows the picture of a 12 kW Induction furnace with accessories used in authors
laboratory.

15.5.1.3 Arc Melting Set-Up

Arc melting is a preferred technique for the synthesis of alloys and intermetallic
phases, where the material to be heated has sufficient conductivity. In this technique,
the heat generated by the electric arc struck between the electrodes is used formelting
the sample. Arc melting equipment essentially consists of two electrodes, i.e. one
water cooled copper block (hearth) with a cavity to hold sample and a tungsten
electrode. Both these electrodes are housed in an air tight vessel. The copper acts
as positively charged electrode while the tungsten rod acts as negatively charged
electrode. The atmosphere inside the vessel housing the electrodes is maintained
inert by evacuation and purging of the inert gases like argon or helium. The system
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Fig. 15.4 Picture of a 12 kW induction furnace with accessories (in house fabricated)

is fitted with high vacuum pump, vacuum gauges, valves for inert gas inlet and outlet
and cooling water lines. Schematic diagram of arc melting system is described in
Fig. 15.5.

For preparation of intermetallic phases, homogenous mixture of two or more
metals to be melted is kept in the cavity of the copper electrode and the tungsten
electrode is slowly brought close (about 1–2 mm) to the sample. Voltage across the
positively charged (copper block) electrode and the negatively charged electrode
(tungsten electrode) is slowly increased till a fine arc is produced. The voltage is
then increased till the entire metal charge is fully melted. The typical voltage across
the electrodes and the current which can be passed through the sample can vary
from 0 to 70 V and 10–400 A, respectively. High current passing through the sample
is responsible for its melting. In order to prevent the copper hearth melting and
contaminating the sample, chilled water is circulated through it. To homogenize the
moltenmass, the sample is turned upside down and re-melted after sufficient cooling.

Arc melting method is suitable for preparation of metallic samples having suffi-
cient conductivity. This method of preparation is quite fast, and in this method, the
exposure time for the oxidation of the sample is short. The method gives better
product when the melting points of the constituent metals are close. If the melting
points differ significantly, it is always possible that more volatile component (low
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Fig. 15.5 Sketch diagram of
arc melting apparatus

melting metal) vaporize during melting forming undesired product. In such cases,
the volatile component is taken in excess amount to compensate for the loss.

15.5.1.4 Vacuum Plasma Heating

Vacuum plasma heating (VPH) technique has several applications in thin layer and
multi-layer coating ofmetals. In this technique, themetal particles of dimensions 10–
100μmare accelerated by plasma gas towards the substrate, where they get deposited
and solidify to form thin layer of metals. The plasma is formed by passing electric arc
in flowing argon by applying high voltage across positive and negative electrodes.
High temperature of the order of several thousand degrees Celsius is achieved in
the argon plasma, which causes ionization of atom forming positive ions, electrons
and neutral atoms. The fine metal powders are injected to the plasma where they
get heated, ionized and accelerated towards the substrate. Detail mechanism of the
plasma heating process for the formation of alloys and composites is described in the
literature [36]. Lee et al. suggested inductively coupled plasma for low temperature
deposition of metals or alloys [37]. The principle of inductively coupled plasma
heating is similar to the inductive heating where eddy current is responsible for
generating heat. In this technique, highly dense ion beam (1011–1012 ions/cc) and
large number of electrons are generatedwhich are responsible for formation of higher
density products compared to the normal plasma deposition technique. High density
plasma can be used to lower the substrate temperature and improve the quality of
metal/alloy films.
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15.5.1.5 Electron Beam Furnace

The electron beam melting technique was first developed by Von Pirani in 1907.
This technique is useful for melting refractory metals like tantalum, niobium and
tungsten. In this technique, a beam of high-energy electrons strikes at metal target,
where its kinetic energy converts into heat energy. This process needs to be performed
in vacuum; else electron collision with air molecule could lead to loss of its energy
before it could collide with the working material. This heat energy produced by the
bombardment of high-energy electrons is sufficient tomeltmetals forming the desired
products. The combination of electron beam melting and vacuum processing is very
powerful technique to synthesize material that is otherwise difficult to synthesize
employing other techniques.

The electron beammelting unit essentially consists of electron gun, annular biased
grids, magnetic lenses and deflecting coils, work piece and holding devices. Develop-
ment of high-energy electron gun and the associated vacuum technique is a challenge
for electron beam melting technology. Sketch diagram of electron beam melting
equipment is given in Fig. 15.6.

The electron beam melting method can be classified into drip melting and cold-
hearth melting categories. In drip melting, the refractory metals are drip melted in
water cooled mould, whereas in cold-hearth melting, the molten metal flows along
the water cooled hearth and stored in water cooled mould. In drip melting method, it
is possible to remove dissolved gases and volatile materials from the metals, which
is not so in cold-hearth technique.

Fig. 15.6 Sketch diagram of electron beam melting equipment
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15.5.2 Mechanical Alloying Method

Conventionalmethods used for synthesis of intermetallic phases are generally combi-
nation ofmelting, casting followed by annealing, sintering, grinding and hot pressing.
However, the melting and castingmethod is not a suitable method to synthesize inter-
metallic phases having constituent elements differing significantly in their melting
points [38]. Mechanical alloying (MA) is a powerful method for the synthesis of
stable and metastable intermetallic phases without involving heat treatment. In this
technique, the sample is prepared by grinding the components by impact, attrition
and compression techniques which causes strain in the sample and provides activa-
tion energy for transformation. Intermetallic phases produced by this method can
be either in crystalline or quasi-crystalline form. A large number of intermetallic
phases including iron, nickel, titanium and aluminium have been synthesized by this
method. This process is highly reliable, cheap, simple and easy to operate [39–41].
It is essentially a ball milling process for producing nanostructured and metastable
materials employing mechanical energy at very low temperatures [42].

In mechanical alloying method, metals in form of small pieces are crushed into
fine powder. In this process, the particles are fractured, deformed and cold welded.
Due to such induced fracturing deformation and cold welding, a large number of
lattice defects such as dislocations, stacking faults are introduced into the samples.
As a result, free energy of the material increases [43]. The process of minimization of
excess energy leads to form an ordered phase. However, detail mechanism explaining
the formation of intermetallic phases by mechanical alloy technique has not been
investigated in depth. It could be presumed that there is a competition between
disordering of atoms induced byMAand reordering by thermal activation that results
in the formation of ordered or disordered phases.When the energy difference between
disordered and ordered states is less, a disordered alloy is formed, andwhen it is large,
an ordered alloy is formed [44]. The free energy change due to milling �G (milling)
= free energy change due to disordering �G (disordering) + free energy change
due to formation of grain boundaries �G (grain boundaries) [29]. Miedema analysis
suggests that, when �G (milling) is greater than �G (disorder+ grain boundaries),
it leads to the formation of a complete amorphous phase. On the other hand, a solid
solution is formed when �G (milling) is less than�G (disorder+ grain boundaries)
[45].

Depending on types of mills used, ball milling can be of ‘low-energy’ and ‘high-
energy’ type. Ball mills of different volume, acceleration field, milling efficiency and
having provisions for control atmosphere during milling are available. The nature of
the products formed is dependent onmaterial, shape and internal design of themilling
container andmost importantly onmilling speed.Varieties of hardened steels are used
as container and bearing materials. By increasing the milling speed, the efficiency
of the process increases. It is observed that the milling speed should be limited to
below a critical speed. At critical speed, balls start pinning to the inner walls of
container adding impurity due to structural material. For getting phases of desired
microstructure, milling should be done for proper span of time.
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In addition tomilling speed, the quality of products also depends on ball to powder
weight ratio and temperature of the milling process [43]. Alloying process becomes
more efficient with higher ball to charge ratio due to higher number of collisions
[46–48]. For an optimum yield of the product, the volume of charge should be
about 50% of cavity volume of the milling machine. Smaller volume will lead to
lower yield, whereas charge volume higher than 50% may result in incompletion of
reaction. For reactive phases, the atmosphere in the milling cavity should be inert.
The prevailing atmosphere in the milling cavity sometimes affects the kinetics of
formation of intermetallic phases.

For preparation of metal nitrides and hydrides, N2, NH3 or H2 atmosphere is
maintained. The temperature is an important experimental parameter particularly for
high-energy ball milling process. During milling, there can be local rise in temper-
ature because of ball collisions and global temperature rise in the cavity of the ball
mill [43]. In general, ball has to be interrupted between milling process to keep
temperature of the cavity to an optimum level.

The ball milling of solid and liquid, based on coupling effect (arising due to
thermochemistry and mechanochemistry), has been adopted for the synthesis of
intermetallic phases. Mechanochemistry approach has several distinct advantages
over traditional mechanical alloying like smaller particle size of the products with
higher purity and faster kinetics of formation of alloy phases. Large number of inter-
metallic phases inAl–Cu–M (M=Co, Fe andNi) systems, i.e. Al7Cu2Fe,Al13Cu4Fe3,
Al65Cu20Fe15, Al65Co15Cu20,Al69Co25Cu6,Al17Cu4Ni andAl0.28Cu0.69Ni have been
successfully synthesized by this technique [49–51].

Mechanical milling (MM) on the other hand is yet another powerful technique
to prepare disordered intermetallic phases by inflicting heavy deformation in the
ordered phases. During mechanical milling, the ordered polymorphs undergo trans-
formations [52–54] like grain refinement down to the nanocrystalline regime, disap-
pearance of long-range order and decrease in short-range order leading to formation
of random solid solution [55]. During these processes the grain size, microstructure,
composition and morphology of the phases undergo drastic modifications [56, 57].

15.5.3 Electrolysis Method

Molten salt electrolysis process is an attractive method for synthesis of pure metals
and intermetallic phases. This process is being adopted for large-scale production
of a number of reactive metals and alloys due to low production cost, easy oper-
ational procedure, large batch size and better purity of the products. Electrolysis
is highly attractive method for the large-scale production of light rare earth (RE)
metals and their alloys [58]. The electrolytes employed in these processes are mostly
mixtures of RE metal and alkali or alkaline chlorides. Alkali or alkaline chlorides
eutectic mixtures such as LiCl–KCl or NaCl–KCl are the most commonly used elec-
trolytes for electrolytic production of RE metals [59]. Low current efficiency is
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the major concern for molten salt electrolysis process that limits its applica-
tion. The current efficiency in the electrowinning of metals is highly dependent on
molten salt-electrode reaction kinetics. Large number of studies have been reported
on electrochemical investigations of RE (La, Ce, Pr and Nd) chloride electrolytes
[60–66]. Sahoo et al. have recently investigated the electrochemical behaviour of RE
ions in molten LiCl–KCl and NaCl–KCl electrolytes [67] employing molybdenum
and tungstenmetal electrodes. For the quantitative production of intermetallic phases
by molten salt electrolysis process, information on reaction mechanism and kinetic
parameters such as exchange current densities and diffusion coefficient is required.

In electrolysis process, the starting materials generally in the form of chlorides
are thoroughly dehydrated by heating the salt mixtures under dynamic vacuum of
0.1mbar in the temperature range 200–300 °C for sufficiently long time to completely
remove adsorbed water and water of crystallization. Similar procedure is followed
to dehydrate the electrolyte materials, viz. LiCl–KCl and NaCl–KCl. The chlo-
ride mixtures are then melted in a cell which is compatible to the electrolytes. The
temperature of the electrolytic cell is measured with a protected thermocouple.

Electrolytic Cell

In the molten salt electrolysis process, pure metal is deposited at the cathode by
electrolytic decomposition of its compound dissolved in a molten salt media. The
metallic salt which is to be reduced to the metal is known as functional electrolyte
whereas the salt mixture which acts as solvent for the metal salt is called as the
carrier electrolyte. The carrier electrolytes must have suitable properties like (i) high
solubility for the functional electrolyte, (ii) greater stability at working temperature
than functional electrolyte, (iii) suitable physiochemical properties like low melting
point, high conductivity, low viscosity and low vapour pressure. Alkali /alkaline earth
fluorides/chlorides or their mixtures satisfy all above properties.

The electrolysis process for production of reactive metals is generally carried out
under the cover of inert gas like argon or nitrogen employing a specially designed
electrochemical cell. The electrochemical cell consists of a vacuum tight retort having
provisions for placing the reference electrode, counter electrode, working electrode
and temperature measurement device, i.e. thermocouple. Electrolytic mixture is
placed in the crucible inside a retort and the assembly is equilibrated inside a furnace.
Schematic of a typical electrolytic set-up is shown in Fig. 15.7.

Electrochemical measurements are generally carried out on a three electrode
system, viz. reference, counter and the working electrode. Cyclic voltammetry plots
are obtained by dipping the working electrode to different depths. The current for
corresponding depth is measured while keeping all other experimental parameters
like temperature, concentration of the electrolyte and value of applied potential
constant.

The reduction behaviour of metal ions in LiCl–KCl or NaCl–KCl systems can
be understood employing cyclic voltammetry technique. Detailed mechanism of
electrolysis method is explained by deposition of La metal as given below. The
comparison between the voltammograms for LiCl–KCl electrolyte before and after
addition of metal ions can be used to understand the reduction process. Figure 15.8
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Fig. 15.7 Schematic of the electrochemical set-up used for molten salt electrolysis

Fig. 15.8 Comparison of the
cyclic voltammogram for
pure LiCl–KCl melt and
LaCl3–LiCl–KCl melt in the
potential range of 1 to −
2.5 V. Working electrode:
molybdenum, apparent
electrode area: 0.77 cm2,
Temperature: 973 K,
Conc.:2.5 × 10−4 mol/cc,
scan rate: 0.1 V s−1

compares the cyclic voltametric curves for eutecticLiCl–KClmelt (dashed curve) and
LiCl–KCl melt loaded with LaCl3 salt (solid curve). The anodic discharge observed
at 0.5 V is due to the evolution of Cl2 gas; thus, 0.5 V is the anodic limit of the melt.
Similarly, cathodic discharge at −2.4 V is due to the deposition of Li ion which is
assigned to the cathodic voltage limit of the melt. The cathodic and the anodic peaks
(Ic) and (Ia) are at −2.04 V and −1.87 V, respectively. The observed pair of peaks
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is attributed to deposition and dissolution of lanthanum metal. Sharp anodic peak
observed in the reverse scan is a signature of dissolution of deposited metal. The
product obtained was then characterized by different analytical methods.

15.5.4 High-Temperature Reduction Process

Simultaneous reduction and phase formation through chemical reaction from
mixtures of oxides is a shorter route to synthesize intermetallic phases and alloys. The
synthesis of intermetallic phases by reduction process involves minimum number of
steps and has proven to be economical and environmental friendly. The reduction
process is generally carried out by using carbon, hydrogen, natural gas and many
electropositive elements. The reducibility of the oxides can be correlated to their
thermodynamic stabilities, which in other words depends on the reduction potential
of the ions. Ellingham diagram is generally used to fix the reductant and reduction
temperature for reducing a given metal oxide to its corresponding metal. Using the
Ellingham diagram, the relative ease in reducing a particular metal oxide into metal
by another reducing metal can be predicted. For example, calcium metal can be used
to reduce all other oxides lying above in the Ellingham diagram to produce corre-
spondingmetal. Bavbande et al. [68] reported the reduction of TiO2 and simultaneous
synthesis of TiC using calciothermic reduction of titanium oxide in presence of fine
powder of carbon. Other low cost elements like H, C,Mg, and Al are the most impor-
tant reducing elements widely used for preparing metals and intermetallic phases in
the large scale. The carbon in particular is extensively used for the reduction of iron
oxide to iron metal in presence of CaO and SiO2.

15.5.5 Synthesis of Nanoalloys

The physical and electronic properties of alloys in their nanoform differ significantly
from those of their respective bulk materials. In nanoalloy, the percentage of atoms
present at surface is much high compared to the corresponding bulk alloys. Hence,
nanoalloys always have excess surface energy compared to the bulk alloys. This
excess surface energy of nanomaterials plays significant role in defining their physical
properties [69–72]. The melting temperature of the nanoalloy phase decreases with
decrease in their particle size. The quantitative relationships between the particle
size and melting temperature have been discussed at length in the literature [73–81].
Similarly, decrease in Curie temperature and magnetic moments, rise in magneto-
caloric effect have been reported for manymagnetic nanoparticles [82–84]. The band
gap in semiconductors is found to increase with decrease of particle size. The band
gap becomes very high, when particle size becomes comparable or smaller than the
Bohr exciton radius [85, 86]. The nature and particle size of the nanoalloys are highly
dependent on mode of synthesis.
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Alloys, in general, are preparedbyhigh-temperature synthesismethods employing
different types of furnaces as discussed earlier under controlled atmosphere. These
alloys are generally obtained in the form of ingots. Synthesis of alloy in the form of
nanoparticles with desired properties needs fine control of conditions for synthesis.
For such synthesis, a variety of soft chemical methods are adopted, viz. chemical
reductionmethod,micro-emulsion template, laser irradiation, thermal decomposition
of metal complexes, molecular beams and biosynthesis techniques.

15.5.5.1 Chemical Reduction Method

Synthesis of nanoalloys by chemical reduction process using reducing agents like
ammonia, alcohol, amines, NaBH4, hydrazine, NaH, MgH2 and super hydrides, i.e.
lithium (ethyl)2borohydrides, has reported [87]. For example, Mishra et al. have
synthesized Sn and Sn-rich Ni–Sb–Sn nanoalloys [88] using dilute solutions of
SnCl2, SbCl3 and NiCl2 employing NaBH4 as reducing agent. In this method,
appropriate volume of the above metal chloride solutions was mixed together. The
resulting solution was added with required amount of 1 M solution of tri-sodium
citrate (chelating reagent). A second stock solution containing 0.5 M NaBH4 at a pH
14 was prepared. The aqueous solutions were cooled to 0 °C. A known volume of
metal chloride solution was then added to the solution containing excess amount of
NaBH4 drop wise with magnetic stirring. The black suspension formed was stirred
for another 30 min in ice water. The resultant suspensions were separately washed
and dried to get nanoalloys.

Modified polyol method can also be used for the synthesis of nanoalloys. In
this method, polyethylene glycol (PEG) was used as a reducing agent, while oleyl
amine and oleic acid act as surfactants. In a typical procedure, metal acetyl acetonate
solution mixed with diphenyl ether was heated at 140 °C in the presence of reducing
agent and surfactants. The reaction solution was heated isothermally at 140 °C for
10 min and then slowly temperature was raised to 260 °C. The dispersed products
in nanoform were then extracted by centrifugation of solution. Monodispersed 3 nm
fcc-FePd particles have been synthesized employing this method by Gajbhiye et al.
[89].

15.5.5.2 Micro-emulsion Template

Water pool reversed (w/o) micro-emulsion process is another interesting method
for the synthesis of tailor made well-defined nanoalloys employing surfactants [90,
91]. The phase formed by dispersing nano-sized droplets of oil in water is called as
micro-emulsions, whereas when water droplets are trapped into oil (w/o), the phase
formed is called as reversed micro-emulsion. These micro-emulsion droplets are
under continuous dynamic fusion or dispersion process resulting in the formation of
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smaller or bigger spheres. Metallic nanoparticles are formed by combining micro-
emulsion containing a reductant with w/omicro-emulsion containingmetal salt solu-
tion(s). The reductants can be either hydrazine (N2H4) [92] or sodium borohydride
(NaBH4) [93]. Catalytically active bimetallic Pd–Ag nanoparticles were synthesized
by Ström et al. [94] using the water pools of a reversed micro-emulsion template
and methanol as a reducing agent. Pd–Ag nanoparticles were synthesized using w/o
reversed micro-emulsions containing 75 wt.% n-heptane, 20 wt.% dioctyl sulfosuc-
cinate sodium salt and 5 wt.% water as surfactant and dilute aqueous solutions of
AgNO3, Pd(NO3)2 containing 2 wt.% metal ion as water phases by the authors.

15.5.5.3 Laser Irradiation Technique

An efficient, versatile, surfactant-free top-down approach for obtaining multi-
element nanoalloys (NAs) is by irradiating the material with high-energy intense
laser pulses. In this technique, the matrix containing mixture of metal oxides is irra-
diated with intense laser pulses. The interaction of high-energy photons with the
metal oxides causes significant lattice disorder resulting in the migration of metal
ions from lattice sites to the surface and subsequently to the plasma plume. Reduction
of themetal ions occurs in the plasma plume because electrons andmetal ions coexist
under extreme pressure and temperature. During this reduction process, nucleation
and growth of the alloy occur in a controlled manner. Synthesis of NAs by laser
irradiation technique has been investigated by many authors in recent past [95–99].
Machado et al. have reported synthesis of Ag–Bi nanoalloys by irradiating mixture
of Ag2WO4 and NaBiO3 target with femto second laser without using any reducing
agents or solvent [100].

15.5.5.4 Thermal Decomposition of Metal Complexes

Formation of nanomaterials at relatively low temperature is achieved by thermal
decomposition of the single molecular precursor. The synthesis of a large number
of mono and bimetallic nanoparticles, i.e. low-valent transition metal or noble
metals, has been carried out by thermally decomposing the organometallic complexes
involving these metal ions [101–104]. Interesting results were obtained when
thermolysis was carried out in the presence of stabilizing ligands such as
polyvinylpyrrolidone (PVP) [105],where the PVP serves as surface stabilizer, growth
modifier, particle dispersant and reducing agent. Many bimetallic NAs, viz. Ru6Pd6,
Ru10Pt2, Ru6Sn,Ru12Cu4,Ru5Pt andRu12Ag4, have been synthesized by thismethod.
Organometallic complexprecursors of thesemetal ions, typically containing carbonyl
and phosphine ligands anchored on silica, were thermally decomposed at 200 °C in
vacuum for 2 h [105].

Similarly, binary NAs like Ni–Pd, Ni–Cu, Cu–Pd andAg–Au phases were synthe-
sized by thermally evaporating the mixture of corresponding metal complexes under
vacuum. For example, Kolay et al. have synthesized single phasic nanointermetallic
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phase Pd17Se15 by thermal decomposition of metal chalcogen complex [Pd2(μ-
Cl)2{MesSeC6H2(Me2-4,6)CH2}2] at ~280 °C under inert atmosphere condition
[106].

15.5.5.5 Molecular Beams

The molecular beam technique for the synthesis of intermetallic phases generates
cluster of atoms. The process involves vaporization of metal atoms, nucleation of
these metal atoms to form a cluster nucleus, growth of this nucleus and then aggre-
gation of small clusters to form big clusters. In many molecular beam experiments,
a narrow beam of clusters was generated using supersonic and adiabatic expansion
of the initially generated clusters. The type of sources to be used for the synthesis
metal clusters depends largely on nature of metal atoms. The size distribution of the
clusters depends largely on the nature and conditions of the source prevailing during
their synthesis.

The metal cluster can be formed by the techniques like pulsed arc vaporization,
laser evaporation, sputtering by ions and magnetron methods. Laser beam vaporiza-
tion technique is very useful for the synthesis of metallic nanoparticles and mixed
metallic nanopowders. In the pulsed arc technique, an intense electrical discharge
applied between constituent metals of alloy to be synthesized to prepare mono or
bimetallic targets. In the ion sputtering technique, high-energy inert gas ions such
as Kr+ or Xe+ with energy ranging from 10 to 30 keV corresponding to 10 mA
currents are bombarded on metal targets to produce intermetallic clusters. Similarly
in magnetron sputtering technique, a plasma containing Ar+ ions is bombarded on a
target under magnetic field to form metal cluster. Sketch diagram of molecular beam
epitaxy (MBE) experimental technique is shown in Fig. 15.9.

15.5.5.6 Biosynthesis Method

Synthesis of many nanoalloy phases has been reported in the literature by mimicking
biological processes [107, 108]. Various biological systems like proteins, polysac-
charides, DNA have been successfully deployed for the growth of nanoparticles
[109]. Rotello et al. have reported the synthesis of nanoalloy phase, i.e. composites
of FePt involving DNA [110]. It is well known that some microbes have the ability
to reduce metal ions to the corresponding metal (zero oxidation state) [111]. For
example, Macaskie et al. synthesized palladium nanoparticles from Pd(II) aqueous
solutions [112] using hydrogenases bacteria. The Pd nanoparticles obtained by this
technique exhibited ferromagnetism and high catalytic activity for hydrogenation.
This technique can be readily used for bioremediation various types industrial wastes
and retrieving precious metals such as gold palladium and platinum.
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Fig. 15.9 Sketch diagram of molecular beam epitaxy (MBE) experimental technique

15.5.5.7 Radiolysis Method

Radiolysis is yet another modern technique that can be used to synthesize small
quantity ofmetallic cluster from the aqueous solutions containing themetal ions. This
method has been employed for the synthesis Ag–Au, Cu–Ag, Pd–Ag, Pt–Ag, Pd–Au,
Pt–Au, Cu–Pd andNi–Pt nanoalloys [113–118]. In thismethod, water is irradiated by
γ -rays to form solvated electrons that subsequently reducemetal ions tometal, which
then coalesce to form clusters. When aqueous solution containing two dissimilar
metal ions are subjected to radiolysis, metal which nobler is reduced first. Formation
of nanoparticles of an alloy phase depends largely on relative concentrations of metal
ions, intensity of radiation and kinetics of electron transfer process. The yield of the
products is also dependent on nature of ligand molecules attached to the metal ion.
Higher dose rates favour mixing over core–shell formation. In some binary alloy
systems such as copper-palladium, nickel-platinum and platinum-silver, formation
of alloy and ordering of atoms has been reported by exposing the aqueous solution
to a moderately low dose rates. Radiolysis can be employed for grafting binary
metal clusters such as Pt–Ru, Ni–Ru over titanium or nickel plates. A number of
radiolytically alloyed bi and trimetallic clusters (e.g. Cu–Au, Ni–Pt, Ag–Au, Cu–Ag
and Cu–Pd–Ag) deposited on silver halide emulsions have shown good activity as
development centres for high-resolution photography.
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15.5.6 Synthesis of Porous Intermetallic Phases

Porous intermetallics are relatively a new form of phases which are being considered
for various technological applications [6, 119, 120]. They have excellent resistance
to thermal shock, favourablemechanical properties, high structural strength, superior
thermal conductivity, machinability and electrical conductivity. These alloys can be
utilized as potential structural and engineering materials [121–125]. The formation
of porous intermetallic phases is based on differences in the rate of self-diffusion
between elements called Kirkendall effect. The pore structures in such phases have
regular pattern which can be controlled during their synthesis [119]. Synthesis of
porous intermetallic phases using mixed metal powders is based on self-propagating
reaction at high temperature having distinctly different self-diffusion coefficient
[126, 127].

15.5.7 Synthesis of HEAs

Synthesis of high-entropy alloys with more than four principal elements with desired
properties is quite tricky. During the synthesis the alloy, mixture tends to form a large
number of intermetallic phases resulting complicated microstructures. HEAs are
generally prepared using arcmelting and casting techniques [128, 129]. In addition to
thesewell-established preparationmethods, large number of novel synthesismethods
is being explored. Some of the new synthesis procedures are described below.

(a) Ball Milling Method

In this method, high pure metal powders are mechanically alloyed in a tungsten
carbide ball milling set-up. During the mixing process, the ratio of weight of ball
to powder is generally maintained high, i.e. 10:1, and some organic solvents like
benzene, toluene are used as process controlling agent (PCA) to avoid excess cold
welding. The PCA is also acts as protective medium to evade oxidation of alloy
phases [130, 131].

In the ball milling process, a rotational speed of the range 300–500 rpm is
maintained for several hours to synthesize the products. The resulting powder is
hot compacted by hydraulic press and sintered at appropriate temperature under
controlled atmosphere. Kumar et al. [132] synthesized AlXFe1.5CrMnNi0.5 (x = 0.3,
0.5) HEAs by ball milling method.

(b) Ion Beam Sputter-Deposition Technique

Thin films of HEAs can be very well-synthesized employing ion beam sputter-
deposition technique. High-energy Ar ions with the energy in the range keV are
used to sputter the elements and deposit on the Si substrate. During the ion
bombardment process, substrate is kept at a constant desired temperature. A high
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vacuum of the order 10−10 atm is maintained during deposition of metal atoms. The
shape/geometry of target metals exposed to the sputtering ions are suitably adjusted
to achieve required atomic compositions. Tunes et al. have reported synthesis and
characterization of thin films of quaternary FeCrMnNi phase employing ion beam
sputter-deposition method [133].

(c) Combustion Synthesis Under High Gravity

In this method, stoichiometric mixture of metals oxides with uniform particle size is
mixed with reducing elements like Al by ball milling in organic solvent, i.e. ethanol
medium. The driedmixture was then cold pressed into pellet and loaded into graphite
crucible mounted on a Ni-based container. The entire assembly is evacuated to 10−5

atm and ignited with the W wire with centrifuge. Under the influence of heat of
reaction and high gravitational energy, the reaction mixtures melt and the metal in
the form liquid get separated from oxide slag due to density difference. This leads
to the formation of glass ceramics and HEAs. Li et al. [134] have synthesized HEAs
using combustion synthesis under high-gravity.

(d) Laser Coating Method

Laser coating is another fast developing surfacemodificationmethod for the synthesis
of HEAs. This technique has distinct advantages of using high-energy density, fast
solidification rate. Moreover, coatings of metal vapours by laser vaporization can
lead to the fine control of microstructure, strong bonding and intermixing with the
substrate [135, 136]. These properties have made the laser coating method, an attrac-
tive method for synthesis of HEAs. In this technique, equiatomic metal powder
mixtures prepared by mechanically mixing are used as the coating material. The
mixed metal powders are then pre-placed on metal substrate by plasma spray to form
a powder bed with required thickness. A series of optimization runs with different
processing parameters such as radiationwavelength, power, beam diameter and scan-
ning speed are carried out. The coatings are then vacuum sealed and annealed at high
temperature to form HEAs. Mina Zhang et al. [137] and Qiu et al. [138] have synthe-
sized TiZrNbWMo and Al2CrFeCoCuTiNix HEAs on Q235 steel by laser coating
method.

15.6 Heat Treatment Processes

Heat treatment is a process for improving the properties of materials. The phase
purity, crystal structure, mechanical strength, shear modulus, micro-hardness of
intermetallic phases largely depend on the nature of heat treatment. Depending on
requirements, intermetallic phases are either cooled slowly or quenched from high
temperature to the room temperature. Often these phases are annealed for sufficiently
long time at temperatures lower than their melting points. Some of the common heat
treatment processes are listed below.



770 R. Mishra and R. Dawar

15.6.1 Annealing

Annealing is a heat treatment process in which metal or alloy phases heated at an
appropriate temperature for a certain period and then very slowly cooled in the
furnace. The purpose of annealing is to alter the physico-chemical properties of
a material through heat treatment. Annealing reduces micro-hardness of the inter-
metallic phases and improves their plasticity and ductility. It facilitates the machin-
ability, relieves the internal stresses and prevents deformation or cracking of alloy
phases. In addition, annealing process homogenizes the chemical composition, reor-
ganize and refine the grain boundary.Depending on requirements, annealing can be of
following types: complete annealing, diffusion annealing, spheroidizing annealing,
recrystallization annealing, stress relief annealing and process annealing.

