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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 and materials science and engineering is vital for devel-
oping 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 char-
acterizing 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 engineering 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, Hyderabad, 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&D
with outstanding background in their respective domains, thus generating unique
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resources of validated expertise of interest in metallurgy. The international character
of the authors’ and editors has 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, mono-
graphs 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 Advanced Materials” is aimed to
provide information on (i) Variety of synthetic methods to prepare advanced
materials (stable and metastable hitherto unknown materials, chemically and
crystallographically designed materials and assemblies) and their structure,
micro-structure, and morphology; and (ii) Functional properties like soft to hard,
insulators to superconductors, 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.
Ningthoujam, Scientific Officer-F, Chemistry Group, from Bhabha 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
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by the editors as well as well-experienced authors from academia, R&D, and
industry. This handbook will be a treasure for those who are interested in learning
everything about advanced materials 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
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Preface

The ever-developing human civilization thrives on materials which may be of
technological, 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 fulfill-
ment 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
superconductors, extended solids to molecular solids, self-assembled materials,
catalysts, materials with tailored thermal expansion, composites and hybrid mate-
rials, materials with multi-functionality, ceramics and glasses, metals–alloys–in-
termetallics, drugs and drugs delivery systems, polymers, biomaterials, nuclear
materials, optical materials, fast ionic conductors, soft and hard magnets, etc. Still
the quest of humanity for developing better and more efficient materials remains
never-ending. The development of materials depends on the ability to synthesize
them or to find a more 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 the materials research.
Although the synthesis or synthetic materials chemistry originated just after the
Stone Age, the understanding of chemistry and physics of materials with the pro-
gress 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 methodologies, crystallographic
structures, morphologies and dimensionality for desired functional properties.
Many a time, thermodynamics and kinetic parameters are controlled to overcome
the barriers to achieve the desired materials. Thus, the methodologies for the
synthesis of materials became multi-disciplinary which include the approaches from
chemists, biologists, physicists, metallurgists and engineers. This has been wit-
nessed as the development of several unconventional synthetic routes that involve
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parameters such as extremely high temperature, high pressure, radiation, mechan-
ical attrition and unusually reactive intermediates. Some non-traditional synthesis
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 uncon-
ventional 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 monographs 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 for Advanced Materials” 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 hitherto 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, alteration 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 procedures 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, mechanochemistry,
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’
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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 covers processing of nanomaterials, porous or sintered materials, composite
materials, low dimensional like 1D to 2D materials, thin films, single crystals,
template method, self-assembly, biomaterials, inkjet printing, 3D printing, size and
shape engineering, etc., in a lucid manner. Volume III is focused on the synthesis
aspects of materials like hybrid inorganic–organic, metal oxide frameworks,
intermetallics, hydrides, borides, carbides, nitrides, phosphides, silicide, selenides,
fluorides, various biomaterials, materials for sensors and detectors, optical materi-
als, carbon-based materials, colloids, noble gas compounds, lithium-based ceram-
ics, 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 con-
cepts with the most recent literatures dealing with 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 to make 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 sin-
cerely hope that our efforts will be of use to both new and experienced researchers
in the field.

Mumbai, India A. K. Tyagi
July 2021 Raghumani S. Ningthoujam
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Chapter 1
Solid State Synthesis of Materials

Vinita Grover, Balaji P. Mandal, and A. K. Tyagi

Abstract Solid state synthesis is probably one of the oldest synthetic procedures
for materials synthesis. It involves heating the reactants at high temperature for a
specified period of time. The temperature and time chosen for the synthesis depend
on many factors. A thorough knowledge of all these factors is essential to design a
successful solid state synthesis to achieve desired product. The chapter, initially,
introduces solid state synthesis in details. A historical perspective of solid state
synthesis, its significance and utility has been discussed. Various concepts involved
in solid state synthesis such as choice of reactants, equipments employed and
reaction conditions have been elaborated in detail. These will give reader an insight
into thoughtful planning of synthesis protocol. The concepts have been supported
by giving specific examples of the synthesis of compounds belonging to important
structural classes. Sometimes, in order to improve the homogeneity of the product
or to decrease the reaction time, some modified solid state synthesis techniques are
employed. They have also been described briefly. The solid state synthesis was
conventionally used to prepare inorganic compounds, but there has been an upsurge
in synthesis of solvent-free synthesis of organic compounds termed as solid state
organic synthesis which has also been described briefly. The chapter also delves
into common characterization techniques which are employed to characterize the
synthesized products. It has been realized that metastable compounds show very
interesting and technologically significant properties which in turn is the conse-
quence of their structure. The concept behind metastability has been discussed and
supported by few examples. Solid state synthesis is one of the synthetic techniques
which are easily amenable to scaling up and easy to follow. However, it has certain
limitations which have been elucidated to benefit the readers. The chapter covers all
the aspects of solid state synthesis to enable even a beginner in this field to embark
on the wonderful journey of solid state synthesis.
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Keywords Solid state reactions � High-temperature heating � Furnaces � Solid
solutions � Metastable � Mechanism of solid state reactions

1.1 Introduction

1.1.1 History and Background

It is the wonder and excitement of finding the unprecedented and unimaginable that makes
the research enjoyable, even exhilarating, and worthwhile. John D. Corbett [1]

One of the most important parameters that measure the development index of
society is the advancement in materials. In fact, different ages in the history of
humankind have been recognized by the kind of materials used in that age whether
it is stone-age or iron-age. The growth is indicated by the level of enhancement of
the materials used by humankind. In addition to being scientific, synthetic methods
and synthesis in general have been compared to an art which involves creativity and
innovation of the scientist.

The unique challenge which chemical synthesis provides for the creative imagination and
the skilled hands ensures that it will endure as long as men write books, paint pictures, and
fashion things which are beautiful, or practical, or both. Robert Burns Woodward [2]

The research on newer and better materials has thus always been a thrust area of
research in all times. The synthesis of materials is pivotal to the research on
materials. Over the years, various synthesis methods have been developed and
pursued. These have been governed by the nature of the end products desired by
that synthesis, cost incurred and also the basic scientific curiosity to understand the
effect of synthesis protocol followed on the products obtained.

As the journey of solid state synthesis begins, a very basic question arises: Why
at all do we do the syntheses? The answers are varied ranging from synthesis
necessary for producing materials to satisfy the basic academic quest of creating
new structures. However, the underlying answer to this range of replies is that
chemists synthesize because there is a need for materials. Materials are needed for
energy, pharmaceuticals, electronics, petrochemicals and cosmetics, virtually
everywhere. In addition to synthesizing the known materials for meeting up the
demand for these industries, there is also a continuous quest for developing new
materials for better efficiency, new functionalities and better economics. The role of
synthesis in the growing economies worldwide cannot be over-emphasized. Other
than the utilitarian purposes, there are also more fundamental questions that the
synthesis tends to satisfy. These could be knowing the nature of chemical bonding,
the curiosity of developing an altogether new structure as well as developing
altogether new morphologies. As long as the civilization is there, there would be
both: the need for utilitarian materials and the quest for knowing and developing the
unknown, and hence, the material synthesis will always hold a centre stage.

2 V. Grover et al.



Among all the synthesis routes adopted worldwide by material scientists, solid
state synthesis is probably one of the oldest and the simplest preparative methods.
In the simplest terms, it involves mixing the components and heating them together
at some higher temperature for a particular duration of time to get the desired
product. One of the oldest examples of synthesis by heating can be traced back to
Mayan civilization concerning the synthesis of Mayan blue. Mayan blue was the
blue pigment which was used by the Maya civilization and is still present in mural
paintings, sculptures and other objects in Chichen Itza and Yucatan (Mexico). It is
an organic–inorganic hybrid of indigo from Indigofera suffruticos leaves with clay,
which is most probably palygorskite or sepiolite or mixtures of these two (both of
these clays consist of hydrated magnesium aluminium silicates) [3–5]. In labora-
tory, Mayan blue can be synthesized simply by mixing the clay and indigo solution
at temperatures ranging from 75 to 150 °C. It is worth mentioning that the com-
posite obtained is not stable but when it is heated at these temperatures for longer
durations (several days), it shows remarkable stability which indicates that
importance of temperature and time of heating was probably known even at that
time.

1.1.2 What Is Solid State Synthesis?

The process of heating two materials together to get a new material is probably the
oldest synthesis method known. Often referred to as “heat and beat” method, solid
state synthesis has made its place in history of science as one of the most reliable
and versatile preparative methods. This is the most common method for synthe-
sizing inorganic solids also called the “ceramic method”, wherein synthesis is
performed at elevated temperatures and yields thermodynamically stable phases.

In very basic sense, the components required for the desired product are mixed to
obtain a homogeneous mixture. The mixture is then pressed into pellets or as such
heated at high temperature. Many a time, the synthesis may involve regrinding and
repelletizing to obtain the product of homogeneous uniform composition. Then,
there are specific conditions for mixing, heating, heating atmospheres, heating
conditions, furnaces, crucibles, etc. All these are discussed in detail later in the
chapter.

1.1.3 Materials Synthesized by Solid State that Shaped
up World of Materials: Rational and Serendipitous

From “Stone” Age to “Silicon” Age, materials are the building blocks of not just
science but culture and civilization as well. Like every branch of science, prepar-
ative solid state chemistry has had its “stars” which have revolutionized the fields of
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materials. Synthesis of these solids possessing unusual and/or superior properties
has opened new arena in research as well as led to their technical application as well
in some cases. The table adopted from US Panel Report (Table 1.1) lists a few of
them [6]. Some more recent additions have been made to this table to make it more
contemporary. However, this list is not exhaustive, and there are many more
important materials which have influenced the research on materials in a big way.

Preparative solid state chemistry requires a thorough knowledge (or under-
standing) of the structure of the desired compound as well as the reactivity patterns

Table 1.1 Compounds which revolutionized the field of materials [6]

Solid Reported
in year

Reported by Application

Yttria-stabilized
ZrO2 [6]

1900 Nernst Fuel cell, oxygen sensor

Calcia stabilized
zirconia [6]

1929 Ruff Fuel cell, oxygen sensor

Na b-alumina
[6]

1926 Stillwell Solid electrolytes, Na–S battery

LiNbO3 [6] 1937 Sue Ferroelectrics, nonlinear materials

BaFe12O9 [6] 1938 Adelskod and
Schrewelis

Ferrites, memory devices

Amorphous Si
[6]

1944 Konig Solar cells

BaTiO3 [6] 1925 Tammann Ferroelectrics

Bi4Ti3O12 [6] 1949 Aurivillius Ferroelectrics

HxMoO3 [6] 1951 Glemser Proton conductors, electrochromic
displays

K0.5MoS2 [6] 1959 Rudorff Intercalation chemistry, battery cathodes

K2[Pt(CN)4]X0.3

[6]
1968 Krogmann 1D conductors

MMo6X8 (X: S,
Se) [6]

1971 Chevrel High field superconductors

(CH)x [6] 1977 Chiang and
others

Molecular metals

Sialon (Si,
Al)3(O,N)4 [6]

1978 Jack High-temperature ceramics

Fullerenes [7] 1985 Kroto, Curl
and Smalley

Biomedical applications

Ba–La–Cu–O
[8]

1986 Bednorz and
Muller

High-temperature superconductors

Carbon
nanotubes [9]

1991 Sumio Iijima In composites requiring superior
mechanical and electronic behaviour

Graphene [10] 2004 Andre Geim
and Kostya
Novoselov

First two-dimensional material, thinnest
and strongest substance, transparent and
electrically conducting
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of the reactants. This is also termed as rational synthesis of solids. In a rational
synthesis, the reactants are chosen taking into consideration the end product. The
properties and the structure required in the product are the guiding factors for
designing the scheme of the synthetic reaction. The thermodynamics, crystal
chemistry and kinetic factors of the reactions play a role and thus are factored
before planning the synthesis. This planning involves choice of reactants, choice of
heating materials, temperature and duration of heating, atmosphere during the
reaction, etc. There are many examples of famous and path-breaking rational
synthesis of materials. The synthesis of SIALON is one example wherein parts of
Al and O in Al2O3 were replaced by Si and N to obtain the specialist refractory
ceramics with high strength at ambient and high temperatures, good thermal shock
resistance and exceptional resistance to wetting or corrosion. Similarly, the sodium
ion fast conductor NASICON with formula Na3Zr2PSi2O12 was synthesized from
the reactants keeping in the view the coordination polyhedra formed by preferably
adopted by the ions in the reactants and the way they join together to form networks
[11]. The structure of NASICON is very conducive to three-dimensional sodium
ion movement, thus bestowing upon its fast ionic conductivity. Another example of
innovative preparative solid state chemistry is evident in synthetic bone material,
calcium hydroxyapatite [11]. The properties desired for the bone material were
good porosity and 100% connectivity. The two facts that formed the basis of
synthesis plan for synthetic bone materials were that certain marine corals (CaCO3)
possessed the porosity and connectivity similar to bone materials and also the
aragonite form of CaCO3 can be topotactically converted to calcium hydroxyapatite
retaining the desired porosity and connectivity by hydrothermal synthesis [11].
Hence, a synthesis of bone materials was accomplished by reacting marine corals
with phosphoric acid under hydrothermal conditions. Similarly, the design of
synthesis of low expansion or zero thermal expansion solids utilizes the concept
that low expansion on heating is favoured by the structure where the framework is
formed by corner-sharing polyhedra of highly charged ions, e.g. ZrW2O8. These
syntheses emphasize that a good knowledge of basics of solid state chemistry can
widen the synthesis skills of a chemist.

Despite the fact that there are numerous examples wherein useful materials could
be synthesized by careful planning of synthesis route adopted, no branch of science
is untouched of serendipitous discoveries, and solid state synthesis is no exception
to that. There have been a number of important materials that were not planned but
were obtained due to some unexpected reactions happening in the system. The
synthesis of metal cluster compound, NaMo4O6, is an example of the same [12]. In
an attempt to synthesize sodium zinc molybdate, NaZn2Mo3O8 using Na2MoO4,
ZnO, MoO2 and Mo at 1100 °C, NaMo4O6 was obtained which has infinite chains
of MoO6 polyhedra sharing opposite edges. Discovery of phosphorus tungsten
bronzes is similarly an example of preparation not proceeding in a planned way.
The discovery of graphene is probably one of the biggest examples of serendipity
that emerged out of playful experiments of two scientists Geim and Novoselov
trying to obtain thinner flakes of graphene with the help of sticky Scotch tape on a
graphite block, and this fetched them the Nobel Prize in Physics in 2010 [13].
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Nonetheless, as it is said that fortune favours the prepared mind, the serendipity
also needs a good scientific intuition to convert the chance discoveries into the
“useful” discoveries. The chapter would discuss in detail about the nuances of solid
state synthesis which include the concepts behind designing a solid state synthesis
route for the desired product along with relevant examples. The basic prerequisite
knowledge and tools for solid state synthesis are discussed to equip young
researchers to enter into the field of solid synthesis. Various common characteri-
zation techniques employed are also briefly discussed. The concept of metastability
and the possible ways to achieve metastable products have been addressed. Of late,
the solid synthesis has also been employed to synthesize organic compounds. In
fact, there is a separate branch known as solid phase supported synthesis for syn-
thesizing peptides. Keeping this in view, a section has been dedicated to solid state
synthesis of organic compounds as well. In the end, the chapter discusses the merits
and demerits of solid state route vis-a–vis other synthesis procedures.

1.2 Concepts of Solid State Synthesis

As mentioned in the introduction section, solid state synthesis is a simple method to
prepare a wide range of materials. However, despite being a simple method, there
are many concepts which need to be understood and practised to get a phase pure
material with desired properties. This section of the chapter intends to elaborate
these concepts or guidelines.

1.2.1 Different Types of Pestle–Mortars, Ball Mills,
Grinding Media and Pellet Press

Grinding of the reactants is a very crucial step in solid state synthesis. Any
improper grinding may lead to the formation of undesired phase(s) and/or incor-
poration of impurities in the product. In addition, it is required to increase the
surface area of the reactants which, in turn, increases the area of contact of the solid,
thereby increasing the rate of product formation in the solid state reaction. By a
thorough mixing of the reactants by grinding, the diffusion pathways between the
reactants also become shorter which has a strong bearing on the formation of the
desired product. The mechanistic aspects of role of mixing of the reactants will be
discussed in more detail in subsequent sections. This section just intends to intro-
duce the beginners about various laboratory equipments for mixing and pelletizing
the reactants.

The conventional laboratory grinding apparatus is pestle–mortar and ball mill.

Mortar–pestle: These are very basic grinding apparatus that are used for the syn-
thesis at laboratory scale. The mortar–pestle material should be hard, non-reacting,
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stable and compatible with the reactants to be used. They can be made of various
materials like agate (grey or black), granite, porcelain, marble and metal/alloys.
Depending upon the usage, a wise choice of mortar–pestle should be made. For
example, best mortar–pestle suited for oxide-based preparative solid state chemistry
is grey agate, while it is not at all suitable for fluorides. For synthesis of fluorides,
mortar–pestle made of alloy Inconel is ideal. Thus, the selection of mortar–pestle
needs to be carefully made depending upon the nature of reactants; otherwise, it will
lead to the formation of undesired phases or incorporation of impurity from the
mortar–pestle material.

Ball mills: This equipment is mostly used for scaling up the synthesis of materials.
As the name suggests, it ensures milling of the powder with grinder balls which
works on the principle of shock–impact friction, shearing and attrition. The balls
actually act as grinders for thoroughly mixing and grinding the reactants and to
achieve size reduction. It uses top-down approach for achieving the desired particle
size. A ball mill consists of a hollow cylinder made of natural stone rotating about
its axis. In this cylinder, the powder mixture and balls are filled. The balls can be
made of stainless steel, alumina, zirconia, tungsten carbide, etc. The ball should be
hard, abrasion-resistant, non-reacting, stable and compatible with the reactants. The
selection of balls should also be done as per the nature of reactants. The balls
material should not react with reactants during the milling process. In some cases,
the product may also be obtained by ball milling the reactants.

Medium of grinding: The grinding and mixing can be dry or wet. At times, a liquid
is added to the powder to make it slurry; this liquid medium increases the efficiency
of the grinding, e.g. acetone and ethyl alcohol are commonly used as medium. It is
called wet grinding. The grinding medium should be inert and should easily
volatilize, so that it can evaporate after the grinding.

Once the reactants powder is thoroughly ground, it needs to be pelletized to
increase the contact area and the kinetics of the solid state reaction. Also, to sinter
the product, powder needs to be pelletized. It is a well-known fact that better the
green density of the pellet, better is the sintered density after appropriate heat
treatment. There are different kinds of pellet press machines available for the
purpose. Some of the commonly used pellet presses are discussed as follows:

Uniaxial pellet press: It is the conventional hydraulic press machine which can be
operated either electrically or manually, wherein the powder is put inside the die
and pressure is exerted along one axis, i.e. either from the top or bottom using a
plunger. Small pellets can be easily made from this machine but as we go on
increasing the thickness, then fracture or scaling or peeling of the pellet is seen due
to the residual stress and non-uniform pressure which leads to gradient in the green
density.

Biaxial pellet press: In this pellet press machine, the pressure is exerted from both
sides, i.e. from top and bottom. Better density is achieved than the uniaxial press
machines.
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Isostatic press: In this, pressure is exerted equally from all sides and hence better
pellet properties, green density is achieved. Usually, polymer moulds are used to fill
the powder to get the desired shape of the green pellet.

Cold isostatic press (CIP): Cold isostatic pressing machine is operated via motor up
to 250 MPa. It is an excellent tool that helps in obtaining very high-density ceramic
pellets, rods, discs and targets. Better compaction is achieved compared to uniaxial
and biaxial dry die pressing.

Hot isostatic press (HIP): Hot isostatic pressing machine is operated via motor up
to 250 MPa and at high temperature. It is also an excellent tool for preparing
high-density ceramic rods, discs and targets. It yields better density as compared to
uniaxial dry die pressing.

At times for some powders, the powder characteristics are not suitable for pel-
letization. In these cases, the sample does not form a good green pellet with
desirable density. In order to circumvent this problem and to get better density,
pellets binders are used. These binders are organic chemicals that provide better
adhesive property to the powder. Some of the binders are glycerol, starch, etc. The
required quality of the binder is that it should be non-reactive, should be able to
remove at lower temperature without breaking the pellet and should not leave any
residual traces on heating. While using the binder, two-step heating is preferred, i.e.
initial slow heating at lower temperature to remove the binder and followed by
appropriate high-temperature heating. In case if the powder is ultra-fine and sticks
to die plunger, then the making of pellet not only becomes difficult but also it
degrades the quality of green pellet. In order to address this problem, lubricants are
used. The most common lubricant is stearic acid. Dipping the plunger in stearic acid
dissolved in acetone before making pellet provides better lubrication and improves
the quality of green pellet.

1.2.2 Different Types of Heating Elements of Resistance
Furnaces and Thermocouples

Solid state reactions are commonly performed using resistance furnaces, which can
be either tubular or muffle type. The principle of resistance furnace is that as a
known amount of current is passed through the heating element (electric conductor)
having some resistance, heat will be produced which will increase the temperature
of heating element and its surroundings. The highest temperature achievable using
resistance furnaces depends upon its heating element. Several criteria need to be
considered while selecting a heating element, briefly described here. The heating
element should have melting point higher than the furnace operating temperature.
Thus, it should possess enough resistivity so as to generate the desired temperature.
It should be inert to the atmosphere in which solid state reaction is being performed.
In particular, it should not get oxidized in oxidizing atmosphere or degrade in the
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presence of water vapours. It should be able to withstand thermal and mechanical
shocks. The common heating elements are compiled in Table 1.2.

Usually, metallic and alloy-based heating elements are used in the form of wire,
whereas heating elements like silicon carbide, molybdenum disilicide, etc., are
commonly used in the form of horseshoe. Wire-type heating elements are wound on
quartz or re-crystallized alumina tubes. Quartz has excellent thermal shock resis-
tance but very poor mechanical shock resistance. On the other hand, alumina does
not have a good thermal shock resistance but has good mechanical resistance. These
are some simple concepts, if practised, can considerably enhance the life of
furnaces.

Different Types of Thermocouples

Thermocouples are also an important hardware used during solid state reaction for
measuring temperature. It is made of two dissimilar metal wires, which are welded
to create a junction at which temperature is measured by virtue of generation of
voltage corresponding to change in temperature. The generated voltage is converted
into temperature by using standard reference table for the thermocouple in use. The
modern temperature controllers and programmers have in-built provision of con-
verting voltage into temperature which is shown on display or monitor. It is a safe
practice to encase thermocouple wires into alumina sleeves or some other suitable
sheath to protect them from oxidation and other chemical attacks or atmosphere at
higher temperature. In case of highly reactive atmosphere, it is advised to cap
thermocouple tip. The ideal position of thermocouple in a furnace is as close to
sample as possible. Typical features of some of common thermocouples are given
in Table 1.3.

Table 1.2 Common heating elements used in resistance furnaces

Heating element Maximum temperature
achievable (°C)

Other remarks

Nichrome About 1200 Cost effective

Kanthol (iron–chrome–
aluminium)

About 1200 Most commonly used heating
element

Platinum About 1400

Platinum–rhodium About 1700

Silicon carbide About 1500

Molybdenum disilicide About 1750

Graphite About 2200 To be used in vacuum

Molybdenum About 2500 To be used in vacuum

Tungsten About 3000 To be used in vacuum
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1.2.3 Selection of Crucible Materials

The selection of crucible material in solid state reactions is a very crucial step as a
wrong selection may lead to incorporation of impurities to the desired materials. In
some cases, it may lead to the formation of altogether different undesired products.
The incorporation of even small amounts of constituent elements of crucible will
adversely affect the properties of targeted product. Hence, the selection of crucible
has to be done judiciously, and the same time cost factor needs to be kept in mind.
The commonly used crucibles, their incompatibility and some general remarks are
given in Table 1.4.

It is amply evident from this table that the selection of crucibles largely depends
on the nature of reactants/products and the required temperature at which solid state
reaction is to be performed.

1.2.4 Selection of Reactants and Their Preheat Treatment

The selection of proper reactants in solid state synthesis is also very significant. The
well-defined reactants should always be preferred, e.g. it is important to know the
exact amount of water molecules present in the reactant. At times, the number of
water molecule given on the bottle label gets altered due to local prevailing con-
ditions such as high humidity. In particular, this kind of problem is commonly
observed in hygroscopic materials. In this respect, in general, metal carbonates have
an advantage over corresponding metal nitrates which are often hygroscopic.

Table 1.3 Common thermocouples, their constituent elements and temperature range

Type Composition Temperature
range

Remarks

E Chromel–constantan −50 to +740 °C Use in medium-temperature
furnacesJ Iron–constantan −40 to +750 °C

K Chromel–alumel −200 to +1350 °
C

Most commonly used

M 82%Ni/18%Mo–99.2%Ni/
0.8%Co (by wt.)

Maximum up to
1400 °C

Commonly used in vacuum
furnaces

N Nicrosil–nisil −270 and
+1300 °C

Excellent oxidation resistance

B 70%Pt/30%Rh–94%Pt/6%
Rh (by wt.)

Maximum up to
1800 °C

Commonly used for
high-temperature furnaces

R 87%Pt/13%Rh–Pt (by wt.) Maximum up to
1600 °C

S 90%Pt/10%Rh–Pt (by wt.) Maximum up to
1600 °C
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Enough care needs to be taken while using reactants containing highly
electro-positive elements such as La, Cs, Rb, K and Ba. Likewise many metal
fluorides, such as CsF, RbF, NH4HF2 just to name a few, are also hygroscopic.
Thus, it is wise to give a preheat treatment to the reactants to get rid of occluded
water, adsorbed CO2 and hydroxyl groups, etc. The temperature of preheat treat-
ment can be determined by performing thermogravimetry. For example, in order to
prepare lanthanum barium copper oxide, the first high Tc oxide superconductor
[14], La2O3, BaCO3 and CuO can be taken in an appropriate mole ratio so as to get
the desired composition with an optimum content of Ba2+ in La2CuO4 lattice. In
general, high Tc oxide superconductors are multi-component mixed oxide systems
[15, 16] and it is required to carefully perform solid state reactions among the
constituents reactants so as to get the desired single-phasic product. For example,
during synthesis of YBa2Cu3O7, a solid state reaction between Y2O3, BaCO3 and
CuO needs to be performed in appropriate mole ratio. Depending upon solid state
reaction temperature, several undesired phases such as Y2BaCuO5, Y2Cu2O5 and
BaCuO2 can be encountered, in addition to the desired YBa2Cu3O7 phase. It is

Table 1.4 Common crucible materials

Crucible
materials

Incompatible with Other remarks

Porcelain Alkali and alkaline earth metals and
strong bases

It should be used maximum up to
600 °C

Quartz Metal fluorides and alkali metals It should be used up to about 900 °
C

Gold and
silver

Metals and metalloids should not be
heated in these crucibles

Can be used till 700 °C

Platinum
crucibles and
boats

Bismuth, lead, cobalt-based
compounds. Metals also should not be
heated in platinum ware

Can be used till 1400 °C

Alumina Metal fluorides Can be used till 1800 °C

Silminite Metal fluorides Commonly used for melting
glasses. It is economical also

Magnesia,
yttria, thoria
and YSZ

Metal fluorides Can be used even above 2000 °C

Tantalum,
niobium,
tungsten

Tends to form alloys with certain
reactive metals

Should be used only in vacuum or
inert atmosphere. Can be used
even above 2000 °C

LaPO4,
YPO4

Metal fluorides, highly basic materials,
alkali metal-based compounds

Can be used for melting reactive
metals. Can be used even above
1600 °C

Graphite Reducible metal oxides Should be used in vacuum. Can be
used even above 2500 °C. Care
should be taken to avoid
carburization of samples
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relatively easy to synthesize simple ternary systems like LaCrO3, for which
well-mixed La2O3 and Cr2O3 need to be heated in 1:1 mol ratio. In solid state
reactions, often ageing effect is also observed. The reactivity of solid reactants
which are very old is much less than freshly prepared reactants. A metal oxide
in situ generated during the reaction by the decomposition of corresponding metal
oxalate exhibits much higher reactivity as compared to an old metal oxide. This
leads to the formation of the desired product at much lower temperature.

There are some guidelines to store solid reactants and products. It is advised that
metal fluorides should not be stored in glassware due to their chemical incompat-
ibility with glasses. Plastic bottles are the best option to store inorganic fluorides.
Highly hygroscopic materials are best stored under sealed conditions or glove
boxes.

1.2.5 Selection of Temperature, Heating/Cooling Rates,
Intermittent Grindings and Atmosphere

Selection of optimum heat treatment is another important step in solid state reac-
tions. Generally, too low temperature leads to incomplete reaction, and too high
temperature is often responsible for the formation of undesired phases and reaction
with the crucible materials. One should compile the melting temperatures,
decomposition temperature, vapour pressure, etc., of the reactants and also nature of
crucible material (discussed in details in previous section). The broad guideline
while selecting the temperature was given by Tamann’s law [17] which states that
the diffusion of ions in lattice becomes substantial at 0.5 to 0.7 � Tm (where Tm is
melting temperature of reactants). Thus, the optimum temperature of solid state
reaction can be about 0.5–0.7 times of melting temperature of at least one of the
reactants. Of course, there can be some specific requirements wherein a much
higher reaction temperature may be used. There is on old concept called as Hedvall
effect [18] which states that the reactivity of solids increases considerably in the
vicinity of phase transition. Thus, if one of the reactants has a first-order phase
transition, the solid state reaction in the vicinity of phase transition will lead to
much enhanced diffusion of ions in the lattice which will have a bearing on the
kinetics of reaction.

Likewise, a judicious selection of heating and cooling rates also needs to be
made. The optimum heating rate is in the range of 6–10 °C/min. Too high heating
rates may compromise with the life of heating elements due to thermal shock. The
soaking time (hold time) during solid state reaction also plays a role. Since these are
diffusion controlled and mostly sluggish reactions prolong heat treatment with
intermittent grindings, it needs to be used for their completion. These aspects will
be further elaborated in the next section.

The selection of proper atmosphere during the reaction is also very important for
obtaining the desired compounds. Different types of atmospheres such as static air,
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flowing air, moist air, flowing oxygen, flowing inert atmosphere (argon, nitrogen
and helium), reducing atmosphere (H2 or H2–Ar mixture) flowing reactive gases
(F2, HF or CO2, etc.) can be used. The selection of atmosphere depends on the
specific requirement. For example, in order to prepare compounds having high or
low oxidation state metal ions, flowing oxygen or H2 or H2–Ar mixture can be used.
The inert atmosphere (argon, nitrogen and helium) is used to protect the product
from getting oxidized or hydrolysed. Some specific examples will be discussed in
subsequent sections.

1.2.6 Mechanism of Solid State Reactions

As discussed in the previous section, solid state reactions are diffusion-controlled
reactions, which can be represented by the following schematic (Fig. 1.1).

The schematic depicts the formation of AB2O4 spinel by a solid state reaction of
divalent and trivalent metal oxides with general formula AO and B2O3. As the
reaction between AO and B2O3 proceeds, a product layer with the composition
AB2O4 is formed which grows with time of heat treatment. As the product layer
grows up to certain threshold thickness, reactants are not able to diffuse through it
for further reaction, and thus, the reaction either stops or becomes very sluggish. It
is for this reason most of the solid state reactions follow a parabolic rate law, which
explains that the rate of solid state reaction is fast in the beginning and then
gradually it becomes slow and finally reaction stops at the stage when the product
layer becomes thick enough to not allow diffusion of the reactants. Hence, it is
important to employ intermittent grindings which destroy the product layer and
ensure that unreacted reactants come into contact of each other. Therefore, a
multiple steps solid state reaction with intermittent grindings always gives a better

Fig. 1.1 Schematic of mechanism of a typical solid state reaction
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control over homogeneity. The kinetics of solid state reactions becomes fast if one
of the reactants melts at or below the reaction temperature, due to facile diffusion of
ions in molten state.

There are several terms like calcination, sintering and annealing which are used
in solid state reaction. Though all these phenomena deal with heat treatment, but
they all have different functions, which are described briefly.