In complete annealing, the phases are heated above the upper critical temperature
and then slowly furnace cooled to room temperature. For example, hypoeutectoid
steel is heated above the critical temperature and then furnace cooled very slowly,
where the austenite steel is transformed to the coarse pearlite phase within 50 °C of
eutectoid temperature. As the complete annealing requires prolonged heat treatment,
the process is quite expensive. The time for the transformation can be curtailed by
transferring austenitized components to an isothermal furnace maintained below its
eutectoid temperature.

In spheroidizing annealing, the material is heated just below the critical tempera-
ture (temperature at which austenite begins to form during heating) or thermal cycled
in a narrow temperature interval around the eutectoid temperature in Fe–C system.
By this process, the cementite lamellae in pearlite phase tends to become spheres and
thereby reduces its surface area. On prolonged heat treatment, spheroidized particle
become fewer in number and more widely spaced. This process softens the alloy
phases. For example, in carbon and low alloy structure steel, the optimum machin-
ability corresponds to the sample having 50% spheriodized and 50% lamellar in the
microstructure.

15.6.2 Sintering

Sintering is an important step in the processing of intermetallic phases processing,
where the particles bind together by heating at a temperature lower than the melting
points (generally 2/3rd of its melting temperature) of the species. Sintering takes
place by the mass transport of atoms or ions through small range of distance across
the grain boundaries. The model describing the sintering process was first proposed
by Frenkel [128] and later by many authors.

Pressure less sintering is a form of material transport involving diffusion of labile
species influenced by surface energy. Its magnitude ranges from 0.1 to a few J m−2.
The diffusion in sintering can be theoretically estimated or experimentally deter-
mined. The technique for visualization and measurement of surface energy is known
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as zero-creep technique. Depending on volume and dispersion of porosity within a
sample, the excess surface energy can be in the range 0.1–100 J mol−1. The energy at
the grain boundary usually imparts back-driving force at beginning of sintering,when
fresh grain boundaries are created and the particle contacts are filled. As the grain-
boundary energy is smaller by a factor of three compared to the surface energy, this
makes back-driving effect less dominant for sintering. Hoge and Pask [130] pointed
out that the material transport taking place during sintering can cease due to local
equilibrium between grain boundary. If γ is the isotropic surface energy per unit
area,�A is the change in surface area, r1 and r2 are the radii of curvature before, and
after sintering, the ratio of change in energy (�E) to change in volume (�V ) can be
expressed as:

�E

�V
= γ

�A

�V
= γ (

1

r1
− 1

r2
)

The ratio �E
�V corresponds to the thermal stress σ , generated during sintering

process which can be represented by Laplace equation σ = γ ( 1
r1
− 1

r2
). The stress

which is tensile for concave and compressive for convex creates stress gradient
between interior particle and the particles at the neck. Due to the stress gradient,
the metal atom is transported though surface and grain boundaries. The chemical
potential developed due to concentration gradient is usually much higher than the
surface energy. This is evident from the numerical values ofmolar surface energy and
the enthalpy of mixing or formation enthalpy of intermetallic phases. The chemical
potential which plays a major role in most of the intermetallic systems can be clearly
differentiated from ideal surface energy controlled sintering process.

In practice, high temperature is required to have appreciable sintering rates. In
addition, sintering rate is dependent on factors like particle size, non-stoichiometry,
presence of impurity, enveloping gas atmosphere, magnetic and electric field, etc.
Therefore, it is necessary to control the experimental conditions to obtain the desired
products. Numerous experimental methods are available to monitor the sintering
process and to establish the mechanism of sintering. Table 15.4 gives summary of
frequently used techniques for sintering studies.

15.6.3 Recrystallization

In recrystallization process, the deformed grains are slowly replaced by an un-
deformed grains. The process continues until the entirely deformed grains are
replaced with fresh un-deformed grain. Recrystallization annealing is generally
carried out at a subcritical temperature. This heat treatment process removes the
heavy plastic deformation. The rerystallization annealing is effective when applied
to harden and recrystallize the structure to form new ferrite grains. Rerystallization
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Table 15.4 Techniques for sintering studies

Methods Measured quantity Remarks

Dilatometry Change in length Shrinkage may vary in different
directions. Relative precision is of the
order 10–6 of sample length

Buoyancy Density Impregnations of pore sealing
necessary. Relative precision is of the
order 10–3 of sample length

Indirect method Physical properties Measures change in physical
properties which can be correlated to
the degree of sintering

Quantitative microscopy Direct geometrical parameters Tedious, but most effective method
for complete characterization of
sintering process

normally reduces the strength, hardness and at the same time increases the ductility
of material.

Stress relieving is a process in whichmetal or alloys are heated to a predetermined
temperature below its lowest transformation temperature followedbynatural cooling.
In this process, the annealing recovery of alloys occurs without recrystallization. The
primary purpose of the stress relief cooling is to relieve stresses that have been formed
due to forming, straightening, machining or rolling. Process annealing is a subcritical
treatment given to metals to soften them during mechanical processing. It may or
may not involve full recrystallization of the cold work metals.

Rerystallization of intermetallics is a widely used process, where the orientation
of the crystal is altered by thermal process, producing materials with high grain
boundaries angle. New grain structures inside the deformed materials are formed
via creation and movement of high angle grain boundaries (angle is more than 10°–
15° mis-orientation) facilitated by the excess deformation energy. The nucleation
grain growth takes place at the grain boundary of deformed material. The grain starts
growing at the cost of deformed structure until they get completely consumed. The
grain growth is uniform in all direction that results in uniform size of the crystal.
Such type of recrystallization is called primary crystallization.

However, if the grain growth is restricted to minority boundaries, where grain
growth is large compared to others the process, this results in non-uniformdistribution
of grain size. This is termed as secondary recrystallization, which may also called
as coarsening and exaggerated grain growth. Secondary recrystallization takes place
when there is selective grain growth taking place along {110} and {001} crystal
plains, at the expense of primary recrystallized grains.

In many cases, boundaries of deformed structures migrate over a short distance
leaving their wake crystal in the same geometric orientation as that of the growing
crystal. The regions covered by the grain boundary are considerably free of dislo-
cations. Such phenomena are known as strain-induced migration of grain boundary.
Recrystallization occurring during deformation is called dynamic recrystallization,
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whereas the event taking place after deformation is called static recrystallization. In
addition, there can be discontinuous recrystallization, where new distinct grains are
nucleated and grow, not in a continuous manner.

Themechanismsbywhich recrystallization takes place are quite complex andhave
not been fully understood. Based on a large number of experimental information on
primary crystallization, over several years of research, various empirical laws of
recrystallization have been proposed. The statements of these empirical laws are:
(a) Initiation of crystallization process requires a minimum critical concentration of
deformation, (b) the rate of nucleation and growth of recrystallized grains depends
on annealing temperature, (c) recrystallization necessitates a minimum temperature
for the initiation atomic movement, (d) the final grain size largely depends on extent
of deformation and to a smaller extent on annealing temperature.

15.7 Strategies for Improving Ductility of Ordered
Intermetallics

Defect free ordered intermetallic phases are widely envisaged as potential high-
temperature structural materials. In conventional alloys, the yield strength generally
decreaseswith temperature, whereas in ordered intermetallic phases, it increaseswith
increasing temperature. The long-range ordered intermetallic phases have stronger
bond strength and closer packing of atoms. This helps in restricting atom movement
which leads to the better creep resistance properties of intermetallics [130]. However,
in practice,most of the intermetallic phases are brittle and exhibit low tensile ductility
at room temperature. For this reason, their use as structuralmaterials [134] is severely
restricted.

A lot of research work has been published to explain and understand the mecha-
nism of embrittlement in intermetallic phases. The intrinsic and extrinsic factors that
cause embrittlement in intermetallic phases have been identified which has led to the
substantial improvement in ductility of ordered intermetallic phase. The processes
like controlling crystal structures, engineering the grain boundary, tuning the chem-
istry of compound formation, removing environmental embrittlement, optimizing the
microstructure and controlling the phase stability are among the strategies adopted
for the improvement of ductility of intermetallic phases.

Low symmetry crystal structure is one of the important impediments for poor
tensile ductility at room temperature in many ordered intermetallic phases. This is
due to presence of inadequate number of independent slip systems. Hence, ductility
in these phases can be improved considerably by changing the crystal structure from
low symmetry to high symmetry bymodifying the composition. The crystal structure
on the other hand can be modified by changing e/a (number of valence electron to
number of atom). For example, in ordered A3B type intermetallic, crystal structure
can be changed from predominantly cubic to predominantly hexagonal stacking by
changing the e/a value.
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15.8 Applications of Intermetallic Phases

15.8.1 High-Temperature Alloys

15.8.1.1 Structural Alloys

High-temperature alloys are being used in large number of industries including
aerospace, steel, chemical, petrochemical, nuclear and thermal power production, etc.
Air craft turbine blades which experience extreme pressure and temperature condi-
tions use nickel-based super alloys. Heat exchangers of coal-based power plants and
nuclear power plants use ferritic steels, viz. 2.25Cr–lMo, niobium stabilized 2.25Cr–
lMo andmodified 9Cr–lMo (Grade 91) high-temperature alloys. Inter granular stress,
fatigue, pitting and erosion corrosion are the major factors which create defects in
these alloys. The addition of carbon in Fe, Ni and Co-based alloys forms various
types of carbide precipitates, e.g. M23C6, MC, M6C, M7C3 (M is refractory element,
viz. Mo,W, V, Nb or Cr), which contribute to the strengthening of these alloys [139].
Oxide dispersion strengthened ferritic steels (ODS) show excellent performance in
high-temperature conditions. In this type of alloy, oxide particles such as Y2O3,
ThO2 or ZrO2 are dispersed homogeneously in the alloy matrix. These oxide parti-
cles do not get coarsen at high temperatures due to their extremely low solubility in
the matrix. Other examples of high-temperature alloys used extensively in various
industries are: Inconel, Hastelloy etc.

15.8.1.2 Heating Elements

Alloys are generally preferred as heating elements over the constituent metals due to
higher electrical resistance. For example,MoSi2, is primarily used as heating element
instead of pure molybdenum. At high temperature, MoSi2 forms a passive silicon
dioxide layer that protects the heating element from getting oxidized further. The
furnace with MoSi2 heating element can be operated up to 2000 °C and can be used
for sintering and heat treatment processes.

For low temperature applications (300–400 °C) copper-nickel (CuNi), alloys are
used as heating element. Most of the resistive furnaces use an alloy containing 80%
nickel and 20% chromium (nichrome 80/20) in the form of wire, ribbon or strip as
heating element. Nichrome 80/20 (melting point 1400 °C) forms a protective layer
of chromium oxide on the surface when heated for the first time that prevents it
from further oxidation. Maximum temperature of operation of nichrome is up to
900–1000 °C. NiCr-based alloys have very good mechanical properties even at high
temperatures as well as good oxidation and corrosion properties. Tubular (sheathed)
elements used for heating purpose consist of a fine nichrome resistance heating coil
located inside the metallic tube (SS alloy or inconel). Magnesium oxide powder
provides insulation between nichrome and metallic tube. Another alloy Kanthal
(FeCrAl) in the form of wire or strip is commonly employed in heating devices
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such as furnaces for industrial heating, toasters and hair dryers. They can be used till
1400 °C safely.

15.8.2 Super Alloys

Super alloys are a group of nickel, nickel–iron based alloys. They play an important
role in high-temperature applications.Nickel-based super alloys have proven to be the
alloy of choice for various technological applications. The properties of these super
alloys can be tuned as per the demand by alloying with other elements like iron,
chromium, cobalt, molybdenum, aluminium, silicon, titanium, tungsten, tantalum,
yttrium, vanadium, carbon, boron, etc. [140]. The γ’-Ni3(Al, Ti) phase present in
the nickel-based super alloys prevents dislocation motion and increases its creep
resistance. Addition of aluminium and titanium promotes the formation of γ’ phase.
The size of this γ’ phase can be controlled precisely by precipitation strengthening
through heat treatment.

Due to their high strength, structural reliability andgoodoxidation resistance prop-
erties at high temperature, nickel-based super alloys are extensively used in combus-
tion chambers and exhaust section of an aircraft. They are also commonly used in
pressure vessels, rocket engines, gas turbine blades, turbine discs, etc. Ni-based super
alloys have exceptional creep resistance and stress-rupture properties. Nickel-based
alloys (36% Ni) are also employed for construction of measuring devices, compo-
nents for laser sources, tanks and piping for liquefied gas storage. However, high
cost of these super alloys is major constraint in meeting the demand. It is, therefore,
required to emphasize on new methods for their preparation and processing.

15.8.3 Soft Alloys

Brass, an alloy of zinc and copper, is a perfect example of soft alloy. In this alloy, the
amount of copper and zinc can be varied to achieve desiredmaterial properties.Due to
its bright gold like appearance, this alloy is also employed for decorative purposes.
Brass is extensively used for making locks, gears, bearings, zippers, ammunition
casings and valves, etc. The brass is often alloyed with 2 atom % lead to enhance
its machinability. Similarly, small amount of aluminium is added to brass to make it
more strong and corrosion resistant.

Brass is used for the construction of acoustic resonators in long musical
instruments, viz. harmonica, organ pipes, electric guitars, bells, saxophones, etc.
Depending on the relative amount of copper and zinc, brass can be of red and yellow
colour. DZR-brass (dezincification resistant) is excellent in water boiler systems. To
further reduce the rate of corrosion in water boilers, about 0.03 atom % arsenic is
added.
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15.8.4 Superconducting Alloys

Niobium family of intermetallic compounds such as NbTi, Nb3Sn, NbZr, Nb3Al,
Nb3Ge are the examples most commonly used superconductors. They exhibit zero
resistance at temperatures below critical temperatures. Most superconducting alloys
come under the category of type II superconductors. Among these, only a few alloys
have high critical fields. The critical field limits the value of critical current.

Nb–Ti alloys are used in fabrication of super magnets which are capable of gener-
ating magnetic fields up to about 10 teslas [141]. Hence, they are used in magnetic
resonance imaging, superconducting magnetic energy storage, nuclear magnetic
resonance and particle accelerators. In MRI machines, powerful magnetic field is
employed to create radio signal inside the body, to generate pictures of various
organs such as bones and tissue. Nb–Ti containing super magnets are being in use
in bubble chamber in Argonne National Laboratory (ANL), tevatron accelerator in
Fermilab, relativistic heavy ion collider, large hadron collider particle accelerator,
alpha magnetic spectrometer-international space station.

15.8.5 Magnetic Alloys

Permanent magnets are widely used in motors, dynamos, loud speaker, etc. In recent
times, neodymium-based magnets like Nd2Fe14B are in the focus of attention due to
their comparablemagnetic strength and lowcost.Magnets are principal component of
electric generators that convert mechanical energy into electricity. Magnets are used
in mines for separating useful magnetic ores from crushed rock. Similarly in food
processing industries, magnets are used for removing small magnetic metal pieces
from food grains and other food materials. Magnets also find extensive applications
in house hold equipments like refrigerator, paper holder, bottle openers, etc.Magnetic
needle compass has been used for centuries for navigation. The magnetic strip on a
credit card is used to store data. The electric motors inside the washing machines,
vacuum cleaners, blenders work by magnetic principles.

15.8.6 Electronic/Electric Alloys

Alloy applications in electronic industry range from very large part to nanoscale. In
most of the key components of electronic industry, nickel-containing materials are
used. Mostly nickel-based alloys, i.e. nickel irons, stainless steels, nickel-containing
copper alloys find their application in electronic industry. Commercially pure nickel
is an exceptional choice for electronic applications due to its superbmechanical prop-
erties, good thermal and electrical conductivity and excellent corrosion resistance.
These alloys find applications as anode material, lead wires and battery casings.
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Nickel alloys are used as aerospace electrical components, sensitive wiring in elec-
tronic industry, construction of electrode and grids for electronic valves, battery
cases, magnetostrictive transducers and electrical resistance thermometers.

ASTM F15 ALLOY (Ni 29%, Co 17%, Fe 53%, C 0.02%, Si 0.20%, and Cr
0.20%) finds its extensive use in telecommunications industry. This includes wave-
length add/drop multiplexer (WADM) modules, pump lasers, transistors, amplifiers,
modulators, diodes, attenuators, image sensors, integrated and hybrid circuits. This
alloy is used in cables which are used for transmitting voice, video and internet data.
This is most popular alloy used to create metal to glass hermetic seals because of its
controlled expansion property.

15.8.7 Biological Alloys

Till 1940, stainless steel and cobalt-chromium alloys (Vintallium) [142] were mostly
used for surgical implants. There was continuous search for better alloy for biomed-
ical applications. The most desired properties of alloys to be used for fabrication
of implants are: biocompatibility and corrosion resistance. Titanium, because of, its
favourable mechanical and biocompatibility character, has been the most desired
material for biological applications. Ti and Ti-based alloys are employed in implant
devices such as artificial hip and knee joints, artificial heart, bone plate, screws for
fracture fixation, cardiac valve prostheses, pace makers for replacing the failed hard
tissue. Ti–6Al–4 V alloy has been used extensively for biomedical applications.
However, these alloys cannot be used for permanent implant applications because of
toxic effect due to released vanadium and aluminium [143]. For this reason, alloys
free from Al and V, viz. Ti–13Nb–13Zr, Ti–12Mo–6Zr, have been introduced for
implant applications.

Properties of Ti alloys, i.e. low electronic conductivity, highly corrosion resistant,
thermodynamically stable at physiological pHvalues and low ion formation tendency
in aqueous environments, comparable dielectric constant to that of water make these
alloys most desirable for biomedical applications. Titanium alloys are also used for
dentistry devices, viz. dental implants, crowns, bridges, over dentures, etc. [144].

15.9 Conclusions

Intermetallic phases are extensively used in awide variety of applications due to their
high specific strength, high corrosion resistance and good ductility. The properties
of intermetallic phases are largely governed by the nature of their synthesis and the
level of impurity phases present and can be tuned by varying the compositions and
experimental conditions like heat treatment procedure and the reaction environment.
In this chapter, detail classifications of different types of intermetallic phases with
their structure have been discussed. The role of phase diagram in the synthesis of
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intermetallic phases in pure form has been discussed. Different synthesis approaches
like heating under control atmosphere, mechanical alloying, electrolytic method and
chemical reduction methods have been elaborated. Synthesis of various types alloy
phases in the nanoform by chemical reduction, micro-emulsion, laser irradiation,
thermal decomposition, molecular beam deposition and biosynthesis methods have
been described. Various heat treatment methods such as annealing, sintering, recrys-
tallization and zone refining for processing as of intermetallic phases have been
presented. At the end, applications of intermetallic phases as high-temperature alloys
for structural and heating elements, as soft alloys, electrical or electronic alloys and
biomedical alloys have been presented.
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Chapter 16
Synthesis and Characterization of Metal
Hydrides and Their Application

Seemita Banerjee and Priyanka Ruz

Abstract Solid-state metal hydrides provide a safe and efficient method for
hydrogen storage. In this chapter, fundamental mechanism of metal–hydrogen inter-
action, the thermodynamic and kinetic aspects of hydride formation and the factors
affecting them are provided. Metal hydrides are formed by dissociative chemisorp-
tion of hydrogen on metals at definite temperature and pressure. A brief description
of volumetric and gravimetric set-up required for gas phase hydrogen absorption
measurement is presented. Loading of hydrogen on metal can also be realized elec-
trochemically by splitting of water, which is the main concept of metal hydride
battery. Representative preparation techniques of different systems such as inter-
metallic hydrides, light metal hydrides and complex hydrides are illustrated. The
techniques employed for characterization of metal hydrides are discussed. Current
researches on various applications of metal hydrides are also discussed.

Keywords Metal hydride · Thermodynamic properties · Kinetics · Applications

16.1 Introduction

In 1671, Robert Boyle first reported the formation of gas bubbles by reaction between
iron and acid [1], and later, Cavendish distinctly differentiated hydrogen from other
gases and demonstrated that, when it is burnt in presence of oxygen, it produces
water [2]. The above discovery motivated Lavoisier to term the new substance as
‘hydro-gen’, whichmeans water-former [3]. In 1800, Nicholson and Carlisle (shortly
followed by Ritter) managed to decompose water electrochemically to produce
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hydrogen. Hydrogen is abundant in bound form and environmental friendly as its
oxidation product is only water. In the universe, total estimated hydrogen accounts
for 90% of all the atoms. Free hydrogen gas is limited in earth’s atmosphere as any
hydrogen gas entering into the earth atmosphere rapidly escapes the earth’s gravity.
The oxidation states of hydrogen vary from −1 (hydride), through 0 (elemental), to
+1 (proton). Hydrogen in themolecular form is quite inert due to its close shell struc-
ture; H anion and cation are very strong reducer and oxidizer, respectively. Again, H−
is very strong base, whereas H+ is a voracious acid. Hydrogen gas is very promising
as a fuel and excellent energy carrier due to its ultrahigh energy density. For prac-
tical applications, however, it must be stored either in a compressed state, liquefied
state or inside some solid matrix. Absorption of hydrogen by Pd metal was observed
by Graham [4] in 1866 where he showed that 1 vol. of Pd metal can absorb 643.3
volumes of hydrogen. He has described the reaction as Pd + H2 → PdHx where
Pd forms non-stoichiometric hydride. Hydrogen goes into the interstitial sites of the
metal lattice and forms solid solutions. The finding opens up scientific curiosities,
and over several years, tremendous amount of workwas performed on differentmetal
hydride systems to study their thermodynamics and kinetics of hydride formation,
thermo physical properties. The results categorizemetals according to their hydrogen
forming ability [5], and it is found that Ni, Co, Pd, Cu, etc., and various rare earths
interact with hydrogen, whereas Zn, Sn, Au, Ag, Cd, etc., remain inert (Fig. 16.1).
Apart from the basic understanding in properties, later on, research on metal hydride
got enormous attention due to their several important nuclear and energy applica-
tions. First of all, in water cooled nuclear reactor, Zr metal reacts with hydrogen,
and ZrH2 precipitates out, which causes embrittlement of the structural material.
Therefore, for development of nuclear materials, parallel studies on metal hydride

Fig. 16.1 Hydride and non-hydride-forming elements in the periodic system of elements (Repro-
duced from Ref. [5] with Licensee IntechOpen)
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systems of all the structural materials have become important. Secondly, due to good
mechanical properties and high hydrogen retention capability of metal hydride, they
can be used as moderator, reflector and shielding materials for high temperature
reactors. Search of new appropriate hydride material gains lots of importance, and
for the first time, Libowitz et al. [6] developed ZrNi-based intermetallic hydride,
ZrNiH3, in 1953. But it took years together to explore other possibilities of metal
hydride with various compositions [7]. Third and most important aspect is that, due
to its great abundance, renewable nature and high energy density, hydrogen has been
proposed as an alternative energy carrier. Among different methods of hydrogen
storage, solid-state storage in the form of metal hydride got impressive consideration
due to its unparallel safety features [8]. Because of the high cost and scarcity of Pd
metal, research is focused on finding new materials with similar thermodynamic and
kinetic properties with Pd, but with lower cost and higher hydrogen storage capacity.
Subsequently, different intermetallic compounds and alloy were discovered, and
their structure, hydrogen storage properties and other physicochemical properties
were evaluated. First practical hydrogen storage material was accidentally synthe-
sized during research on SmCo5 to develop permanent magnet in 1960s [9]. Later, it
has been found that SmCo5 can absorb and desorb hydrogen to form SmCo5H2.5 with
slight variation of pressure at ambient temperature [10]. In 1970, scientists of Philips
Research laboratories showed that some other intermetallic compounds can absorb
hydrogen reversibly and form reversible hydride [11]. Afterwards more promising
materials came up from different laboratories, and the most studied one till now is
LaNi5 [12], which can form hydride with formula LaNi5H6.5 at room temperature
and 1 atm. pressure. After discovery of the alloy, it was used immediately in Ni/MH
battery due to its tremendous potential. Many other AB5 type of intermetallics which
are studied later on includes MmNi5 (Mm = Mischmetal), MmNi(Co, Mn, Al)5 and
led to first mass production of nickel–metal hydride battery-powered vehicles, which
launched in Japan in 1997 [13]. Apart from battery application, stationary storage
of hydrogen is also another thrust area of research. It has been proposed that, in
the off-peak hours, the energy produced in power plants can be stored in form of
hydrogen in hydrogen storage materials, and subsequently, it can be used during the
peak hours. 400 kg of FeTi-based materials (AB type) are being studied as prototype
hydrogen storage unit built by New Jersey electricity unit, Public Service Electric
and Gas Co. [14, 15]. Though AB5 and AB2 types of metal hydrides have remark-
able potential for metal hydride battery [16] and stationary storage, but they are
too heavy for mobile application for hydrogen-fuelled car. Several hydrogen storage
alloys with body-centred cubic (BCC) structure have been developed with higher
hydrogen storage capacity, and more attention has been given to light metal hydride
to increase the hydrogen storage capacity [17–23]. The recent developments in this
area will be discussed later in this Chapter. Before that, we focus on fundamental
mechanism of metal–hydrogen interaction, the thermodynamic and kinetic aspects
of hydride formation and the factors affecting them.
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16.2 Metal Hydrides

Binary hydrides can be broadly classified as ionic, covalent and metallic hydrides
though the delineation between them is not very sharp, and they merge into each
other. Alkali and alkaline earth metal hydrides are strongly ionic, hydrogen being
the negatively charged atom with a charge ~(−1), so in that sense it is a ‘true’ metal
hydride. Due to presence of even number of valence electrons, the hydrides are
semiconductor with large Brillouin zone gaps. Alkali metal hydrides are analogues
to halide and found to have NaCl type of structure. Most of the alkaline earth metals
are found to have PbCl2 type of structure except BeH2, which have BeH4 tetrahedral
network structure and MgH2 having rutile structure [6, 24–28]. Due to strong ionic
interaction between metal and hydrogen in the ionic hydride, they are very stable
except MgH2. Magnesium hydride is found to be relatively unstable, and it falls
between the ionic and covalent hydride. The classic example of covalent hydride
is CH4. Other covalent hydrides are SnH4, BeH2, BH3, AlH3, where the molecules
are held together by weak van der Waals interaction and mostly liquid or gaseous at
room temperature.

The binary hydrides of transition metal elements are conventionally referred as
metallic hydride due to their metallic nature. These hydrides possess a metallic or
graphite-like appearance, have high surface energy, and they are found to be good
conductors of electricity and heat. Metal hydrides are not true chemical hydride
formed by true chemical reaction between metal and hydrogen in these hydrides.
They are also referred as interstitial hydride due to their typical lattice structure,
where hydrogen atoms occupy interstitial sites of the metal. Initially, hydrogen atom
occupies tetrahedral hole formed by four metal atoms, and in the latter stage, they
occupy octahedral hole by getting surrounded by sixmetal atoms. Inmetallic hydride,
hydrogen carries a partial negative charge depending on the electronegativity of
metal atom, and the stoichiometry of a covalent metal hydride is not restricted by
requirements of charge neutrality. As a result, most of the metal hydrides are found
to be non-stoichiometric. In the present chapter, more emphasis will be given on
metallic and ionic hydrides due to their importance in hydrogen storage application.

There is a general (but not universal) tendency of decrease in affinity towards
hydrogen with increasing group number of the transition metal elements in the peri-
odic table. Starting from group 6 (Cr) up to group 11 (Cu), a substantial ‘hydride
gap’ is observed in the periodic table, where the elements do not form stable hydride.
Within the hydride gap, only stable hydride is palladium hydride (PdH0.7). Due to
limited choice of binary metal hydride in the periodic table, more interesting are
intermetallic hydrides, where the properties of hydride can be tailored by changing
elements. Simplest ternary hydride system is represented as ABxHn, where Amostly
tends to form a stable hydride (such as Mg, Ti, Zr, Sc, Nd and Sm), and B element is
mostly a transition metal and forms unstable hydrides (such as A1, Fe, Cu and Ni).

When hydrogen occupies the interstitial sites, deformation of the lattice occurs,
which does not necessarily involve drastic changes in the arrangement of metals
in the lattice. Upon hydrogenation, the lattice volume expanded generally in the
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Table 16.1 Different classes of intermetallic compounds and hydride having technological
importance

Compound A B Intermetallic Hydride Structure/Type

AB5 Ca, La,
Rare
Earth

Ni, Cu,
Co, Pt,
Fe

CaNi5, LaNi5, LaCu5,
LaPt5, LaFe5

LaNi5H6 Haucke phases,
Hexagonal

A6B23 Y Fe, Co,
Ni

Y6Fe23 Ho6Fe23H12 Th6Mn23-type

A2B7 Y, Th Ni, Co,
Fe

Y2Ni7, Th2Fe7 Y2Ni7H3 Hexagonal,
Ce2Ni7-type

AB3 CeNi3,
La, Y,
Mg

Ni, Co CeNi3,
LaCo3,YNi3,LaMg2Ni9

CeNi3H4 Hexagonal,
PuNi3-type

AB2 Zr, Ti, Y,
La

V, Cr,
Mn,
Fe, Ni

LaNi2, YNi2,YMn2,
ZrCr2, ZrMn2,ZrV2,
TiMn2, ZrMn2,

ZrV2H5.5 Laves phases,
hexagonal or
cubic

AB Ti, Zr Ni, Fe TiFe, ZrNi, TiNi, TiFeH2 Cubic,
CsCl-type

A2B Mg, Zr,
Ti

Ni, Fe,
Co

Mg2Ni, Ti2Ni, Mg2Co,
Zr2Fe

Mg2NiH4 Cubic, MoSi2 or
Ti2Ni-type

range of 2–3 Å3/H atom. There are rare cases also where lattice contraction occurs.
In cubic di, tri-hydrides, the volume decreases or remains constant with hydrogen
concentration. The most well-known example where lattice contraction is observed
is ThNi2 (−2.2% for ThNi2D2). In many of the systems such as TiFe, Mg2Ni, CaNi5
and LaNi5, structural changes of metal sublattices also can occur. The structural
parameters of some of the technologically important alloy representative of each
structural group are listed in Table 16.1.

16.2.1 Different Classes of Intermetallic Hydride

Table 16.1 shows different classes of intermetallic compounds, which form inter-
esting hydrides [29]. Many of the binary and pseudo-binary hydrides consist of
hydride-formingmetal with largemetallic radius (A) and non-hydride-formingmetal
with small metallic radius (B). Some typical combinations are AB, AB2, AB5, A2B7,
AB3 and A6B23, among which the first three are more common. The properties of
the binary hydrides can be tuned very easily by different substitutions in A and B
place.
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16.2.1.1 AB Interstitial Hydrides

AB types of compounds crystallize in the W-type structure or CsCl-type structure.
Mostly AB types of alloys are made up of two 3d transition metals, and they do not
differ much in size. The most common example is TiFeHx. A CsCl type of cubic
structure has higher interstitial space compared to face-centred cubic (FCC), and
hexagonal close-packed (HCP) structures thus are more attractive towards hydrogen
storage application.

16.2.1.2 AB2 Interstitial Hydrides

The Laves phase intermetallic compounds are in general represented by a common
formula AB2 [30, 31]. The ideal size ratio of two metal atoms (considering perfect
sphere) is

√
(3/2) = 1.225 with an overall packing density 0.71. The Laves phase

compounds can be classified into three major types where Friauf polyhedra are
stacked in different ways. Cubic C15 (typical example is MgCu2), Hexagonal C14
(typical example is MgZn2) and Hexagonal C36 (Typical example is MgNi2) are
shown in Fig. 16.2.

16.2.1.3 AB5 Interstitial Hydrides

AB5 type of interstitial hydrides crystallizes in CaCu5-type structure and mostly
formed by a hydride-forming metal usually a rare-earth metal (La, Ce, Nd, Pr, Y or
their mixture known asMischmetal) combined with transition metal Ni/Co (B). Here
also, like Laves phase, the structure consists of stacking of polyhedra built from AB4

Fig. 16.2 Schematic of a C14 (hexagonal), b C15 (cubic) c and C36 (rhombohedral) crystal
structures (Reproduced from Ref. [30] with Creative Commons Attribution License (CC-BY))
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tetrahedra. The most common example of AB5 hydrides is LaNi5 and its substituted
counterparts. Ni can be doped with different other metals, like Co, Sn or Al, to adjust
its hydrogen storage properties and improve stability.

16.2.1.4 AB3 Interstitial Hydride

The AB3 compounds mostly have PuNi3 type of rhombohedral lattice (Fig. 16.3).
Some of the AB3 compounds form CeNi3 type of hexagonal structure (P63/mmc),
where the third CaCu5-type layer is directly above the first. In PuNi3 type of AB3

structure, the third CaCu5-type layer is displaced 1/3, 2/3, 2/3 above the first CaCu5-
type layer. Certain A2B7 alloys show similar structure and are identified as pseudo
AB3 alloy. Their structure is similar to LaNi3 structure and has two CaCu5-type units
stacked with one MgZn2-type unit.

16.2.1.5 Zintl Phase Hydrides

Another very interesting class ofmetal hydrides are Zintl phases which are formed by
combining electropositive alkali, alkaline earth or rare-earth metals with a complex
ion of electronegative p-block metals which are bound to fulfil the octet rule. In Zintl
phase hydride, the hydride ions (H−) are located in interstitial positions surrounded
by the electropositive metal ion, and the hydrogen atoms are covalently bound to the
complex ion forming complex hydride [33–36]. For recent developments on Zintl
phase compounds, the readers should see the reference [37]. Typical examples of
these types of compounds are A5B3H (A = alkaline earth metal, B = As, Sb, Bi)
A5T3H (T = Si, Ge, Sn, Pb).

Fig. 16.3 Structures of AB3 type of intermetallic compounds (Reproduced from Ref. [32] with the
permission of Elsevier publishes)
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16.3 Mechanism of Metallic Hydride Formation

Many transition metal elements form metallic hydrides, where H atoms occupy
interstitial sites of the crystal structures. As we have already discussed, mostly the
metallic hydride systems are non-stoichiometric, with variable amounts of H atoms
in the lattice [38, 39]. The early transition metal elements show more tendencies for
hydride formation, and it decreases from left to the right in the series. A detailed
analysis of the changes in band structure and electron density before and after the
formation of hydride indicate that there are actually three major contributing factors,
which determine the stability of the hydride [40]. First contribution comes from the
energy involved for changing the crystal structure from metal to the corresponding
hydride. For example, most of the BCC metals like V, Cr transform to FCC struc-
ture upon hydrogenation, which significantly lowers the driving force for hydride
formation. The second contribution is the loss of cohesive energy due to the expan-
sion of metal lattice after hydride formation. This effect predominates for the late
transition metal elements, where the cohesive energy is very high, and this is one
of the major barriers for formation of stable hydride. The final and most important
contribution which favours the formation of metal hydride is the chemical bonding
between the hydrogen and metal. The bond energy grows positive across the transi-
tion metal series, thus destabilizes the hydride. So for designing metal hydride with
better stability, one should try to modify the alloy composition to tailor the density
of state at the Fermi level and to decrease the cohesive energy. Phase transition and
decomposition behaviour of different light metal hydrides, complex hydrides and
alanates of first and second group elements have been reviewed in detail in reference
[41]. It has been found that the decomposition temperatures of alkali borohydrides
increase with molar volume and the size of alkali metals.

Several fundamental steps are involved for formation of interstitial hydrides
[42, 43]. The dissociation energy of molecular hydrogen in free state is ED =
435.99 kJ mol−1. Initially, when hydrogen molecule approaches towards the metal
surface, it gets physisorbed on the surface by weak van der Waals force (EPhys ≈
10 kJ−1) at a distance approximately one hydrogen molecule radius (≈ 0.2 nm).
For formation of metal–hydrogen bond, hydrogen molecule has to overcome an
activation barrier for dissociation. The step is called dissociative chemisorptions,
where hydrogen molecule dissociates on the metal surface and subsequently gets
chemisorbed. The activation energy for the dissociation of hydrogen molecule
depends on the nature of the metal surface [44–47]. After dissociation, the
chemisorbed (EChem ≈ 50 kJ−1 H2) hydrogen may remain on the metal surface
and interact with each other, may penetrate into the subsurface layer and diffuse
towards the lattice interstitial sites of the hostmetal to form solid solution, as depicted
in Fig. 16.4. The solid solution is called α-phase, and here, the lattice parameter
increases compared to the parent metal system.
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Fig. 16.4 Mechanism of hydride formation

16.4 Thermodynamics of Metal Hydride Formation:
Pressure Composition Isotherm

Thermodynamics of metal hydride formation can be best explained by pressure
composition isotherm (PCI), which is characteristic of a metal (alloy/intermetallic
compound) hydride system and gives fundamental information about the thermody-
namic stability and hydrogen storage capacity of that particularmetal hydride system.
Adetail discussion on thermodynamics ofmetal hydride could be found elsewhere [5,
48], and here, the fundamentals of thermodynamic feature of intermetallic compound
hydrogen system are briefly outlined.

In typical pressure composition isotherm (PCI) diagram (Fig. 16.5), equilibrium
hydrogen pressure is plotted as a function of hydrogen to metal ratio (H/M) at a

Fig. 16.5 Pressure
composition isotherm (PCI)
of metal hydride
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constant temperature. Initially, small amount of hydrogen (<0.3 wt%) goes into
interstitial positions of metals forming solid solution (α phase), and the equilib-
rium hydrogen pressure increases sharply with H/M ratio. With further increase in
the hydrogen pressure, the solubility limit of hydrogen exceeds, and precipitation of
hydride phase (β phase) starts. In plateau region of the PCI diagram both α and β

phases and coexists the equilibriumpressure remains almost constant. After complete
formation of hydride phase (β phase), the equilibrium pressure again increases
sharply as no further hydrogen absorption occurs. Here, only very little amount
of hydrogen goes into the interstitial position forming solid solution of hydrogen in
β hydride phase. The width of the plateau region determines the amount of hydrogen
that could be stored reversibly at that particular temperature with very small pressure
variation, so in other work, it decides the reversible hydrogen storage capacity of a
metal hydride. The plateau pressure determines the stability of the metal hydride.
Lower the plateau pressure, more stable is the hydride. The existence of the absorp-
tion and desorption plateau in the PCI diagram can be explained according to the
Gibbs phase rule, F=C− P+ 1, (at fixed temperature), where F, P and C are number
of degrees of freedom, number of phases, number of components, respectively. In
the plateau region, the number of components is 2 (H, metal), and two phases are
in (presumed) equilibrium (α, β). So, as per the phase rule, the ideal metal hydride
system can have only one degree of freedom (F). But contrary to the ideal case,
in most of the cases, plateau shows sloping behaviour due to presence of localized
defects, strains and surface inhomogenities in the structure. Upon hydrogenation,
large expansion of lattice parameter occurs in most of the hydrides (10–20% of the
metal lattice), and in some cases, symmetry may also change. Due to substantial
volume expansion, a large stress builds up at the grain boundaries and often leads to
a decrepitation of brittle host metals. Figure 16.6 shows a typical picture of a typical
Ti-based intermetallic alloy before and after hydrogen absorption. The final hydride
is a powder with a typical particle size of 10–100 μm.

Fig. 16.6 Ti-based alloy and its hydride after complete hydrogen absorption and their SEMpictures
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More than one plateau region can exist in a PCI diagram due to presence of
more than one metal hydride phases. The pressure composition isotherms of LaNi5-
H2 system isotherms measured at a temperature higher than 80 °C clearly show
two plateaux on desorption [49, 50]. Another typical example of coexistence of
different hydride phases is found in the CaNi5-H2 system. There are four different
hydride phases exist in this system [51, 52]. Initially, in α-phase, hydrogen solid
solution is formed within the hexagonal CaNi5. At a composition of CaNi5H1, the
β-phase is formed with deformed orthorhombic structure. In the γ-phase (CaNi5H5),
deformation in orthorhombic structure occurs in such a way that it becomes close
to the original hexagonal structure. The hydrogen saturated phase (CaNi5H6) is δ-
phase, where the structure is same as the original hexagonal CaNi5 structure with
increased lattice parameters. AB type of alloy like FeTi forms β and γ hydride phases
at H/M = 0.5 and 1, respectively. As a result, the PCI profile of FeTi system shows
two-stepped plateau and relatively extensive hysteresis.

In many of the metal–hydrogen systems, desorption curve does not follow the
same path as absorption, and the equilibrium plateau pressure of desorption is usually
lower than that of the absorption. The difference between absorption and desorption
curves is known as hysteresis,which arisesmainly due to irreversible plastic deforma-
tion caused by hydride formation and quantified by ln(Pa/Pd). The largest hysteresis
reported so far is for U-Nb alloy [53] where the hydrogen absorption pressure is
almost 50 times greater than that of desorption pressure.

The enthalpy (�H) and entropy (�S) of hydride formation of a particular hydride
system can be determined conveniently from the value of equilibrium plateau pres-
sures at different temperatures by applying van’t Hoff relation. The effect of tempera-
ture on plateau pressure is shown in Fig. 16.7.With increase in temperature, thewidth
of the plateau decreases, and the plateau pressure increases. At a critical temperature
(T c), plateau region disappears, and spontaneous conversion of α phase to β phase
occurs.

Fig. 16.7 Determination of enthalpy and entropy of hydride formation using van’t Hoff relation



796 S. Banerjee and P. Ruz

The reaction between a metal and hydrogen gas can be represented by the
following equation:

M + x

2
H2 = MHx (16.1)

whereM is metal (alloy/intermetallic compound), and x indicates the molar ratio of
hydrogen to metal.

Now, the change in standard Gibbs free energy at equilibrium condition is
represented by

�G = −RT lnK (16.2)

K is the equilibrium constant and given by K = P−1
H2

, where PH2 denotes equi-
librium plateau pressure. R is the gas constant 8.314 J mol−1 K−1, and T is absolute
temperature. So,

�G = RT lnPH2 = �H − T�S (16.3)

lnPH2 = �H

RT
− �S

R
(16.4)

where �H and�S are the change in enthalpy and entropy, respectively, during
the hydrogenation of metal. The above equation is known as van’t Hoff relation.
Figure 16.7 shows a typical van’t Hoff plot where logarithm of pressure (lnPH2) is
plotted versus reciprocal temperature (1/T ). From the slope (−�H/R) and intercept
(�S/R) of the plot, the change in enthalpy (�H) and entropy (�S) can be calculated.
�H varieswidely for differentmetal–hydrogen systems,whereas the entropy change
is almost independent of the host metal or compound and equal to ~130 J K−1 mol−1

H2. The change in entropy corresponds to the loss of entropy of gaseous hydrogen
upon absorption in solid matrix. The other entropy terms like vibrational entropy
of hydrogen in host lattice, configurational entropy, etc., are very negligible. Due
to the factor that there is almost constant entropy change in different metal hydride
system, the entropy term (�H) largely determines the stability of metal–hydrogen
bond. For a stable hydride, where equilibrium hydrogen pressure lies below 1 atm.,
the enthalpy should be more negative than that of−39 kJ/mole. The plateau pressure
and reaction kinetics fix the reaction temperature of metal and hydrogen. Dissocia-
tion pressure of some of the important metal hydride as a function of temperature is
shown in Fig. 16.8.

The hydrogen storage capacity of ametal hydride is defined either byH/M ratio (H
= number of hydrogen atom,M = number of metal atoms) or by weight percentage.
Theweight percentage (Hw) is calculatedby theweight ratio of hydrogen andhydride.

Hw = (
mH/mHydride

) × 100, where mhydride = mass of metal + hydrogen.



16 Synthesis and Characterization of Metal Hydrides … 797

Fig. 16.8 Dissociation pressure of different hydrides as a function of temperature (Reproduced
from Ref. [52] with the permission of Elsevier publishes)

In technological point of view, weight percentage is very important parameter to
choose a particular metal hydride for practical application, especially for vehicular
hydrogen storage, which will be discussed later in this chapter.

16.5 Kinetics of Interstitial Hydride Formation

The kinetics of hydrogen absorption and desorption is also important for practical
application as it limits the lower temperature of hydriding. Considering the many
steps involved in hydride formation mechanism, the overall rate is governed by rate
of the following steps:

(i) Physisorption of hydrogen molecule at metal surface.
(ii) Dissociation of hydrogen molecule to hydrogen atom at the metal surface.
(iii) Chemisorption of hydrogen at the surface.
(iv) Rate of diffusion of hydrogen atoms through the bulk.
(v) Rate of nucleation and growth of β-phase hydride.

As the hydride formation reaction is controlled by a number of factors [54],
practically it is very difficult to numerically find out the rate constants of individual
steps following conventional methods. Hence, there is a practice to employ different
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Table 16.2 List of some of the kinetic models from literature [58–63]

Model Kinetic equation

Zero-order chemical reaction ξ = kt

First-order chemical reaction −ln(1 − ξ) = kt

Second-order chemical reaction [1/(1 − ξ)] − 1 = kt

One-dimensional diffusion ξ2 = kt

2-D diffusion (1 − ξ)ln(1 − ξ) + ξ = kt

Ginsling–Braunshteinn model 1 − 2/3ξ − (1 − ξ)2/3 = kt

Jander diffusion model [1 − (1 − ξ)1/3]2 = kt

Kolmogorov–Johnson–Mehl–Avrami ln(−ln(1 − ξ)) = nlnk + nlnt

2-D contracting area 1 − (1 − ξ)1/2 = kt

3-D contracting volume 1 − (1 − ξ)1/3 = kt

standard mathematical kinetic models to identify the rate limiting step and determine
the apparent rate constants [55, 56]. Same is also true for dehydrogenation kinetics.

A mathematical kinetic model is a mathematical representation of experimentally
observed kinetics data. When a set of experimental kinetics data (applicable for both
hydrogenation and dehydrogenation) can be fitted with a model within error limit, it
is assumed that the hydrogenation/dehydrogenation follows the mechanism based on
which the model was derived. Several kinetic models are reported in the literature,
and some of them are listed in Table 16.2.

This section briefly describes the general procedure for finding rate constants and
activation energies using kinetic models.

The rate of a solid–gas reaction is in general expressed by

dξ

dt
= k · f (ξ) (16.5)

where ξ is the reacted fraction at time t, k is apparent rate constant, and f (ξ ) is
a function determining the mechanism of reaction. It can also be written in the
integrated form

g(ξ) =
∫

dξ

dt
= kt (16.6)

where g(ξ ) is the integral form of f (ξ ).
For a volumetric hydrogen storage measurement, ξ is given by

ξ = P(0) − P(t)

P(0) − P(∞)
(16.7)
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where P(0) is initial hydrogen pressure; P(t) and P(∞) are the hydrogen pressures
at time ‘t’ and after reaching the final equilibrium, respectively. The kinetic equation
with largest co-relation coefficient (R2) is considered as the best fitting model to
describe the kinetics of hydrogen absorption/desorption for that particular system.
Using the best fittingmodel, the rate constants “k” are determined at different temper-
atures. Gérard et al. [57] summarize the kinetic results of hydrogen absorption and
desorption for AB5, (LaNi5 type), magnesium alloys, FeTi and the Laves phases.

16.5.1 Calculation of Activation Energy

Activation energy of absortion and desorption of hydrogen can be calculated both
by kinetic model fitting and by Kissinger method.

16.5.1.1 Kinetic Model Fitting

Activation energy of absortion and desorption of hydrogen can be found out using the
Arrhenius equation by calculating the rate constant of reaction at different temper-
ature by kinetic model fitting [64, 65]. The Kolmogorov–Johnson–Mehl–Avrami
(KJMA) model of hydrogenation reaction is based on the nucleation, growth theory
of hydride and is most frequently used and popular model for determining the acti-
vation energy of hydriding reaction [58], and we are concentrating our discussion
within this model only. KJMA model is applied when random nucleation occurs
throughout the sample and the bulk and homogeneous growth takes place thereafter.

The linear form of KJMA model is

ln(−ln(1 − ξ)) = nlnk + nlnt (16.8)

where ξ is the reacted fraction, k is rate constant, t is time, and n is Avrami constant.
Avrami constant gives idea about the dimensionality of the reaction and thus put
light on reaction mechanism.

If ln(−ln(1 − ξ)) is plotted against lnt , then from the slope, Avrami constant can
be determined, and using that in the intercept value, the rate constant can be evaluated.
The apparent activation energy of hydrogen absorption/desorption is calculated using
the Arrhenius equation:

lnk = lnA − Ea

RT
(16.9)

where k is the rate constant, A is pre-exponential factor, Ea in the activation energy,
T is the temperature, and R is the universal gas constant (8.314 J mol−1 K−1).
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16.5.1.2 Activation Energy by Kissinger Method

The activation energy can also be determined directly by Kissinger plot based on the
following equation:

ln

(
∅

T 2

)
= − Ea

RT
+ ln

(
AR

Ea

)
(16.10)

T is the peak temperature of hydrogen absorption/desorption, ϕ is the heating rate,
Ea is the activation energy, and R is the universal gas constant. This plot between
ln(ϕ/T 2) versus T−1 at different heating rate should give a straight line, which yields
the apparent activation energy of the absorption or desorption process (Ea) [66, 67].

16.6 Hydrogenation of Intermetallic Phases

16.6.1 Reaction Between Hydrogen Gas and Metals
at Convenient Pressure and Temperature

Metal, intermetallics and alloys can be hydrogenated by simply exposing the sample
in hydrogen atmosphere at suitable temperature and pressure. After hydrogen absorp-
tion, mostly the intermatallic phase remains stable except in some cases, where
disproportionation occurs. One of the classic examples of such type of system is
Mg2Cu [68]. Upon hydrogenation, it formsMg2CuH4 which readily disproportionate
into MgCu2 and MgH2. In La7Ni3 also, after hydrogenation bimetallic alloy (LaNi5)
and elemental hydride (LaH3) segregates [69]. Again, there are some intermetallic
which can only exist in presence of hydrogen. For example, Mg and Fe metals are
almost immiscible, but Mg2FeH6 is quite stable [70–73].

Diffusion of hydrogen in metal hydride is generally very slow which is evident
from lower diffusion coefficient value of hydrogen in metal hydride. But as alloy
starts to absorb hydrogen, mostly there is large expansion in the lattice param-
eter, so it cannot accommodate plastic deformation and decrepitates. As a result
of that, new fresh surface is created in the alloy, and also, the diffusion path length
decreases. During hydrogenation, several precautions should be taken as mostly all
the intermetallic compounds are reactive towards air and moisture.

1. The purity of the hydrogen should be very high.
2. The reaction chamber should be leak proof and should have very low degassing

rate.
3. The chamber should be attached with ultrahigh vacuum to eliminate traces of

contamination.
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16.6.2 Electrochemical Charging and Discharging of Metal
Hydride

Another way of charging and discharging of metal hydride at room temperature is by
electrochemical route. This is also basic principle of Ni metal hydride battery. Here,
negative metal hydride electrode (anode) is combined with positive nickel hydride
electrode (cathode) in an electrochemical cell [18, 74]. The reaction is fully reversible
and can be represented as

MHx + xOH− ↔ M + xH2O + xe− (16.11)

NiOOH + H2O + e− ↔ Ni(OH)2 + OH− (16.12)

Schematic diagram of metal hydride electrode is presented in Fig. 16.9.

16.6.3 Mechanical Milling for Metal Hydride Formation

Ball milling has become one of the most utilized preparation methods for metal
hydrides though till now it is significantly unexplored. Mechanical milling can be
utilized in several ways for metal hydride formation.

NiOOH

Ni(OH)2

H2O

OH-

Nega ve electrode Posi ve Electrode
(Metal Hydride) (β-Ni(OH)2 electrode)

Charging

Discharging

KOH electrolyte

e-

Fig. 16.9 Schematic diagram of metal hydride electrode
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16.6.3.1 Mechanical Milling

Some metals and alloys do not absorb (or absorb very slowly) hydrogen in gas phase
when prepared by arc melting or induction heating but they can when prepared by
mechanical milling route. Although the diffusion rate of hydrogen in early transition
metals is quite high due to the presence of vacant d orbital, but practically, it is
limited by the presence of surface oxides. By mechanical milling, there can be a
tremendous increase in the hydrogen absorption rate of such systems. The greatly
increased diffusion rates observed during ball milling are due to several factors.
Firstly, by milling, large amount of oxide-free metal surface is exposed towards
hydrogen, and thus, the dissociation barrier of hydrogenmolecules towards hydrogen
atom decreases. Again, ball milling lowers the particle size and grain size, thus the
surface area increases and gain boundary concentration increases as a result hydrogen
diffusion length decreases. Again, ball milling introduces significant lattice defects
and stress in the material, and thus, the reactivity of metal increases.

A very important alloy which has been synthesized by ball milling and explored
due to high gravimetric hydrogen storage capacity is Mg-based BCC alloys. An
interesting fact is that magnesium itself is having HCP structure, but by reactive ball
milling, BCC phase of magnesium can be stabilized in presence of certain transition
metals such as Ti, Co and Ni [75–81]. Study shows that BCC Mg50Ti50 alloy with
crystalline size of 3 nm can be prepared by ball milling a mixture of Mg and Ti
powder in a Fritsch P5 planetary ball mill for 150 h at a rotation speed of 200 rpm
[76].

By mechanical milling, amorphous alloys also can be synthesized, which are very
difficult to get by conventional methods. Ni-Ti, Y-Co-based amorphous materials
have been synthesized successfully by mechanical milling [82, 83]. For grinding
alkali metals, extreme precautions are needed, and inert conditions (mostly under Ar
atmosphere) and nonreactive diluting agents such as iron powder, sodium carbonate
or alkali metal chlorides or hydrides are primary requirements [84].

16.6.3.2 Reactive Mechanical Milling

In some cases, metal nano hydride could be directly formed bymechanical milling of
metal powder under hydrogen atmosphere,where the reaction is accompaniedboth by
particle and grain size reduction. The method is called reactive mechanical milling.
This method considerably lowers down the reaction temperature and overcomes
the issues related to slowing down of the reaction due to the formation of hydride
layer over the metal surface. During mechanical milling, the clean metal surface
continuously gets exposed towards hydrogen, enabling reaction to go towards the
completion.

TiH2 is conventionally prepared by exposing Ti metal in hydrogen atmosphere
(1 atm) at around 400 °C for several hours, and several hydrogen absorption desorp-
tion cycle is required to attain the maximum hydrogen storage capacity. Titanium
hydride could be synthesized at room temperature by ball milling Ti powder under
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hydrogen atmospheres. Study shows that the hydride formed by the milling process
shows lower desorption temperature compared to the conventional route [85].

Reactive ballmilling is found to be excellent preparation route for producing alkali
metal hydride at near ambient temperatures and have high opportunity for scaling
up. The synthesis of alkali metal hydrides by direct hydrogenation is generally very
energy-intensive process, and inmanyof the cases, the reaction temperature are above
their melting point. By and large, they require additional catalyst also [86, 87]. For
example, lithium monohydride is typically synthesized at 700–900 °C by reaction of
molten lithium metal and gaseous hydrogen. Mechano-chemical synthesis of AHs
(A = Na, K, Rb, and Cs) can be achieved by ball milling the respective metals under
hydrogen pressure without any additive agent or catalyst. Though for completion of
reaction, around 120 °C temperature is needed [88]. A recent study demonstrates
that in presence of process control agent such as corresponding metal monohydride
the reaction can go towards the completion at room temperature only [89].

Magnesium hydride is formed by the reaction of hydrogen gas with Mg powder
at temperatures around 700 K with hydrogen pressures in the range 78 MPa for
several hours. The natural inertness of magnesium metal towards hydrogen comes
due to the following factors. (1) In normal condition, magnesium metal remains
coveredwith thick oxide layer, which acts as the barrier for hydrogen dissociation and
diffusion. (2) Due to high activation barrier for dissociation of hydrogen molecule
and slow diffusion rate of hydrogen through magnesium and magnesium hydride
lattice. However, MgH2 formation can be achieved near room temperature using
high-pressure reactive ball milling with a ball-to-powder weight ratio of 10:1 at
500 rpm and hydrogen pressures of 1, 4 and 9 MPa [90].

16.6.3.3 Reactive Mechanical Alloying

In reactivemechanical alloying, differentmetal powders can bemilled together under
hydrogen atmosphere to produce ternary and higher hydride.

aA + bB + (x/2)H2 → AaBbHx (16.13)

Similarly, ternary hydride can also be formed by mechanical milling of metal
hydride with another metal in presence of hydrogen. One of the classic examples is
synthesis of sodium alanate.

NaH + Al + 3/2 H2 → NaAlH4 (16.14)

Several complex hydrides have been prepared successfully using reactivemechan-
ical milling under hydrogen atmosphere. For example, Mg2FeH6 and Mg(BH4)2 are
prepared, by reactingMg or MgH2 with Fe, andMgB2, respectively, under hydrogen
gas [91, 92].
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Precautions During Ball Milling

The reactivity of metal alloy and hydrogen absorption kinetics depends on several
milling parameters such as powder-to-ball weight ratio, milling speed, milling time,
milling container and ball composition, diameter and density of the starting material,
temperature and hydrogen pressure, and to get desired product, each of the parameters
should be optimized and controlled [93]. During ball milling, heat is produced due
to friction, which may lead to thermal decomposition of the sample after prolonged
milling, and necessary safety precautions should be taken into account (especially
when hydrogen is being handled). A routine procedure is to give short intervention
time in between themilling processes to allow the intrinsic heat to dissipate.Again the
milling time and the interval time optimization are crucial for successful synthesis.
A very effective way to make unstable hydride is cryogenic ball milling, where the
milling is done under liquid nitrogen temperature.

16.7 Stability of Intermetallic Hydride

The stability of a ternary hydride can be determined by Miedema model which
explains the stability of ternary hydrides in terms of the enthalpy of formation of
a ternary hydride from knowledge of enthalpy of formation values for the corre-
sponding binary hydrides and binary intermetallic compounds [94]. Themodel states
that

1. The interstitial hydrogens are considered to be metallic in nature.
2. The stability of hydride is explained in terms of only enthalpy of formation as

the contribution from the entropy term is fixed. The standard entropy loss is 130
JK−1 mol−1 for gaseous hydrogen after absorption in metal hydride. Therefore,
the criterion of a stable metal hydride at an equilibrium pressure below 1 atm.
and at room temperature is that the formation of enthalpy should be more than
40 kJ mol−1.

3. The intermetallic compound containing at least one stable hydride-forming
metal can absorb large quantity of hydrogen thermodynamically.

4. The heat of formation of a ternary hydride (ABnH2m) can be approximately
estimated by the following equation

�H(ABnH2m) = �H(AHm) + �H(BnHm) − �H(ABn), (16.15)

where n > 1, A is hydride-forming metals, and B is an arbitrary transition metal. It
is also called the rule of reverse stability. According to this rule, more stable is the
alloy, and less stable is the hydride.

For example, in case of LaNi5, the relation (16.15) becomes

�H(LaNi5H6) = �H(LaH3) + �H(Ni5H3) − �H(LaNi5) (16.16)
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The values of the terms in the right hand side of the above equation are –252,
+4, and +168 kJ/mol alloy, respectively. The left-hand side of Eq. (16.16) is then
calculated to be –80 kJ/mol alloy (–27 kJ/mol H2), which agrees well with the
observed value, –32 kJ/mol H2. LaCo5 is one of the alloys of the same series but
less stable than LaNi5. It clearly proves that these AB5-type hydrides obey the rule
of reversed stability [95].

The model assumes that the crystal structure of the intermetallic compound is
not important for determining thermodynamic stability of hydride. Afterwards many
scientists have improved the Miedema model by including different terms in the
simple model which can give better prediction of enthalpy of formation of the
metal hydride. For example,Wang andNorthwood have proposedmodifiedMiedema
model [96] where they have taken account of the fact that both the electron density
and electronegativity of hydrogen vary with the size of the interstices of the host
metal. The model also can predict the site occupancy and energy of hydrogen in
tetrahedral (T) or octahedral (Oh) sites in metal hydride.

Another model which can predict the hydride formation energy close to the exper-
imental value is the semi-empirical band structure model proposed by Griessen and
Driessen [97, 98]. They have proposed that the heat of formation of metal hydride
can be given by

�H = n

2

[
α
(
E f − Es

)] − β], (16.17)

where Ef and Es are the Fermi energy and the energy of lowest conduction band,
respectively.

16.8 Interstitial Site Occupancy of Hydrogen
in Intermetallic Hydride

The two models have been widely accepted to predict the interstitial site occupancy
in intermetallic compounds, namely Westlake’s geometrical model [99, 100] and
local heat �H of formation model by Shaltiel [101].

16.8.1 Westlake’s Geometrical Model

The model states that

(i) For an interstitial site to be occupied by a H atom, its hole radius should be
0.4 Å or greater.

(ii) The distance between the two occupied interstitial sites should be 2.1 Å or
greater.
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(iii) The interstitial sites with larger hole radii are occupied first.

The postulate is of totally geometric origin, and it completely ignores the rela-
tive hydrogen affinity of the metal atoms forming the interstitial site. It cannot
predict phase transformation of metal upon hydrogenation or high-pressure phase
when much more hydrogen in involved. However, as Westlake reported for several
systems like LaNi5D6, LaNi4AlD4.5, ZrV2D6, ZrMn2D2.75, etc., the postulate is in
good agreement with observed site occupancy of hydrogen.