Calcination is the process in which reactants are heated to decompose them and
to obtain the desired products. By this process, the gaseous components evolved
due to heating of reactants escape. A simple example of calcination process is the
following solid state reaction:

BaCO3 sð ÞþCuO sð Þ ¼ BaCuO2 sð ÞþCO2 gð Þ

During calcination process, an appropriate atmosphere may also be selected. The
calcination reactions are mostly performed in the vicinity of thermal decomposition
temperature (ca. of metal carbonates or metal oxalates) or near phase transition
temperature. Thermodynamically, the calcination temperature is defined as the
minimum temperature at which the standard Gibbs free energy for a given solid
state reaction becomes zero.

Sintering is another important thermal process which is used for compaction of
the pellets by way of reducing porosity during the appropriate heat treatment to
achieve desired sintered density. Sintering has a strong bearing on many physical
properties such as mechanical strength, electrical and thermal conductivity,
dielectric property, thermal expansion behaviour and optical transparency. Sintering
is mostly performed just below the melting point of the solid mass of the materials.
Sintering process involves the diffusion of atoms or ions across the physical
boundaries of the constituent particles, which leads to their fusing into a large and
well-packed solid. The sintered density is calculated with respect to theoretical
density which is calculated by XRD [19]. There are different types of sintering, e.g.
liquid phase-assisted sintering, activated sintering using hot press,
microwave-heated sintering and sintering with the help of sintering aids, just to
name a few. However, a detailed description of different types of sintering is out of
scope of the present chapter. It is possible to prepare sinter-active powders, which
will be discussed in the next chapter on combustion synthesis of solids.

Annealing is another heat treatment which is often given to solids. It involves
heating of materials at a certain temperature to get rid of bulk point defects, surface
defects, line dislocations, residual stress, etc. In case of metals and alloys, annealing
process is employed to improve ductility and reduce hardness and also to remove
residual stress. It may be noted that line dislocations are often encountered in metals
and alloys as compared to ceramics (ionic), where point defects are more pre-
dominant. Thus, the annealing process has to be used depending upon the nature of
solid sample and the desired functional properties.

There is one more important concept in solid state reactions which need to be
discussed. During a solid state reaction, the electro-neutrality condition cannot be
violated. It can be seen from the schematic of solid state reaction (Fig. 1.1) that
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there can be three ways on which ions can diffuse during the reaction in such a way
that the electro-neutrality condition can be maintained. This is explained by a
typical example of synthesis of AB2O4 spinel from the reactants AO and B2O3. In
order to maintain the electro-neutrality, 3A2+ ions and 2B3+ ions have to
counter-diffuse in opposite direction or one A2+ ions can diffuse along with one O2−

ion towards B2O3 or 2B3+ ions along with 3O2− ions can diffuse through the
reactant AO. These three combinations of diffusion of ions shall maintain the local
electro-neutrality. It may be noted that which of these three types of diffusion will
be observed depends on the nature of reactants.

1.2.7 Basic Thermodynamics of Solid State Reactions:
Enthalpy or Entropy Driven?

Like any other reaction, the free energy of formation of solid state reactions also
needs to be negative. The Gibbs free energy is equal to the enthalpy (of a system or
process) minus the product of the entropy and the absolute temperature. It can be
expressed as follows:

DG ¼ DH� TDS

In a solid state reaction, i.e. in which there is no gaseous component (e.g. by
carbonate decomposition) or liquid component (e.g. melting of reactant), the
entropy change is insignificant.

A sð ÞþB sð Þ ¼ C sð Þ

For example : 2CuOþY2O3 ¼ Y2Cu2O5

These types of reactions are enthalpy driven instead of entropy driven. Thus, the
TDS factor can be neglected. Now it is evident that in order to have negative DG,
DH has to be negative which is the case for exothermic reactions. Thus, the solid
state reactions are always exothermic in nature. However, the solid state reactions in
which some gaseous or liquid components are present, and this inference of ther-
modynamics needs not hold good.

1.2.8 Methods to Introduce Non-stoichiometry

The introduction of an optimum non-stoichiometry is an important way to induce
the desired functionality. Several properties such as ionic conductivity, lumines-
cence, dielectric properties, magnetism and order–disorder transitions considerably
depend on the presence of optimum degree of non-stoichiometry. It may be added
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here that no compound is ideal by definition and many important compounds have
intrinsic vacancies. Typical examples are TiO2, ZnO, Fe2O3 and SnO2 which have
non-negligible amount of intrinsic anionic vacancies which make them n-type
semiconductors. However, it is possible to introduce even a large amount of oxygen
vacancies in metal oxides either by an appropriate heat treatment or by aliovalent
substitution. If transition metal oxides TiO2, ZnO, Fe2O3 and SnO2 are heated in
reducing atmosphere, considerable oxygen vacancies can be introduced in their
lattice. Likewise, it is possible to introduce oxygen excess also by an appropriate
heat treatment, in particular in flowing oxygen atmosphere or under high pressure
of oxygen. It is rather easy to introduce oxygen vacancies or excess in metal oxides
having variable valency metal ions. However, this strategy does not work for metal
oxides having single stable oxidation state, e.g. ThO2, ZrO2, HfO2, La2O3, Lu2O3

just to name a few. In such cases, the substitution of aliovalent ions can be used to
introduce oxygen vacancies or excess. Some typical examples are represented as
follows [20–24]:

1� xð ÞCeO2 þ xSrCO3 ¼ Ce1�xSrxO2�x

1� xð ÞCeO2 þ xGdO1:5 ¼ Ce1�xGdxO2�x=2

1� xð ÞMO2 þ xYO1:5 ¼ M1�xYxO2�x=2;

M ¼ Ce and Thð Þ

1� xð ÞBaF2 þ xNdF3 ¼ Ba1�xNdxF2þ x

In these typical examples, the anionic vacancies or excess is created to impart the
charge balance consequent to aliovalent substitution.

It may be noted that the isovalent substitution does not lead to the incorporation
of anionic vacancy or anion excess. A typical example is discussed as follows [25]:

1� xð ÞThO2 þ xCeO2 ¼ Th1�xCexO2

In this case, charge remains balanced as the host cation and substituent cation
both are tetravalent. It may also be noted here that it is not possible to introduce
anionic vacancies or excess endlessly. Beyond a certain concentration of anionic
vacancies, excess lattice energy increases considerably, and it is needed to lower the
energy, which can be achieved by several ways such as lowering of symmetry,
phase separation and ordering of defects. The classic example is the transformation
of fluorite (AO2) to pyrochlore (A2B2O7) by substituting tetravalent A4+ cations in
AO2 fluorite by trivalent B3+ ions of appropriate size. This transformation can be
sequentially depicted as follows:
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AO2 (Fluorite): Parent compound 

A1-xBxO2-x/2      (Defect fluorite)

A0.5B0.5O1.75    (Extensive defect fluorite)

A2B2O7 (Pyrochlore: An ordered structure)

1.2.9 Solid Solutions (Substitutional, Interstitial)

Solid solutions in materials science play an important role in fine-tuning functional
properties. Many properties such as thermal expansion, specific heat, dielectric
properties, just to name a few, can be fine-tuned by making appropriate solid
solutions as by and large they follow rule of addition. Hence, it is very important to
understand the concepts of solid solutions, to which this section is devoted to. There
are two types of solid solutions: substitutional solid solutions and interstitial solid
solutions. Some typical substitutional solid solutions are Al1−xGaxPO4 (x = 0.0–
1.10) [26], Zr1−xYxO2−x/2 [27], Zn1−xMnxO [28]. The solubility of guest ions in the
host lattice in substitutional solid solutions depends on several factors such as their
relative ionic radii difference, ionic charge and electro-negativity difference [29].
The heat treatment also has some influence on solubility of guest ion into host
lattice. By and large, the substitutional solid solutions are formed if the host and
guest atoms are of somewhat similar sizes (difference of less than about 15%).
However, in case the host atoms are much larger in size as compared to that of guest
atoms, it leads to the formation of interstitial solid solution. The interstitial sub-
stitution occurs when atoms or ions occupy interstices (voids) found in the lattice
comprising of array of atoms or ions of the host material. Carbon dissolved in iron
is a classic example of interstitial solid solution, which leads to a remarkable
increase in strength. Figure 1.2 gives the schematics of substitutional and interstitial
solid solutions. Several metal carbides have carbon atoms in interstitial positions.
Similarly, metal hydrides have hydrogen atoms located on interstitial positions.
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As mentioned earlier that a number of properties can be fine-tuned by making
solid solutions of the appropriate end members, some typical examples are dis-
cussed as follows.

1.2.9.1 Tailoring of Magnetic Properties and Band Gap

A series of solid solutions between end members LaCrO3 and CeCrO3, with general
composition La1−xCexCrO3 (0.0 � x � 1.0) was synthesized by a two-step syn-
thesis route [30, 31]. The first step consisted of a combustion reaction, and in the
second step the combustion synthesized powders were vacuum heat treated in the
presence of Zr sponge which functioned as a reducing agent. All La1−xCexCrO3

(0.0 � x � 1.0) compounds in this series exhibited an antiferromagnetic beha-
viour with a linear increasing trend in Neel temperature (TN) from 257 to 281.5 K
on going from LaCrO3 to CeCrO3. Likewise, the band gap of this series of solid
solutions also could be tailored from 3.21 to 3.02 eV on going from LaCrO3 to
CeCrO3. In a similar fashion, Pr1−xCexScO3 (0.0 � x � 1.0) solid solutions were
also prepared which showed a decreasing trend in the band gap from 4.74 to
2.91 eV [32]. Thus, it may be emphasized that the design of appropriate solid
solution is a good approach to fine-tune band gap for various photochemical
reaction.

1.2.9.2 Tailoring of Dielectric Properties

Dielectric constant is known to be significantly modified by appropriate substitu-
tion. This section is not intended for an elaborate discussion on dielectric properties

Fig. 1.2 Schematic representation of substitutional and interstitial solid solutions
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as there are dedicated books and review articles on this topic. This small section is
just intended to briefly emphasize the solid solution approach to tailoring the
dielectric behaviour in some recent systems, in particular in lead-free systems.
A series of solid solutions with general composition YIn1−xFexO3 (0.0 � x � 1.0)
series was prepared [33]. The single-phasic hexagonal nominal compositions, YIn1
−xFexO3 (0.0 � x � 0.3), in this series were investigated by impedance analysis.
The room temperature dielectric constant was observed to considerably increase
from 10 for YInO3 to 1000 for YIn0.7Fe0.3O3. It was further observed that an
optimum incorporation of Fe into YInO3 led to tuning of normal dielectric beha-
viour to relaxor ferroelectric in this series. This particular example highlights the
role of solid solution with an optimum composition with the right degree of dis-
tortion leading to lead-free relaxor materials. Likewise, in GdSc1−xInxO3 solid
solutions, also the system could be transformed from normal dielectric to classical
relaxor ferroelectric behaviour just by a careful compositional and structural
fine-tuning [34].

1.2.9.3 Tailoring of Ionic Conductivity

Ionic conductivity is another physical property which can be considerably
fine-tuned by solid solution formation strategy. This small section is not a detailed
description on ionic conductivity as that is a separate topic. However, it is proposed
to briefly discuss some of the important factors affecting the ionic conductivity. The
ionic conductivity of solids can be enhanced by introducing an optimum extent of
point defects, which in turn can be incorporated by aliovalent substitution. The
classic example is yttria-stabilized zirconia [35] in which Zr4+ is partially substi-
tuted by Y3+, which leads to the stabilization of cubic phase coupled with the
incorporation of oxygen vacancies. Another approach is to incorporate a counter
cation with lone pair of electrons, which by virtue of higher polarizability will
enhance the ionic conductivity. Another approach is to introduce an optimum
degree of disorder in the lattice by substitutional solid solution. Mandal et al. [36]
have extensively used this approach to enhance the oxide ionic conductivity of
pyrochlore materials. A typical example is Gd2−yNdyZr2O7 (y = 0.0, 0.1, 0.4, 0.6,
1.0, 1.4, 1.6 and 2.0) pyrochlores, which were synthesized by solid state route
starting from Gd2O3, Nd2O3 and ZrO2 in appropriate ratio. All the samples in this
series were characterized by XRD and Raman spectroscopy. Their ionic conduc-
tivity in the frequency range 100 Hz–15 MHz and temperature range of 622–696 K
was measured by AC impedance spectroscopy. The DC conductivity (rDC) was
found to vary as a function of Nd concentration in Gd2−yNdyZr2O7 series. The
highest ionic conductivity was observed at the composition GdNdZr2O7 (y = 1.0),
which was attributed to the introduction of an optimum extent of disorder in the
lattice which increases the pre-exponential factor, and in turn the ionic conductivity
increases considerably. The extent of oxygen ion disorder is determined from X-ray
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diffraction and Raman spectroscopy. This system amply demonstrates that a sig-
nificant increase in ionic conductivity can be achieved by suitable doping at the
Gd3+ site with isovalent rare earth ions like Nd3+. On similar line, Sayed et al. [37]
fine-tuned the ionic conductivity in Sm2xDyxZr2O7 system.

1.2.9.4 Tailoring of Thermal Expansion Behaviour

The basic information on thermal expansion behaviour is an important prerequisite
for a given material’s use under non-ambient temperatures. Thus, it is desired to
fine-tune thermal expansion to avoid any adverse effect at higher temperatures.
Materials with tailored thermal expansion behaviour exhibit several applications
such as in electronic, precision alignment optical instruments, bio-ceramic materials
such as artificial bones, dental implants common household items, just to name a
few. Thermal expansion can be classified as bulk thermal expansion or lattice
thermal expansion. The bulk thermal expansion is determined by a
thermo-dilatometer. On the other hand, lattice thermal expansion is measured by
X-ray diffractometer with a high-temperature attachment (HT-XRD). In case of
dilatometry, rod shape pellets with high bulk density are required. Thermal
expansion of solids can be fine-tuned by designing appropriate solid solution.
Thermal expansion follows the rule of addition to a great extent. A typical example
of tailoring of thermal expansion was depicted in Al1−xGaxPO4 low cristobalite
(orthorhombic)-type materials [26]. In this system, thermal expansion could be
gradually fine-tuned on varying the composition in this series of materials. These
materials were extensively studied by high-temperature XRD and DTA. It was
observed that low cristobalite (orthorhombic) phase under goes a phase transition to
high cristobalite (cubic) phase at higher temperature. This was a displacive phase
transition. Interestingly, a considerable decrease in thermal expansion coefficient
was shown by high cristobalite-type structures in comparison with the low
cristobalite-type structure. Thermal expansion trend could be explained by variation
in inter-polyhedral bond angles.

Several technologically important systems like Th1−xUxO2, Th1−xCexO2 and U1

−xPuxO2 have been well reported for their thermal expansion behaviour. In these
solid solutions, also thermal expansion coefficient varies systematically on going
from one end to the other hand of solid solutions. These trends can be correlated
with the melting point of the respective end members [38, 39]. In general, higher
the melting temperature, lower is the thermal expansion coefficient [36]. It may be
emphasized that high-temperature XRD gives information about the intrinsic
thermal expansion behaviour of solids. On the other hand, bulk thermal expansion
behaviour studied by thermo-dilatometer is affected by microstructure and bulk
density and cracks, etc. It may be mentioned that both the techniques have their
own merits and demerits for thermal expansion studies. The readers are advised to
get more details from literature.
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1.3 Different Variations of Solid State Synthesis

As discussed earlier in the chapter, the conventional solid state synthesis needs high
temperature, and the heating has to be performed for longer duration due to their
diffusion-controlled reaction mechanism (described further in chapter in detail). The
high temperatures employed yield, almost always, the thermodynamically stable
phases and diminish the possibility of obtaining metastable phases. Metastable
phases are important, because many times they possess exotic structures and
superior/newer properties. In fact, during solid state synthesis in many systems,
certain phases are not observed only because the temperatures employed were
higher than their stability zones which precluded their formations. The growth of
solid state chemistry, hence, has also been accompanied by various newer methods
and variations of solid state synthesis which could yield the metastable products.
More importantly, these variants of solid state reactions are also employed in many
cases to reduce the reaction time, reaction temperature, to obtain desired powder
morphology and many other factors. There is a lucid review by Rao et al. on
chemical synthesis of inorganic materials [12a]. Few of them are listed below.