16.8.2 Local Heat of Formation Model

Local heat of hydride formation (�H) energy is calculated empirically by adding the
formation energy of elementary binary hydrides formed by the H and metal atoms.
Thus, the sites with more number of neighbours, with high H affinity, are predicted to
be preferentially occupied. It is clear that thismodel completely ignores the geometry
and size of the interstitial hole and the emphasis is mainly on the relative affinity of
the constituent metal atoms towards hydrogen. It is established that hydrogen prefers
to occupy interstitial sites surrounded by at least one atom of stable hydride-forming
metals. As an example, in TiFeD1.9, hydrogen atoms occupy the sites [Ti4Fe2] and
[Ti2Fe4], where at least one Ti atom is there. In Laves phase hydride such as ZrMn2,
hydrogen atoms have a tendency to occupy the sites [Zr3Mn] and [Zr2Mn2].

As both the models have their own advantages and disadvantages, so both
should be considered together for the prediction of hydrogen site occupancy in an
intermetallic hydride.

16.9 Isotope Effect

The changes in free energy upon absorption of H and D in metal can be different
due to differences in enthalpy and entropy of the two gases and those of the
hydride/deuteride phases.At room temperature, the difference between the enthalpies
of H2 and D2 gas is 4 kJ/mol. Because of the higher atomic mass, D2 molecule
has lower optical frequency, and as a result, it leads to lower zero-point energies.
Therefore, it is expected that at sufficiently lower temperature deuteride will be
more stable than the corresponding hydride. But at elevated temperature the entropy
effect predominates, and hydride tends to becomemore stable than the corresponding
deuteride. The entropy difference between gaseous D2 and H2 is 14 JK−1 at room
temperature. For each hydride, there should be a crossover temperature above which
the hydride becomes more stable. Fort V-H system, the crossover temperature is
found to be 137 °C. An example of more stable deuteride is given by Wiswall et al.
[102]. In the absorption reaction between the first and the second hydride phase in
the vanadium-hydrogen system, the absorption pressure for H2 exceeds that for D2
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by a factor of 3. CaNi5 shows very unusual isotope effect as it shows different effect
for different plateau region. For β to α [103], the deuteride plateau is higher than
the corresponding hydride indicating normal isotope effect. Intermediate plateau (γ
to β) shows no detectable isotope effect. Whereas δ to γ transition shows prominent
inverse isotope effect, and deuteride exhibits 1/3 of the plateau pressure of that of
the hydride.

16.10 Characterization of Metal Hydrides

16.10.1 Hydrogen Sorption Measurement Techniques

For different classes of metal hydride, it is important to accurately quantify the
total hydrogen loading in metal at different pressures and temperature. Accurate
measurement of hydrogen gas uptake in solid sample is central characterization
technique for number of research areas including hydrogen storage, carbon dioxide
sequestration, catalysis, environmental protection, including among others. Precise
determination of quantity of gas absorbed or adsorbed by a solidmaterial and pressure
composition isotherm can be done in several ways that are in principle very simple,
but achieving accurate, reproducible results is not that straightforward. Broadly,
there are three main methods (gravimetric, volumetric and temperature-programmed
desorption) are being applied to determine hydrogen loading at different temperatures
and pressure and also to determine the thermodynamics and kinetics of hydrogen
loading. The three methods with their typical advantages and disadvantages are
briefly summarized here.

16.10.1.1 Gravimetric Hydrogen Storage Set-up

In the gravimetric method, the amount of hydrogen absorbed is directly measured
by change in the weight of sample during hydrogen absorption desorption cycle.
Block diagram for simplified gravimetric set-up is given in Fig. 16.10. The heart
of the apparatus is electronic microbalance for high-pressure applications including
the balance housing. The other components are gas supply system (hydrogen as the
reactive gas and helium as reference gas), an evacuation system consisting of a turbo
molecular pump backed up by a roughing pump, a heater and data acquisition system.

To determine total hydrogen uptake, minimum possible amount of sample is
loaded in the stainless steel sample crucible, and same weight (±1 mg) of refer-
ence material is loaded into the reference crucible. Before starting, the whole system
is evacuated using turbo vacuum, and the sample is heated to the desired tempera-
ture. When the desired temperature is reached, certain pressure of hydrogen gas is
introduced in the chamber, and amount of absorbed hydrogen is determined from the
weight difference between the sample and the reference material.
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Fig. 16.10 Schematic diagram of gravimetric set-up for hydrogen uptake measurement

The major advantage of gravimetric hydrogen uptake measurement system is that
it is direct method as here the hydrogen uptake is directly measured from the weight
difference between the sample and reference materials after exposure to hydrogen
at a particular temperature and pressure. So, several complications can be avoided
due to volume calibration, adiabatic expansion of hydrogen gas, sample volume and
density, etc., which are present in volumetric set-up (will be discussed in detail later).
As the minute weight changes during absorption, desorption cycle is measured using
a microbalance, so to get accurate result, optimized amount of sample should be
loaded in thermo-gravimetric apparatus, and the sample amount is limited by the
resolution and capacity of microbalance. In principle, this method is sensitive to
all gasses absorbed in the materials, and as very small sample amount is used for
the measurements, only high hydrogen absorbing materials give accurate results by
this measurement. Buoyancy correction and highly sensitive microbalance are must
for gravimetric measurement. Therefore, the method is best suited for chemical and
metallic hydrides with high hydrogen storage capacities. To avoid buoyancy, the
volume of the sample and the reference should be similar and at best the same.

16.10.1.2 Volumetric Hydrogen Storage Set-up

The volumetric method is indirect way of determining the total amount of hydrogen
absorbed, by measuring the hydrogen pressure drop resulting from adsorption of
hydrogen after exposing the sample to a particular hydrogen pressure at a constant
volume and temperature. This approach is also called Sieverts approach, and the
set-up is called Sieverts-type set-up. A schematic diagram of typical Sieverts type
of set-up is presented in Fig. 16.11a. Different parts of this apparatus are a reactor,
whose temperature is controlled by a temperature controller, heater, pressure moni-
toring system, vacuum system and gas inlet. The volume of the reactor and the mani-
fold part should be well calibrated initially. To determine PCT curve and hydrogen
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Fig. 16.11 a Schematic diagram of Sieverts-type apparatus. b Schematic of high-pressure
differential pressure sorption apparatus. PT = pressure transducer, DPT = differential pressure
transducer

storage capacity, the precise mass of the sample is required. Before starting experi-
ment, the whole set-up is evacuated, and the temperature is increased up to working
temperature. After that, the manifold region is charged with certain hydrogen pres-
sure, and the absolute pressure ismeasured by pressure transducer. After stabilization
of pressure and temperature, hydrogen gas is allowed to expand in sample chamber.
As all the volumes are well calibrated, so from the pressure change in the absolute
transducer, the total amount of absorbed hydrogen can be calculated. At a particular
temperature, the gradual change in pressure gives the hydrogen sorption kinetics at
the particular temperature and pressure.

The quantity of absorbed hydrogen is estimated, based on ideal gas low:

�n = n1 − n2 = �P(V/RT ) (16.18)

�P is difference between initial and final gas pressure, V = volume, n = number of
moles of gas absorbed/desorbed, R = universal gas constant (8.314 J mol−1 K−1),
and T = absolute temperature.

The accuracy of volumetric hydrogen measurements set-up is highly dependent
on the accuracy of initial volume calibration and the pressure transducers and their
ability to provide both wide range and high-resolution measurements. The main
advantage of this method is that here the conditions directly mimic that of high-
pressure tank and the amount of sample can be increased to get sufficiently accurate
results. In Sieverts-type apparatus, the uptake is measured by change in pressure of
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the adsorbate within confined volume, so any factor which can affect pressure of
the system will lead to error. Pressure measurement is very sensitive to (a) temper-
ature fluctuations, (b) leaks and additional pressure effects caused by expanding
the hydrogen from the reservoir to the sample cell. The other sources of error in
volumetric measurement are discussed in detail by Broom [104] and others [105]
which are issues related to internal volume calibrations, temperature and pressure
measurements, sample amount and temperature gradients, equilibrium wait times,
gas purity, sample degassing, thermal transpiration and leaks, sample density and
volume, knowledge of the sample preparation and history and the compressibility
of the gas. The volumetric technique is very sensitive to uncertainty in the sample
volume, and it accumulates in each step. One of the ways to take care of sample
volume is to do pycnometry correction with He gas. Again the design of Sieverts-
type apparatus may be optimized for least uncertainty by having similar volumes
for the reference and cell volumes which are both as small as practical [106]. Volu-
metric differential pressure hydrogen adsorption set-up has been designed by some
researchers to minimize the additional pressure effects caused by expanding the
hydrogen from the reservoir to the sample cell. A schematic diagram of such system
is presented in Fig. 16.11b. Here, two identical vessels are connected to the sides of
a differential pressure transducer. The sample is put in the reaction vessel, while a
similar volume non-interacting reference material is placed in the reference vessel.
At each step of the hydrogen absorption, the manifold sections are charged with
hydrogen gas, and the gas pressure is measured by pressure transducer. After that,
the gas in two manifold sections was simultaneously expanded into the cells (sample
and reference). The difference between the pressures of the sample cell and the
reference cell is measured by differential pressure transducer, and it represents the
gas uptake by the adsorbent [107, 108]. The uncertainties of hydrogen capacity
measurement can also be minimized by minimizing the reservoir volume, taking
higher mass of loaded sample, using high accuracy pressure and temperature trans-
ducer and giving adequate thermal equilibration time [109]. Though total hydrogen
storage capacity of metallic and chemical hydride can be determined very accurately
by the above-mentioned methods, but for hydrogen storage capacity measurement
of physisorbed materials (specially high surface area carbon based materials) at high
pressure (>10 MPa), utmost care should be taken to obtain satisfactory degree of
accuracy and reproducibility [110].

At higher hydrogen gas pressure (>5 MPa), errors in volumetric measurement
come due to the deviation from ideal gas law as in that the interaction between the
gas molecules is important. In that case, the ideal gas law should be corrected by van
der Waals gas equation

(
P + n2a

V 2

)
(V − nb) = nRT (16.19)

where a and b are 0.2476 L2 bar mol−1 and 0.2661 L mol−1 for hydrogen.
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Again in hydrogen measurement set-up, in order to load samples, exposure
towards air is inevitable. So, it is very difficult to characterize air-sensitivemetals like
magnesium, sodium for their hydrogen storage properties. For these cases, experi-
mental setup with a detachable reactor is needed to load the sample under protective
atmosphere if needed.

16.10.1.3 Temperature-Programmed Desorption

Temperature-programmed desorption (TPD) is an indirect technique to measure the
amount of hydrogen in a metal hydride where a pre-hydrided sample is subjected
to a temperature ramp, and the amount of hydrogen desorbed from the sample as a
function of temperature is measured using a calibrated detector (quadrupole mass
spectrometer/thermal conductivity detector). Here, very little amount of sample can
be used and limited only by the sensitivity of the detector.

For thin film samples, conventional volumetric and gravimetric methods are not
well suited for determining the total hydrogen storage capacity. For these cases,Robin
Gremaud et al. [111] have recently proposed an innovative approach using optical
combinatorial method to determine hydrogen absorption and desorption which is
called hydrogenography. Using this approach, the P-C-T diagram at different temper-
ature and enthalpy of hydrogen formation for several thin films has been deter-
mined successfully and is applicable for alloys which show appreciable change in
the electronic structure after hydrogenation.

16.10.2 X-ray Diffraction and Neutron Diffraction

There are several techniques for determining site occupancy of H/D in metal hydride
or deuteride. For structural determination of metal hydride, the most widely used
technique is diffraction technique which is quite useful for ordered metal hydrides.
Because of low atomic number of hydrogen, it cannot be located in metal hydride by
X-ray diffraction, but neutron diffraction is very successful in this regard. In neutron
diffraction, the position of both the metal atom and hydrogen can be determined by
analysing the diffraction data [111, 113]. Neutron diffraction is mostly performed
on metal deuteride because of favourable ratio between coherent and incoherent
cross section of deuterium compared to that of hydrogen [114]. Neutron diffrac-
tion also helps to study the phase transformation of metal hydride with temperature
[115]. A comprehensive review on neutron diffraction study of metal hydride can be
found elsewhere [116], and detail of this will not be discussed in the present book
chapter. Three major drawbacks of neutron diffraction measurement for structural
determination are as follows:

(1) As relatively large amount of sample is needed, so sample homogeneity is a
major limiting factor.
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(2) In case of hydride, loss of crystallinity during hydriding leads to difficulty in
structural determination.

(3) Due to lack of single crystal, mostly all the neutron diffraction studies have
been done on powder sample, limiting the accuracy.

Hydrogen has the largest scattering interaction with neutrons of all the elements
in the periodic table. Hence, neutron scattering technique is ideal for characterizing
the structure and dynamics of these materials during hydrogen uptake [117]. Neutron
scattering in combination with density functional theory provides fundamental infor-
mationonhost hydrogen interaction, dynamics process and the nature of the hydrogen
containing species [118–123].

16.10.3 Nuclear Magnetic Resonance (NMR)

The chemical environment of hydrogen/deuterium inmetal hydride and theirmobility
inside the host matrix can be determined using magic angle spinning (MAS) 1H/2D
NMR and is used successfully nowadays to investigatemetal hydride [124–126]. The
magic angle spinning (MAS) in NMR reduces the line broadening of NMR signal,
and thus, the resolution increases. This technique involves rotating the sample at
an angular velocity around an axis inclined at a magic angle of 54.74° with respect
to the magnetic field, which averages the anisotropic parts of the interactions that
depend on the crystalline orientation in the magnetic field. Solid-state NMR also
offers a better insight into reaction kinetics, reversibility and effect of catalysts by
studying various steps leading to the formation of hydride [127]. It can be noted that
deuteride gives better spectral resolution in MAS NMR than that of metal hydride
at same rotation speed due to smaller magnetic moment of deuterium. Adolphi et al.
have demonstrated that MAS NMR of YDx yields spectrally resolved lines for D
atoms at three non-equivalent deuterium sites, namely tetrahedral (T), octahederal
(Oh) and tetrahedral sites with one or more occupied nearest neighbour octahedral
site (TOh) [128]. In another similar study [129], Adolphi et al. have confirmed two
equivalent deuteride sites in ZrNiD3.0, in 2:1 ratio, using both static- and frequency-
dependent MAS 2D nuclear magnetic resonance spectroscopy. Manivasagam et al.
[129] have investigated chemical environment of deuterium in electrochemically
loaded Mg0.65Ti0.35D1.2 using solid-state NMR, and from the chemical shift value,
they could identify whether D is in Mg-rich or Ti-rich nano-domain.

16.11 Electronic and Magnetic Structure of Metal Hydride

The electronic structure and formation energy of many hydrides have been system-
atically investigated by several researchers [130].
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Figure 16.12 explains the electronic band structure of metal hydride. In the elec-
tronic structure of transitionmetal or alloy, highly localized d band and delocalized s,
p bands are prominent. When hydrogen gets absorbed in transition metal, it donates
electron depending on the electronegativity of the metal atom. Insertion of hydrogen
in metals introduces hydrogen s band with prominent hydrogen character below the
Fermi level. After interaction, primarily electrons occupy the metal d band, and some
electrons get localized to the hydride band, consuming electrons from the s and p
band of metal. From the electronic structure, it is established that hydrogen remains
in anionic form in metal hydride and causes electron promotion to the Fermi surface.
The effect of hydrogen concentration on the electronic structure also has been studied
in detail [131]. For LaHx, x� 2, the hydrogen-induced s band is centred∼5 eV below
the Fermi level. With increase in hydrogen concentration, the d bands concentration
near Fermi level decreases, and the hydrogen s band shifts to higher binding energy
[132].

Using first principle calculation, the electronic structures of the complex hydrides
Li3AlH6, Na3AlH6, LiAlH4, NaAlH4 and Mg(AlH4)2 have also been studied. All
compounds are found to be large band gap insulators where the valence bands
are dominated by the hydrogen atoms, and the conduction bands have mixed
contributions from hydrogen and metal cationic states [133].

When lanthanides are hydrogenated up to the saturation value, they lose their
electrical conductivity and magnetic ordering due to the depopulation of conduc-
tion band of the host metal. In the lanthanides and their hydrides, the magnetism
originates due to the presence of partially filled f orbital [134]. Due to the restricted
special extension of f orbital, no significant overlap occurs with neighbouring atom,
and conduction electrons are responsible for magnetism. With hydrogenation, the
conduction band of lanthanides depopulates, and on saturation, a complete depopula-
tion of conduction band occurs, which suppresses its magnetism. In the intermetallic

Fig. 16.12 Electronic band structure of hydrides
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compounds between lanthanides and transition metal element, interesting observa-
tions are noted in magnetic structure after hydrogen loading and are considered to
be one of most fascinating magnetic systems. A paramagnetic system (Th6Mg23)
can transform into a ferromagnetic system upon hydrogenation due to straightening
of magnetic ordering, suppression of ferromagnetism can occur (Y6Mn23), a super-
conducting alloy can get transformed into ferromagnet upon hydrogen absorption
(Th7Fe3), and also, hydrogenation can lead to spin glass system (Er6Mn23). In most
of the alloys, the lanthanides transfer its electrons to the d orbital of transition metal
changing its magnetic behaviour.

16.12 Applications of Metal Hydride

From practical application point of view, metal hydrides are interesting candidates
in scientific and engineering communities since their discovery in 1866 [135, 136].
Most researches in metal hydrides are intended for two types of applications: Ni-
MH rechargeable battery and hydrogen storage. Its battery application is widely
exploited as a good replacement for conventional Ni-Cd batteries. However, the
metal hydride as hydrogen storage material is still challenging because of some
technical issues. Someof the other applications ofmetal hydrides are thermochemical
devices, hydrogen purification and separation, hydrogen gettering, hydrogen sensor,
switchable mirror, electrochemical application, isotope separation, etc.

16.12.1 Hydrogen Storage

The first studies on metal hydrides as hydrogen storage materials for vehicular appli-
cation were made by German automobile manufacturer Daimler Benz by combining
metal hydride tankswith combustion engines inmini vans [137]. Since then, a number
of alloys/intermetallics have been designed for hydrogen storage application [52,
138]. Safety-wise they are considered as the most relevant class of hydrogen storage
materials because they can store hydrogen at relatively lower pressure. It is desirable
to have high gravimetric hydrogen storage capacity for the metal hydride to deliver
satisfactory driving range between refuelling. The other crucial parameters (as set
by Department of Energy, United States) that determine the performance of metal
hydrides for on-board vehicular application are listed in Table 16.3.

Among different types of intermetallic compounds, LaNi5-based systems are
attractive candidates for hydrogen storage due to easy activation, ability to store
hydrogen at ambient condition, fast hydriding/dehydriding kinetics, tolerance
towards gas impurities and low hysteresis [140]. Another advantage of these systems
is that the absorption/desorption thermodynamics can be altered just by varying the
composition or by partial substitution with other elements like Ce (in La site), Al,
Cu, Cr, Sn, Fe, Co, Mn, Rh, Ir, Pt or Au, etc. (in Ni site) [141–143]. However,
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Table 16.3 Targets set by
department of energy DOE
for hydrogen storage system
(vehicular application) [139]

Parameters Unit 2020 target Ultimate target

Gravimetric
capacity

kg H2/Kg
system

0.055 0.075

Volumetric
capacity

kg H2/L
system

0.04 0.070

Min/Max
delivery
temperature

°C −40/85 −40/85

Cycle life Cycles 1500 1500

System fill
time for 5 kg
fill

Min 3.3 2.5

the gravimetric hydrogen storage capacity of LaNi5-based systems is intrinsically
low because of its CaCu5-type hexagonal structure [144]. Moreover, for practical
applications, a long-term cycling stability is required. Borzone et al. [145, 146] have
shown that the partial substitution of Ni by Sn reduces the cyclic degradation of
LaNi5-based intermetallic compounds. Al substitution is also effective in improving
the cyclic stability of [147] La-based metal hydrides.

TiFe is another well-known intermetallic compound which is much cheaper than
LaNi5-based hydrogen storage systems [148]. They exist in cubicCsCl-type structure
and possess reversible hydrogen storage capacity of 1.9 wt.% [149]. TiFe alloys are
capable of absorbing hydrogen provided proper activation is done prior to hydrogena-
tion. TiFe-based systems are highly sensitive to gas impurities. Moreover, they suffer
from poor hydrogen reaction kinetics and high equilibrium plateau pressure. Ćirić
et al. [149] have reported that partial substitution ofFewithNi results in lower equilib-
rium pressure and enhances the hydrogen absorption–desorption kinetics. However,
themaximumhydrogen storage capacity decreases with increase inNi content. Other
substituents such as Mn, Cr and V are also effective in reducing the plateau pressure
and improving the activation performance [150, 151]. Manganese has been proven
to enhance the tolerance towards gas impurities.

Apart from TiFe, another cost-effective intermetallic hydrides are Laves phase
compounds with AB2-type structure where A is either Ti or Zr, and B represents
transitionmetal.Vanadium (V) is an importantmodifier used to increase the hydrogen
storage capacity of Zr-based Laves phase compound [152]. Actually, the hydrogen
uptake increases with decrease in outer shell occupation number in the 3d series.
Banerjee et al. have found that the partial substitution of Fe by V can remarkably
increase the hydrogen storage capacity of ZrFe2-based Laves phase compound [153].
However, an increase inV content increases the stability of the hydride indicating that
the enthalpy of hydride formation increases with increase in V concentration. The
compound with ZrFe1.2V0.8 composition was found to absorb 3.78 H/formula unit
with a formation enthalpy of −41.8 kJ/mol by this research group. Recently, Rabahi
et al. [154] have used density functional theory (DFT) pseudo-potential method to
investigate the atomic hydrogen absorption trends in the cubic C15-ZrFe2 Laves
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phase compound in presence of third elements. They have found that compounds
with Be, V, Cr, Mn, Y and Tc at the Fe sites can absorb up to 6H/formula unit.

Titanium (Ti)-based solid solution alloys with BCC structure are reported to
have higher hydrogen storage capacities compared to conventional intermetallic
compounds. Some of the recent reports show that the room temperature gravimetric
hydrogen storage capacity may reach up to 4 wt.% [22, 155]. However, two major
drawbacks of these alloys are as follows: difficult initial activation and comparatively
higher desorption temperature. Extensive researches have been conducted by imple-
mentingmethods such as elemental substitution, composite formation and annealing.
Fe substitution is reported to improve the activation performance of Ti-based BCC
alloys [156, 157]. Recently, Kamble et al. have suggested that tuning the chemical
composition is the most efficient way to improve the activation characteristic of Ti-
Cr-V-based hydrogen storage alloys [158]. The most critical feature in the activation
procedure of these alloys is longer incubation period. This incubation time can be
reduced by addition of elements such as Zr and Mn which are known to promote
Laves phase formation [20, 64, 65, 159, 160]. In these Laves phase-related BCC solid
solution, it acts as the penetration path for H atoms to enter into the main hydrogen
absorbing BCC phase and thus catalyses the hydrogenation process. However, they
absorb less amount of hydrogen compared to pure BCC phase. Zr, being a good
hydrogen getter, is effective to improve the cyclic stability of Ti-Cr-V-based BCC
alloys [64]. The presence of Zr-based Laves phase in BCC matrix was found to
reduce the desorption temperature remarkably [65].

Although a number of alloys and intermetallic compounds have been investigated
for their prospective as hydrogen storage materials, very few of them have proper
combination of properties to allow for automobile application. Some of the hydrides
(of alloys/ intermetallic compounds) used as hydrogen storage tanks to run vehicles
by some major automobile companies are listed in Table 16.4.

In India, 2/3-wheelers (primarily responsible for terribly poor air quality in cities)
fuelled by hydrogen from metal hydride storage tanks have been demonstrated
successfully by the group led by Professor O. N. Srivastava at Banaras HinduUniver-
sity [162]. For running these hydrogen-fuelled 2/3-wheelers by internal combustion
engine, mischmetal (Mm)-based AB5-type alloy with a reversible hydrogen storage
capacity of 1.8 wt.% was developed by this group.

Table 16.4 Metal hydride-based automobiles (already demonstrated) [161]

Manufacturer Type of vehicle Power Alloy/Intermetallics Year

SRTC Bus Augusta Internal combustion
engine

Lm(Ni, Al)5 1996

John Deere Gator 1 Fuel cell Mm(Ni, Al) 1998

John Deere Gator 2 Fuel cell Ti(Fe, Mn) 1998

FCPI /SNL Mine Locomotive Fuel cell (Ti, Zr)(Mn, V, Cr, Fe) 2001

ECD Motor Scooter Hybrid internal
combustion engine

ECD 2002
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16.12.2 Thermochemical Devices

16.12.2.1 Heat Storage

Formation of reversible metal hydride is associated with heat release which is
exploited in utilizing metal hydrides as thermochemical heat storage systems. The
main advantage of metal hydride (MH)-based heat storage systems (over the latent
heat storage systems using phase change materials) is that they can store heat for a
longer timewithout any thermal insulation, thereby greatly increasing overall system
efficiency. They are characterized by high energy density and nearly constant heat
delivery temperature. A wide range of operating temperature is available with MH-
based thermochemical energy storage systems [163]. For example, Mg-based metal
hydride systems can provide heat energy with density as high as 2814 kJ kg−1 of
hydride [164].

When a metal hydride is gradually heated in a closed system, the hydride
will dissociate into corresponding metal and H2. For the operation of MH-based
heat storage system, a prior knowledge of the equilibrium hydrogen pressure at
different temperatures (which is usually obtained from van’t Hoff plot) is required.
By choosing the hydrogen pressure, it is possible to find out the appropriate
temperature level for release of stored heat. Hence, a proper selection of hydride-
forming metal/alloy/intermetallic compound assures maximum performance within
the desired range of operation. Metal hydrides with high enthalpy of hydride forma-
tion and relatively lower value of hydride dissociation pressure are attractive as
heat storage materials. For an optimal heat storage system, it is desirable that the
hydrogen absorption/desorption reaction should be faster enough compared to heat
transport so that heat transport will govern the overall dynamics of the system. In
addition, it is necessary that the metal should have easy activation, low hysteresis,
good reversibility and high melting point.

16.12.2.2 Heat Pump

Conventional refrigerants and air conditioners use chlorofluorocarbons (CFC) which
are responsible for damaging ozone layer. Thermally driven metal hydride-based
heat pumps seem to be a promising alternate because it uses environment-friendly
hydrogen as refrigerant [165]. They provide wide operating temperature ranges by
changing the MH composition. They utilize low grade waste heat (industrial waste
heat, exhaust gas of automobile, etc.) without using any mechanical moving part.

16.12.2.3 Hydrogen Compressor

Another practical application of metal hydride which exploits pressure–tempera-
ture response of reversible hydrogenation dehydrogenation reactions is hydrogen
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compressor. This thermally driven MH hydrogen compressor is a good alternative
to conventional mechanical hydrogen compressor [166]. MH hydrogen compressor
offers several advantages such as simple design, easy operation, compactness, safety
and reliability, absence ofmoving parts and possibility to consumewaste heat instead
of electricity. The performance of aMHhydrogen compressor is largely dependent on
the thermodynamics and kinetics of metal hydride formation reaction. Apart from
that, structural and morphological aspects of metal and its corresponding hydride
determine the overall performance of the hydrogen compressor. For better perfor-
mance of hydrogen compressor, several features such as synchronization of plateau
pressure for multi-stage compressors, minimizing the slope of the isotherms and
hysteresis, increase of cycling stability and minimal dilatation should be attained.
Again, the efficiency can be improved by reducing the mass of MH reactors together
with auxiliary elements such as heat exchangers and filters. For better productivity
of hydrogen compressor, heat transfer performance of the MH reactor has to be
improved. Application of MH as hydrogen compressor requires compromisation
between thermal energy for hydrogen desorption and high compression ratio. This
imposes a medium heat effect requirement for MH materials (�H = 20–30 kJ/mol
H2).

Several applications of MH-based H2 compressors include laboratory facilities,
cryogenics, utilization of industrial waste heat, space application, H2 filling stations,
temperature sensors and actuators.

16.12.3 Hydrogen Purification and Separation

Metal hydride-based hydrogen separation and purification technologymainly depend
on the selective absorption of hydrogen by hydrogen storage materials [167–169].
When a mixture of gases containing hydrogen is allowed to flow through a hydrogen
storage bed, hydrogen reacts with the metal/alloy to form a metal hydride (provided
hydrogen partial pressure is higher than equilibrium plateau pressure). All other gas
contents in the mixture (which do not react with metal/alloy) flow out from the bed.
Thermal ballast is used in order to control temperature change in the hydriding–dehy-
driding cycle of the hydrogen separation and purification system [170]. However,
Saitou et al. [171] have reported hydrogen purification employing FeTi0.95Mm0.08-
based alloy in the temperature range of 25–90 ◦C. Themain problem in the successful
application of metal hydride-based hydrogen purification from mixed gases is the
extreme sensitivity of the metal/alloy surface to different impurities. For example,
carbon monoxide (CO) forms a layer on the surface of metal hydride. As a result, the
metal hydride loses its ability to absorb hydrogen. Miura et al. have introduced some
CO absorbent in the initial stage of purification to eliminate its poisoning effect and
then passed the gasmixture throughAB5-typemetal hydride bed [172] and ultimately
obtained 83% hydrogen recovery.
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16.12.4 Hydrogen Gettering

Hydrogen gettering is based on the ability of certain metals/alloys to absorb free
hydrogen gas leading to metal hydride formation. Transition metals such as zirco-
nium, titanium and their alloys are used as potential hydrogen getters and main-
tain a low equilibrium hydrogen pressure [173]. The technological importance of
getter materials is realized in different fields including particle accelerators, ultrahigh
vacuum (UHV) systems, space probes, semiconductor manufacturing and plasma
physics experiments [174]. Hydrogen exists as main residual gas component in an
ultrahigh vacuum system. Pumping of hydrogen by metal/alloy-based getter mate-
rials involves dissociation of hydrogen molecules into hydrogen atoms (H) on the
metal/alloy surface at lower atmospheric pressure, intrusion of nascent H atoms into
the material and formation of a stable M–H bond irreversibly. The performance
of a metal/alloy as gettering material is governed by its pumping speed, absorption
capacity and thermodynamic property. Ghezzi et al. [175] have investigated the effect
of grain size distribution on the thermodynamics of Zr(Fe0.5Mn0.5)2 getter alloy and
found that the small grain distribution resulted in H2 pressure values close to equi-
librium plateau pressure. They have shown the importance of grain size distribution
study to scrutinize the possibility of this alloy for practical use as getter material
without performing cycling test.

16.12.5 Hydrogen Sensor

In a hydrogen-based economy, hydrogen sensor will become an essential part of the
infrastructure to provide safe operation by detecting hydrogen leaks from storage
tanks, gas lines, etc. Thus, it will be able to prevent ignition or explosion of highly
flammable/explosive H2. Apart from hydrogen-based future economy, nowadays
hydrogen is mostly used in chemical industry such as production of ammonia,
petrochemical industry, food industry and pharmaceutical industry. Thus, hydrogen
sensors are required for these applications to monitor and control hydrogen partial
pressure.

Some of the metal hydrides possess interesting optical and electrical properties
which can be exploited for the design and development of hydrogen sensor. Mg- or
Pd-based thin films have shown good hydrogen sensing property at room temperature
[176, 177]. Palmisano et al. [178] have investigated the H2 gas sensing ability of
Pd capped Mg-based thin film device and shown one to one relationship between
hydrogen partial pressure and the visible optical change along the layers of the thin
film. Apart from optical and electrical properties, lattice expansion of alloys upon
hydrogen exposure has also been employed for fabrication of H2 gas sensor [179].
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16.12.6 Switchable Mirror

Switchable mirrors based on reversible uptake of hydrogen by rare-earth alloy films
(yttrium or lanthanum thin film)were discovered byHuiberts et al. [180]. Upon expo-
sure to hydrogen gas, the alloy film switches from reflecting metallic state (mirror) to
the transparent hydride phase. Subsequently, rare-earthmagnesium alloy-based films
were found to be better compared to pure lanthanide films relating tomaximum trans-
parency and mirror-state reflectivity. Mg-Ni-based switchable mirrors are beneficial
over rare-earth hydrides due to larger optical contrast [181]. The reversible conver-
sion from mirror state to transparent state may also happen by cathodic polarization
in electrochromic switchable mirrors [182]. Electrochemical switching is usually
carried out in alkaline electrolyte with in situ measurement of optical transmission
spectra. A room equipped with smart window (window impregnated with switch-
able mirror sheet) requires less cooling power compared to the room equipped with
normal transparent window [183].

16.12.7 Electrochemical Application

One of the major electrochemical applications of metal hydride is in Ni-MH batteries
[18, 184]. It is already mentioned that Ni-MH battery is a good alternate to Ni-Cd
battery to replace the toxic Cd electrode. Hydrogen storage alloy is used as negative
electrode in Ni-MH battery. Improvement of hydrogen storage capacity of the alloy
results in high energy density of the Ni-MH battery, andmany of the Ni-MH batteries
are available in market [185, 186]. First commercial Ni-MH battery was discovered
in 1989 by Ovonic Battery Company, Sanyo and Matsushita with AB2 and AB5

alloys. Some of the required properties of the alloys used in Ni-MH batteries are as
follows: an appropriate equilibrium hydrogen pressure (0.1–1 atm); an appropriate
equilibrium potential (~−0.9324 V vs. Hg/HgO); fast mass and charge transfer, good
corrosion resistance (for better cyclic life of the battery). The important processes that
take place in the metal hydride-based batteries can be represented with the following
charge and discharge reactions:

Charge

During electrochemical charge, water in the electrolyte generates proton at the
metal/electrolyte interface under an applied electric field. These protons are absorbed
in the matrix of metal to form corresponding metal hydride (MH). The charging
process is depicted by the half reaction:

M + H2O + e− → MH + OH−

At the positive electrode, nickel hydroxide (Ni(OH)2) gets oxidized into nickel
oxy-hydroxide (NiOOH) as follows:
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Ni(OH)2 + OH− → NiOOH + H2O + e−

Thus, the positive electrode is oxidized, and the negative electrode is reduced
during charge.

Discharge

During discharge, proton in the MH leaves the surface of negative electrode and
recombines with the hydroxyl ion in the alkaline electrolyte to form water. The
discharge process is characterized by the half reaction:

MH + OH− → M + H2O + e−

At the positive electrode, nickel oxy-hydroxide is reduced to nickel hydroxide.

NiOOH + H2O + e− → Ni(OH)2 + OH−

Both charging and discharging reactions take place in an alkalinemedium (usually
KOH solution) because in acid solution vigorous etching of the metal-based negative
electrode occurs. Moreover, Ni(OH)2 is unstable in acidic solution.

16.12.8 Isotope Separation

Metal–hydrogen interaction is extensively employed for isotope separation using
isotope-dependent properties. Metal-based alloys with large difference in plateau
pressures for different isotopes of hydrogen are used for this purpose [187, 188]. The
isotope effect is more prominent in the presence of magnetic field for a ferromagnetic
hydrogen storage material. Ito et al. have reported that the isotope separation ability
of LaCo5, a ferromagnetic material is remarkably enhanced when it is placed inside
the core of a superconducting magnet [189].

Apart from the above-mentioned applications, metal hydrides can also be used
as efficient moderator, reflector, shielding materials in nuclear reactors [190]. In
powder metallurgy, hydrides of transition metal-based alloys are commonly used as
attractive starting material for obtaining alloy powder [191]. The concept of metal
hydride integrated hydrogen-powered actuators is getting popularity due to its unique
characteristics such as compact design, biomimeticity and high force to mass ratio
[192, 193].
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16.13 Conclusion

The present chapter discussed about the rapid development of metal hydride since
1970s and its importance both in fundamental research aswell as for various practical
applications.Many of metal or alloys can form hydride under hydrogen pressure, and
the pressure of hydrogen absorption solely depends on the thermodynamic param-
eter. By reducing the pressure or increasing the temperature, absorbed hydrogen can
be released from the hydride system. The kinetic analysis of metal hydride is very
complicated and gets affected by surface impurity, particle size, impurity in gas, etc.
Different metal hydrides like LaNi5H6, FeTi, MgH2 and NaAlH4 have shown very
high promises for on-board storage, but till now, there is no ideal hydrogen storage
material with adequate level of performance,whichmay be acceptable. During devel-
opment of efficientmetal hydride tank, typical influencing parameters are the thermal
conductivity of metal as well as the hydride, heat of reaction and the apparent acti-
vation energy for hydrogen absorption and desorption. Thermal heat management,
efficiency and reversibility of metal hydride are providing a lot of challenge, and
tremendous amount of research is going on in these areas. The major issue with
metal hydride is to increase the hydrogen storage capacity at room temperature, and
they are expected to play an important role in the future ‘hydrogen economy’.
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Chapter 17
Synthesis Strategies for Si-Based
Advanced Materials and Their
Applications

S. P. Koiry and A. K. Chauhan

Abstract Silicon compounds are very important owing to their stability, non-
toxicity, and high natural abundance of silica in earth crust. These materials have
been studied for more than a century, and a vast literature on their synthesis and
application is available. These are utilized in various forms in organometallics, poly-
mers, material science, and microelectronics, and have immense potential for their
application in organic and hybrid electronic devices. Thus, a comprehensive review
on synthesis, processing, and potential applications of silicon-based materials was
a need of the time. In this chapter, the synthesis of silane, methods of extracting
elemental silicon, and their use in the growth of single crystals are discussed. In addi-
tion, synthesis strategies of various silicon compounds which include organosilane,
silicone, polysilane, and silicene are described and their applications are discussed.

Keywords Silane · Silicone · Polysilane · And silicene

17.1 Introduction

Silicon and carbon both belong to the group IV of the periodic table. Thus, like
carbon, silicon also forms compounds similar to alkane which are called silanes
[1–3]. These silanes are very important starting material for synthesizing silicon
compounds, silicon polymer, and semiconductor grade Si [3, 4]. The simplest silane
is SiH4, an analogous to methane [1, 3, 4]. Like alkane, silanes also contain Si–Si
saturated bonds. Unlike alkane, Si–Si cannot construct a long stable chain. But when
hydrogen atoms of silane are replaced by Cl, then chain of up to 25 silicon atoms
can be obtained [1]. If Cl is substituted by alkyl or aryl groups, the number of Si
atoms in a chain is further increased because of the strengthening of Si–Si bonds
[1]. These hydrocarbon-substituted silanes are called organosilane [1, 5, 6]. These

S. P. Koiry · A. K. Chauhan (B)
Technical Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India
e-mail: akchau@barc.gov.in

Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. K. Tyagi and R. S. Ningthoujam (eds.), Handbook on Synthesis Strategies
for Advanced Materials, Indian Institute of Metals Series,
https://doi.org/10.1007/978-981-16-1892-5_17

831

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1892-5_17&domain=pdf
mailto:akchau@barc.gov.in
https://doi.org/10.1007/978-981-16-1892-5_17


832 S. P. Koiry and A. K. Chauhan

silanes can undergo polymerization which leads to organometallic polymers [1–3].
The polymers which contain Si–O–Si repeating unit are called silicones, whereas
Si–Si repeated units containing polymer are called polysilane [2, 6–8]. The silane
and their polymers are widely used in many industrial applications. For example,
smaller silane molecules like chlorosilane and its derivatives are used for producing
semiconductor grade silicon for microelectronics and photovoltaic applications [4].
Silanes are also used in pharmaceuticals industries as protecting group of organic
functional groups [3]. Organosilane and silicone are widely used for water repel-
lent, adhesive, surface modification, surface coating, and coupling agents for adhe-
sion promotion between two dissimilar materials, thermal and electrical resistant,
sealant, adhesive, encapsulator, antifoaming agent, etc [5, 6]. Recently, organosilane
also found wide acceptability in the development of organic electronics to make
devices portable, large scale, thin, stretchable, and flexible [9]. The recognition of
silane arises from its properties to form bonds with substrates, self-polymerization,
and the possibility to modify carbon chain of silane by surface chemistry [10–12].
From electronic application point of view, electronic properties of silane have been
studied by depositing mono-/multilayer of silane on Si. Any positive result of these
studies has direct application to Si industry without altering basic structure of the
present electronic devices [11, 13, 14]. Moreover, the monolayer of organosilane is
the assembly of single molecules, and its electrical properties would give an idea
of single molecular electrical properties which will be useful for the development
of single-molecule-based electronic devices [12]. For polymer electronics, polysi-
lane has been investigated as a hole transporting layer in the organic light-emitting
diode, field-effect transistor, and organic photovoltaic [7, 15–17]. Recently, silicene,
Si analogue of graphene, has emerged as a next-generation energy storage material
[18, 19].

This chapter is mainly focused on the synthesis of silane from SiO2 and their
use in the growth of the single crystal, the synthesis of silane, organosilane, sili-
cone, polysilane, and silicene. Along with the synthesis, the important electronic
applications of each silicon compound are also discussed. This chapter provides an
overview of synthesis of important silicon compounds so that it can act as single
point information source for the silicon-based materials.

17.2 Synthesis of Small Silane Molecules

Silanes are important and generally used as precursors for the production of Si bulk
material or thin film of silicon for semiconductor applications [4, 20–23]. Among
other, trichlorosilane (SiHCl3) is the precursor for industrial production of the poly-
crystalline silicon (polysilicon) that is converted into single crystalline ingots via
Czochralski or float-zoning methods of crystal growth [4, 20, 22, 23]. Thin-film
silicon is deposited from dichlorosilane (SiH2Cl2), SiHCl3, tetrachlorosilane (SiCl4),
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and silane (SiH4) by various chemical vapor deposition processes [4, 20–22]. In addi-
tion to the production of element silicon, these silanes are the precursor for synthe-
sizing other functional silane; for example, organosilane is obtained by replacing H
of HSiCl3 with alkyl function group. Therefore, this section begins with the discus-
sion of synthesizing chlorosilane as it is the starting materials for many functional
silanes/Si.

17.2.1 Trichlorosilane

The synthesis of chlorosilane is a two-step process [22]. The steps involved are as
follows

Step 1. Production of metallurgical grade Si from silica.

Silica, SiO2, is the main source of silicon which is available in abundant in the
earth crust. It is reduced to Si by carbothermic method as shown by overall reaction.

SiO2(s) + C(s) → Si(I) + 2CO(g) (17.2.1)

The source of carbon is coke, coal, or wood chips. Si produced in this method is
98–99% pure [4].

Step 2: The Si produced in step 1 is reacted with HCl to produce trichlorosilane
[6, 24].

Si(s) + 3HCl(g) → SiHCl3(g) + H2(g) (17.2.2)

For this purpose, Si is ball milled to produced fine Si particles of size <40 micron.
These particles are allowed to react with anhydrous hydrogen chloride in a fluidized
bed reactor at 575 K under exothermic conditions [4]. The reaction yield is 90%, and
the remaining is tetrachlorosilane (SiCl4). Since both these chlorosilanes (SiHCl3
and SiCl4) have different boiling points, SiHCl3 is purified by fractional distillation
[4, 25]. Additional impurities that come with Si, like BCl3, can be removed by water
treatment. Boron and phosphorus are reduced to <1 ppb by complexing them with
SiHCl3 [4, 25].

Trichlorosilane can also be prepared in a fluidized bed of Si by heating themixture
of SiCl4 and H2 in the presence of a copper catalyst [6, 26]:

3SiCl4(g) + 2H2(g) + Si
Cu−→ 4SiHCl3(g) (17.2.3)
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17.2.2 Tetrachlorosilane

As discussed above, SiCl4 is produced as a by-product during synthesis of
trichlorosilane.

SiCl4 is also produced during the production of Si from SiHCl3 by Siemens
process [27].

SiHCl3(g) + H2(g)
1375K−−−→ Si(g) + 3HCl (17.2.4)

By−product

SiHCl3(g) + HCl(g) → SiCl4(g) + H2 (17.2.5)

Overallreaction

3SiHCl3(g)
1375K−−−→ Si(s) + 2SiCl4(g) + HCl(gl + H2(g)) (17.2.6)

SiCl4 is separated from other gaseous products by distillation process.
Tetrachlorosilane can be produced from chlorination of silicon carbide:

SiC(s) + 2Cl2(g) → SiCl4(g) + C(s) (17.2.7)

As obtained, SiCl4 is purified by distillation.
SiCl4 is also produced as the by-product during synthesis of TiCl2 and ZrCl2 in a

fluidized bed reactor. The by-product arises from chlorination of SiO2 present in the
ore of Ti and Zr [4].

For example:

TiO2(s) + 2Cl2(g) + 2C(s)
1175K−−−→ SiCl4(g) + CO(g) (17.2.8)

SiO2(s) + 2Cl2(g) + 2C(s)
1175K−−−→ SiCl4(g) + CO(g) (17.2.9)

17.2.3 Dichlorosilane

Dichlorosilane can be readily produced from SiHCl3 by rearrangement reaction in
the presence of polymeric resins as a catalyst at a temperature of about 350 K [4].

2SiHCl3(g)
350K−−−−→

Cat.resin
SiH2Cl2(g) + SiCl4(g) (17.2.10)
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Around 0.3% SiH3Cl (monochlorosilane) is also generated during the rearrange-
ment reaction of SiH2C12

2SiH2Cl2(g) → SiH3Cl(g) + SiHCl3(g) (17.2.11)

17.2.4 Silane (SiH4)

Silane is produced by reducing SiCl4 by metal hydride (LiH) in LiCl/KCl melt [4].

4LiH(I) + SiCl4
675K−−→ SiH4(g) + 4LiCl(l) (17.2.12)

The by-product LiCl (l) is recycled back to Li by electrolysis as

4LiCl(I) → 4Li(I) + 2Cl2(I) (17.2.13)

Magnesium silicide produced from elemental silicon is also used to produce larger
quantities of SiH4 (17.2.14). The reaction occurs at −33 °C in liquid ammonia.

4Mg2Si + 4NH4Br → SiH4 + 2MgBr2 + 4NH3 (17.2.14)

For industrial production of silane, two processes have been discussed: (1) the
Union Carbide process from chlorosilane and (2) Ethyl Corporation process from
fluorosilicic acid on fluidized bed technology [4]. The steps involve as follows.

From chlorosilane:

3SiCl4(g) + 2H2(g) + Si
Cu−→ 4SiHCl3(g) (17.2.15)

2SiHCl3(g) → SiH2Cl2(g) + SiCl4(g) (17.2.16)

2SiH2Cl2(g) → SiH3Cl(g) + SiHCl3(g) (17.2.17)

2SiH3Cl(g) → SiH4(g) + SiH2Cl2(g) (17.2.18)

From fluorosilicic acid: In this process, the rawmaterial is not metallurgical grade
silicon for silane but fluorosilicate which is generated as by-product in fertilizer
industry. The steps involve

H2SiF6 + H2SO4 → SiF4 + 2HF (17.2.19)
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SiF4 + 4LiH → SiH4 + 4LiF (17.2.20)

The hydride forms at 500 K at ambient pressure.
The silane can undergo decomposition reaction to produce pure Si in a Siemens-

type reactor/fluidized bed reactor according to the reaction

SiH4(g) → Si(s) + 2H2 (17.2.21)

17.2.5 Application of Chlorosilane

Semiconductor grade silicon has twelve 9 purity [4]. Although Si can be produced
from silica by reduction process, it is not possible to reduce impurity to ppb level. The
alternative method is the production of Si from chlorosilane where Si is produced
by gas phase reaction. Among other chlorosilane, trichlorosilane (TCS) is found to
be met ppb-level purity requirement [4, 22]. Thus, TCS is used as the precursor
for the production of polysilicon which is used for semiconductor grade Si crystal.
The early days’ suppliers of semiconductor grade (TCS) among other were Union
Carbide, Dynamite Nobel, Wacker, Dow Corning, Chisso, Hills, Osaka Titanium,
Shin-Etsu Handotai, Tokuyama Soda, Chinese Companies, etc [4].

Recently, the demand for semiconductor gradeSi has been increased tremendously
because of the astronomical rise in the use for the fabrication of solar cells [21, 27,
28]. At present, the production cost of Si from TCS contributes approximately to
25–33% of the overall cost of the solar panels [21, 28]. It requires about 30–40% of
the total energy in their fabrication which is because chlorosilane method has low
efficiency, high production costs, and high energy consumption [21, 28]. Therefore,
the need is to increase the production of Si and to reduce the cost of Si/kg. Scientist
and engineers have been improving present method to make it cost-effective and at
the same time exploring an alternative method for Si production [20, 28]. One of
the alternative methods is the decomposition of SiH4 [21, 28]. The advantage over
chlorosilane is that the deposition temperatures of polysilicon from SiH4 are lower
than that with TCS which is reducing energy consumption [21]. Moreover, SiH4 can
be purified to higher levels than any of the chlorosilanes [21]. However, there are
limitations too. SiH4 decomposition results in amorphous silicon powders or dust
[21]. It is undesirable in polysilicon production and requires additional process to
recover Si [21]. However, this fine powder is nanocrystal which has been explored
for photovoltaic applications [21].

17.2.5.1 Production of Si Crystal

In 1952, Teal and Buehler reported the Si single crystal ingot growth by Czochralski
(Cz) method [4, 22, 29, 30]. This method is still used by the semiconductor industry
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[22, 29]. The ingots are grown from the melt of semiconductor grade Si which is
obtained from silane as discussed above. The growing of Si crystal is described
here briefly [22]. The polycrystalline silicon charge is melted by heating above its
melting point to form a complete liquid in the crucible. For initiating the crystal
growth, the temperature is reduced until the center of the melt surface achieves the
melting point. Then, a single crystal seed is dipped into the melt. Crystal pulling is
started by lowering melt temperature further. Once the freezing begins at the seed
crystal, it is withdrawn gradually to develop as an ingot.

17.3 Organosilane

The silane that introduced in the previous section is small molecules which are the
precursors for different silicon derivatives [6]. Organosilane is one such derivative
which contains one or more organic moiety attached to Si [1, 31, 32]. These silanes
are widely used in industry as surfacemodifiers, coating, and coupling agents [5, 33].
The synthesis of a few important organosilane and their applications is discussed in
this section.

17.3.1 Formation of Alkyl Chlorosilane

(a) From trichlorosilane: It is prepared by heating themixture of trichlorosilane and
alkene or acetylene in gas or liquid phase. The reaction is carried out between
200 and 600 °C at different pressures depending on the nature of the olefin. If
the reaction is carried out in the presence of catalysts such as peroxides, tertiary
bases, or platinum salts or UV light [5], the reaction occurs at mild reaction
condition such as by simply refluxing [5]

Cl3SiH + CH2 = CH − R → Cl3SiH CH2CH2 − R (17.3.1)

If organic moiety contains active functional group, the reaction is carried out in
the presence of catalysts such as peroxides, tertiary bases, or platinum salts [5].

Benzene and its derivatives can also be added to silane at 350 °C

Cl3SiH + C6H6
350

◦
C−−−→ Cl3SiH + C6H5SiCl3 (17.3.2)

(b) From tetrachlorosilane: The reaction between tetrachlorosilanes with
organozinc yields organochlorosilane [6]

SiCl4 + n/2ZnR2 → R2SiCl4−n + n/2ZnCl2 (17.3.3)
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17.3.2 Preparation of Alkoxysilane

The alkoxysilane is prepared by warming chlorosilane with orthoformate ester in the
presence of alcohol [34].

CISiH3 + HC(OR)3
ROH−−→ H3Si(OR) + RCl + HCOOR (17.3.4)

However, haloalkane reacts directly with alcohol, but in that reaction HCl is
evolved which acceptors like tertiary amines or sodium alkoxides remove.

To exchange one alkoxy group with other different alkoxy groups requires a
catalyst and moderates temperature [34].

17.3.3 Acetoxysilanes

It is synthesized by the acylation of chlorosilane with sodium acetate in an anhydrous
acetic solvent [5].

RSiCl3 + 3NaAc → RSi(OAc)3 + 3NaCl (17.3.5)

The acetic anhydride solvent is used to avoid the formation of precipitated salt

RSiCl3 + 3Ac2O → RSi(OAc)3 + 3AcCl ↑ (17.3.6)

17.3.4 Organofunctional Silane

The previous section has mainly discussed the addition of functional groups to Si
atom in silane. The most significant advantage of organosilane over other silane
is that the addition of functional groups is not limited to Si only. In such silane,
organic moiety can also be functionalized, which makes organosilane more attrac-
tive for industrial applications. Therefore, in this section the preparation of many
organofunctional silanes will be discussed.

17.3.4.1 Haloalkylsilane

The chlorofunctional organosilane is used as a precursor for synthesizing other
organofunctional silanes.
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Preparation: Chloromethyltrichlorosilane may be obtained by chlorination of
methyltrichlorosilane in the presence of UV [35].

CH3SiCl3 + Cl2
UV−→ CICH2SiCl3 (17.3.7)

This methylchlorosilanes are used as protecting agents for intermediates in
pharmaceutical syntheses.

Chloro-/bromo-functional group is added by the reaction between trichlorosilane
and allylbromide/chloride [32].

Cl3SiH + CH2 = CH − Br → Cl3SiHCH2CH2 − Br (17.3.8)

This bromosilane is widely used in analytical studies because of the clear signal
given by bromine in X-ray fluorescence [5].

Iodoalkylsilanes are obtained by replacement reactions of chloroalkylsilanes with
NaI:

(MeO)3SiCH2CH2CH2Cl + Nal
Acetone−−−−→ (MeO)3SiCH2CH2CH2I (17.3.9)

Haloarylsilanes is prepared by halogenation of aromatic silane (17.3.10). These
haloarylsilanes are incorporated into silicone polymers to increase lubricity.

Cl3SiC6H5 + Cl2
Fe−→ Cl3SiC6H4Cl (17.3.10)

The haloalkylsilane is the precursor for another functional silane. For example,
amino functional silanes are readily prepared by reacting chloroalkylsilane with
ammonia or amine [36].

(MeO)3SiCH2CH2CH2Cl + 2H2NR

→ (MeO)3SiCH2CH2CH2NHR

+ RNH2 − HCl (17.3.11)

Haloalkylsilanes form ether with alkoxide:

(MeO)3SiCH2CH2CH2Cl + NaOR → (MeO)3SiCH2CH2CH2OR + NaCl
(17.3.12)

The ester group is added to haloalkylsilanes by alkali or tertiary amine salts of
carboxylic acids.

(MeO)3SiCH2CH2CH2Cl + CH2C(CH3)COOH
R3N−−→ (MeO)3SiCH2CH2CH2COO(CH3)CCH2 (17.3.13)
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Thus, haloalkylsilane is a versatile reagent for the production of organofunctional
silanes.

17.3.4.2 Aminopropylsilane

Amino silane is prepared by hydrogenation of cyanoethylsilanes (17.3.14) or by
reaction between chloropropyltrimethoxysilane and ammonia or amines (17.3.11)
[6, 37, 38].

(EtO)3SiCH2CH2CH2CN + H2 → (MeO)3SiCH2CH2CH2NH2 (17.3.14)

The amino functional silanes act as coupling agents with condensation-
thermosetting polymers, e.g., epoxides, phenolics, melamines, furanes, isocyanates,
etc [6, 39, 40]. Furthermore, aminosilane readily forms self-assembled monolayer
on hydroxylated Si [12, 41, 42]. These aminosilane-coated Si substrates are used for
further functionalization of Si surface; e.g., amino groups act as an anchoring site
in the synthesis of polyaniline crystal on Si substrate. The multilayer of aminosi-
lane on Si substrate exhibits resistive random memory characteristics which will be
discussed in detail in the application subsection of this section.

17.3.4.3 Etherification and Esterification of Chlorosilane Derivatives

With sodium alkoxide, chlorosilane forms ethers. Alkali or tertiary amine salts of
carboxylic acids react with haloalkylsilanes to form esters (17.3.13).

17.3.4.4 Addition of Sulfur Group

Mercaptoalkylsilanes are synthesized from chloroalkylsilanes and ammonium salts
of hydrogen sulfide [6, 43, 44].

(MeO)3SiCH2CH2CH2Cl + H2NCH2CH2NH2H2S →
(MeO)3SiCH2CH2CH2SH + H2NCH2CH2NH2 − HCl↓→ (17.3.15)

The reaction between thiourea and chloroalkylsilanes readily forms isothiouro-
nium salts which are cleaved by ammonia to form mercaptoalkylsilanes free of
dialkylsulfide by-products [44].

(MeO)3SiCH2Cl + (H2N)2CS → (MeO)3SiCH2HNC(NH2)S − HCl

+ NH3 → (MeO)3SiCH2SH + NH4Cl (17.3.16)
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Alkenylsilane: Vinyl-terminated silane is prepared by the addition of acetylene
to chlorosilane. It is also prepared from allyl chloride or vinyl chloride at high
temperatures [5].

Cl3SiH + HC ≡ CH → Cl3Si CHCH2 (17.3.17)

Cl3SiH + CH2 = CHCl
550

◦
C−650

◦
C−−−−−−−−→ Cl3SiCH = CH2 (17.3.18)

Vinyl-terminated silanes are widely used as a coupling agent for unsaturated
polyesters; for example, styrene-functional cationic silanes are used extensively as
coupling agents with almost all thermoset resins and thermoplastic resins.

17.3.4.5 Applications

Organosilane contains two reactive functional groups: (1) hydrolyzable groups (X)
and (2) organofunctional moiety (Y ) in compounds of the structure X3SiRY. X is
generally –Cl, ethoxy, methoxy, and acetoxy groups which undergo hydrolysis in
the presence of even moisture to silanol (Si–OH). These silanol groups can form a
polymer network of Si–O–Si by condensation of Si–OH with other OH groups. The
bond formation of Si–OHwith other OH has been utilized for surfacemodification or
surface coating of virtually any material. If the organic group (Y ) contains only alkyl
chain, then silane-coated surface becomes hydrophobic and even corrosion resistive
[5]. If Y includes a functional group such as a vinyl group, it can form a bond with
other unsaturated chains present in resin or epoxy in the presence of heat or light. The
application of silane as coupling and surface coating agents is well known, and the
vast literature is available [45–48]. The relatively new application of organosilane
that emerged is the use of silane mono-/multilayer as an electronic component for
organic electronic that will be discussed in detail [9, 12, 49–54].

Application of Silane in Organic/Molecular Electronics

Silane undergoes spontaneous condensation reaction in the presence of moisture
which is fast and thermodynamically favorable. This spontaneous condensation of
organosilane on Si substrates is called self-assembly of silane or silanization of Si
[55, 56]. Thus to explore the possibility to use organic molecules in futuristic elec-
tronic devices, the electrical properties of organosilane are studied by depositing
its monolayer on Si. The silane R(CH2)nSiX3 that is used for silanization contains
hydrolyzable groups such as X = chloro, ethoxy, methoxy. The R groups are chosen
depending upon the application, for example, R = alkyl chain for dielectric prop-
erties and π-conjugated molecule or polymer for semiconductor/metallic behaviors.
Since silane forms an intermolecular bond by self-condensation in the presence of
moisture and oxygen, the monolayer of silane is generally prepared in a glove box
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having relative humidity (<1%) and oxygen (<1%) [51]. In addition to the controlled
environment, the monolayer formation depends on silane concentration, duration of
time, temperature, and presence of moisture at solvent.

(a) Mono-/multilayer deposition techniques:

For silanization, Si substrate has to be pretreated to make hydroxy terminated which
has been done in the following method. The Si wafers usually have a layer of native
oxide (about 1–1.5 nm thickness) or thermally grown SiO2. The top surface of the
SiO2 layer is hydroxylatedwhich is achieved by dipping the Si substrates into piranha
solution (a mixture of concentrated sulfuric acid and hydrogen peroxide 1:1 by
volume) for 10 minutes [12, 42]. Thereafter, the piranha-treated Si substrates are
washed thoroughly by deionized water, after that it is dried under a stream of inert
gas.

Formation of monolayer and multilayer [52–54, 57]: The monolayer of silane
is prepared by dipping hydroxylated Si substrate into a micromolar solution of
silane prepared in anhydrous hexane, toluene, and ethanol depending on the type
of silane [12]. The time required for the formation of monolayer depends on solvent
polarity, dipping time, and alkyl chain. Silane monolayers can also be deposited on
hydroxylated substrate by controlled evaporation in a jar under the inert atmosphere.

Since self-assembly method is highly dependent on the environment, there is no
control over the film formation[ [52, 54]. For overcoming these limitations, the elec-
trochemical method has been developed for grafting silane monolayer on Si. In this
method, silane is grafted by applying cathodic potential. Thus, the depositionmethod
is controlled by applied potential, and it is possible to check the deposition in situ
by observing the deposition current under applied potential. In the electrochemical
method, Si substrate is hydrogenated by treating with 40% NH4F for Si(111) and 1–
2%HF for Si(100) to obtainmonohydrated Si surface which has been used a working
electrode for deposition. The silane that has to be grafted should be terminated with
halo or other such cleavable groups.

For deposition of multilayer, the layer-by-layer self-assembly method has been
reported. In this method, the alkyl chain of silane should be terminated with group
that can form a bond with silanol groups of silane after the first layer of silane
is formed. Such multilayer deposition has been shown with aminopropylsilane in
which propyl chain is terminated with amino group which can form hydrogen bond
with the Si–OH groups of silane [53, 57]. If the proper control is not maintained,
aminopropylsilane undergoes spontaneous polymerization to form a thick polymer
film on any substrate in ambient condition [53, 57].