1.3.1 Solid State Metathesis

Conventional solid state reactions not only require high temperature and prolong
heating durations but are also concerned with the reactivity of solid phase reactants,
which are affected by the formation of diffusion barrier of the product layer. If one
can have labile component in the reactant, then the reaction could be carried out at
lower temperature with better control over the reaction conditions, with this in view,
a conceptual development of new synthesis method named “solid state metathesis”
(SSM) was introduced. This method is used for synthesis of various binary or
ternary oxides, phosphides, chalogenides, nitrides and silicides. SSM method is
amenable for scaling up of synthesis of significant materials as it provides better
command over the crystallinity and phase formation.

Solid state metathesis is a simple double exchange reaction in which the anionic
group gets exchanged between the reactants. It is most convenient, fast and
uncomplicated route to prepare the materials at lower temperature that otherwise
needs higher temperature for their synthesis. In addition, sometimes this method
also yields compound which are metastable or with different microstructure. The
driving force for the SSM reaction is the formation of one highly stable by-product.

The general reaction can be written as follows:

AXðsÞ þBYðsÞ ! AYðsÞ þBX sð Þ= lð Þ= gð Þ

The by-product of the reaction can be easily separated by taking the advantage of
its physico-chemical properties.
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Typical examples are as follows:

Na2WO4 þCaCl2 ! CaWO4 þ 2NaCl �!Washing; H2O

RT
CaWO4

Na2WO4 þCa NO3ð Þ2! CaWO4 þ 2NaNO3 �!Washing; H2O

RT
CaWO4

In above case formation of highly stable by-product, i.e. NaCl/NaNO3 (DHf

(NaC1) = −98 kcal/mol; (DHf(NaNO3) = −111.6 kcal/mol) is the driving force for the
reaction. It was observed that when the reactant salt is altered, the crystallite size of the
product also changes. The parameters that can be tuned in an SSM reaction are
reactant, time and temperature, thus offering better control over the product properties.

Metal chalcogenides can also be prepared by SSM reaction.

2MoCl5 þ 5Na2S ! 2MoS2 þ 10NaClþ S DHrxn : �213 kcal=molð Þ

GaI3 þNa3As ! GaAsþ 3NaI DHrxn ¼ �117 kcal=molð Þ

Some of the examples of high refractory materials that could be prepared by
metathesis reaction are given below:

4WCl6 þ 6Mg2Si �!Hot filament
3WSiþ 12MgCl2 þW

6ZrCl4 þ 8Li3N ! 6ZrNþ 24LiClþN2

Some reaction of SSM can be carried out easily at room temperature and
pressure, while some reactions require temperature and preferred atmosphere. These
self-sustaining metathesis reactions are highly exothermic and require only initial
ignition or trigger (frictional heating). The heat released in the initial steps is
sufficient for the propagation of the further reaction which occurs continuously
without any disturbance. In some cases, heating with flux (molten salts, e.g. NaCl)
serves the purpose.

The advantages of SSM process are as follows:

(1) SSM reaction are better, fast and self-sustaining, thus require less time and
energy.

(2) Flux-mediated reaction can be used for synthesis of refractory materials at
temperatures far below melting points.

(3) The temperature and time factors can be easily tuned to obtain better yield and
crystallinity of the products.

(4) Nanocrystalline compounds can also be prepared by SSM reaction.
(5) It is possible to prepare some metastable compounds which, otherwise, would

exist at high temperature, e.g. cubic/tetragonal ZrO2.
(6) Compositions with better homogeneity can be easily prepared by this method.

22 V. Grover et al.



1.3.2 Microwave Solid State Synthesis

The reaction time can be diminished if one of the major reactants is a microwave
absorber and is able to couple strongly to the microwave field at room temperature.
In that case, under microwave irradiation heating, reactions can be accelerated
owing to rapid heating, selective coupling and also enhanced reaction kinetics. An
example is the synthesis of industrially important b-SiC which is a
high-temperature ceramic [40]. It is conventionally prepared by carbothermal
reduction of quartz by coke which is a multi-step highly energy-intensive process.
In a microwave reactor, same synthesis can be performed at 1300 °C in 5 min [40],
and it yields homogeneous sub-micron-sized particles. There is a dedicated chapter
in this book that discusses the nuances of microwave synthesis.

1.3.3 Spark Plasma Sintering (SPS)

This technique also allows faster chemical reactions. In this particular method, the
material is internally heated by Joule effect which leads to faster heating rates. The
additional simultaneous application of a uniaxial pressure allows contact between
the grains and leads to shorter reaction durations and also limits the grains growth.
An example is the synthesis of Li2CoPO4F (battery material) [41] and Magnelli
phases such as V6O11, wherein spark plasma sintering technique was employed
from a mixture of VO2 and V powders [42].

1.3.4 Solid State Synthesis by Flux Route

In order to reduce the heat, i.e. to carry out synthesis at lower temperatures, one of
the routes employed is the synthesis using fluxes which are normally the low
melting eutectics. The flux provides a medium for the reaction to occur fast by
decreasing the diffusion distance and increasing the mobility of reactants.
Generally, alkali chlorides, sulphates, carbonates and hydroxides are used as flux.
The melting point of the flux must be lower than the formation temperature of the
product. Also, the product must be easily separable from the flux after the reaction
is over. In the flux synthesis, the reactants are mixed with flux and heated above the
melting point of flux, and after the reaction, the flux is washed out to obtain the
products. The flux or the molten salt synthesis has been employed to obtain several
technologically important materials like ferrites BaFe12O9 [43] and Pb(Zr1−xTix)O3

[44].
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1.3.5 High-Pressure Synthesis

The application of high pressure aids in bringing the reacting moieties in close
vicinity, and thus, this synthesis route is used for synthesizing products in which
unusually high coordination numbers are desired. This may lead to unusual oxi-
dation states and metastable products as well and the pressure–temperature vari-
ables are generally not obtainable at room temperature. The technique has been
employed to synthesize interesting class of materials such as “super-hard” materials
which include C3N4 and materials based on diamond structure, high Tc super-
conductors, etc. [45]. There is a separate chapter detailing about the nuances of this
important branch of high-pressure synthesis, and hence, this topic will not be delved
any further here.

1.3.6 Precursor Routes

Many a time, in order to reduce the reaction temperature and time, the precursors to
the product are obtained by various soft chemical solvent-based routes as well such
as gel combustion, hydrothermal, ultrasonication and spray pyrolysis. These pre-
cursors are then fired at elevated temperature (by solid state reaction route) which is
much less than what would be required if the synthesis proceeds entirely by the
high-temperature route. This leads to reduced reaction temperature as well as the
heating duration. An easy example to precursor synthesis is the synthesis of mixed
oxides by calcining carbonate solid solutions of calcite structure containing two or
more cations in desired ratio [46].

xMNO3 þ yM0NO3 þ 1� x� yð ÞCaNO3 �!
NH4ð Þ2CO3

Ca1�x�yMxM
0
yCO3

Ca1�x�yMxM
0
yCO3 �!D Ca2FeCoO5 M: Fe; M0 : Co; x ¼ y ¼ 0:25ð Þ

Ca1�x�yMxM
0
yCO3 �!D Ca2Mn3O8 M; M0 : Mn; x ¼ y ¼ 0:3ð Þ

Sometimes, the intercalation or de-intercalation of some compounds is also
adopted to obtain desired compounds, e.g. de-intercalation of LiVS2 gives VS2
which cannot be prepared otherwise. Synthesis of hydrated precursor and then
dehydrating have also been employed to obtain desired product [47].
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1.4 Specific Classes of Materials Synthesized by Solid
State Route

In this section, synthesis of different solid compounds is discussed. Initially, syn-
thesis of different classes of compounds is discussed, and in the later part synthesis
of some useful compounds is included.

1.4.1 Synthesis of Fluorite-Based Materials

Fluorite-based materials have chemical formula AB2 where A cation resides at
corner and face-centred position, whereas B ion is located at tetrahedral holes in a
FCC lattice. The A cation has eight surrounding B ions which suggest that the ionic
radius of A should be such that it can accommodate eight ions. In many cases like
zirconia, the Zr4+ ion is relatively smaller, therefore it cannot adopt eightfold
coordination. Therefore, monoclinic ZrO2 is doped with relatively bigger cations
yields fluorite-type ZrO2. Around 16 at.% Y3+ is required to stabilize monoclinic
ZrO2 in cubic form. This yttria-stabilized zirconia (YSZ) acts as an excellent oxide
ion conductor. Similarly, calcia-stabilized zirconia (CSZ) also is an example of
oxide ion conductor which is used in oxygen sensors. It should be mentioned here
that the anion defects generated also contribute towards stabilization of cubic zir-
conia. In nuclear industries, yttria-doped thoria (YDT) is used as oxygen sensors.
Lightly doped ceria by lanthanides (Ln3+) results in the formation of solid solutions
in fluorite structure. [48a, b] This doped ceria, especially Sm-doped ceria and
Gd-doped ceria, exhibits superior oxide ion conductivity which find applications in
solid oxide fuel cell and oxygen sensors. It has been observed that Sm-doped ceria
and Gd-doped ceria exhibit superior ionic conductivity at relatively lower tem-
perature (*600 °C), therefore, finds suitability as electrolyte in SOFC technology.
The constituent oxides such as CeO2, Gd2O3 or Sm2O3 are preheated over night to
remove the moisture and any other volatile impurity present in the system. These
oxides are then mixed and ground well. The mixed powder is then pelletized and
heated at higher temperature [49]. The resulted pellets were found to be fluorite in
structure.

Another very useful form of fluorite structure is MOX fuels being used in
nuclear reactors. MOX fuel refers to mixed oxide fuel for fast breeder nuclear
reactors. The nuclear reactors (PWR and PHWR both) generate Pu from U-238.
After reprocessing of waste, plutonium oxide is prepared from plutonium nitrate.
The conventional fabrication route for synthesis of MOX fuel is mechanical
blending of the feed powders: UO2 and PuO2, or (U–Pu)O2. As the blended powder
is not free flowing and is therefore unsuitable for feeding to a pellet press, the
powder is preconditioned by pre-compaction in a slugging press, followed by
granulation, the granules being obtained by crushing the slugs. The challenge in this
process is to obtain a uniform distribution of the plutonium in the product [47].
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Optimizing the ball (or attritor) mill is of paramount importance for achieving
uniformity of the plutonium distribution, as well as a good dispersion of the
lubricant and of the pore former, if the use of a pore former is required [50].

1.4.2 Synthesis of Pyrochlores

Pyrochlore is a cubic structure with space group is Fd-3m, (Z = 8, a � 10 Å), and
the formula is ideally VIIIA2

VIB2
IVX6

IVY (coordination numbers are indicated as
superscript), where A is a mostly trivalent rare earth ion and B is mostly transition
metal at their suitable oxidation state [51]. In simpler way, pyrochlore structure
(A2B2O7) is superstructure form of fluorite (MX2)-type structure, where A and B
cations are at two crystallographically distinct sites and one-eighth of the oxygen
atoms are absent. The phase stability of pyrochlore structure is basically decided by
the ionic radius ratio of A and B cations. In the structure A2B2O7 where the sizes of
A and B cations are closer enough (rA/rB close to 1.4), the cations A and B have the
tendency to swap their sites which leads to the formation of disordered fluorites
instead of ordered pyrochlores. However, if the radius ratio is higher, then degree of
disorder is less. For instance, Er2Zr2O7 having rA/rB = 1.39 prefers to crystallize in
disordered fluorite form, whereas Er2Ti2O7 with rA/rB = 1.66 adopts ordered pyr-
ochlore form [52]. On the other hand, if the radius ratio is more than the stability of
pyrochlore, then it prefers to stabilize in layered-type monoclinic structure (e.g.
Nd2Ti2O7 etc.). Interestingly, the A2B2O7 structure with lower radius ratio has
tremendous radiation stability because the cations can exchange their sites to dis-
sipate the extra energy due to radiation. Therefore, Y2Zr2O7 is found to demonstrate
better radiation resistance since the rY/rZr ratio is 1.41 which is at the borderline of
pyrochlore to defect fluorite phase.

In these types of materials, AR grade rare earth oxide and ZrO2 are heated at
900 °C for overnight to remove moisture and other volatile impurities, if any.
Stoichiometric amounts of the reactants were taken to synthesize the compositions
corresponding to RE2Zr2O7. The starting reagents were mixed thoroughly and then
heated at three different temperatures with intermittent grindings. The ground
mixtures were pelletized and heated at 1200 °C for 36 h, followed by heating at
1300 °C for 36 h and at 1400 °C for 48 h. In the synthesis of defect fluorite and
pyrochlore, heating rate and cooling rates are important. The slow cooling rate
favours ordering of cations and anions which leads to the formation of pyrochlore.
By suitably tuning the degree of ordering, ionic conductivity can be varied. It has
been shown that in case of Nd-doped Gd2Zr2O7 pyrochlore, when the ratio of Gd/
Nd = 1, then oxide ion conductivity becomes the highest [36]. Fast cooling or
quenching leads to the formation of defect fluorite structure in case of borderline
pyrochlore. Very interestingly, if Gd2Zr2O7 is quenched from high temperature, it
crystallizes in defect fluorite structure. Among the other rare earth-based zirconate
pyrochlore, synthesis of Ce2Zr2O7 is very interesting. Initially, oxygen-rich
Ce2Zr2O8 forms by reaction between nano-CeO2 and ZrO2. The extra oxygen
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can be de-intercalated by heating in reducing atmosphere. Mandal et al. have been
reported that Ce2Zr2O8, an oxygen-rich pyrochlore transforms to stoichiometric
pyrochlore Ce2Zr2O7 at 1000 °C in reducing atmosphere. However, Ce2Zr2O7 can
be again transformed to anion-rich pyrochlore by gentle oxidation [53].

Another interesting case is the formation of perovskite-type Eu2Ti2O7. EuTiO3 is
could be synthesized by heating well-mixed Eu2O3 and TiO2 in 1:2 mol ratio at
1000 °C for 24 h in Ar + H2 atmosphere. When EuTiO3 is heated in open air, it
initially transforms to an amorphous perovskite-related intermediate and remains
like that till 650 °C. Upon further heating till 750 °C, layered perovskite polymorph
of Eu2Ti2O7 begins to crystallize, and it remains stable up to 800 °C. However,
further heating leads to the formation of pyrochlore polymorph [54].

Synthesis of vanadate pyrochlores is quite interesting. Since the radius ratio of
vanadium pyrochlores of Tm3+, Yb3+ and Lu3+ is well within the limit, therefore,
these could be prepared by solid state route by reacting Ln2O3 (Ln = Tm, Yb, Lu)
with V2O3 and V2O5 in sealed silica tube at 1250 °C for 72 h [55]. The other
vanadate pyrochlores (Tb, Dy, Ho, Er, Y) are difficult to prepare even though radius
ratio is still within limit as V4+ disproportionate to V3+ and V5+.

The compounds manganate pyrochlore (Y2Mn2O7) could be synthesized by high
oxygen partial pressure and high temperature (1100 °C); however, Y2Cr2O7 could
not be prepared in single phase [56]. Ln2Nb2O7 pyrochlores could not be prepared
in pure form by solid state synthesis. These synthesis methods always lead to the
formation of LnNbO4 as an impurity. Molybdate pyrochlores are also very inter-
esting as all these pyrochlore ranging from Ln = Sm to Lu could be prepared by
reaction with MoO2 in sealed silica tube as Mo has strong tendency to oxidize to
MoO3. Ruthenate pyrochlores could be prepared by standard solid state reaction
[57, 58].

Among the pyrochlores with 5D elements at B site, hafnate, osmate, iridate and
platinate pyrochlores are reported in literatures [58]. The rare earth hafnates (La–
Dy) are easy to prepare as the starting materials can be taken into stoichiometric
ratio and heated at higher temperature. In most of the cases, three-step heating
protocols are preferred as this gives rise to phase pure materials. Hafnates with
heavier rare earth ions crystallize in defect fluorite structure as radius ratio does not
permit it to crystallize in ordered pyrochlore structure. The osmate pyrochlores
(A2Os2O7, A = Ln, Y, Bi) are prepared at high temperature and ambient pressure.
However, the Tl analogue (Tl2Os2O7) synthesis needs high oxygen pressure [59].

The platinate pyrochlores (A2Pt2O7, A = Pr–Lu, In, Y) could also be prepared at
high temperature and high pressure. Other than transition elements at B site, Si and
Ge have also been tried by several researchers for the synthesis of A2B2O7 pyro-
chlores (A = Lu, Y, Sc, Tl). High pressure and high temperature are essential for
phase pure products. However, tin-based pyrochlores do not need high pressure.
These pyrochlores (A2Sn2O7, A = La–Lu and Y) could be prepared at high tem-
perature and at ambient pressure [58].
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1.4.3 Synthesis of Perovskite-Based Materials

Solid state sintering method is the most simple and versatile method for synthesis of
perovskite-type materials also. Simply, the starting oxides or carbonates are mixed
and heated at higher temperature. The heating temperature depends on melting
temperature or decomposition temperature of constituent oxides or carbonates. The
heating time and heating and/or cooling rate are very important for synthesis of
technologically important ceramics. Mostly, the soaking time to carry out the
reaction ranges from 8 to 24 h to allow the diffusion of cations through the crys-
talline grains to form perovskite structures. Like synthesis of other solid materials,
the cations diffuse from the bulk to interface and form the product. Intermittent
grinding is essential to break the chunks and bring the new surface for reaction. The
proceeding of solid state reaction is depicted in Fig. 1.3.

The physical and chemical properties of the perovskite materials are strongly
influenced by either the preparation or sintering conditions. This excellent class of
materials exhibits various properties due to flexibility in its compositions and its
tolerance towards ionic defects. Such diversity in compositions enables
perovskite-related structures to exhibit a wide variety of physical properties.

LaGaO3 co-doped with Sr2+ and Mg2+ (LSGM) is one of the high performing
oxygen ion conducting electrolytes. Also, various authors have worked with
Sr-doped LaMnO3 as cathode. Attempts have been made to improve the electrical
conductivity of these oxides through various doping at both the cationic sites with
the aim to increase the number of oxygen vacancies. These perovskite materials
have been prepared by mixing and heating the constituent oxides [60, 61].

Solid state synthesis of Bi-based perovskite (BiFeO3, BiMnO3 etc.) compounds
is really challenging due to high volatility of Bi2O3 which is one of the reactants.
This phenomenon results Bi-deficient phase which has severe impact on the
properties of the desired compounds. BiFeO3 is a well-known multiferroic material
due to non-centrosymmetric nature of its structure. The preferential evaporation of
Bi at higher temperature leads to the formation of sillenite-type Bi25FeO39 and the
mullite-type Bi2Fe4O9 impurity phases. These secondary phases are intermediate
phases for formation of the ferrite; however, their elimination through a simple
solid state reaction route has proven very difficult. The Bi-rich phase, i.e. Bi25FeO39

can be removed by leaching followed by drying at relatively higher temperature. In

++ +

(A) (B) (C) (D)

Fig. 1.3 Reactants (A and B) diffuse from bulk to the interface (C) and then form product (D)
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other words, synthesis of BiFeO3 should be done using about 10% excess Bi2O3

with Fe2O3. The mixture needs to be calcined at 650–675 °C for 1.5 h. This
temperature is sufficient enough for reaction between Bi2O3 and Fe2O3. At lower
temperature (<650 °C), the reactants do not react completely. However, in the
narrow range of temperature, i.e. 650–675 °C, the reaction is completed. Since
some excess Bi2O3 is taken at the beginning, therefore, Bi-rich phase (Bi25FeO39)
forms simultaneously with BiFeO3. This Bi-rich phase can be easily removed by
leaching with dilute nitric acid (0.3–0.5 M). If the mixture is heated at higher
temperature (>700 °C), the BiFeO3 gets decomposed into Bi-rich and Bi-deficient
phases following the reaction

49BiFeO3 ¼ 12Bi2Fe4O9 þBi25FeO39

It has been reported earlier that three-phase coexisting system is thermody-
namically stable during the solid state reaction [62]. The coexistence of different
distinct phases is explained by the diffusion of Bi ions into Fe2O3 phase. In more
precise term, the nuclei of the Bi2Fe4O9 phase are formed in the Fe2O3 core,
whereas the outer shell remains as Bi-rich Bi25FeO39 phase. With increase in
temperature, Bi ions of Bi-rich phase slowly diffused to Bi-lean phase and leads to
the formation of phase pure BiFeO3. Simultaneously, the core Bi2Fe4O9 crystallizes
with increase in temperature, and this by-product tends to block the formation of
BiFeO3. Therefore, higher calcination temperature always leads to the formation of
Bi2Fe4O9 which cannot be removed by leaching with nitric acid. In conclusion, it
can be stated that while synthesizing BiFeO3 by solid state reaction, it is recom-
mended to heat well-mixed Bi2O3 and Fe2O3 at 650–675 °C for 1.5 h followed by
leaching with dilute HNO3. The residue can be made free from any acid just by
washing with copious amount of water. The wet powder needs to be calcined again
to get well crystalline product [63].

Other Bi-based analogues like BiMnO3 and BiCrO3 are prepared using high
pressure and high temperature.

Double Perovskites

The double perovskites (A2B′B″O6) like Sr2FeMoO6, Sr2CoBiO6, etc., are so
named because the unit cell is twice that of perovskite. It has the same architecture
of 12 coordinated A sites and six coordinated B sites, but two cations are ordered on
the B site. The B′ and B″ atoms are ordered in a 3D chessboard-type fashion. There
are some Os-based double perovskites which exhibit wide range of properties.
Ba2MOsO6 (M = Ca2+, Li+, Na+), Sr2MOsO6 (M = Li+, Na+, Mg2+, Ca2+),
A2NiOsO6 (A = Ca, Sr), Ln2LiOsO6 (Ln = La, Pr, Nd, Sm), and Ln2NaOsO6

(Ln = La, Pr, Nd) have been synthesized by solid state method. Some of them show
remarkable magnetic and electronic properties such as the Os-containing double
perovskite oxide Sr2CrOsO6, which shows an outstanding Curie temperature
(725 K) [64]. The magnetic properties may reflect its potential uses in various
applications and materials science. Similarly, polycrystalline compound Ca2InOsO6

has been synthesized by means of a solid state reaction. Stoichiometric amounts of
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CaO2, Os, In and KClO4 and powders were mixed using an agate mortar in a glove
box; the mixture was then put into a platinum capsule which was sealed from both
the sides. The sealed capsule was heated at 1400 °C for 1 h in 6 GPa pressure [65].
However, lots of other double perovskites are there which do not need high
pressure.

1.4.4 Layered Perovskites

Perovskites may be structured in layers. The ABO3 units are separated by thin slabs
of another materials or ions. Different forms of intrusions are reported in literature.

1.4.4.1 Ruddlesden–Popper (R-P) Phase

In R-P phases, the intruding layer occurs between every one (n = 1) or two (n = 2)
layers of the ABO3 lattice. The general formula of R-P phase is An+1BnX3n+1 (An−1

A′BnX3n+1) where A and A′ represent alkali, alkaline earth or rare earth metal,
whereas B is transition metal. In R-P phase, the A cation has 12-fold coordination
and is located in the perovskite layer. The A′ cations are surrounded by nine anions
and are positioned at the perovskites boundary with an intermediate layer [66].
B cation is usually located inside the octahedra or pyramid or squares. The first R-P
phase was reported in 1958. These R-P phases are prepared by heating the con-
stituent oxides or carbonates in stoichiometric ratio.

1.4.4.2 Aurivillius Phase

The Aurivillius family A0
2O2

� �
An�1BnX3nþ 1ð Þ of oxides is well known for having

ferroelectric properties at high temperatures. The intruding layer is [Bi2O2]
2+ ion,

residing between ABO3 layers, leading to an overall chemical formula of [Bi2O2]-
A(n−1)B2O7. It is expected that some compounds of this family may replace the
existing lead zirconate titanate (PZT) in near future as the present candidate con-
tains lead which is not a favourable choice due to the presence of lead ion in the
compound. Lead-free SrBi2Ta2O9 and Bi4Ti3O12 are prominent member with high
ferroelectricity. However, high ferroelectric fatigue in Bi4Ti3O12 and lower remnant
polarization in SrBi2Ta2O9 are serious concerns for practical application.

The compounds with Aurivillius structure are formed by stacking of two dif-

ferent blocks of A0
2O2

� �2þ
and (An−1BnX3n+1)

2− along the c-axis in the crystal
structure. The A0

2O2
� �

slab is of red-PbO type and A′ is mostly Bi(III) cation or
other cations with lone pair of electrons (e.g. Te(IV), Pb(II), Sb(III)). The (An

−1BnX3n+1) block follows pseudo-perovskite structure, where A and B have
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coordination number 12 and 9, respectively. The anion is mostly oxygen; however,
in some cases it may be partially substituted by F.

The compound like Bi2WO6 exhibits high ferroelectricity, whereas the Mo
analogue, i.e. Bi2MoO6 demonstrates low-temperature co-fired ceramics (LTCC)
properties. However, some Aurivillius-type compounds also exhibit high oxide
ionic conductivity. Some Aurivillius phase can be synthesized from D-J phases also
by metathesis reaction. Sivakumar et al. reported the transformation of the Dion–
Jacobson phases, KLaNb2O7 and RbBiNb2O7 to the Aurivillius phase, (PbBiO2)
LaNb2O7 and (PbBiO2)BiNb2O7 in a metathesis reaction with the Sillen phase,
PbBiO2Cl [67].

1.4.4.3 Dion–Jacobson (D-J) Phase

In this kind of phases, the intruding layer is composed of alkali metal (M) in every
ABO3 layers, which leads to overall formula as M + A(n−1)BnO(3n+1). D-J phase
like KLaNb2O7 and RbBiNb2O7 has been prepared by reacting stoichiometric
quantities of KNO3, La2O3, Nb2O5 at 1100 °C for 2 days with intermediate
grinding. Slight excess KNO3 (25 mol%) needs to be added before reaction to
compensate K loss due to volatilization. RbBiNb2O7 was prepared by reacting
stoichiometric quantities of RbNO3, Bi2O3 and Nb2O5 at 1100 °C for 2 days with
intermediate grinding. In this case, also slight excess RbNO3 (20 mol%) needs to be
added to take care Rb loss due to volatilization.

1.4.4.4 Brownmillerite Structure

The brownmillerite structure, general formula, A2B2O5, is a perovskite-related
structure with a oxygen vacancy per one formula unit. The oxygen vacancies are
fully ordered in brownmillerite structure where BO6 octahedra and BO4 tetrahedra
are alternatively arranged. Bi2In2O5 is one of the famous electrolytes which has
been explored in recent past. In brownmillerite form, the oxide ion conductivity is
not very high due to ordering of oxygen ions. However, it transforms to cubic
perovskite, which is a disordered variant, upon heating. The high temperature phase
exhibits very high oxide ion conductivity (0.1 S/cm at 900 °C). The
high-temperature cubic phase could be stabilized at room temperature by suitable
substitution of A and B cations. Yao et al. [68] have shown that by doping Ga3+ at
In3+ site of Ba2In2O5, the disordered can be introduced at relatively low tempera-
ture. In case of Ca2Fe2O5 compounds, it has been observed that transition tem-
perature can be reduced by 15 °C by doping with relatively smaller cation like Al3+

at Fe site. This brownmillerite compound is G-type antiferromagnetic in nature.
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1.4.5 Spinel Structure

Another interesting class of compounds is spinel. Its chemical formula is AB2X4. It
consists of eight FCC cells made by oxygen ions in the configuration 2 � 2 � 2.
Depending upon the coordination of A and B cations, the structure can be normal or
inverse spinel. When all the A cations occupy the tetrahedral sites and B cations
occupy octahedral sites, then the structure is called normal spinels. All the alumi-
nates like MgAl2O4, FeAl2O4, etc., and some ferrites like ZnFe2O4, CdFe2O4 are
examples of normal spinel. In case of inverse spinel, the tetrahedral site is occupied
by B cation and the A cations reside at octahedral site of the structure. Most of the
ferrites like Fe3O4, CoFe2O4, etc., adopt inverse spinel structure. In addition, these
spinels might adopt mixed characters, i.e. partial inversion, also.

LiMn2O4 an important cathode material for Li ion battery adopts spinel struc-
ture. The Li ion from the structure can be intercalated and de-intercalated elec-
trochemically without appreciable structure distortion. Li4Ti5O12 anode also adopts
spinel structure where some Li ion resides at Ti site. This structure can accom-
modate extra lithium in it, and it can be turned into Li7Ti5O12 (rock salt structure)
upon heavy lithiation. Both of these materials can be successfully prepared by solid
state reaction method. Since lithium, a volatile element is being used; therefore,
some excess lithium is needed in the beginning of synthesis.

Degree of mixing of A and B cations depends on synthesis condition. The site
occupancy by iron can be traced by Mossbauer spectroscopy. Other spectroscopic
tools like IR, EXAFS, etc., are also used to determine the coordination number of A
and B cations.

1.4.6 Hexaferrite Synthesis

In addition to cubic spinel ferrites (AFe2O4), there are other types of ferrites which
are hexagonal in structure. These types of ferrites are called hexaferrites. These
hexaferrites are technologically and commercially important material. These
materials are found to be useful in the field of magnetic recording, data storage, etc.

The synthesis of hexaferrites is really tricky, and its formation mechanism is not
very clear even after more than five decades of research. Standard solid state
reaction method is used to prepare the hexagonal ferrites. Initially, iron oxide and
barium carbonate powders are mixed and heated at higher temperature to obtain the
desired phase. High temperature and longer reaction time lead to the formation of
product with coarse grain size. However, if reactants are in nano regime, then
reaction temperature as well as time can be reduced drastically.
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1.4.7 Tungsten Bronze

Tungsten bronzes were discovered by Wohler way back in 1824. Since these
compounds have metallic properties, therefore, the name has been applied. These
materials do not have any relation with the bronze alloy of copper and tin. These
materials are neither alloy nor intermetallic. There are several tungsten bronze types
of materials. It was observed that alkali metal tungstate becomes golden in colour if
heated in hydrogen atmosphere. These are non-stoichiometric compounds of gen-
eral formula M′WO3 where M is metal ion mostly an alkali, and x is <l.

It has been observed that not only tungsten present in the structure, Mo, V, etc.,
can also be present in the structure and display similar kind of properties. This class
of compounds exhibits various properties like (a) possess excellent electronic
conductivity, (b) it is chemically inert, (c) intensely coloured and (d) sequence of
solid phases occur with variation of x in M0

xM
00
yOz The colour of the compositions

depends on the extent of alkali metal ions present in the composition.
The structure of tungsten bronze, NaWO3 (x = 1), adopts cubic perovskite

structure. Lower value of x signifies that (1 − x) is the vacancy present in the
structure. On the other hand, WO3 is like distorted ReO3-type structure. In this
structure, tungsten atoms are slightly off-centre in adjacent unit cells such that the
W-W distances are alternately long and short. As the sodium concentration
decreases, the cubic structure also lowers its symmetry, and it passes through two
tetragonal (type I and II) phases to distorted monoclinic WO3 structure.

The other bronze structures with Mo and V as the central cation have much more
complex structure.

The synthesis of NaxWO3 is very interesting. The finely grounded mixtures of
Na2WO4, WO3 and W are mixed thoroughly and heated in vacuum at 850 °C. This
leads to the formation of NaxWO3. In this way, composition with maximum x = 0.8
could be achieved [69, 70].

1.4.8 High Tc Oxides

High-temperature superconductors (sometime abbreviated HTSC) are materials that
behave as superconductors at relatively high temperatures. Bednorz and Müller [71]
were awarded the 1987 Nobel Prize in Physics for their work in high Tc super-
conductor La2−xBaxCuO4.

In case of “ordinary” or metallic superconductors, usually the transition tem-
peratures lie below 30 K; therefore, these materials need to be cooled by liquid
helium to realize superconductivity. On the other hand, high Tc materials exhibiting
Tc more than 138 K should be cooled to superconductive state by liquid nitrogen
(77 K) [72]. Until 2008, only certain cuprate compounds were reported to
demonstrate high Tc properties. Some iron-based compounds are also known to
show superconductivity at relatively high temperatures [73].
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The first real high Tc superconductor was reported to be YBa2Cu3O7−x. [74]. Its
structure is closely related to distorted oxygen-deficient multi-layered perovskite
structure. The most important characteristic of the crystal structure of oxide
superconductors is alternating multi-layer of CuO2 planes in the structure. It has
been observed that with increase in number of layers of CuO2, transition temper-
ature increases.