(b) Characterization:

The thickness of monolayer is in the range of 0.7–5 nm [53, 57]. Therefore, it is
required special characterization tools. The thickness of the film is measured by
an ellipsometer; functional groups are characterized by Fourier transform infrared
(FTIR) spectrophotometer. X-ray photoelectron spectroscopy (XPS) is used for
elemental analysis. The surface morphology is studied by atomic force microscope
(AFM). The wettability of the film is measured by the contact angle measurement
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system. For measuring the electrical properties of these monolayers/multilayers,
metal contacts are required to deposit on the top of the layer. Making reliable and
reproducible contacts is not an easy task and is an open challenge until today. Some
of the most used methods are thermal evaporation method, conductive probe atomic
force microscope (c-AFM), scanning tunneling microscope (STM) method, liquid
metal (Hg) or InGa eutectic mixture as contact, soft lithography methods [12, 52–54,
57].

(iii) Electrical characterization:

(1) Alkane monolayers as dielectrics: The energy-level gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of an alkane is 6–8 eV [12]. The high energy gap is analogous
to the band gap of inorganic dielectric materials. Therefore, alkane monolayers
of silane on Si/SiO2 surface have been investigated to elucidate their dielectric
properties by applying a high electric field on the silane monolayer till its irre-
versible breakdown. The physical definition of the electrical breakdown is the
irreparable destruction of the bonding structure of insulating materials which
leads to high leakage current. It is reported that electrical breakdown field for
monolayer (thickness ~ 0.7 nm) of mercaptopropyl silane (MCPS) SiO2 is ~
16 MV/cm when monolayer was deposited on native SiO2 [58]. The measure-
ment was carried out in sandwich geometry where Si was the bottom contact,
and for the top contact, the liquid, Hg drop, was used on the monolayer. The
breakdown voltage for alkane chains (no. of carbon atoms > 10) has also been
studied, and it is reported relatively high breakdown voltage in the range 12–20
MV/cm [59]. Diebold et al. reported that the addition of fluorine-substituted
alkane silane has improved the breakdown strength of native SiO2 by 158%
[60]. This increase in strength is attributed to electron trapping, scattering, or
attachment processes inherent to the fluorinated moieties. They used c-AFM
for top contact for their measurements, and 5 nA leakage current was consid-
ered as the breakdown threshold. The rationale behind this current level is three
orders higher than the current observed at low voltage. This low leakage current
also helps to preserve the integrity of the c-AFM tip over multiple tests. The
high breakdown voltage of silane of thickness < 2 nm is the reason to consider
silane monolayer for transistor gate for reducing the size of the transistor. The
reduction of gate length would help to increase the number of transistors per
chip. The application of silane as a gate in field-effect transistor (FET) will be
discussed later.

(2) Resistive randomaccessmemory:Recently, resistive random accessmemory
(RRAM) has emerged as a next-generation storage element which has high
operational speed (sub ns), low operational energy (<0.1 pJ) voltage, and high
endurance. The RRAM is a two-terminal device in which memory material is
sandwiched between two metal contacts. In such devices, the resistance of the
memory material changes under applied voltage which leads to two conduc-
tion states (high and low) [53, 57]. The one way of obtaining such electrical
properties is to introduce trap states in an insulating/semiconducting material.
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Fig. 17.1 Detail of layer-by-layer deposition of organosilane [53, 57].Reproduced with the permis-
sion from [Springer Nature Customer Service Centre GmbH]: [Springer] [Resistive memory effect
in self-assembled 3-aminopropyltrimethoxysilane molecular multilayers. Physica Status Solidi, AK
Chauhan, DK Aswal, SP Koiry, N Padma, V Saxena, SK Gupta, and JV Yakhmi [COPYRIGHT]
(2008)

Chauhan et al. explored the possibility of RRAM characteristics in the mono-
/multilayer of aminopropyltrimethoxysilane (APTMS) layer which contains
trap states (NH3+) as shown in Fig. 17.1 [53, 57]. Typical J–V characteristics
of various APTMS samples recorded are shown in Fig. 17.2. The voltage was
cycled as − Vmax → 0 V → + Vmax → 0 V → − Vmax, at the scan speed of
5 mV/s. It is seen that the multilayer exhibits negative differential resistance
(NDR), i.e., decreasing current with increasing voltage in particular voltage
ranges which is the property of a tunnel diode. Such characteristics are needed
for the realization of memory circuits.

For elucidating memory characteristics, a sequence of write–read–erase–read
voltage pulses was applied where + 3 V (write) and −5 V (erase) pulses are for 10 s
and −4 V pulse to read these states. As shown in Fig. 17.3, the “read” current for
high conduction state (write state) is high as compared to that for the low-conducting
state. Thus, two conduction states are electronically accessible that is the require-
ment for rewritable random access memory devices. The reported stability of these
devices is up to 7 months at ambient temperature (25–35 °C) and humidity >60%.

(3) Organic field-effect transistor (OFET): In recent time, OFET attracts
immense attention because of its capability to be used in large-scale, portable,
foldable electronic devices [61]. OFET comprises three terminals: drain,
source, and gate [61]. The current is measured between the source and drain
through organic semiconducting channel lying between these two terminals.
Its flow is controlled by a gate which is separated from the organic layer by
a dielectric material [62]. The interface between the semiconducting channel
and dielectric plays an important role. For example, the hydrophobicity of
the dielectric materials or surface groups attached to the dielectric material
influences the ordering and crystallinity of organic layer which influences the
mobility of the charge carrier [62–64]. Even, the surface modification lowers
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Fig. 17.2 Current–voltage (J–V ) characteristics recorded for different APTMS samples by scan-
ning the applied bias in the sequence:−Vmax → 0V→ +Vmax → 0V→ −Vmax. The inset shows
the schematic of the device structure used for the J–V measurements. Current peak (NDR) ismarked
in the figure [57].Reprinted by permission from [Springer Nature Customer Service Centre GmbH]:
[Springer] [Resistive memory effect in self-assembled 3-aminopropyltrimethoxysilane molecular
multilayers. Physica Status Solidi, AK Chauhan, DK Aswal, SP Koiry, N Padma, V Saxena, SK
Gupta, and JV Yakhmi [COPYRIGHT] (2008)

the leakage current through the dielectric and improves the dielectric prop-
erty of the material. There are many dielectric materials which have been tried
to get the better result. Among those, SiO2 has been widely investigated for
OFET because of its good dielectric properties and excellent reproducibility in
device fabrication and performance. One more factor that makes SiO2 popular
dielectric for OFET is the ease of its surface modification by self-assembly of
silane as discussed above. The silanization of SiO2 shows significant improve-
ment of FET behaviors in comparison with bare SiO2 [63]. Yanlian Lei et al.
reported the effect of silane modification of SiO2 gate on OFET properties
in detail [62]. They employed four silanes for this study, namely methyl-
trichlorosilane (MTS), phenyltrichlorosilane (PTS), octyltrichlorosilane (OTS-
8), and octadecyltrichlorosilane (OTS-18). The effects of surface modifica-
tion by these silanes were investigated on the performance of OFET which
had a bottom-gate, top-contact configuration. The semiconducting channel
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Fig. 17.3 Memory effect in Hg/APTMS multilayer/Si(p++) device. The “write–read–erase–read”
operations were performed by 10 s pulsing of + 3 V and −5 V, consecutively. The device was
read 50 times at −4 V after each write (+3 V) and erase (−5 V) pulse [57]. Reproduced with the
permission from John Wiley and Sons

that used in this OFET structure was polymeric materials: diketopyrrolopy-
rrole–dithienylthieno[3,2-b]thiophene (DPP–DTT) and regioregular poly(3-
hexylthiophene) (regio-P3HT) (II). Their results demonstrate that OTS-18-
modified SiO2 gate dielectrics exhibit high field-effect mobility, but the on/off
ratio is comparatively low. On the contrary, OTS-8 or PTS modification results
in a higher on/off ratio, but lower field-effect mobility. These results show that
long chain and short chain are complementary to each other in regard to OFET
properties. Therefore, the mixture of long and short silanes was investigated
which showed both high mobility and high on/off ratio in OFETs.
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17.4 Silicone

Silicone is a class of silicon polymer that constitutes of–(R)2Si–O repeated unit,
where R is an organic group [8, 65]. First, Kipping described the synthesis of new
silicon compounds and coined their name as silicone in 1901 [65–67]. Three decades
later, Hyde of Dow Corning demonstrated commercial potential of silicone resins
as thermal and electrical insulators [66]. The industrial production of silicone was
started after the invention of a direct synthesismethod byRochow ofGeneral Electric
from Si and MeCl in 1941 [68–70].

Nomenclature: The bonding structure of silicone is complex and of 3D nature
which arises due to the tetrahedral arrangement of Si–O bonds. For ease of naming
such 3D structures, silicone chain is divided into units depending on the number of
O atoms bonded to Si [8, 70]. If Si is bonded to one oxygen atom and rest are with
other organic groups (R3Si-O), such unit is designated as M which signifies mono-
functional, similarly bifunctional as D (R2SiO2/2), trifunctional as T (RSiO3/2), and
tetrafunctional as Q (SiO4/2) [65].

17.4.1 Direct Synthesis Method

Rochow synthesized polydimethylsiloxane (PDMS) by reacting methylmagnesium
bromide with SiCl4 at −30 °C in ether solvent followed by hydrolysis [68, 71, 72].
He also reported the preparation of PDMS by hydrolysis of methyl chlorosilanes
[68]. Based on this, the industrial method is developed for PDMS where the reaction
is carried out in a fluidized bed of silicon metal powder under the stream of methyl
chloride at temperatures of 250 to 350 °C and pressures of 1 to 5 bar in the presence
of Cu catalyst [65]. A mixture of chlorosilane is produced which is separated by
distillation.

Si + CH3Cl
Cu−→ (CH3)2SiCl2 Yield > 50% (17.4.1)

Dimethylchlorosilane collected by distillation is hydrolyzed to obtain PDMS.
Polymerization: Dimethylchlorosilane reacts with excess water producing disi-

lanol which readily condenses to form linear and cyclic oligomers of silicone
according to the reaction as follows [65, 70, 73–75].
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The rate of the reaction depends on pH, and the ratio of linear to cyclic oligomers
depends on the pH, solvent, and concentrations [76]. For example, if the reaction
is carried out in an organic solvent, cyclic oligomer dominates [71, 77, 78]. These
silicone oligomers are of low molecular weight and have short molecular chains
which hinder their direct use. Therefore, these oligomers are further polymerized
to obtain large molecular weight. The linear oligomer can undergo condensation
to form a polymer in the presence of a catalyst such as phosphonitrilehalide, n-
hexylammonium 2-ethyl caproate [71, 78, 79]. The cyclic oligomers are condensed
by opening ring using a strong acid/base which gives equilibrium mixture of cyclic
oligomers and a linear polymer of longer chains [77]. The linear polymers are sepa-
rated by evaporation [65, 71, 80]. The extent of polymerization depends on the end
group present in the chain. If the polymerization is carried out in the presence of a
base such asKOH, the end group isOHwhich can go further polymerization [80]. For
terminating the chain, oligomers like (Me3SiO)2 are added during polymerization to
obtain chain with end group (Me3SiO) which blocks further catenation [65, 71, 80].
The preparation method discussed above is not limited to PDMS, and silicone can
be prepared from different organosilanes such as ethyl methyl dichlorosilane, phenyl
silane, alkoxysilane, and vinyl silane. Synthesis of all these silanes is discussed in
Sect. 17.2. Silicone can also be synthesized from sodium silicate in which silicate
is first hydrolyzed to silanol, and then it is reacted with trimethylchlorosilane or
hexamethyldisiloxane.

Silicone can be designed to undergo interchain condensation (cross-linking) to
make a 3D network [5]. For example, if a silicone contains vinyl groups, it may
undergo cross-linking with other organic radical generated in the chain by peroxide
or UV light. Another method of cross-linking is mixing silicone with end group OH
and excess hydrolyzable silane (alkoxysilane) which undergo cross-linking when
exposing tomoisture. Such amixture is used as a sealant. In addition to thesemethods,
there are different ways to cross-link the silicone chain, such as the addition of SiH-
terminated silicone with vinyl-terminated silane in the presence of metal catalyst.
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17.4.2 Application

Silicone is widely used in our day-to-day life as which includes but not limited
to insulator, sealant, adhesive, encapsulator, antifoaming agent, water repellant, a
surface modifier [81]. A specific application in daily usage is the use of silicone to
control the foam formation in detergent and shampoo [82–84]. Although silicone
is invented at the beginning of the twentieth century, the field of synthesis of new
silicone is still exciting and open for research and development (R&D) for newer
applications. The R&D activities on silicone can be understood from more than
100 numbers of patents filed and articles published on the synthesis of new silicone
in 2018 alone [8]. For further reading, those literatures may be concerned. Here,
two emerging applications of silicone in (1) organic electronics and (2) fluorescent
imaging are discussed.

17.4.2.1 Silicone Matrix for Electronic and Imaging

(a) Silicone matrix for memory application: Resistive random access memory
(RRAM) characteristics can be obtained by electrochemical oxidation and
reduction in the solid state [85–87]. Such characteristics have been shown in
redox switching memory devices which have metal–insulator–metal (M–I–
M) structures with I being metal oxides. For example, the switching behavior
in Ag/SiO2/Pt devices is attributed to oxidation and reduction of Ag+ in the
presence of OH− ions. The Ag+ and OH− ions are generated fromAg electrode
and moisture present within the SiO2 film under the applied electric field,
respectively [88].Owing to the electrochemical oxidation and reductionofAg+,
these Ag/SiO2/Pt devices exhibit an open-circuit voltage (OCV) in hundreds
of mV and a short-circuit current (Jsc) in hundreds of pA [88]. It has been
demonstrated the memory characteristic of such device by using OCV to read
on/off states as on states are set by one polarity voltage and off states are reset
by reversed polarity voltage [88].
These properties have been replicated in silicone matrix obtained by condensa-
tion of aminopropyltrimethoxysilane (APTMS) [89]. Silicone matrix has –O–
Si–O– network which can facilitate the proton (H+ and OH−) generation from
absorbed moisture in the film [90]. These protons are exploited for resistive
switching analogous to SiO2-based RRAMs [91]. For this purpose, 5,10, 15,
20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphine and 5, 10, 15, 20-tetra(4-
pyridyl)-21H, 23H-porphine are embedded in (3-aminopropyl) trimethoxysi-
lane film for controlling protons in the film. The current–voltage (I–V) char-
acteristics of the films sandwiched between gold electrodes show OCV(~ ±
0.8 V) and Jsc (~ ± 6 μA) [89]. This characteristic has been explained from
quasi-reversible oxidation and reduction of moisture in the polymer matrix.
It is demonstrated that OCV could be used for nonvolatile flexible memory
application.
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(b) Silicone as semiconductor: The semiconducting properties are imparted into
silicone network by incorporating semiconductor material by hydrosilylation,
Piers–Rubinsztajn reaction, andMizoroki–Heck reaction [92]. Another way of
incorporation of semiconductor material is polycondensation of alkoxy groups
attached to organic semiconductor. Such polycondensation is very useful for
the devices, which have multilayer structure deposited on top of one another
by solution process. Because of polycondensation, each organic layer becomes
insoluble, and subsequent layers do not disturb the interface of the previous
layer [92]. This polycondensation has been exploited for the organic light-
emitting diode (OLED) which has a multilayer structure: (1) electron trans-
porting, (2) light emitting, and (3) hole transporting layer. There are several
reports on the use of semiconductor-incorporated silicone in OLED [92].

(c) Silicone as fluorescent materials: Fluorescent materials are being investi-
gated for bioimaging, a topographic image of tissues and drug delivery [93].
There are lots of advancement occurred in this direction. The advantage
of silicone is that such materials can be synthesized with desired terminal
groups to which fluorescent materials can be bonded. Silicones such as poly-
dimethylsiloxane (PDMS) being nontoxic and biocompatible have been used
to incorporate fluorescent materials. WiktorKasprzyk et al. reported such
incorporation in which fluorescent molecule constituted of 5-oxo-1,2,3,5-
tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid was chemically bonded to
PDMS through its NH2-terminated groups [94].

17.5 Polysilane

Polysilane is another class of silicon polymers which differ from silicone in bonding
structure. In the polysilane, the backbone is Si–Si that is analogous to C–C bonds
in the alkane. However, the chain formation property of Si is vastly different from
C. This may be attributed to the difference in the number of electronic shells (n = 2
for C and n = 3 for Si), bigger in size, low electronegativity (Si-1.8 and C-2.5) [1].
These differences make the Si bond more labile; for example, Si–X halogen bond is
more polar than C–X bond which makes Si–X more susceptible to a reaction. In the
case of Si–H, its bond energy (~ 80 kcal/mole) is lower than that of the C–H bond
(98 kcal/mol). Moreover, in Si–H bond H is negative which causes high reactivity
of Si–H moiety. However, if hydrogen is replaced by alkyl or phenyl group, the
reactivity ofSi–Cbonddecreases. Therefore, the polysilane is divided into twogroups
depending on the groups attached to Si–Si skeleton: Hydrogen substituted is called
inorganic polysilane or polyhydrosilane and organic functional group substituted as
poly(organosilane).

The synthesis of polysilane was first reported by Kipping and Sands in 1921 [95–
97]. They synthesized phenyl-substituted crystalline polysilane compounds (SiPh2)n
= 2 to 6. In 1949, Burkhard reported the synthesis of methyl-substituted polysilane
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using the same synthetic method as described by Kipping [98, 99]. Both polysilanes
were insoluble in common solvents andwere poorly investigated due towhich further
development of polysilane got hindered. Thus, this field was remained dormant until
the report of polysilane as the precursors for SiC fibers in 1978 which surged the
interest in the polysilane synthesis [100, 101]. Another factor that attractsmuch atten-
tion in polysilane is its UV absorption property [101–103]. The absorption of UV
by a sigma-bonded polysilane is unusual optical property because such absorption is
generally expected from pi-conjugated systems [99, 104]. Therefore, many theoret-
ical studies have been carried out to understand the optical properties of polysilane,
which is eventually explained by delocalization of σ-electrons along the Si–Si chain.
Along with the theoretical studies, many new soluble polysilanes and their deriva-
tives have been synthesized which show unusual electronic, optical, and photophys-
ical properties [104, 105]. Only recently, these unique properties of polysilane have
found practical applications for futuristic devices such as UV OLED, hole trans-
porting layer in organic solar cells, and semiconducting materials for field-effect
transistor [7].

17.5.1 Synthesis: Wurtz-Type Coupling of Dichlorosilanes

As mentioned above, Kipping first reported the synthesis of polysilane by refluxing
diphenyldichlorosilane with sodium in inert solvent toluene or xylene according to
the following reaction [96–99, 101, 103, 104, 106].

Ph2SiCl2
Na−−−→

Reflux
(Ph4Si2)n + NaCl (17.5.1)

This reaction is considered as a general method of synthesizing different polysi-
lanes depending on the substituents attached to dichlorosilane; for example, alkyl-
substituted polysilane can be prepared using dialkyldichlorosilane. The drawbacks
of this reaction are: (1) Only robust functional groups such as phenyl, alkyl, silyl,
and a few intrinsically stable substituents can withstand extreme reductive and high-
temperature reaction condition. Therefore, getting functional polysilanes is required
new strategy. (2) Other than the ability to sustain reaction condition, the polymeriza-
tion is also sensitive to the size of the substituent. (3) The product of the reaction has
trimodal mass distributions comprised of low, intermediate, and high mass fractions.
The low mass contains mainly cyclic oligomers and can be separated by solvent
extraction, but intermediate and high molecular mass requires effort to separate.
Moreover, it is also observed that the yield of the polymer depends on the tempera-
ture and solvent used. Thus, synthesis of polysilane homopolymer is a challenging
task and attracts much attention.

For overcoming the drawbacks, a few strategies have been developed. For synthe-
sizing polysilane with a desired functional group that is sensitive to reaction condi-
tion, the strategy is to use a protecting group, which can withstand harsh reaction
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condition, and after polymerization, the group is removed to obtain desired func-
tionality. Since the temperature influences the yield by changing the length of the
polymer chain in turn mass distribution, the lowering of temperature gives a more
homogeneous polymer [107]. Thus, the synthesis has been carried out at low temper-
ature using low boiling point solvent such as THF [108]. The optically active chiral
solvent has been tested to obtain high molecular mass at low temperature. Richard
et al. reported a new reductive graphite potassium intercalates (C8K) to produce
polysilane. The use of the graphite potassium brings down the reaction temperature
to −79 °C [7].

PhMeSiCl2
C8K−−−→
>0◦C

−(PhMeSi2)n− +NaCl + Graphite (17.5.2)

In addition to changing the temperature and solvent, sequestering the sodium
species such as 15-crown-5 controls the coupling reaction by stabilizing silyl anions,
the active species for the propagation of polymerization, which in turn control the
yield and mass distribution [109]. These polysilanes have more isotactic content
than that formed by the method described above. Other than Na and K, alternative
reducing agents have been reported which include yttrium and pyrophoric lead [110].
However, the yield of the polymer obtained by using these reducing agents is low.

Since the Wurtz-type coupling is widely used for synthesizing new polymer, it
is essential to understand its reaction mechanism, which would help to design new
synthetic route. Briefly, this coupling reaction is a heterogeneous reaction, where
coupling reaction takes place on alkali metal surface. In chain propagation steps,
alkali metal, for example, Na, transfers an electron to more electrophilic Si to form
silyl anion (reaction 5.3: steps (a) and (b)) and NaCl. In the next step, the silyl anion
andmonomer undergoSN2 reaction to continue the chain reaction (c) [106, 107, 109].

Chain propagation:

SiChain Cl + Na SiChain Cl + Na

SiChain Cl + Na SiChain + NaCl

SiChain SiCl Cl+ SiChain Si Cl

(a)

(b)

(c)

(17.5.3)

Copolymer: The homopolymer is intractable crystalline solid and thus has limited
processability. In 1978, West et al. reported first meltable polysilane which was a
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copolymer synthesized by co-condensation of dimethyl dichlorosilane and phenyl
methyl dichlorosilane in the ratio 10:1 to 3:1 [99, 101]. By changing the ratio to 1:1,
they later produced amorphous polysilane:

Ph2SiCl2 + PhMeSiCl2
Na−−−−−→

90−100 ◦C
−(PhMeSi)x(Me2Si)y− +NaCl (17.5.4)

These polymers are fusible at 200 °C and are soluble in many common organic
solvents such as benzene, toluene, chlorocarbons, and tetrahydrofuran. They reported
that these polymers were initially insulator, conductivity <10−11�−1 cm−1 which
became semiconducting (~0.5 �−1 cm−1) after doping with AsF5 [99, 101]. Such
co-condensation expedited synthesis of polysilane due to the limitless possibility of
variation in monomer selections and ratios of the two monomers [104].

17.5.2 Other Than Wurtz-Type Reaction

Since Wurtz-type reaction has limitations, other new approaches have been devel-
oped. Among them are dehydrocoupling of hydrosilanes by transition metals,
the catalytic disproportionation of alkoxysilanes, the ring-opening polymeriza-
tion of cyclooligosilanes, and the anionic polymerization of masked disilenes
[7, 104, 107, 111].

17.5.2.1 Dehydrocoupling

The name itself suggests the removing of hydrogen and then the formation of Si–Si
bonds. Thus for this type of reactions, silane monomers should contain at least two
Si–H instead of two Si-Cl inWurtz-type reaction [7, 112].These Si–H bonds undergo
disproportionate reaction to give Si–Si and H–H bonds in the presence of transition
metal catalysts.

H iS
Cp2MR2 Si H

R

R

H +    (n-1)H2

n

H

R

R

n

(17.5.5)

The transition metal catalysts are metallocene derivative of group (IV) metal of
structure CpMR2 where Cp = C6H5, M = Ti, Zr, Hf, and R = alkyl and aryl.

The polymer yield depends upon the metal M, ring substituents on Cp, and type
of R. For example, CpZrMe2 produces 20 Si unit long chain from phenylsilane,
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whereas CpTiMe2-catalyzed coupling reaction of the same silane has 10 unit long
chain. This difference is attributed to the dependence of catalytic activity on atomic
number [111].

H iS
Cp2MR2 Si H

Ph

H

H +  ( n-1) H2

n

H

Ph

H

M = Ti/Zr

DP= 10 for Ti and DP= 20 for Zr, DP= degree of polymeriz�on
(17.5.6)

The reaction that is discussed above is an early report of dehydrocoupling reac-
tion of silanes. After that, many strategies have been adopted to increase degree of
polymerization. It is shown that the catalyst CpCp*MR2 in which the ring of one
Cp is slightly modified by methyl groups (designated as Cp*) produces a long chain
of Si of 100 unit for the reaction above. The time required for polymerization is
shown to be dependent on the R group. If one Me of CpCp*ZrMe2 is changed to
Si(SiMe3)3, this leads to faster chain growth for comparable molecular weights (for
CpCp*MMe2; Mn = 4,240 in 52 h: CpCp*Zr[Si(SiMe3)3]Me; Mn = 4230 in 24h)
[7, 111].

Ansa-metallocenes (ansa is bridged) were also investigated for dehydrocoupling
reaction for silane because such metallocenes are widely used in olefin polymeriza-
tion. However, the polymerization by ansa-metallocene was not encouraging as the
yield was either less than or comparable to normal metallocenes [111].

Other non-group (IV) metal-based metallocenes have been investigated and were
found to be mostly ineffective or producing dimer or trimer. The actinide complexes
Cp*2UMe2 and Cp*,ThMe2 were found to be active only for PhSiH3 which after
dehydrocoupling produce dimers and other low molecular weight materials at room
temperature [111]. However, the reasonably good polymer species are produced
by Pt-, Pd-, and Rh-based catalyst; for instance, Pt-based catalyst dehydrocouples
Et2SiH2 to a polymer of Mw = 2,100–31000 [111].

The choice of silane monomer is also crucial for reaction yield. The order of reac-
tivity in the presence of the group IV metallocene catalyst is primary silane, RSiH3

(R = alkyl or aryl) > secondary silane (R2SiH3 (R = alkyl/aryl or both) > R3SiH
(unreactive). Such order of reactivity is attributed to steric hindrance. This is why
the secondary silane requires elevated temperature for dehydrocoupling reaction;
for example, MeSiH2 with a Cp2TiPh2 catalyst undergoes dehydrocoupling reac-
tion at 90 °C [111]. Moreover, the dehydrocoupling secondary silane produces only
dimer/trimer rarely any higher polymer because of the steric hindrance. Although
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the dehydrocoupling reaction is ineffective to many reactive groups, it could poly-
merize the monomers that would not survive aWurtz-type coupling such as fluorine-
substituted monomers and halogenated aryl silanes H3Si(P–C6H4X) (X = F, CI,
Br).

17.5.2.2 Catalytic Disproportion Reaction

Nagai et al. first reported the cleavage of the Si–Si bond of methyl methoxydisilane
compound by sodium ethoxide to form silyl anions, a disproportion reaction [112]:

MeO(SiMe2)2OMe
NaOEt−−−→ (MeO)Me2Si

−Na+ + (MeO)2SiMe2 (17.5.7)

Later, the authors utilized this disproportionate reaction to produce cyclic or linear
oligosilanes at moderate temperature (MeO(SiMe2)nOMe where n � 3 and cyclic
polysilane (Me2Si)n where n = 5–7 in the presence of catalytic amount of NaOEt
[112]:

MeO(SiMe2)2OMe
NaOEt,cat.−−−−−→ MeO(SiMe2)nOMe

n = 3, 4, 5

Major product (17.5.8)

Imai et al. prepared the network of methylethoxypolysilane containing various
substituents such a hexyl, phenyl, ethylene, hexamethylene, phenylene, and
thiophene groups by a disproportionation reaction of 1,1,2,2-tetraethoxy-1,2-
dimethylsilane in the presence of the corresponding substituted alkoxysilanes [113].
The yields of the polysilanes were quite high, and the polymer had molecular mass
more than 7000.

17.5.2.3 Ring Opening of Silacycles

Strained cyclopolysilane undergoes ring-opening reaction to produce linear polysi-
lane. The final product depends on the monomer structure, catalysts, and initiator [7,
112]. Therefore, this method provides total control on the end product, thus low poly-
dispersities. Matyjaszewski et al. first reported the ring-opening polymerization of
strained 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasilane (1) by nucleophilic
reagents such as BuLi.
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Si

Si Si

Si

Ph Ph

Ph Ph

Me

Me Me

Me

BuLi
Si

Ph

Bu

Ph

Si Si

Me

Ph

Si Li

Si

Si Si

Si

Ph Ph

Ph Ph

Me

Me Me

Me
Si

Ph

Bu

Ph

Si Si

Me

Ph

Si Li Chain propaga�on

(17.5.9)

The ring opening of all trans (1) using (PhMe2Si)2Cu(CN)Li2 produced polymer
in nearly quantitative yield [7, 112]. The microstructure of the polymer consists
of 75% heterotactic and 25% isotactic triads that were confirmed by [29] Si
NMR spectroscopy. Molecular weights were obtained up to 30,000. This type of
ring-opening polymerization has been extensively used to produce many func-
tional polysilanes such as ring-opening copolymerization of cyclotetrasilane with
silicon-bridged ferrocenophane to give polysilane-poly(ferrocenylsilane) random
copolymers [7, 112].

17.5.2.4 Masked Disilene

Disilene, Si–Si double-bonded spices, is unstable except for those with very
bulky substituents. Roark and Peddle reported for the first time the gener-
ation of tetramethylsilane by thermolysis of 7,7,8,8-tetramethyl-I-phenyl-7,8-
disilabicyclo[2.2.2]octa-2,5-dienewhichbecamea source of disilene for both thermal
and photochemical reactions [114].

Si

Si

Heat Si Si

Ph
Disilene

(17.5.10)

Based on these facts, Sakurai and co-workers developed a new method of
preparing polysilanes through polymerization of masked disilenes [112]. Here, a
masked disilene is a highly reactive disilenes which can temporarily be masked
by adding a suitable auxiliary group just as in the case of 7,7, 8,8-tetramethyl-
I-phenyl-7,8-disilabicyclo[2.2.2]octa-2,5-diene shown above. For polymerization,
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Sakurai et.al developed a newmasked disilene l-phenyl-7,8-disilabicyclo[2.2.2]octa-
2,5-dienes [112]. These monomers are used to polymerize with a catalytic amount
of anionic initiators, such as organolithium compounds or alkali metal alkoxides.
Termination is accomplished by adding alcohol.

Si

Si

Cat. RLi

R1

R3

R2

R2

EtOH

Ph

Si

R1

R

R3

Si

R4

R2

H

n
(17.5.11)

The highly ordered polymer structures are obtained by this method. Although
this polymerization process has the potential for high yield, the reaction conditions
for the preparation of the masked disilenes are as harsh as those of the Wurtz-type
reductive coupling reaction. Moreover, the introduction of functional groups is a
multistep process.

17.5.2.5 Other Alternatives

Electrochemical polymerization of diorganodichlorosilanes has also been investi-
gated which generally yield oligomers [7, 115]. Ishifuna and co-workers were able
to obtain polymethylphenylsilane with an Mn of 3600 and a PDI of 2.3 from a
dichlorotrisilane using ultrasonic electrochemical reduction. The advantage of this
technique is the possibility of producing a monomodal weight distribution [116].

17.5.3 Applications

As discussed at the beginning of this section, polysilanes have unusual optical, elec-
tronic, and photophysical properties due to the delocalization of σ-electrons along
the silicon chain. The delocalization of σ-electrons can be explained from molecular
orbital theory. The head-on overlapping of sp3 hybrid orbital of each Si atom forms
the Si–Si bond of the polymer chain. d-orbitals do not contribute to the formation of
the bonds. The overlapping of hybrid orbitals leads to bonding σ- and antibonding σ*

molecular orbitals responsible for theσ-conjugation along themain silicon chain. The
energy levels of these molecular orbitals are dependent on the chain length and the
substituents attached [7]. This delocalization of σ-electrons is analogous to the delo-
calization ofπ-electrons in conjugated C–C system.Moreover, likeπ-conjugated C–
C system, polysilane shows electrical conductivity and optical absorption property.
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Therefore, the polysilanes have been investigated for polymer-based optoelectronic
applications similar to the organic polymer. A few applications are discussed here.

17.5.3.1 Polysilane in Organic Light-Emitting Diode (OLED)

Suzuki et al. have reported the application of polymethylphenylsilane (PMPS) as a
hole transporting layer in OLEDs which have hole mobility up to 10−3cm2/Vs at
room temperature [17]. Polysilanes have also been reported as light-emitting layers
when its chain contains metal complex. Since polysilane absorbs UV light depending
upon the substituent attached, it has been investigated as UV emitter for OLED. The
first UV emission was reported in PMPS, but the electroluminescence was only
detectable at-77 K7. Room-temperature UV OLED was demonstrated by linear high
molecular weight (Mw > 5 × 105gmol−1) polymethylphenylsilane and poly(bis(4-
butylphenyl) silane. However, the lifetime of such OLED is less than the state of the
art of OLED [7].

17.5.3.2 Organic Solar Cell

Similar to OLED, polysilane has also been tried as a hole transporting layer in the
organic solar cell [117–119]. The results are not encouraging, and it requires new
material designing [7, 119].

17.5.3.3 Field-Effect Transistor

Because of semiconducting nature, polysilane has also been proposed for FET appli-
cation. Since pure polysilane has poor hole mobility, it attracts less attention as a
semiconductor in FET [7]. However, the mixtures of polysilane with other polymer
have been investigated as a semiconducting layer in FET [120]. The use of polysilane
as a semiconductor requires new concept such as the addition of new substituents on
polymer chain or copolymerization to enhance charge carrier mobilities to make it
suitable for OFETs.

17.6 Silicene

Silicene is a 2D silicon monolayer similar to graphene [18, 19, 121]. The most
fascinating property of graphene is that the electrons behave as if they are massless
or relativistic electrons (so-called Dirac electrons) [18]. Thus, the electron mobility
is a hundred time faster for graphene than that for silicon because of which graphene
is emerged as next-generation material for faster electronics. After the discovery
of graphene and realization of its immense technological potential, the curiosity
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has been raised to obtain silicene, silicon analogue of graphene. Like C, silicon
cannot form double bond and triple bond. Therefore, many theoretical studies have
been carried out to obtain the exact structure of silicene. Since Si is sp3-hybridized,
silicon atoms are lying on two different plans rather than single plan like graphene.
Such structure is referred to as a buckled 2D sheet which is similar to Si (111) plan.
However, theoretical calculation predicts similar electronic property as graphene
[122].

Although the possible existence of Si analogue of graphene had been predicted
theoretically in 1994 [121], after 16 years of the prediction, Bernard et al. revealed
epitaxial growth of silicene ribbon on the anisotropic silver (110) surface [123]. Since
then, the activity for the synthesis of silicene has increased exponentially.

17.6.1 Synthesis of Silicene

Silicon does not have graphite-like materials for obtaining silicene by mechanical
exfoliation technique. Therefore, different approaches are adopted.

17.6.1.1 Vacuum Deposition

First report for the synthesis of silicene sheet appeared in 2012. In this report, silicene
sheet was grown by epitaxially on silver single crystal [18, 19, 124]. In this method,
Si was deposited by sublimation of a piece of silicon wafer in the ultra-high vacuum
on the Ag(111) surface held at ~220 °Cwith a 4× 4 periodicity concerning primitive
Ag(111) which is confirmed by 1 × 1 in LEED patterns and STM images [18, 19].
The structure of this silicon superstructure has been found dependent on substrate
temperature. At present, silicene sheet has been successfully fabricated on an Ag
(111) substrate held at 150−300 °C and at a slow deposition rate of Si below 0.1
monolayer per minute. Silicene has also been reported to form on Ag(110), Ag(001),
Ag(111), Au(110), ZrBr2, ZrC(111), Ir(111), andMoS2 surfaces [125, 126]. Among
these substrates, silver has emerged as an ideal substrate for silicene fabrication
because Si does not react with Ag and Ag has matching crystal lattice parameters.
However, the freestanding silicene is yet to be fabricated.

17.6.1.2 Functionalized Silicene

Although pure silicene is desirable, adding different functional groups introduces
other desirable properties [19]. The functionalized silicene is generally obtained
from CaSi2 [127]. Calcium disilicide (CaSi2) is an intermetallic compound in which
silicon is the anionic part of the structure. The anionic Si is interconnected to form 2D
silicon sub-network resembling buckled Si(111) planes. These Si polyanion layers
are separated by planar monolayers of Ca2+. Thus to obtain Si 2D network, Ca2+ is
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deintercalated by concentrated HCl which produces layered siloxene (Si6H3(OH)3)
as described below

Ca(Si)2 + HCl + H2O → Si6H3(OH)3 + CaCl2 + H2 (17.6.1)

The layered Si6H3(OH)3 can be chemically exfoliated into individual sheets using
a surfactant, such as sodium dodecyl sulfate (SDS: C12H25OSO3Na). In place of
water, if a solution of HCl and methanol, ethanol, butanol, C12H25, benzyl alcohol,
or CH2COOMe are used, then corresponding alkoxide-terminated organosiloxenes
(Si6H5OR, where R = methanol, ethanol, butanol, C12H25, benzyl alcohol, or
CH2COOMe) were also obtained.

At −30 °C, this chemical exfoliation results in Si6H6

Ca(Si)2 + HCl → Si6H6 + CaCl2 (17.6.2)

The structure of Si6H3(OH)3 andSi6H6 is same, but in Si6H6 all Si atoms are termi-
natedwithHonly [18, 19]. SinceSi–Hbond is polarized, it is susceptible to a chemical
reaction. Thus, hydrogenated silicene is the starting material for adding functional
groups. For example, in Pt-catalyzed hydrosilylation reaction, Si6H6 was function-
alized with 1-hexene to produce a stable colloidal silicene suspension. Recently,
silicene quantum dots (SiQDs) of 2 nm in diameter and 4 atomic layers of silicone
were synthesized by using fine powders of CaSi2 as rawmaterials, and PtO2 powders,
as the hydrosilylation catalyst and olefin/acetylene derivatives as a stabilizer [128].
Phenyl-terminated silicene was obtained from the reaction between Si6H6 and Grig-
nard reagent. The obtained product is soluble in a number of a solvent such as hexane,
chloroform, acetone, or ether. Lithiated silicene is prepared by milling Li with Si6H6

layer for 30 min. In this mechanochemical reaction, Li replaces H from Si6H6 by
releasing hydrogen gas.

17.6.1.3 Silicene Nanoribbon

In 2009–2010, the first reported silicene was nanoribbons which were grown on
Ag surface [123]. Now such ribbon has been grown on Au, too [124–127]. The
nanoribbons have high uniformity and are more stable to molecular oxygen than
bulk Si [124–127]. The electronic properties of freestanding silicene depend on its
structure [124–127]. The armchair silicone nanoribbons (ASiNRs) are reported to be
nonmagnetic but could bemetals or semiconductors. The zigzag silicone nanoribbons
(ZSiNRs) show antiferromagnetic semiconducting ground state. Here, armchair and
zigzag describe nanoribbons with two different shapes of edges [121, 124–127].
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17.6.2 Applications

Since silicene imitates graphene, it is expected the same potential applications of
graphene for silicene. At the present stage, the field of silicene is infancy and
much more studies are needed to elucidate its properties. Still, conceptual silicene-
based transistor has been demonstrated. Recently, electrostatic measurement data
of silicene device are reported which reveal field-effect mobility of 100 and 200
cm2V−1 for single-layer and multilayer silicene, respectively [19]. However, the
predicated mobility is 1000 cm2V−1 for single-layer silicene [19]. Energy storage
is another field that attracts much interest. In this respect, multilayer lithiated would
enable intercalation/deintercalation of lithium atoms during charge/discharge of the
cell similar to graphite and has been shown the exceptionally high specific capacity
(4200 mA h g−1) against graphite (~371 mA h g−1) [19]. Among others, one of the
most touted applications is silicene for topology-based electronics which is still in
the conceptual level [19].

17.7 Conclusions

In this chapter, an overview of synthesis of important silicon compounds, present
status, and future outlookhas beenpresented. Themethods for extraction of elemental
silicon from SiO2 and conversion of elemental Si to crystal, silane, and polymer
have been discussed. Like carbon, silicon can form different compounds with other
elements such as C and O and can also undergo polymerization, and therefore, it
is possible to engineer novel silicon compounds. This is one of the reasons for
a tremendous development in designing and synthesizing silicon compounds for
different applications.A relatively newer entry of siliconpolymer is polysilane,which
shows hole transporting properties and has found its acceptability for fabrication of
UV organic light-emitting diode, etc. However, the hole mobility in polysilane is
low and requires new synthetic strategies. More recently, the synthesis of silicene,
a silicon analogue of graphene, has generated considerable interest because of its
potential applications.
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Chapter 18
Synthesis and Processing of Li-Based
Ceramic Tritium Breeder Materials

Biranchi M. Tripathi, A. K. Tyagi, and Deep Prakash

Abstract Fusion energy has undisputable potential to cope with the challenges
of increasing global energy demand and to protect the environment from global
warming. The construction of a fusion reactor based on the D–T fuel cycle has
been at the forefront of fusion energy research. Due to insufficient availability of
tritium in nature and limited global inventory, the fusion reactors ought to breed
their tritium. Tritium is produced in a blanket containing Li-based compounds called
tritium breeding blanket surrounding the fusion reactor. Li-based ceramics are candi-
datematerials for the fabrication of tritiumbreeding blankets. In order to attain tritium
self-sufficiency, the blanketmust produce enough tritium so as tomaintain the tritium
breeding ratio (TBR) greater than 1. The present chapter reviews R&D results of
powder synthesis, consolidation to form shapes and sintering of Li-based ceramics.
Further, this chapter summarizes the challenges and opportunities concerning the
processing of Li-based ceramic tritium breeding materials.

Keywords Nuclear fusion · ITER · Tritium breeding blanket · Ceramic · Sintering

B. M. Tripathi (B) · D. Prakash
Powder Metallurgy Division, Bhabha Atomic Research Centre, Vashi Complex, Navi, Mumbai
400705, India
e-mail: biranchi@barc.gov.in

A. K. Tyagi
Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India

B. M. Tripathi · A. K. Tyagi · D. Prakash
Homi Bhabha National Institute, Mumbai 400094, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. K. Tyagi and R. S. Ningthoujam (eds.), Handbook on Synthesis Strategies
for Advanced Materials, Indian Institute of Metals Series,
https://doi.org/10.1007/978-981-16-1892-5_18

867

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1892-5_18&domain=pdf
mailto:biranchi@barc.gov.in
https://doi.org/10.1007/978-981-16-1892-5_18


868 B. M. Tripathi et al.

18.1 Introduction

18.1.1 Global Energy Demand and Role of Thermonuclear
Fusion

Energy is recognized as an essential stimulus for fostering the standard of living of
citizens of any country. Due to the continuous increase in the global population, better
living standards and expanding economies, the demands for all forms of energy will
continue to rise. No single energy source and technology can fulfil the huge global
energy demand expected in the coming decades as each of them has strengths and
weaknesses [1–5]. In this scenario, a mix of energy sources will be the most viable
option.

Nuclear energy, in view of the present global concern on energy security, sustain-
able development and greenhouse effect (a major culprit of climate change), has
recently returned to centre stage. Nuclear fusion is nature’s fundamental source of
energy which we witness in everyday life in the form Sun [6, 7]. Fusion power,
due to attractive characteristics such as no greenhouse gas emission, abundant and
word-wide distributed fuel resources, no long-lived radioactive waste generation
and inherent safety, is a potential source of base-load electricity [8–11]. In fusion
reactions, the specific energy is much higher as compared to the normal chemical
reactions such as the combustion of coal [10].

18.2 Nuclear Fusion as an Energy Source

In nuclear fusion, light nuclei are brought intimately together to a distance compa-
rable to their size to form heavier ones. In this process, a small mass defect arises
that is converted into equivalent amount of energy invoking Einstein’s renowned
mass-energy relationship (E = mc2, where c is the speed of light and m is the mass
defect). The mass defect is difference in mass between the initial and the final reac-
tion products. As the speed of light is a large number, the energy equivalent to a small
quantity of mass defect is quite large. For example, some of the fusion reactions of
interest with respective values of energy released (Q value) are given in Table 18.1
[12].

For the occurrence of a fusion reaction, the fusing nuclei need to be imparted
sufficient kinetic energy to circumvent the repulsive electrostatic force (Coulomb
barrier). The cross-section of a fusion reaction is used to express the probability
of its successful occurrence. Fusion reactivity is defined as average cross sections
(σ) times the relative speed (v) of the reacting nuclei. The fusion reactivity as a
function of temperature plot for the three most probable fusion reactions is depicted
in Fig. 18.1 [12]. The fusion of elements with higher charges takes place with an
increasingly lower probability and requires higher temperatures/kinetic energy. It is
because, with an increase in electrical charge, the fusing nuclei have to experience an
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Table 18.1 Some of the
fusion reactions of interest

D + T → α + n Q = 17.59 MeV (R1)

D + D → T + p Q = 4.04 MeV (R2)

→ 3He + n Q = 3.27 MeV (R3)

→ α + γ Q = 23.85 MeV (R4)

T + T → α + 2n Q = 11.33 MeV (R5)

D + 3He → α + p Q = 18.35 MeV (R6)
3He + 3He → α + 2p Q = 12.86 MeV (R7)

p + 6Li → α + 3He Q = 4.02 MeV (R8)

p + 7Li → 2α Q = 17.35 MeV (R9)

p + 11B → 3α Q = 8.68 MeV (R10)

Fig. 18.1 Plot of the fusion
reactivity as a function of
temperature. Under CC-BY
License from [13]

increasingly more repulsive Coulomb barrier. The rate of fusion reaction increases
sharply with temperature until the attainment of maximum and subsequently drops
off gradually.

The D–T fusion rate maximizes at a lower temperature (~70 keV/or 700 million
kelvins) with higher reactivity value than other reactions. Because of these reasons,
D–T fusion has been the reaction of choice to date for fusion energy. In order to
realize D–T fusion, the fuel comprising of these gases must be heated to temperature
of around 20 keV or 20 × 107 °C. At such extremely high temperatures, the fuel
turns into plasma.

The fusion of deuterium and a tritium nucleus produces a helium nucleus and a
neutron with liberation of total energy of 17.6 meV (Fig. 18.2).

The alpha particle carries 20% (3.5 meV), and the neutron 80% (14.1 meV) of
the total energy [6, 12]. In fusion reactor, the energy of neutron will be dissipated as
heat and further, the dissipated heat will be converted into electricity. The positively
charged alpha particle is entrapped by themagnetic field and its energy can be utilized
for plasma heating purpose. For a self-sustaining fusion reaction, initially, an external
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Fig. 18.2 D–T fusion reaction-schematic

energy source with minimal thermal loss is required to raise the plasma temperature
over 100 million Kelvin [6, 12].

However, the fraction of heating power contributed by the alpha particles towards
total power required for the plasma heating increases with increase in the rate of
fusion reaction. Therefore, at some point called ignition, the heating power provided
by the alpha particle itself is adequate to sustain the D–T fusion. The isolation of hot
plasma from the reactor walls is essential to protect the structural materials at such a
high temperature. This is achieved through different confinement techniques and one
such technique ismagnetic confinement. Inmagnetic confinement, a strongmagnetic
field is applied to confine the motion of alpha particles into a circular trajectory away
from the reactor walls by creating a magnetic cage [6, 14].

To generate more energy from D–T magnetic confinement fusion reaction than
the input energy, Lawson’s criterion developed by John D. Lawson (a Physicist at
the UK Atomic Energy Establishment at Harwell) in 1955 need to be satisfied. The
Lawson criterion was derived by equating the alpha particle heat to the rate at which
the energy is lost from the plasma. This criterion is expressed as triple product of
plasma temperature (T), density (n) and confinement time (τ): nTτE > 3 × 1021

keVm−3 s−1[15]. According to this criterion, a minimum temperature (ideal ignition
temperature) needs to be exceeded for the D–T fusion reaction to serve as an energy
source. Moreover, a trade-off between the required density (n) and confinement time
(τ) exists according to which higher density requires lower confinement time and
vice versa. The Lawson criterion constituted a scientific Holy Grail for researchers
working in the area of fusion energy.
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18.2.1 Conceptual Design of a Fusion Reactor

To harness energy from nuclear fusion many attempts have been made to mimic
thermonuclear action of the sun and the stars and develop fusion power stations. The
conceptual design of a fusion power station is depicted in Fig. 18.3 [16]. The design
is similar to a contemporary thermal power station. The dissipated heat generated
due to slowing down of neutrons in the blanket material of fusion reactor will be
converted into steam and steam will be further used to drive turbines and generate
electrical power.

Fig. 18.3 Schematic design of a D–T nuclear fusion power plant. Courtsy JET-EFDA [16]
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18.3 International Thermonuclear Experimental Reactor
(ITER)

ITERmeans TheWay in Latin. The ITERproject is directed towards the development
of commercial fusion reactor [17–19]. Its programmatic objective, as defined in the
ITER EDA Agreement, is to demonstrate the scientific and technological feasibility
of fusion energy for peaceful purposes [20]. The participant countries in this mega
project are: China, the European Union, India, Japan, South Korea, Russia and the
United States of America. ITER will be the first thermonuclear fusion device that
aims to produce net energy by sustaining fusion for long periods. ITER will also
provide an opportunity to test the integrated technologies, materials and physics
regimes necessary for the development of commercial fusion power reactors. The
ITER project site is located at Cadarache in southern France.

The ITER Tokamak cutaway is shown in Fig. 18.4 [20]. The ITER primarily has
been designed to achieve the following objectives [20];

Fig. 18.4 A cutaway view of ITER Tokamak [20]
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• Demonstrate release of 500 MW of fusion power from 50 MW of input power
(i.e. energy gain factor Q = 10) for up to 500 s.

• Demonstrate integrated operation of technologies for a fusion power plant.
• Demonstrate the feasibility of heating a large volume of deuterium-tritium plasma

and sustain fusion reaction through internal heating.
• Demonstrate enduranceof candidate fusion reactormaterials against irradiationby

high energy neutrons and radiations, high thermal stresses and intense interactions
with D and T in the fusion reactor environment.

• Demonstrate the feasibility of tritium breeding within the vacuum vessel.
• Demonstrate the safety characteristics of a fusion device.

18.3.1 Necessity of Tritium Breeding for Fusion Reactor

For the operation of a commercial fusion power plant based on the D–T fuel cycle, an
uninterrupted supply of fuels (D and T) is required to be maintained into the reactor
core. Although adequate quantity of deuterium is available in nature as heavy water
(D2O), however, quantity, as well as the concentration of the naturally occurring
tritium is insufficient for use as a fuel. Hydrogen composed of three naturally occur-
ring isotopes, namely 1H (protium or H), 2H (deuterium or D) and 3H (tritium or T),
is the most abundant element in the solar system, around 91% of all the atoms are
hydrogen. Among hydrogen isotopes, H is the most abundant in nature and natural
abundance of other isotopes, D and T are 0.0156 atom% (156 ppm) and 1TU (1 atom
per 1018 atoms of hydrogen), respectively [12]. In addition to extremely low natural
abundance, tritium is also exhausted owing to its radioactive nature (beta decay with
half-life of 12.3 years) [12].

Projections for world tritium supply (Fig. 18.5) available to fusion reveals serious
problems [21, 22]. The maximum global tritium inventory is around 30 kg [22]. The
estimated tritium consumption in commercial D–T fusion reactor is high (55.8 kg per
1000 MW fusion power per year). According to this projection, if ITER were to run
at 1000 MW fusion power with 10% availability, the world tritium supply would be
exhausted by the year 2025 [21, 22]. The estimated “start-up” tritium inventory for
ITER DEMO is about 5–10 kg [21, 22]. Therefore, commercial D–T fusion reactor
must breed their tritium from other sources.

This chapter describes synthesis and processing of Li-based ceramic tritium
breedingmaterials. The various routes employed or investigated for Li-based ceramic
powder synthesis and fabrication of shapes is described. The issues concerning
sintering and microstructural control in relation to tritium retention and release char-
acteristics of tritium breeding materials is described. Summary of the properties
and R&D results for a number of Li-based ceramic tritium breeding materials is
presented.
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Fig. 18.5 Available global tritium inventory adjusted for fusion demands. Courtsy [22]

18.4 Concept of Tritium Breeding

Lithium, by irradiation of neutrons, can be used to produce tritium. Natural lithium is
composed of two stable isotopes viz. 6Li and 7Li with isotopic composition of 7.4%
and 92.6% respectively [12, 23]. The isotopes of lithium, because of low nuclear
binding energy per nucleon, are used to produce tritium by the following nuclear
reactions:

6
3Li + 1

0n → 3
1H + 4

2He + 4.78MeV
7
3Li + 1

0n → 3
1H + 4

2He + 1
0n − 2.47MeV

The tritium production cross-section as a function of neutron energy for the above
reactions is depicted in Fig. 18.6 [24, 25].

The reaction of 6Li isotope with neutron is exoergic and has a high cross-section
for low energy neutrons. In contrast, the reaction of 7Li is a threshold reaction (endo-
ergic) that requires an incident neutron energy over 2.47 meV. Moreover, because
of the Coulomb barrier, the cross-section of this reaction is considerably low above
the threshold energy (2.5 meV). Therefore, 6Li enrichment of the selected tritium
breeding material is always required to achieve target tritium breeder ratio to satisfy
tritiumself-sufficiency.The effective 6Li density canbe increased to anydesired value
through the use of isotope enrichment process. However, the neutrons with energy of
14 meV generated from the primary fusion reaction can promptly cause7Li reaction
and the decelerated neutron can produce another tritium atom by the 6Li reaction.
Therefore, two tritium atoms can be produced from single neutron.

The availability of Li is very important for generation of fusion energy at large
scale.According to theUSGeological Survey, theworldwide known reserves ofLi (in
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Fig. 18.6 Tritium production cross-section as function of neutron energy. Courtsy [24, 25]

year 2011)were estimated as 13million tonnes [26, 27]. TheLi extraction fromocean
sea is the last important fuel source which is uniformly distributed worldwide [28].

18.4.1 Breeding Blankets

Tritium breeding blanket is a critical component of the magnetic confinement-based
D–T fusion reactor. In addition to tritium breeding, it also functions as the heat
exchanger and shields for the adjacent reactor components from the irradiation of
neutrons and radiations [23, 29–31]. The tritium breeding blanket is schematically
depicted in Fig. 18.7. The blanket should produce adequate tritium to achieve the
condition of ‘tritium self-sufficiency’, i.e. the tritium production rate is at least equal
to its consumption rate plus tritium decay and losses at scheduled or unscheduled
plant outages. For effective tritiumproduction, the Li compounds should be located in
such a way that allows capture of maximum number of D–T neutrons in the tritium
breeding blanket. However, some portion of the plasma facing area is utilized to
incorporate necessary tools for plasma heating, plasma diagnostics, plasma control
and fuel exhaust. Therefore, use of neutronmultipliers is often required in the blanket
for effective tritium breeding. The required tritium breeding ratios (TBRs) for tritium
self-sufficiency is around 1.05–1.1.
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Fig. 18.7 Schematic configuration of tritium breeding blanket

18.4.2 Prospective Li-Based Ceramic Tritium Breeding
Materials

The tritium breeding materials should meet certain prerequisites for use in blanket
design of magnetic confinement-based fusion reactor. Tritium breeding materials
should.

• Provide high tritium production rate in small volume.
• Release tritium in such a way that permits fast processing into the plasma fuelling

system.
• Have required high temperature physical and chemical stability.
• Exhibit adequate irradiation behaviour.
• Be compatible with the adjacent structural materials and other components
• Have either no or nuclear activation characteristics that allow generation of only

low-activity nuclear waste.
• Not lead to specific safety risks under off-normal and accidental scenarios.

Lithium-based ceramics, owing to their inherent thermal stability and chemical
inertness are acknowledged as attractive tritium breeding materials.

The research activity initially focussed on γ-LiAlO2, Li2O, Li2SiO3, and Li2ZrO3.
[32–37]. Later work involved Li4SiO4, Li8ZrO6, and Li2TiO3. Currently, most
blanket concepts utilize Li4SiO4 or Li2TiO3 [38]. Recently, work on other systems
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including Li3TaO4, Li8PbO6, and composites of Li2TiO3 with Li2O or Li4TiO4 addi-
tives have been reported [32, 39]. The list of few lithium compounds considered as
breeding material and some of their key basic properties are summarized in Table
18.2 [12].

From the sole consideration of tritium breeding, the best breeder material would
be the one containing highest lithium atom density. Although Li and Li-Pb, offers the
highest tritium breeding ratios (TBR), however, high chemical reactivity of metallic
Li (particularly in the molten state) and associated fire hazard if Li comes in contact
with air or water during the off-normal or accidental scenarios are serious disadvan-
tages. Moreover, since the molten liquid metals are electrically conducting, it often
poses difficulties in pumping the liquid metals at high rates across the existing strong
magnetic [29–31, 40]. In order to circumvent these problems, alternative blanket
concepts utilizing Li-based ceramics solid tritium breeders has been developed.

Table 18.2 Properties of candidate Li-based ceramic tritium breeders. Adopted from [12]

Properties Preferable Li2O Li2TiO3 Li2ZrO3 Li4SiO4 γ-LiAlO2

Melting
point [K]

Higher 1692 1808 1888 1523 1883

Density
[g/cm3]

Lower 2.02 3.43 4.15 2.21 2.55

Li density
[g/cm3]

Higher 0.94 0.43 0.38 0.51 0.27

Thermal
conductivity
at 500 °C
[W/m/°C]

Higher 4.7 1.8 0.75 2.4 2.4

Thermal
expansion at
500 °C,
[dL/L0%]

Smaller 1.25 0.8 0.50 1.15 0.54

Reactivity
with water

Lower High Stable Stable Low Low

Tritium
retention
time at
400 °C [h]

Shorter 8.0 2.0 1.1 7.0 50

Swelling
[dV/V0%]

Lower 7.0 – <0.7 1.7 <0.5

Activated
products by
neutron
absorption

Less 16O(n, p):
7 s

46Ti(n, p):
84 d
47Ti(n, p):
3.4 d
48Ti(n, p):
1.8 d

90Zr(n, p):
64 h
91Zr(n, p):
57 d
94Zr(n, 2n):
106 y
96Zr(n, 2n):
64 d

28Si(n, 2n):
4 s
29Si(n, p):
6 m
30Si(n, α):
9 m

27Al(n, 2n):
6 s
27Al(n, p):
9.5 m
27Al(n, α):
15 h
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Lithium oxide, due to very high lithium atom density and good thermal conductivity
was given preference in the initial blanket concepts. However, strong moisture sensi-
tivity and the evidence of irradiation induced swelling are its biggest disadvantages
[34, 36, 41].

The most widely studied silicates include Li2SiO3 andLi4SiO4 in which often the
traces of Li2SiO5 or Li6Si2O7 can be found as well. A variety of lithium zirconates
such as metazirconate Li2ZrO3 and Li8ZrO6 octazirconate have also been studied by
Roux and co-workers [31, 35, 41]. However, because of activation issues of Zr, these
compounds became less attractive.

Lithium titanate (Li2TiO3), have shown promising results in early tritium release
experiments.Hoshino et al. found that lithium titanate forms oxygen-deficient defects
in reducing atmosphere (hydrogen).Moreover, it also forms lithium-deficient defects
when atmosphere is changed from reducing to oxidizing and as result the forma-
tion of doubly nonstoichiometric composition, Li2–xTiO3–y, has been confirmed
[31, 35, 41, 42].

Most of the studies on lithium aluminates focussed on γ-LiAlO2 [43–46].
However, this material has started receiving less consideration due to its low lithium
atom density, modest tritium release performance and activation characteristic of Al.

18.5 Phase Diagrams of Li-Based Ceramic Tritium
Breeders

18.5.1 Lithium Titanate (Li2TiO3)

The phase diagram reveals four ternary oxides (Li4TiO4, Li2TiO3, Li4Ti5O12), and
the high temperature phase Li2Ti3O7 in the binary Li2O–TiO2 system. The phase
diagram is depicted in Fig. 18.8 [47, 48].