The simplest method to prepare high Tc superconductors is a solid state reaction
involving mixing, grinding, calcining and sintering. The required amounts of pre-
cursor powders, mostly oxides, carbonates or any other salts, are mixed thoroughly
in a mortar–pestle or ball mill. These mixed powders are sintered in the temperature
range from 800 to 950 °C for few hours with intermittent grinding. Subsequently,
the powders are pelletized and sintered at 950 °C. The sintering parameters like
temperature, soaking time, atmosphere and heating/cooling rate have important role
in synthesis of high Tc superconducting materials. As for example, YBa2Cu3O7−x

compound is prepared by calcination and sintering of a homogeneous mixture of
Y2O3, BaCO3 and CuO in stoichiometric ratio. Initial calcination is done at rela-
tively lower temperature (900–950 °C) in ambient atmosphere, whereas sintering is
done at 950 °C in the presence of oxygen atmosphere. The oxygen stoichiometry in
YBa2Cu3O7−x compound is very important to get superconductivity. The formed
product is YBa2Cu3O6 which transforms to YBa2Cu3O7−x, on slow cooling in
oxygen atmosphere. The latter compound is superconducting in nature. Several
other superconductors could also be prepared by solid oxide synthesis method.

1.4.9 GMR Materials

Magnetoresistance of any material is defined by relative change in resistance upon
application of magnetic field. It is defined as MR (%) = (qH − qO) � 100/qO
where qH and qO are resistivity in the presence and absence of magnetic field. When
the change is very high, then it is called giant magnetoresistance (GMR). It was
initially observed in multi-layer metallic system. Later on, it has been observed in
oxides also. When the La site of LaMnO3 substituted by alkaline earth metal (like
Ca or Sr), the material turns into metallic state. In fact, upon substitution of divalent
cation in place of La leads to the formation of Mn4+ in the structure and around 30%
Mn4+ is optimum to observe GMR properties. Other than manganites, some alka-
line earth-doped lanthanide cobaltites (La1−xAxCoO3) also exhibit GMR properties
[75]. Among pyrochlores, Tl2Mn2O7 exhibits GMR properties. This oxide has only
Mn4+ (d3), still it shows GMR properties [76].

These materials are prepared by standard solid state method by using the oxides
of constituent oxide and heating them at high temperature.
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1.4.10 Energy Storage Materials

Lot of materials are being investigated in as energy storage materials. Among
energy materials, electrodes of batteries and supercapacitors are most important.
Initially, the electrodes were synthesized by solid state method only. Subsequently,
these materials were synthesized by soft chemical routes to improve the energy
storage capabilities.

Prof. J. B. Goodenough first identified LixCO2 compound as an excellent elec-
trode material to be used in rechargeable Li ion battery. Later, Sony successfully
commercializes this lithium ion battery using this cathode material. The synthesis of
this compound was first done by solid state route only. LiFePO4, LiMn2O4,
Li4Ti5O12, etc., are other electrode materials for the use in lithium ion battery. There
is lithium ion channel in these compounds which make them suitable lithium ion
conductor. In addition, the electronic conductivity of these compounds is reason-
able which is prerequisite for a material to be electrode material.

1.4.11 Negative Thermal Expansion Materials

Research on negative thermal expansion materials remained very vibrant research
topic for some time. Among the ceramics, ZrW2O8 is the very famous example that
exhibits negative thermal expansion behaviour in the temperature range 0.3–
1050 K. Above 1050 K, the compound decomposes [77]. In addition to this
example, there are other members of the AM2O8 (A = Zr or Hf, M = Mo or W)
family of materials and ZrV2O7 which also show negative thermal expansion
behaviour. A2(MO4)3 family also exhibits controllable negative thermal expansion.
During synthesis of ZrW2O8 material, ZrO2 and WO3 are mixed in 1:2 ratio, and
then the mixed powders were grounded well. The mixed powder needs to be heated
at 1150–1200 °C for 6 h. This leads to the formation of phase pure ZrW2O8. Other
materials could also be prepared by similar method [78, 79].

1.5 Solid State Organic Synthesis

The awareness about reducing the environmental pollution associated with using
solvents for organic synthesis has led the scientists to develop and employ suc-
cessfully the methodologies which use no solvents. The solvents are used for
obvious reasons, and they provide a media for interaction of reactants and facilitate
faster reactions. Sometimes, the solvents influence reactions by other means as well
such as forming intermediates with the reactants which ultimately yield the prod-
ucts; however, they are always released at the end of the reaction. Various solvents
that are employed include water, ammonia, hydrocarbons, ethers, alcohols,
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halogenated hydrocarbons, etc. The solvent-free routes to synthesize organic
compounds are relatively benign, environment friendly and are termed as solid state
synthesis. Also, in many cases, the reactions in solid state proceed more efficiently
and selectively in comparison with their solution counterparts since molecules in
solids are arranged in more regular and arranged manner [80].

There are two types of solid state organic synthesis as follows:

1. Solid phase organic synthesis without any solvent
2. Organic synthesis using a solid support.

1.5.1 Solid Phase Organic Synthesis Without Any Solvent

These synthetic processes follow the solid state path, wherein the reactants are
mixed together in mortar and pestle (or by other means) and kept at room tem-
perature or subjected to elevated temperatures (in suitable apparatus) and/or radi-
ations such as UV, microwave, etc., to carry out the reaction. The elimination of
solvents from the synthetic procedures also reduces the handling costs and greatly
improves the simplicity of the procedure in terms of reaction work up, etc., these
factors become more important when the syntheses are scaled up to industrial level.
The progress of solid state reactions can be followed by measurement of IR, UV
and circular dichroism (CD) spectra. The formation of the products also depends on
the particle size sometimes. It has been showed that the smaller the particle size,
faster is the reaction rate. For example, the Baeyer-Villiger oxidation of ben-
zophenone derivatives with m-chloroperbenzoic acid in the solid state proceeded
*10 times faster when the particle diameter of both components was halved to
50 µm from 100 µm. However, in some of the cases, the size of the particle is not
related to reaction rate and reaction can take place smoothly by simple mixing of
reactants without grinding.

One of the earliest examples of solid state synthesis in dry state could possibly
be the rearrangement of allyl phenyl ether to o-allyl phenol (Claisen rearrangement)
[81]. Another classic example of solid state organic synthesis is the formation of
urea in 1828 by Wohler [82], which formally led to the birth of synthetic organic
chemistry.

NH4NCO�!½solid�DNH2CONH2

Inclusion complexes can easily be formed by solid state reaction and can occur
readily by mixing and grinding powdered host and guest. For example, a mixture of
powdered 1,1,6,6-tetraphenyl hexa-2,4-diyne-1,6-diol and equi-molar amount of
benzophenone was found to be identical to their 1:1 inclusion complex which is
normally prepared by recrystallization of the two components from solution, and
this shows that complex formation occur very rapidly [83]. The organic solid state
reactions even occur enantioselectively. Some of the oxidations of ketones with m-
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chloroperbenzoic acid (Baeyer-Villiger oxidation) occur faster in solid state than in
CHCl3, and even the yields are better. For example, the following reaction occurs in
24 h, and in solid state the yield is 85%, whereas in CHCl3 the yield is observed to
be 13% [84].

PhCOPh ! PhCOOPh

Reduction of ketones with NaBH4 can also be made to occur solid state with
impressive yields. The solid state reaction of diketones with hydrazine hydrate to
obtain pyrazole derivatives by a solvent-free route has been reported by Wang and
Qin [85]. Some other reactions that can be/are carried out in the absence of solvents
are Michael addition (addition of a nucleophile to carbon double bond having a
strong electron withdrawing group), Aldol condensation [86], Tishchenko reaction,
etc. Solvent-free synthesis of various azines, pyrazoles and pyridazinones can be
carried out with high yields (>97%) by grinding solid hydrazine with dicarbonyl
compounds. The syntheses did not require any catalysts or additives to promote the
reactions [87]. Pericyclic reactions such as Diels–Alder reactions can also occur in
solid state. Herein, a diene and the dienophile can combine to yield a number of
[4 + 2] additions. Thus, a variety of solid state reactions can be carried out under
solvent-free conditions. For an extensive review of solid state organic synthesis, a
lucid review by Tanaka et al. [80] can be referred.

1.5.2 Organic Synthesis Using a Solid Support

There is another methodology of solid state synthesis of organic moieties known as
solid phase synthesis, wherein one of the reactant molecules is attached to a solid
support through a linker. The product is formed on the solid support as the reaction
proceeds, and then the product is separated by cleaving the linker. Hence, the idea
of the solid phase supported synthesis is simple: the substrate is attached to a
polymer support, the desired chemical reaction is carried out, and the excess
reagents are washed off. This cycle of reaction wash is repeated until the synthesis
is ready and then the product is cleaved off from the support. This methodology was
originally developed for peptide synthesis but later was extended to general organic
synthesis. It was termed as “solid phase peptide synthesis” by Merrifield in 1963
who used a polymer as the insoluble support to synthesize a tetrapeptide [88].
Merrifield received Noble Prize in 1984 for “his development of methodology for
chemical synthesis on a solid matrix”. The advances in solid phase peptide syn-
thesis were also motivated by the fact that the separation of the product is relatively
easier since it remained attached to the solid support and the excess reagents/
by-products can be removed by rinsing. This was soon extended to general organic
synthesis. The major attraction for adopting this method was the ease of chemistry.
The reaction involves adding the reagent, filtering and washing. Even the purifi-
cation of the product is not needed at each stage, and only the final product needs to
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be purified. Also, since it is relatively easier to separate out the reagent, excess
amounts of reagents may be added to drive the reaction faster. This method also
allows for the selectively converting one functional group in a poly-functional
molecule by binding it covalently it to the support. Many organic and inorganic
supports have been utilized for the purpose. The basic criterion is that it should be
amenable to chemical modification so as to generate group that can be utilized to
bind the substrate molecule. In addition to chemical criteria, there are various
physical properties as well that the material proposed to be used as support should
possess. More is the number of chemically modified sites, more are the sites where
substrates can attach. Hence, the surface area, porosity, pore volume, etc., are the
properties that are important for a material to qualify at solid support. The support
materials should show good swelling behaviour in the solvent. Better swelling
behaviour is desired so that the resin is permeable to solvent and reagents providing
better access to molecule to “attach’ to the resin. It should be stable under thermal
and chemical conditions of synthesis. It should also be cheap, easily available and
compatible with reagents and solvents. There are two types of supports that exist
(a) that simply act as the carrier that provide the support for reaction and the product
is cleaved after formation (passive supports) and (b) that act as the catalyst also and
catalyses the reaction (active supports). Different types of polymers, organic and
inorganic materials have been employed as solid supports. Cross-linked
polystyrene/DVB copolymers are the most common polymer that is employed
for the purpose for they are cheap and possess excellent chemical stability [89].
Other than this, polyacrylamide, poly methyl methacrylate and poly hydroxyl
methyl methacrylate have also been used as solid supports. PEG grafted onto
cross-linked polystyrene is also employed. It has lower stability than polystyrene
resins but much better solvent spectrum. In order to improve general resin per-
formance, the resin based on bifunctional styrene derivatized PEG chains is
employed to cross-link polystyrene. Polymer resins are cross-linked to impart
enhanced mechanical strength and better diffusion and swelling behaviour to resin.
Cross-linking introduces some permanent sites of entanglements that maintains
structural integrity; otherwise, the polymer chains would dissolve under favourable
thermodynamic conditions. Better swelling behaviour is desired so that the resin is
permeable to solvent and reagents providing better access to molecule to “attach” to
the resin.

The inorganic matrices that have been used as support include silica, zeolites and
modified glasses. These have hydroxyl groups on their surface that may bind with
substrate. Naturally occurring polymers such as cellulose and chitin are also the
preferred choices. The efficacy of polymer support depends upon degree of
cross-linking of polymer resin, the solvation characteristics of the resins and the
functional groups available on the resin that would bind to the substrate.

Other than the support materials, choosing a proper linker is also essential to
solid phase synthesis. The linker covalently attaches substrate to the solid support
and hence provides a control for attachment and cleavage. The stability of the linker
affects the scope of the reaction. The method to cleave the linker depends on the
type of the linker moiety. The historical resins such as the one used by Merrifield
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have acid labile linkers. There are varied types of linkers which can be cleaved
using a nucleophile or photolysis, etc.

The simplicity, ease of operation and effectiveness of solid supported synthesis
led to its extensions to other areas of organic chemistry, e.g. synthesis of dep-
sipeptides [90], polyamides [91], oligonucleotides [92–95], oligosaccharides [96–
98], peptide nucleic acids [99, 100] and to solid phase organic synthesis (SPOS).

Since 1990, a lot of interest has been directed towards synthesizing small organic
molecules on solid support. These syntheses can be classified based on the nature of
bond formation taking place. These could be C–C bond formation reactions, C–N
bond formation reactions, pericyclic reactions such as Diels–Alder reactions and
electrophillic aromatic substitutions. Numerous examples [101] of cyclization
reactions have been shown to be more efficient in the solid phase than in solution
where oligomerizations compete readily. This is generally attributed to site isola-
tion, a feature that also permits the solid support to act as a protecting group for one
of the two identical functional groups in the same molecule [102, 103].

The solid supported synthesis involving anchoring of the substrate to an insol-
uble matrix has several advantages. Some of them are listed as follows. Simplified
work up since excess reagents as well as soluble by-products can be removed easily
by washing and filtration [104]. The ease of separation allows for using larger
excess of reagents which enables the reaction to proceed to completion and
increases yield [104]. The extraction and/or chromatographic separation of the
intermediate products can be avoided. Usually, the resin (or support) need not be
dried, and this speeds up the synthesis procedure. This synthesis route is particu-
larly amenable for industrial processes where automation of repetitive synthesis
steps in a sealed environment brings about speed, better yields and reproducibility
as compared to the manual work.

Click Chemistry in Solid Phase

Click chemistry is an approach that makes use of efficient and reliable reactions,
such as Cu(I)-catalysed azide–alkyne cycloaddition (CuAAC) in order to bind two
molecular building blocks and synthesize cyclic structures. CuAAC has wide
applications in medicinal chemistry as well as other fields of chemistry. It has
become a tool for universal modification of biomolecules such as DNA, proteins as
well as for conjugate preparation and fluorescent labelling. Few of its advantages
are selectivity, insensitivity to pH, shorter duration, and it is quantitative. The
concept of click chemistry was established by Kolb et al. [105]. The advantage of
using solid phase syntheses in case of reactions proceeding by click chemistry is
particularly in context of product purification. In general, to obtain effective cou-
pling, the syntheses are conducted with excesses of conjugating group and in the
solid phase approach. The excess reagents, along with undesired side products, can
then simply be washed away [106].
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1.6 Metastable Materials

There are several definitions of metastable state. As per the common physics def-
inition, metastable state is in a dynamical system with respect to the state of least
energy. Another definition is that the metastable state corresponds to the local free
energy minima. According to thermodynamics, metastability corresponds to
non-equilibrium state. Metastable state tends to return to the lowest energy state.
However, metastable materials are not unstable materials. They are kinetically
stable materials and may exist for a prolonged period also. A classic example is
diamond which is metastable but has been existing for a long period. The meta-
stable state can be schematically represented in Figs. 1.4 and 1.5.

Fig. 1.4 Schematic representation of metastable state in terms of energy and reaction coordinates.
The metastable state is denoted by M in these schematics

Fig. 1.5 Another way of representing metastable state. Three metastable states are denoted by
M1, M2 and M3, respectively, which correspond to local free energy minima. The last minimum is
global energy minimum, which corresponds to the stable state in this imaginary system
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1.6.1 Typical Examples of Metastable Materials

Some typical examples of metastable materials are given in the following table.

(a) Glasses (Natural: obsidian glasses, basaltic glasses)
(b) Man-made (sodium borosilicate glasses, metallic glasses)
(c) Diamond, cubic BN
(d) Steel (martensite), superalloys (Ni-based super alloy Ni–Al–Mo)
(e) High entropy alloys
(f) New forms of carbon (fullerenes, CNT, graphene)
(g) Minerals like gibbsite, silica (cristobalite, stishovite), opal, topaz aluminium

silicates, several other gem stones
(h) Perovskite-type silicates, zeolites
(i) Many ceramics (t, c-ZrO2, c-Al2O3, ZrW2O8, anatase TiO2, c-ZnO)
(j) Noble gas compounds
(k) Cement is also metastable
(l) Many drugs are also metastable.