There are three allotropic modifications of phase Li2TiO3: α, β and γ. The α-
modification is ametastable phase. Upon heating at temperature ofmore than 300 °C,
the α-phase monotropically transforms to β-phase. The low-temperature β-phase has
narrow homogeneity range and a monoclinic crystal structure. It crystallizes in the
Li2SnO3-type structure with the space group C2/c (No. 15), Z = 8. The lattice
parameters are: a = 504.1 pm, b = 880.6 pm, c = 972.7 pm and β = 100.08°. The
high temperature γ-phase crystallizes in the NaCl-type structure (Z = 4/3). The γ-
phase has cubic crystal structure with the room temperature lattice parameter a =
415.05 pm.
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Fig. 18.8 Phase diagramof Li2O–TiO2 system (Reproduced from [47]with permission of Elsevier)

18.5.2 Lithium Zirconate (Li2ZrO3)

Several compounds in Li2O–ZrO2 system (e.g. Li8ZrO6, Li6Zr2O7 and Li2ZrO3) has
been considered for tritium breeding. The phase diagram of Li2O-ZrO2 system is
presented in Fig. 18.9 [49]. The Li2ZrO3 has monoclinic crystal structure with space
group C2/c (No. 15), Z = 4. The lattice parameters are: a = 542.2 pm, b = 902.2 pm
and c = 541.9 pm and β = 112.709°. It crystallizes in NaCl-type structure.
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Fig. 18.9 Phase diagramofLi2O–ZrO2 system (Reproduced from [49]with permission of Elsevier)

18.5.3 Lithium Aluminate (LiAlO2)

Although six polymorphs of LiAlO2 have been announced so far, however, only
three modifications which are referred to in the literature as α-phase, β-phase and
γ-phase have been synthesized and their structures have been thoroughly established
using diffraction technique [50–52]. The α-LiAlO2 has a hexagonal crystal struc-
ture. The density of α-phase (3.401 g cm−3) is the highest among the three phases.
Therefore, this phase is the most stable at high pressure [53, 54]. The β-LiAlO2has
an orthorhombic crystal structure with density of 2.61 g cm−3 [53]. The γ-LiAlO2

is preferred in various applications because it is the most stable phase among all the
polymorphs under ambient conditions. Therefore, α-LiAlO2 and β-LiAlO2phases
transform into γ-LiAlO2phase at temperature above 750 °C. The γ-LiAlO2 has a
tetragonal crystal structure with the space group P41212 (No. 92), Z = 4 and the
lattice parameters: a = 522.4 pm and c = 629.7 pm [53]. The phase diagram of
Li2O-Al2O3 system is shown in Fig. 18.10 [49].
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Fig. 18.10 Phase diagram of Li2O–Al2O3 system (Reproduced from [49] with permission of
Elsevier)

18.5.4 Lithium Orthosilicate (Li4SiO4)

Several compounds in Li2O–SiO2 system including Li4SiO4, Li6SiO5, Li8SiO6,

Li2SiO3 and Li2Si2O5with different Li2O content is considered as tritium breeding
material. The phase diagram (Fig. 18.11) shows different phases of lithium silicates
[55–57].

18.5.5 Processing of Tritium Breeding Materials

Processing has a critical role in determining performance of Li-based ceramics as
tritium breeding materials. The processing of tritium breeding materials broadly
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Fig. 18.11 Phase diagram of Li2O–SiO2 system (Reproduced from [57] with permission of
Elsevier)

involves three steps (i) powder synthesis, (ii) powder consolidation/shaping and (iii)
sintering. The general preparation scheme is outlined in Fig. 18.12.

18.6 Powder Synthesis

18.6.1 Solid-State Synthesis Method

Earlier, the solid-state reaction method was widely reported for the synthesis
of Li-based ceramic powders. The simplicity is the main attractive feature and
reason behind the extensive use of solid-state method for synthesis of ceramic
powders. Solid-state synthesis of Li2TiO3 commonly utilizes lithium carbonate
(Li2CO3) and titanium oxide (TiO2) as precursors. The synthesis temperature and
time were reported as 750–800 °C and 5–10 h respectively [58–63]. Sometimes
even higher temperature of 900–1100 °C and time of several days were reported
[64, 65]. However, TGA/DTA curve (Fig. 18.13) of precursor mixture (Li2CO3 +
TiO2) revealed synthesis temperature of about 650–800 °C [60]. The XRD pattern
confirmed formation of Li2TiO3by solid-state method at 700 °C (Fig. 18.14) [60].
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Fig. 18.12 General processing scheme for preparation of ceramic breeder

S. Sonak et al. investigated kinetics of lithium titanate formation via solid-state
reaction of Li2CO3 and TiO2using non-isothermal thermogravimetric technique. The
average activation energy for Li2TiO3 formation was determined to be 243 kJ/mol
K [62, 66].

Recently our group developed a novel urea-assisted solid-state synthesis method
to synthesize pure phasemonoclinic Li2TiO3 nano-crystalline powder.A single phase
and well crystalline powder were synthesized at 700 °C and shorter duration (2 h) as
compared to the conventional solid-state method (Fig. 18.15). The crystallite size of
Li2TiO3 powder was observed to be 15–80 nm [67].

Solid-state synthesis of Li2ZrO3 was often reported using Li2CO3 and ZrO2 as
precursor at temperature of about 800–1000 °C and time duration of 2-6 h [68–74].
The metastable tetragonal phase of Li2ZrO3 is first formed at temperature of about
800-850 °C which transformed into stable monoclinic phase at temperature close to
1000 °C (Fig. 18.16) [75].

Solid-state synthesis of LiAlO2 using mixture of Li2CO3 and Al2O3/or Al(OH)3
was reported at temperature of about 700–1000 °C and time duration about 2-4 h
[43, 44, 76–80]. During the synthesis of LiAlO2, often α-phase (hexagonal) is first
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Fig. 18.13 TG–DTAofmixture (Li2CO3 +TiO2) for solid-state synthesis of Li2TiO3 (Reproduced
from [60] with permission of Elsevier)

Fig. 18.14 XRD pattern of Li2TiO3 synthesized by solid-state method (Reproduced from [60] with
permission of Elsevier)
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Fig. 18.15 XRD patterns of Li2TiO3 a 600 °C b 700 °C c 800 °C d solid-state route without urea
at 1000 °C (Reproduced from [67] with permission of Elsevier)

formed at lower temperature (500–550 °C) which is transformed into stable γ-phase
(tetragonal) after annealing at 700–800 °C [80–88].

Solid-state synthesis of Li4SiO4 often utilizes Li2CO3 and SiO2 as precursors. In
some reports, lithium nitrate and lithium hydroxide were also used as precursors.
The synthesis temperature was reported about 700–900 °C and time duration 4–6 h
(Fig. 18.17) [89–94]. The synthesis of often reported to proceed via intermediate
formation of lithium metasilicate (Li2SiO3), due to which often mixture of meta-
and orthosilicates is formed. In order to synthesize pure phase lithium orthosilicate
(Li4SiO4), it is required to carefully optimize the reaction temperature and time.

The inconsistency in reported synthesis temperature and time duration of Li-based
ceramics could be due to inhomogeneity in precursor mixture and lack of process
optimization. Due to high synthesis temperature and prolonged reaction, the solid-
state synthesis methodmost often produces ceramic powders with large particle sizes
and hard particle aggregates. Therefore, extensive mechanical milling is required to
make fine powders.
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Fig. 18.16 XRD patterns of pellet (Li2CO3 + ZrO2) heat treated for 4 h at different temperatures
(Reproduced from [75] with permission of Elsevier)

18.6.2 Wet Chemical Methods

The wet chemical methods refer to a group of chemical syntheses in which precur-
sors for synthesis of Li-based ceramics are mixed in solutions. Therefore, unlike
in the solid-state synthesis where inhomogeneity in solid-state mixing of precur-
sors is a cause of serious concern, in wet chemical methods, the precursors are
mixed at the molecular level that results in the formation of homogeneous products.
Moreover, wet chemical methods often result in soft-agglomerated ceramic powders
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Fig. 18.17 XRD patterns of powders for different Li/Si molar ratios and reaction temperatures. (a,
b, c and d represents Li/Si molar ratio of 0.5, 1, 2 and 4, respectively; 1-Li2SiO3, 2-Li2Si2O5, 3-
Li4SiO4, 4-cristobalite, 5-quartz and6-Li2CO3) (Reproduced from [89]with permission ofElsevier)

with relatively small particle sizes. In view of these advantages, many wet chemical
methods including sol-gel, hydrothermal and solution combustion were developed
for synthesis of Li-based ceramic powders [95–106].

18.6.3 Solution Combustion Synthesis (SCS)

C.-H. Jung et al. reported solution combustion synthesis of nanoscale powders of
Li2TiO3 with high surface area (14–30 m2/g) utilizing aqueous solutions of lithium
nitrate (LiNO3) and titanium oxynitrate TiO(NO3)2 as precursors and different
organic fuels (citric acid, urea and glycine) (Fig. 18.18) [104, 107, 108].

The SEMmicrograph (Fig. 18.18) showed porousmicrostructure of powderwhich
may be formed by the evolved gases during combustion. The SAED ring patterns of
the TEM micrograph confirmed formation of very fine nano-size crystals.

Q. Zhou et al. synthesized Li2TiO3 by SCS under different fuel-to-oxidizer ratios
to synthesize powderswith differentmorphologies [109].Aflashmicrowave-induced
solution combustion synthesis of nano-crystalline Li2TiO3 powder was performed by
Zhou et al. using titanyl nitrate (TiO(NO3)2) and lithium nitrate (LiNO3) as oxidizer
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Fig. 18.18 SEM micrograph a and Bright-field TEM image and SAD pattern b of as-synthesized
Li2TiO3 powders (Reproduced from [107] with permission of Elsevier)

and urea (CO(NH2)2) as fuel. Urea also functions as a complexing agent [110].
Sinha et al. synthesized high purity monoclinic Li2TiO3by solid–liquid combustion
synthesis directly from the combustion without any further heat treatment for phase
formation [111].

Xiao et al. synthesized nanoscale powder of Li2ZrO3 by solution combus-
tion using zirconium oxynitrate [ZrO(NO3)2.2H2O] and lithium nitrate (LiNO3)
as precursors/oxidizers and citric acid (C6H8O7) and urea [CO(NH2)2] as fuels
[112–115].

Recently, our group reported synthesis of pure monoclinic Li2ZrO3 nanocrys-
talline powder by SCS route followed by calcination. The mixture of zirconium
oxynitrate and lithium nitrate was used as oxidants and glycine as fuel [116].
Annealing of as-synthesized powders (under fuel-rich aswell as fuel-lean conditions)
at temperature of 700 and 750 °C produced mixture of monoclinic and tetragonal
phases as revealed by XRD pattern (Fig. 18.19) [116]. Pure monoclinic phase was
obtained after annealing the powder at 800 °C with crystallite size in the range of
18-40 nm. The synthesized powder comprised of agglomerated, highly porous and
voluminous particles. The shape of agglomerated powder was irregular flake type
and the particle size was in the broad range of 5–30 μm (Fig. 18.20) [116].

F. Li et al. [117] attempted to synthesize γ-lithium aluminate by SCS method
using lithium nitrate and aluminium nitrate as oxidants and different reductants
(urea, glycine carbohydrazide, alanine and citric acid) (Fig. 18.21). Although all the



18 Synthesis and Processing of Li-Based Ceramic Tritium Breeder … 889

Fig. 18.19 XRD pattern of Li2ZrO3 powder synthesized at varying fuel-to-oxidizer ratios and
temperatures (* = Monoclinic phase, # = Tetragonal phase) i 600 °C ii 700 °C iii 750 °C iv 800 °C
(Reproduced from [116] with permission of Elsevier)

mixtures of nitrate and fuel could be ignited at 450 °C, only the mixture containing
urea and carbohydrazide resulted in pure γ-LiAlO2.

Choudhary et al. synthesized Li4SiO4by SCS using LiNO3 and Rice husk (source
of SiO2) as precursors and citric acid as fuel. The citrate-to-metal (C/M) ratio of the
solution was varied (Fig. 18.22) [118, 119]. The powder synthesized at C/M of 1.4
after calcination at 700–750 °C produced pure Li4SiO4 phase (Fig. 18.23) [118].

18.6.4 Sol-gel Synthesis

X. Wu et al. synthesized pure monoclinic Li2TiO3phase nanoscale powder by
aqueous sol-gel method at considerably low temperature (500 °C). LiNO3 and
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Fig. 18.20 SEM images of Li2ZrO3 powder after calcination at 800 °C and fuel-to-oxidizer ratio
a = 0.5, b 0.75, c = 1, d = 1.25 (Reproduced from [116] with permission of Elsevier)

Ti(C6H6O7)2were used as starting materials (Fig. 18.24). Due to high surface area
of nanoparticles, the agglomerated powder was obtained (Fig. 18.25a). The size of
primary particles in the agglomerated powder was smaller than 50 nm (Fig. 18.25b)
[95]

18.6.5 Hydrothermal Method

A. Laumann et al. developed hydrothermal method to synthesize cubic
Li2TiO3.Lithium hydroxide and TiO2 (rutile + anatase) were used as starting mate-
rials and the hydrothermal reaction was conducted at 180 °C for 18 h. Further
annealing at 800 °C resulted in monoclinic Li2TiO3[102].

C.-L. Yu et al. exploited LiOH.H2O and anatase TiO2 as precursors and synthe-
sized pure phase Li2TiO3 nanoparticles via hydrothermal reaction at 200 °C for
2–10 h. TEM micrograph and particle size analysis indicated general particle size
around 114 nm. The hydrothermal reaction resulted in a metastable cubic phase
which transformed into stable monoclinic phase after calcinations above 500 °C for
6 h in air [120].
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Fig. 18.21 XRD patterns of the as-synthesized powders using various fuels: a citric acid, b alanine,
c glycine, d carbohydrazide and e urea (Reproduced from [117] with permission of Elsevier)

Fig. 18.22 Preparation of white RHA and Li4SiO4 powders using SCS (Reproduced from [119]
with permission of Elsevier)
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Fig. 18.23 XRD pattern of Li4SiO4 powder with C/M = 1.4 (Reproduced from [119] with
permission of Elsevier)

Fig. 18.24 XRD patterns of the gel treated at different temperatures (Reproduced from [95] with
permission of Elsevier)
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Fig. 18.25 SEM a and TEM bmicrographs of the Li2TiO3 powder synthesized by sol-gel method
(Reproduced from [95] with permission of Elsevier)

18.6.6 Consolidation and Fabrication of Shapes

In the initial concepts of ceramic breeding blankets, block or plate shape Li-based
ceramics were used as tritium breeding materials and afterwards designs based on
pellet shape ceramics emerged [35, 70, 77, 90, 121, 122]. Recent breeding blanket
concepts often utilize pebble shape ceramics. It is mainly because the pebble-bed
concepts minimize thermal stresses, swelling and embrittlement and thereby protect
the structural integrity of the larger breeder component [123–125].

Pellets or blocks of Li-based ceramic tritium breeders are fabricated by a well-
established, widely used and cost-effective pressing and sintering process of ceramic
powders. Many research groups have reported the fabrication of pellets of LiAlO2,
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Li2ZrO3 and Li2TiO3 with desired dimension, microstructure and purity [46, 71].
Pellets of Li4SiO4, Li2SiO3 and LiAlO2, with around 10 mm diameter and different
heights (5, 10 and 14 mm) were fabricated by Kapychev et al. [126].

For the fabrication of pebbles of Li-based ceramic tritium breeders, the currently
used processes are as follows:

• Melting–spraying process: This process was used for fabrication of Li4SiO4 and
Li4SiO4–SiO2 pebbles. This process is schematically depicted in Fig. 18.26 [127].
In this process, molten silicates are sprayed through a nozzle and the droplets are
allowed to cool to form pebbles. After annealing, spherical pebbles of relative
density 95–96%with satisfactory mechanical strength was obtained. Knitter et al.
developed a modified process utilizing lithium hydroxide in place of carbonate
and produced pebbles with somewhat lower density. The mixture of Li4SiO4

+ 2.5 wt% SiO2resulted in biphasic mixture (Li4SiO4 + Li6Si2O7) in as-melted
condition andLi4SiO4 +Li2SiO3 after annealing. This process is often not suitable
for pebble fabrication of Li-based ceramics with high melting points (Li2TiO3,
Li2ZrO3 and LiAlO2).

• Sol-gel type processes: Many variants of sol-gel type processes have been devel-
oped for fabrication of Li-based ceramic pebbles [96, 97, 128–133]. A typical
sol-gel process for the fabrication of spherical pebbles of Li2TiO3 is depicted in
Fig. 18.27 [134]. The variants of this process mainly utilize different solvents
and binders to tailor pebble morphology and sintered microstructure. The sol-gel
processes have been developed for pebble fabrication of variousLi-based ceramics
and compositions.

Fig. 18.26 Illustration of the melt spraying processes (Reproduced from [127] with permission of
Elsevier). (1) Platinum alloy crucible; (2) Molten silicate; (3) Air spray gun; (4) Nozzle; (5) Piston;
(6) Droplet solidification
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Fig. 18.27 Fabrication process and parameters of Li2TiO3 pebbles in the direct wet-process
(Reproduced from [134] with permission of Elsevier)

• Extrusion-spheronization process: This technique has, for many years, been
used to produce pebbles of LiAlO2, Li2ZrO3 and Li2TiO3with different sizes and
relative densities of around 80–90% range [60, 123, 124, 135].

• Agglomeration-sintering process: This process has been used for producing
Li2O, Li4SiO4 and Li2ZrO3 pebbles of size about 1 mm. Pebbles with relative
densities of around 90% were obtained with good mechanical strength [123].

• Graphite-bed process: M. Hong et al. recently developed a graphite bed method
as a new technique to fabricate Li2TiO3(size 1–1.2 mm) with relative density of
around 85–90% and grain size of 4–14μm.M.Hong et al. also fabricated Li4SiO4

pebbles (average diameter 1.5 mm) with relative density of around 85–90%, grain
size of 3–6 μm and good mechanical strength [136, 137].

• Several other wet chemical methods including gel-casting, agar method, dry-
granulation, etc. have been reported for fabrication of Li-based ceramic pebbles
[96, 107, 138–141].

18.6.7 Sintering

Sintering is the final and important processing step of Li-based ceramic tritium
breeding materials irrespective of powder synthesis method and shape of the
consolidated powder (pellet, block, pebble or foam).

Sintering is a process of bonding individual powder particles into a coherent,
predominantly solid structure by the application of heat. Heat enables the mass
transport phenomena that often occur on the atomic scale leading to inter-particle
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bonding that results in improved strength and lower system energy [142]. The driving
force for sintering is reduction of the total interfacial energy by the reduction of
surface area of the powder. Reduction of total interfacial energy of a powder compact
can be expressed as follows: [143, 144]

�(γA) = �γA + γ�A

where γ is the specific surface energy and A, the total surface area of the compact.
The reduction of total interfacial energy of the powder compact can occur by two
often competing processes, densification (�γ) and grain growth/coarsening (�A) as
schematically shown in Fig. 18.28 [143, 144].

The resulting microstructure comprised of relative density, grain size, porosity
and distribution of other phases plays significant role in controlling tritium reten-
tion and release characteristics of ceramic breeder. Therefore, for optimum tritium
release and retention characteristics as well as mechanical properties of sintered
tritium breeders, the microstructure needs to be carefully controlled by controlling
the sintering variables (Fig. 18.29).

The mechanisms involved in transport of tritium through the microstructure of
the single sintered ceramic breeder pebble is schematically depicted in Fig. 18.30
[29, 145–148].

Firstly, tritium generated from nuclear transmutation of Li by neutron capture
is transported to the grain boundary by intragranular (lattice) diffusion. The bulk
diffusion and trapping of tritium within the grains are affected by the neutron and

Fig. 18.28 Schematic demonstration of phenomena occurring during sintering
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Fig. 18.29 Sintering variables: factors and effects

Fig. 18.30 Schematic illustration of the tritium transport mechanism in the ceramic breeder (1:
intragranular diffusion, 2: grain boundary diffusion, 3, 4: pore diffusion and 5: purge flow convection
(Reproduced from [148, 149] with permission of Elsevier)
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radiation-induced defects. Subsequently, tritium diffuses along the grain boundary
pathways existing between the adjacent grains to the solid/gas interface (open and
closed porosity. The fraction of closed porosity provides another means to build
up inventory in the material. At the surface, various processes take place involving
isotope exchange with hydrogen (H2) and water (H2O) leading to desorption of
tritium in chemical forms of HT and HTO, respectively. Further, the tritium bearing
species (HT, HTO and T2O) is transported via interconnected pores and enters the
flow of the purge gas. The assessment of tritium retention in the breeder requires
knowledge of rate determining steps and the most relevant operation as well as
microstructural parameters that facilitate the tritium release. In summary, the entire
tritium transport mechanisms can be divided into the following steps: intragranular
diffusion; grain boundary diffusion; surface adsorption/desorption; pore diffusion
and purge flow convection. The microstructure of sintered tritium breeder mainly
affect the intragranular diffusion, grain boundary diffusion and pore diffusion and
thereby influences the tritium transport process. Grain size is an important parameter
affecting the tritium release properties of tritium breeding ceramics. The average
residence time (θD) of tritium in the crystal grain under diffusion is related to the
grain size (dp) and effective diffusion coefficient of tritium within the grain by the
following relation [150].

θD = d2
p

60DT

The above relation clearly shows that release rate of tritium can be accelerated by
decreasing grain size which has been confirmed by the out-of-pile tritium annealing
studies on sintered Li ceramic pebbles. It is because the activation energy for intra-
granular diffusion is higher as compared to grain boundary diffusion. Annealing
studies and in-pile tests clearly demonstrated that, in case of small grainedmicrostruc-
ture, tritium release is faster compared to large grained [44, 151–153]. The tritium
retention (i.e. residence time) θD in sintered Li ceramic with large grain size is much
longer than for the small grain size. Moreover, microstructure has a significant effect
on mechanical properties of the breeder. The mechanical properties and radiation
resistance can be augmented by increasing relative density and decreasing grain size.
Therefore, fragmentation of Li ceramic breeders due to swelling and embrittlement
in fusion reactor environments can be effectively controlled [71, 93, 154–156].

18.6.8 Desired Microstructure of Sintered Tritium Breeder

The central theme in the processing of Li ceramic breeders is to enhance densifica-
tion while limiting grain growth. For the optimum performance of tritium breeding
materials, the desired characteristics often include high Li atom density (no evapo-
rative loss of Li), the relative sintered density in the range of 80–90%, the grain size
1-5μ and about 5–15% of interconnected open porosity [96, 101, 157].
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18.7 Challenges in Achieving Desired Microstructure

The challenges in processing of Li-based ceramic tritium breeding materials mainly
include i) evaporative loss of Li and ii) uncontrolled grain growth [125, 158–162].
These problems were often experienced when the processing temperature exceeds
1000 °C either during the powder synthesis or sintering steps [67, 116]. Due to
these factors, it is often quite challenging to achieve required density and small grain
size at the same time while maintaining the high Li atom density. Loss of Li has
a detrimental effect on tritium breeding as the breeder in the blanket must have a
high lithium atom density to achieve tritium self-sufficiency. The large grain size
arising due to uncontrolled grain growth could dampen the tritium release process
through the breeder microstructure. It would decrease tritium breeding ratio and also
allow accumulation of tritium inventory in breeders, which has serious concern with
regard to D–T fusion reactor safety. In order to circumvent these issues, sinterability
of Li-based ceramic powders needs to be enhanced so as to reduce the sintering
temperature and/or time.

18.8 Approaches to Sinterability Enhancement

There are manymethods to improve the sinterability of ceramic powders. The widely
used methods are (i) use of fine (sub-micron to nanoscale) powders, (ii) addition of
sintering aids and (iii) aliovalent doping. Among these methods, the one utilizing the
fine powders could be the most useful approach for Li ceramics. The other methods,
(addition of sintering aid and aliovalent doping), have only limited scope, in view of
the strict chemical purity (nuclear grade) desired inLi-based ceramic tritiumbreeders.
This imposes restrictions on the addition ofmany foreign elements, particularly those
which can act as a neutron absorber or give rise to activation products upon neutron
irradiation.

Nanoscale ceramic powders often exhibit higher rate of densification. It is mainly
due to high surface area of nanoscale powders (i.e. large driving force for sintering),
reduced diffusion lengths and increased grain boundary areas. These effects can be
explained by a general densification rate equation given below [163].

dρ

dt
= 1

Gn
exp

(−Ea

RT

)

According to this equation, the rate of densification (dρ/dt) is inversely propor-
tional to the nth power of grain size (G). The value of n depends onwhichmechanism
dominates the sintering process. If surface diffusion is dominating then n = 3 and
in case of grain boundary diffusion is dominant mechanism the value of n = 4. This
implies that sintering temperature and/or time duration necessary to attain required
density could be drastically reduced.
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Fig. 18.31 Schematic illustration of a agglomerate and b aggregate

However, there are some issues in compaction and sintering of nanoscale ceramic
powders which mainly arise because considerable agglomeration of nanoscale
powders under the influence of Van der Waals attraction forces. The agglomeration
often takes place during the synthesis, handling and particularly drying. Agglom-
eration leads to two types of pores in the green body (the powder compacts prior
to sintering); inter-agglomerate pores and smaller inter-crystalline pores within the
agglomerate; as shown in Fig. 18.31 [163]. The removal of the inter-agglomerate
pores generally requires high temperatures during sintering, which also encourages
grain growth which makes it challenging to maintain nanoscale grain size in sintered
components. The removal of agglomeration so as to achieve dense packing free from
cracks, pores and density gradients in the green powder compact is of serious concern
in consolidation of nanoscale powders. The uniform particle packing is an effective
means of achieving higher densification of the green body during sintering.

18.9 Comparison of Sinterability of Li-Based Ceramic
Powders Synthesized by Different Methods

C.-H. Jung et al. investigated the sinterability of Li2TiO3 powder synthesized by solu-
tion combustion synthesis and other methods by dilatometry. As shown by dilato-
metric curves (Fig. 18.32), pellet prepared using combustion synthesized powder
experienced fast-linear shrinkage above 600 °C, however, pellet prepared using
commercial and solid-state synthesized powder experienced shrinkage at around
850 °C [108]. Therefore, sintering of the combustion synthesized pellet occurred
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Fig. 18.32 Shrinkage (%) curves of Li2TiO3 pellets in air atmospheres (Reproduced from [108]
with permission of Elsevier)

between 600 and 1200 °C with 20% of linear shrinkage (A in Fig. 18.32). However,
in case of commercial (B in Fig. 18.32) and solid-state synthesized powder (C in
Fig. 18.32), densification could not be achieved even at temperatures as high as
1300 °C. The powder synthesized by SCS method could be sintered to high density
at lower temperature and short duration as compared to powder synthesized by solid-
state reaction and commercial powders. It indicates the relativelymore reactive nature
of the combustion-derived powders (Fig. 18.33) [108]. The higher sintering temper-
ature and longer sintering duration often led to large grain size in solid-state derived
powder compacts. Li-based ceramic pebbles fabricated using powder derived from
solid-state method often sintered at temperatures around 1100–1200 °C for 4–10 h
duration to achieve 80–85% of relative density with grain size in 5-20 μm.

Enhanced sinterability of combustion-derived powders is due to small particle
size, high surface area, soft-agglomeration and high porosity compared to powders
derived from solid-state reaction or commercial powders.

Q. Zhou et al. reported excellent sinterability of solution combustion-derived
Li2TiO3 powder compact. Relative density of the compact reached 90.7% at temper-
atures as low as 800 °C (Fig. 18.34). Further increase of sintering temperature
considerably increases the grain size, however, the relative density remained nearly
unchanged (Fig. 18.35) [109].
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Fig. 18.33 Relative density of Li2TiO3 pellets synthesized by the various processes (Reproduced
from [108] with permission of Elsevier)

Fig. 18.34 Curve of relative density of Li2TiO3 ceramic against sintering temperatures (Repro-
duced from [109] with permission of Elsevier)
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Fig. 18.35 SEM images of the surface of the Li2TiO3ceramic sintered at a 700 °Cb 750 °C c 800 °C
d 900 °C (Reproduced from [109] with permission of Elsevier)

Li2TiO3 powder pellet prepared using powder synthesized by urea-assisted solid-
state method, recently developed by our group, displayed excellent sinterability. The
pellet achieved relative density of more than 90% at temperatures as low as 850 °C
Fig. 18.36. The relative density further approached around 98% at 950 °C Fig. 18.36.
Upon further increasing the sintering temperature up to 1000 °C, rapid grain growth
occurredwithout any considerable increase in relative density. The grain size in pellet
sintered at 900–950 °C was in 2–3 μm range (Fig. 18.37).

Pellet of Li2ZrO3 fabricated using the powder derived from glycine-nitrate solu-
tion combustion (recently developed by our group), displayed remarkable sinter-
ability. The relative density of the pellets increased to around 90% at temperatures
as low as 950 °C and steeply increased to around 98% at 1000 °C (Fig. 18.38) [116].
The grain size at sintering temperature of 1000 °C was in the range of 1–2 μm.
Further increasing sintering temperature up to 1050 °C results in rapid grain growth
(grain size >25 μm) with large number of closed pores (Fig. 18.39) [116].
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Fig. 18.36 Relative density and volumetric shrinkage of Li2TiO3 pellet as a function of sintering
temperature (Reproduced from [67] with permission of Elsevier)

In general, the Li-based ceramic compacts (pellets or pebbles) fabricated using
powders synthesized by wet chemical methods, particularly solution combustion
method exhibited significant improvement in sinterability manifested by reduction
of sintering temperature and sintering time. Reduction of sintering temperature can
be an effective way to produce Li-based ceramic tritium breeding materials with
desired density, small grain size and circumvent the loss of Li. Moreover, it will
also facilitate incorporation of desired interconnected porosity in the sintered tritium
breeding materials. Tritium breeding materials with all of these desired microstruc-
tural features can produce tritium at high rate leading to the attainment of tritium
self-sufficiency condition for fusion reactors.

18.10 Conclusion

• Fusion is a potential source of energy to meet increasing global energy demand
and also combat global warming which is the primary culprit of climate change.
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Fig. 18.37 Fracture surface SEM images of Li2TiO3 sintered at e 850 °C f 900 °C g 950 °C and
h 1000 °C (Reproduced from [67] with permission of Elsevier)

• Fusion reactors based onD–T fuel cycle need to breed sufficient tritium to achieve
tritium self-sufficiency condition.

• Li-based ceramics are potential candidates tritium breeding blanket materials.
• Microstructure including density, grain size and porosity has significant influ-

ence on tritium release and retention characteristics of sintered tritium breeding
materials.

• Sinterability ofLi-based ceramics need to be improved to produce tritiumbreeding
materials with designed microstructure (optimum density, small grain size and
interconnected porosity) for high tritium production rate.

• Improvement in sinterability will significantly reduce the large scale processing
cost of Li-based ceramic tritium breeding materials.

• Processing of tritium breeding materials starting with sub-micron to nanoscale
powders is advantageous for augmenting the sinterability of Li-based ceramics.

• Processing parameters need to be optimized for large scale production of fine Li
ceramic powders using wet chemical routes and fabrication of sintered tritium
breeding materials with desired microstructure.
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Fig. 18.38 Relative density and volumetric shrinkage of Li2ZrO3 pellet as a function of sintering
temperature (Reproduced from [116] with permission of Elsevier)

Fig. 18.39 Fracture surface SEM images of Li2ZrO3 sintered at i 900 °C j 950 °C k 1000 °C and
l 1050 °C (Reproduced from [116] with permission of Elsevier)
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