1.6.2 Origin for Metastability

There can be several factors which can impart metastability to a given system.
Some of them are elaborated as follows (Table 1.5).

1.6.3 Synthesis of Metastable Materials

Many conventional synthesis methods such as solid state synthesis do not yield
metastable materials. This is because conventional solid state synthesis mostly used
under equilibrium conditions, and hence, it results in stable materials. However,

Table 1.5 Some of the factors leading to metastability

Factor Examples References

Unusually high packing ThGeO4 (Scheelite) [107]

Unusually high packing a-VO(PO3)2 [108]

Unusually high oxidation state HoCrO4, CaCrO4, etc. [109]

Unusually low oxidation state CeCrO3 and La1−xCexCrO3 [30, 32]

Unusually high coordination number LiScF4 [110]

Unusual order Pyrochlore-type Ce2Zr2O8 [111]

Unusual disorder C-type REInO3 [112]
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heating in solid state followed by quenching can be used to prepare many meta-
stable materials. Heating of reactants or stable products under high pressure and/or
high temperature is another strategy to prepared metastable materials. Intercalation
or de-intercalation is yet another simple method to get metastable materials. Several
metastable materials which are almost impossible to prepare by other known
methods can be easily prepared by an ion exchange method. There are several soft
chemical methods which often lead to metastable materials. Several of these
methods will be discussed in subsequent chapters, and readers are advised to refer
to these chapters.

1.7 Common Characterization Techniques

1.7.1 X-ray Diffraction

Once a solid sample is formed, it needs to be characterized by suitable techniques to
confirm phase purity, crystal structure, crystallite size, etc. In this context, XRD is
the first technique of choice to characterize the solid sample. In this technique, a
monochromatic X-ray beam falls on sample, and it gets diffracted following
Bragg’s law. Subsequently, a suitable detector detects the diffracted beam. The data
is processed to obtain an X-ray diffractogram which contains a lot of information
like phase purity, crystal structure, crystallite size of the sample, etc. These
diffractograms could be read by suitable software.

Principle of X-ray Diffraction

X-rays are electrically neutral, electromagnetic radiations with their wavelength (k)
range from approximately 0.004–100 nm. In terms of energy, X-rays lie between
ultraviolet (UV) and gamma radiations. Even though it is roughly stated that energy
of X-ray is lower than gamma rays, it may not be true always. The difference lies in
source of radiation, gamma rays are originated from nucleus of atom, whereas
X-rays are extra-nuclear phenomena. Perhaps, discovery of X-ray is the most
famous event in scientific arena in last decade of nineteenth century. X-rays were
invented by Wilhelm Conrad Rontgen in Germany in 1895. He is also named it as
“X-rays” keeping similarity with unknown quantity.

Characteristic X-rays are produced from the inner (core) level electronic tran-
sitions in an atom. The electromagnetic radiations are also produced when a
charged particle undergoes deceleration. This radiation is also called as white
radiation or Bremsstrahlung radiation. The moving charged particle loses its kinetic
energy and converts to radiation by this way it follows conservation of energy.

The X-rays (both white radiation and characteristic radiation) get scattered when
they fall on solid material. The regular arrangement of atoms in solid materials acts
as grating for the incident X-rays. When the coherent scattering of X-rays interferes
with each other constructively, then it gives rise to bright fringes, whereas when
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these X-rays interact destructively, they generate dark fringes. The scattered rays
interfere constructively only at a certain angle when the path difference between the
two rays is an integral multiple of incident wavelength. This phenomenon is called
as X-ray diffraction. Bragg law of diffraction is given by the following equation.

nk ¼ 2d sin h

where k is wavelength of X-rays, h is the incident angle, d is inter-planar spacing,
and n is order of diffraction. Bragg diffraction was proposed by Lawrence Bragg
and his father William Henry Bragg in 1913. Lawrence Bragg modelled the crystal
as a set of discrete parallel planes composed of atoms and are separated by a
constant parameter “d”. Incident X-ray radiation would produce a Bragg peak if the
diffracted beams from various planes of the sample interfered constructively.

Atoms, ions and molecules are periodically arranged in a crystal lattice. These
parallel arrangements of atoms in the crystal lattice are equivalent to the parallel
lines of the diffraction grating. Therefore, the inter-planar spacing of the atoms in
crystal could be easily measured from the position of bright fringes in the diffraction
pattern.

X-rays being electromagnetic radiations interact with the electrons of the atom
present in the crystals, which vibrate with the same frequency as that of the X-rays.
Then, these oscillating electrons act as source and re-emit radiation of the same
frequency. Thus, the incident radiation appears to be scattered by the atoms.

Experimental technique

X-ray diffraction experimental set-up requires an X-ray source, sample and a
detector to pick up the diffracted X-rays.

The X-rays are generally produced by bombarding high-energy electrons on a
metal target in a sealed X-ray tube. During this process, the target element gets
heated, and hence, it requires a continuous cooling. The X-rays are produced in all
the directions and hence, slightly divergent X-ray beams emitted in a particular
direction with respect to the exciting electron beam, are allowed to pass out through
beryllium (Be) window. The background and b-radiation are filtered using b filters.
The b filters essentially absorb the radiation other than characteristic radiation. The
X-ray beam passes through the soller and divergence slits and then fall on the
sample, which is mostly kept on a glass slide. X-rays scattered (diffracted) from the
sample pass though the soller, receiving slits successively and then fall on a
monochromator before reaching to detector. The monochromator filters out the
unwanted wavelengths as well as fluorescent radiation arising from the sample. The
details of the X-ray production and the typical X-ray spectra are explained in
several Refs. [113, 114].
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Data Collection and Analysis

The output of the diffraction measurement is obtained as plot of intensity of dif-
fracted X-rays beam versus twice of incident angle. X-ray peaks are obtained at
those angles where it follows Bragg’s law. The data collection protocols often
depend on the specific purpose of the data collections. In general, a short time scan
in the 2h range of 10–70° is required for the characterization of a well crystalline
inorganic solids. However, the scan time should be optimized to get intense peaks.
The obtained diffraction patterns are compared with standard Joint Committee on
Powder Diffraction Standards (JCPDS, 1974) data available for reported crystalline
compounds. Different parameters like cell parameters, thermal parameters and
stress within the lattice can be calculated using different softwares like FULPROF,
GSAS, etc.

1.7.2 Thermal Techniques

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are also
essential techniques for characterization of solids. The variation of mass as a
function of temperature could be detected by thermogravimetric analysis. The
weight changes can be monitored during heating as well as cooling or as a function
of time (isothermal) in a specified atmosphere. In differential thermal analysis
(DTA), difference in the temperatures between the sample under study and an inert
reference material is recorded as a function of temperature, as both are simulta-
neously heated or cooled at a predetermined rate. If there is no heat effect in the
sample in the temperature range of interest, the DTA scan will show a steady base
line with a slight shift sometimes. On the other hand, if there is any physical or
chemical change taking place in the sample accompanied by a significant heat
effect, the temperature of the sample will either lag behind or lead with respect to
that of the reference, and the difference in the temperature is recorded as a peak. The
area under the peak represents the total heat change. The peak obtained for
endothermic and exothermic reactions is in opposite directions.

The sample and reference material (here alumina) are kept in two similar plat-
inum crucibles. The sample starts weight loss with increase in temperature. The
weight loss is monitored by a thermo-balance, whereas two thermocouples are used
to measure the difference in temperatures between sample and reference material
and to measure the temperature of the sample. The simultaneous TG/DTA tech-
nique was used to determine (i) the thermal stability and decomposition behaviour
of the precursor (ii) nature of the combustion reaction and (iii) the minimum cal-
cination temperature.
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1.8 Merits and Demerits of Solid State Method

Several of the subsequent chapters will be devoted to the solution-based synthesis
methods. In view of this, a brief comparison of solid state method with
solution-based synthesis method is given in Table 1.6. More details will be dis-
cussed in the respective chapters.

1.9 Summary and Future Scope

Solid state synthesis of materials is one of the oldest and widest methods used for
synthesis of a wide range of materials. This chapter was intended to introduce
various concepts of solid state synthesis method to the beginners in the field of
materials sciences. Attempts were made to write a comprehensive article on various
aspects of solid state synthesis. The readers are advised to refer the books [115–
118] which deal extensively with experimental solid state chemistry. These will
also apprise the young readers with new directions and trends in solid state
chemistry. Several aspects such as scaling of product and precise cost comparison
could not be discussed in this chapter as they were somewhat out of scope.
However, still we feel that this chapter will inculcate deep interest among the young
students in the field of materials.
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Chapter 2
Combustion Synthesis: A Versatile
Method for Functional Materials

Rakesh Shukla and A. K. Tyagi

Abstract Among several synthesis methods, combustion technique is an efficient
method capable of producing material in shorter duration of time at lower tem-
perature. Combustion method of synthesis has now been considered as an advanced
synthesis protocol that can be used for synthesis of many pure and doped functional
materials. This method has made an impact in the field of material science as it can
be used for development of many stable and metastable materials like metals,
alloys, ceramic, etc. This chapter discusses the basic of this synthesis technique to
the recent advanced development in this field. Synthesis of materials by combustion
will be elaborated followed by applications of few functional materials (catalytic,
electrical, magnetic, and optical properties).

Keywords Self-sustained combustion � Combustion synthesis � Gel combustion �
Sol–gel combustion � Glycine–nitrate precursor � Auto-ignition � Pechini method

2.1 Introduction

The world of science has observed an incredible rise in the field of nanoscience and
nanotechnology in last two decades. Materials are at the heart of any technology,
some technologies desire highly sintered form of the material while some need the
highly porous form, some processes require the size of the product in the micron
form, while some in the nanoform, some processes require highly stable form of the
material while some require the material in metastable form. Thus, the demand of
materials (new or old) in the customized form is a challenge which has been catered
well by the scientist and engineer throughout the globe.
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In the process of designing these materials, not only the conventional materials
were reinvestigated for their properties but also new and better materials have been
invented, that can offer better properties and have potential to replace the con-
ventional materials. Among the various technologies, combustion synthesis is fast
and novel protocol that is used to produce new materials with distinctive properties.

2.2 History

The process of combustion has its genesis in ancient times as well, e.g., the process
of combustion was used to synthesize “kajal” a high surface area carbon black, for
eye application. Moreover, there are evidence of presence of nanomaterials in the
ayurvedic medicinal preparation called “Bhasmas” which were used for the treat-
ment of various diseases. This process was called “Bhasmikaran” which means
controlled combustion [1]. Similarly glimpses of nanotechnology could be seen in
ancient times, e.g., Dichroic Lycurgus Cup is an example of fourth-century
nanoscience. This Roman glass cup was designed with colloidal gold and silver that
show a different color depending on whether or not light was passing through it [2].
Nanotechnology in seventeenth century could be seen in the “Damascus sword”.
The process of smelting for preparing the wootz steel material utilized wood and
plant product as fuel during the carbothermic combustion process which resulted in
the carbon nanotube formation. The analysis revealed that the key to its properties is
nanotechnology, unintentionally used by blacksmiths centuries before the birth of
modern science. This sword achieved its sharpness, strength, and flexibility due to
incorporation of carbon nanotubes in the matrix [3]. Thus, it could be seen that the
field of combustion and nanotechnology was already existing albeit without any
proper scientific name.

2.3 Concepts of Combustion Synthesis

Before understanding the nuances of combustion synthesis, it is important to
understand the concept of combustion. Combustion is an effect of interaction
between a fuel and an oxidant in which enormous amount of heat is generated in a
short time. It can be defined as an exothermic redox reaction in which the fuel gets
oxidized and oxidant gets reduced and enthalpy of the reaction is observed as heat/
flame. The process of combustion reactions is generally transient, characterized by
very high temperatures and large evolution of gases.
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In combustion synthesis, a redox reaction occurs that liberates heat and this
exothermicity of the reaction is utilized to get the desired product. The temperature
of the reaction ranges from as low as 400 K to as high as 4000 K during the
combustion reaction [4, 5]. Temperature observed is a function of the quantity and
quality of the fuel. The heat release during the reaction falls around 1012–1014 W/
m3 [5]. Various metals, intermetallics, alloys, cermets, oxides, composites, etc., can
be prepared by combustion process. With special attention, some carbides, nitrides,
and borides can also be prepared by this process [6–8]. Combustion synthesis is
considered to be simple, economic, rapid, reproducible, scalable, and efficient
process for the synthesis of materials.

Various types of combustion process based on the type of combustion are briefly
discussed below.

2.3.1 Self-Propagating High-Temperature Synthesis
(SHS) [9]

This type of combustion occurs with ignition (auto or through any process) and then
it propagates through the medium without supply of any extra heat. The reaction is
highly exothermic. Due to the lower rate of heat of dissipation compared to heat
generation, proper combustion flame propagation is observed.

2.3.2 Volume Combustion Synthesis (VCS) [9]

This type of combustion occurs with continuous heating, supply of heat is con-
tinuously required until the reaction is complete. Due to the higher rate of heat
dissipation compared to heat generation, a propagating flame is generally not
observed.

Another way of classifying the combustion process is as follows [10]:

(a) Gas phase combustion: Synthesis that includes flame/plasma reactor synthesis
of nanoparticles such as CNT, aerosol-assisted combustion synthesis of oxides
from salts.

(b) Solution phase combustion: One of the most versatile methods used to prepare
oxide nanomaterials.

(c) Solid phase combustion: All metallothermic reduction, solid-state pyrolysis are
classified under solid phase combustion.
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2.4 Classical Combustion Reaction

2.4.1 Metallothermic Combustion or Thermite Reduction
[11]

This method is generally used to synthesize metals/intermetallics/alloys by taking
advantage of the enthalpy of oxidation of highly electropositive elements such as
Mg, Al, and C.

e:g: Fe2O3 þ 3C ! 2Feþ 3COþ heat

Fe2O3 þAl ! 2FeþAl2O3 þ heat

The relative reducing capability of the element can be understood by the
Ellingham diagram that shows the temperature dependence of the stability for
compounds. It is a plot of DG (RTlnPO2) versus temperature. The equilibrium
temperature between the metal, metal oxide, and oxygen is the parameters related in
this diagram. The lower the position of a metal’s line in the Ellingham diagram, the
greater is the stability of its oxide.

The thermite combustion reaction is named based on the element used for
reduction, e.g., carbothermic, aluminothermic, magnesiothermic reaction/reduction.

This chapter will be focus only on solution combustion reaction as other types of
combustion processes are out of scope of this chapter.

2.4.2 Sol–Gel Combustion

Gel combustion is basically an exothermic reduction–oxidation process that occurs
among the oxidants and fuel [12, 13]. Oxidants are usually the metal nitrates/
oxynitrates, which supply the required oxygen for the combustion reaction. Fuels
are organic moiety capable of complexing the ions and getting combusted with an
oxidant at low ignition temperature. The compositional homogeneity throughout
the constituents should be maintained by the fuel. The most commonly used fuels
are urea, glycine, hydrazine, citric acid, hexamethylene tetraamine (HMTA), etc.
The powder properties like crystallite size, surface area, etc., can be tailored by
changing the fuel and also its oxidant-to-fuel ratio. To get the maximum benefit of
heat of combustion (DH) and to complete the combustion process in one step, the
quantity of fuel is determined by the principle of propellant chemistry [14]. The
combustion process comprises of two steps: (i) preparation of fuel-oxidant pre-
cursor or gel formation (formation of homogenous transparent precursor) and
(ii) gel combustion (auto-ignition of the precursor gel to give the product).
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2.4.2.1 Preparation of Fuel-Oxidant Precursor/Gel Formation

This stage includes dissolution of the corresponding nitrate/oxynitrate/acetate salts
of the metals (in stoichiometric molar ratio) in an aqueous media or dilute nitric acid
to obtain a clear solution. An appropriate fuel is added as per the calculated amount
to this mixed metal–nitrate clear solution. On thermal dehydration of this solution
on a hot plate (at about 80–120 °C) a viscous transparent semi-solid (gel) is
obtained. A pictorial representation of the gel formation step is given below
(Fig. 2.1).

Entire process of thermal drying of the solution to obtain the gel is a crucial step,
as any excess traces of water left behind will provide a sluggish combustion thereby
declining the phase purity and powder quality. To avoid any precipitation in the
solution, the nature of the fuel, amount of fuel, and pH of the solution are optimized
so as to get a clear transparent gel precursor.

2.4.2.2 Combustion of the Fuel-Oxidant Precursor or Auto-Ignition

The gel precursor obtained is then subsequently heated at elevated temperature
(*300 °C) that initiates the combustion of gel. The combustion is either a
self-propagating combustion or volume/bulk combustion. The exothermic decom-
position of the gel is observed in the form of fire, that swiftly propagates and covers
the entire gel in a single step. This process does not require further external heating
and therefore, it is also termed as “auto-ignition”. In case of volume or bulk
combustion, the continuous combustion happens with large evolution of gases but

Fig. 2.1 Main steps in combustion process. Reproduced from Ref. [9b], with the permission of
Elsevier publishers
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continuous heating is required. In the auto-ignition process, the flame continues
only for around couple of seconds. During this small period of combustion, the
product formation takes place. Once the auto-ignition process is complete, a large
voluminous powder as a combustion product is obtained. The resultant combustion
product obtained could be the required phase, or partially decomposed precursor
with carbonaceous residue, due to the nature and amount of fuel used in the process.
Throughout the combustion process, significant amounts of gaseous products are
released. These gases disperse the heat energy and fragment the solid residual
product, thereby providing fine powdered products.

Fuel in combustion plays a very important role, nature of the fuel and its amount
in the reaction decides the exothermicity of the reaction and guides the process
toward attaining the powder of the desired product in terms of phase and powder
properties. Therefore, it is important to discuss about the oxidant and fuel in the
gel-combustion reaction.

2.5 Oxidant in the Gel Combustion

An oxidant in gel-combustion reaction is defined as a moiety/salt of the desired
element (of which the compound is to be prepared) that provides oxygen for the
fuel in the combustion reaction.

2.5.1 Desired Characteristic of Oxidants

1. It should be soluble in water or dilute nitric acid.
2. It should not allow precipitation of other cations.
3. It should provide the oxygen for the combustion reaction.
4. It should give out gaseous by-products so that at the end of the reaction only the

desired product is obtained.

Metal nitrates, oxynitrates, and acetates fulfill all the requirement criteria and hence
are selected as oxidants. Metal sulfates and phosphates are stable at higher tem-
perature and do not provide their oxygen for combustion and hence not considered
as oxidant for gel-combustion reaction. Metal halides do not qualify for the oxidant
as per the definition and requirement of the oxidant in the gel combustion.
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2.6 Fuel in the Gel Combustion

A fuel in a gel-combustion reaction is defined as an organic substance/moiety that
binds with oxidant and forms a complex with low ignition temperature. It is con-
sumed in a reaction to produce energy and gaseous products. The primary and most
important properties of the fuel in the gel-combustion process are capability of
maintaining the homogeneity among all the components and must have combustion
with the all the reactants (oxidants) simultaneously at a lower ignition temperature.

2.6.1 Desired Characteristic of Fuel

1. It should maintain compositional homogeneity among constituents throughout
the pH range of combustion.

2. It should form a clear transparent gel.
3. It should undergo proper combustion with the constituents.
4. It should have low ignition temperature.
5. It should be non-hygroscopic, economic, and readily available.

A large variety of organic materials and some inorganic molecules qualify as a
fuel for the combustion reaction. However, choice of fuel should be done on the
basis of cation used and desired powder properties of the product. Some examples
of fuels are, e.g., citric acid, ascorbic acid, glycine, urea, hydrazine, hexamethylene
tetra amine (HMTA), other-a-amino acids, dimethyl urea, EDTA, etc. Some of the
commonly used fuels will be discussed in the next section.

2.6.1.1 Glycine (NH2CH2COOH)

H2N

O

OH
Glycine

It is one of the best, most commonly used and economic a-amino acids for
gel-combustion reaction. It not only acts as a good complexing/coordinating agent
for several metal ions but also stabilizes them by giving a high-quality transparent
and homogenous gel on heating. Glycine has a carboxylic acid (–COOH) group at
one end and an amino (–NH2) group at the other end [15]. This imparts a zwitte-
rionic character to it which is effectively utilized to bind the metal ions of varying
ionic potentials to form complexes and thereby preventing the selective precipita-
tion. The complexes of glycine maintain the compositional homogeneity among all
the reactant constituents. Combustion with glycine gives out a lot of gases, mainly
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H2O, CO2, N2 and NOx that make the material highly porous. The reactions are
spontaneous with high exothermicity resulting with harder agglomerates due to
partial local sintering.

2.6.1.2 Citric Acid (C6H8O7)

HO

O

OH

O OH

O

HO

Citric acid

Citric acid (CA) is also among the most used economic fuel that can be used for
gel-combustion reaction. It forms citrate complexes with metal ions that have low
ignition temperature (*250 °C). CA has three carboxyl group (–COOH) and one
hydroxyl group (–OH) for coordinating the metal ions to maintain the composi-
tional homogeneity through gel formation [16]. Citric acid has no nitrogen atoms
and is high carbon containing fuel. Combustion of citric acid gel gives out lots of
gases, mainly CO2 that makes the material highly porous. The reactions are slug-
gish in nature with less exothermicity resulting with softer agglomerates and better
sinter-active powders.

2.6.1.3 Ascorbic Acid (C6H8O6) [17] and Tartaric Acid (C4H6O6) [18]

OH

OHO

HO

O

OH

Tartaric acid

OH

OH

HO

O
O

HO

Ascorbic acid

Ascorbic acid and tartaric acid are used for metal ion combustion reaction when less
exothermicity is required. They are fuels with high carbon and no nitrogen content,
especially used for sluggish combustion reaction. The complexation is weak with
both the fuels and precipitation can occur early with multiple cation oxidants. The
products formed are charred due to the high carbon of the fuel and in turn requires
longer duration of calcination.
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2.6.1.4 Hydrazine Hydrate (N2H4�H2O) [19]

H2N
NH2

Hydrazine monohydrate
H2O

It is an inorganic liquid with density *1.03 g/cc at 20 °C. It is one of the strongest
known reducing agent fuels. Hydrazine is specially used when a control of oxi-
dation state is required during the combustion process. It is a carbonless fuel that
gives very high temperature during the auto-ignition process. Hydrazine vapor
forms explosive mixtures with air (concentration is >4.7% by volume). This fuel is
also used in a mixture as rocket propellant.

2.6.1.5 Hexamethylene Tetramine ((CH2)6N4) (HMTA) [20]

N
N

N

N

Hexamethylenetetramine

HMTA is an organic heterocyclic tertiary amine that binds very well with the metal
ion. The combustion with HMTA is highly exothermic and explosive. The reaction
has high enthalpy of combustion because of which hexamethylene tetramine is used
as one of the base components to produce research developed explosives (RDX).

2.6.1.6 Aspartic Acid (C4H7NO4) [21] and Glutamic Acid (C5H9NO4)
[22]

NH2

O

HO

O

OH

Glutamic acid
NH2 O

OH

O

HO

Aspartic acid

Both of the compounds are high carbon fuel “acidic-a-amino acid”. Aspartic acid
has total four carbon, while glutamic acid has five carbon atoms in the molecule.
They contain two carboxylic (–COOH) groups and one amino (–NH2) group. These
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acids show better coordination with the metal ions through gel formation as they
form polychelate complex with the cations but sometime selective partial precipi-
tation is observed due to competing stability of the complex. These fuels are
undergoing combustion at low temperatures (*250 °C). The combustion process
with these acids as fuel show controlled sluggish combustion which yield product
with better powder properties.

2.6.1.7 Arginine (C6H14N4O2) [23]

NH2

H
N

NH

H2N

O

OH

Arginine

Arginine is a strong basic a-amino acid containing two amino (–NH2) groups and
one carboxylic (–COOH) group. They show better ability for complex formation
with hard metal ions giving a consistent gel precursor that gives combustion at
lower temperature in basic pH range.

2.6.1.8 Tryptophan (C10H10N2O2) [24]

NH2

N
H

O

OH

Tryptophan

Tryptophan is a weakly basic a-amino acid containing one amino group and a
heterocyclic moiety containing nitrogen as the heteroatom. Tryptophan is capable
of complexing with the soft metal ions. Sometimes partial precipitation is the
problem with this fuel.
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2.6.1.9 Valine (C5H11NO2) [25] and Phenyl Alanine (C9H11NO2) [25]

H2N

O

OH
Phenylalanine

NH2

O

OH

Valine

They are well-known neutral a-amino acids with one amino and one carboxyl
group. Their combustion reaction is similar to the glycine reaction but a number of
moles of gases evolved are more.

2.6.1.10 Urea (CH4N2O) and Dimethyl Urea (C3H8N2O) [25]

N

O

H2N

Dimethyl ureaUrea

Urea and dimethyl urea are good chelating agents and hence unique set of fuels.
They undergo violent combustion with very high exothermicity. They are also used
as combustion fuel in some of the combustion reaction where nitrogen doping is
required, e.g., nitrogen-doped titania [26].

2.6.1.11 Ethylene Diamine Tetra Acetic Acid (EDTA) (C10H16N2O8)
[27]

EDTA is a well-known complexing agent and a unique fuel with two amino and
four carboxylic acid groups. In the case where precipitation with other fuel is
problem, then EDTA as fuel is a better option due to its better complexing ability
attributed to multi-denticity of this ligand.
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EDTA

Various other fuels have also been explored as reported in the literature just to
name a few, oxalic acid, ethylene glycol, carbohydrates (starch, sucrose, glucose,
etc.), waste-derived fuels, polymeric fuels, microstructure guiding fuels and shape
directing fuels. Sometimes use of single fuel does not serve the purpose of gelation/
complexation of the mixed metal ions which calls for the use of mixed fuel. In case
of mixed fuel, two or more fuels in different molar ratio are added so as to get the
desired phase and desired microstructure. Therefore, in order to get the better
control over the combustion and the product’s powder properties, mixed fuels are
taken. Some examples of combination of fuels are EDTA-citrate, sucrose-PEG/EG,
CA-PVA, CA-succinic acid, etc. [28–31]. A very interesting review has been
published by Deganello and Tyagi which carries in detail information about the fuel
utilization in combustion reaction [32].

2.7 Role of Fuel

Gel combustion involves reaction/complex formation between fuel and oxidant, and
nitrates/oxynitrates/acetates fulfill the requirement of oxidant by providing the
oxygen for combustion of the fuel. A suitable fuel in required amount is dissolved
with the mixed metal nitrate solution. As mentioned earlier, the fuel serves the dual
purpose of not only providing the heat of reaction during the redox combustion
process, but also binding the reacting metal ions so as to bring them in close
proximity to one another. The fuel should have better stability of complexes, as it
should bind all the metal ion so as to avoid precipitation. However, more stability
results in high temperature of ignition, hence optimization of better stability and
low ignition temperature is required for the combustion reaction.

The fuel selected should be able to form a uniform transparent gel on heating.
The gel thus formed maintains an intimate blending between fuel and an oxidant,
which is necessary and important step for the combustion process. The decompo-
sition of the gel should preferably occur in single step, uniform and rapid to ensure
no side products are formed. As discussed earlier, the thermal dehydration process
should be complete otherwise a sluggish combustion and inferior quality product
powder is obtained.
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2.8 Selection of Fuel

Selection of fuel is a very important step in a combustion reaction. As fuel forms
complex with oxidant and finally forms a gel, quality of final product, to some
extent, depends on this step. The stability of the complexes, the nature of the gel
formed, pH of the precursor gel, the auto-ignition temperature, all depend upon the
selection of proper fuel. The formation of desired phase and powder properties of
the material thus depend lot on the fuel selection.

The criteria for selection of fuel varies from on case to case. However, some
guidelines that can help in selecting the appropriate fuel are given below:

1. Temperature requirement for the formation of product,
2. Thermodynamic and thermal stability of the product,
3. Stability of the gel obtained for auto-ignition.

To obtain the desired powder quality, one should optimize the size of the batch.
The flame temperature, quantity of gaseous by-product, and reaction kinetic of the
combustion reaction are also points of consideration.

For example, if there are two competing phases (high- and low-temperature
form) for a compound and isolation of each phase is required, then one should
select citric acid in fuel-deficient ratio and glycine in stoichiometric ratio. Citric
acid will provide low heat of combustion, therefore low temperature phase could be
easily obtained, while glycine has high heat of combustion hence high-temperature
modification can be obtained.

For mixed-cation oxidants, the stability of their complexes should be similar
otherwise partial precipitation of one the cations would occur before ignition
resulting in biphasic mixture instead of single phasic compound.

2.9 Amount of Fuel

Amount of fuel plays a very important role in gel-combustion method. As per the
rule of propellant chemistry, to get a stoichiometric redox reaction between a fuel
and an oxidant, the ratio (U) of net oxidizing valency of oxidants to net reducing
valency of fuel (O/F) should be one [16]. An example of calculation of these
valencies is elucidated below.

For synthesis of nanocrystalline Eu2O3.
The oxidizing valencies calculated for the oxidant, viz. Eu(NO3)3�6H2O is 15−.

The reducing valency of the fuel, viz. glycine is 9+. The oxidizing and the reducing
valencies are calculated as follows:

(i) Eu(NO3)3∙6H2O: (oxidizing valency of Eu = 3+, N = 0) (reducing valency of
O = 2−).
Thus, the net oxidizing valency = 15−
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(ii) NH2CH2COOH: (oxidizing valency of N = 0, H = 1+, C = 4+).
Thus, the net reducing valency = 9+.

The valencies of C and N are taken as 4+ and 0, as these species are lost as CO2

and N2, respectively, during the combustion process [12]. The ratio of O/F valency
then turns out to be 1:1.66 is called as (U), and this is the stoichiometric ratio. The
O/F ratio lesser than 1.66 is termed as the fuel-deficient ratio and O/F ratio greater
than 1.66 is called as fuel-excess ratio. This O/F ratio is an important factor as it
governs the flame temperature and heat of the combustion process. Theoretical and
the experimental trend of temperature at increasing U values is shown in Fig. 2.2.

2.10 Selection of Fuel to Oxidant Ratio

Combustion can be performed in various oxidant-to-fuel ratio, i.e., from
fuel-deficient ratio to fuel-excess ratio. The nature of combustion and obtained
powder would vary in properties for different oxidant-to-fuel ratio.

The nature of combustion can be categorized into following categories.

2.10.1 Extreme Fuel-Deficient Gel-Combustion Reaction

When the amount of fuel used is less than the 40% of the stoichiometric ratio, the
combustion is considered as “Extremely fuel-deficient gel-combustion reaction”.
This combustion gives flameless smoldered reaction with evolution of large volume
of gases like H2O, CO2, NOx, etc. This combustion is performed when the thermal
stability of the product is low. As this reaction is bulk/volume combustion, con-
tinuous external heating is required for completion of the reaction.
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Fig. 2.2 Theoretical and the
experimental trend of
temperature at increasing U
values. Reproduced from Ref.
[32]: Prog Cryst Growth &
Character Mater 64(2018) 23–
61 with the permission of
Elsevier Publishers
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2.10.2 Fuel-Deficient Gel Combustion

When the amount of fuel used is more than the 40% but less than stoichiometric
ratio, the combustion is considered as “Fuel-deficient gel-combustion reaction”.
Fuel-deficient combustion gives sluggish combustion with large evolution of gases
but yields powder that are soft agglomerates with better sinter activity. In this case
also, external heating is continuously required for completion of reaction. This
combustion gives generally the best powder characteristics.

2.10.3 Stoichiometric Gel Combustion

The combustion with the amount of fuel equivalent to the ratio of
oxidizing-to-reducing valency is the stoichiometric gel-combustion reaction.
Stoichiometric gel-combustion reaction gives self-propagating auto-ignition process
in violent manner. The reaction occurs with proper flame that exists for 3–5 s.
Exothermicity of the reaction is very high and high temperature up to 1800 °C can
be observed. Hard agglomerates are formed in stoichiometric gel combustion due to
local partial sintering of the nanocrystalline powder.

2.10.4 Slight Fuel Excess Gel-Combustion Reaction

When the amount of fuel is taken slightly excess than the stoichiometric ratio but
less than ratio 1:1.15, then the combustion is termed as slight fuel excess
gel-combustion reaction. The combustion happens similar to the stoichiometric
gel-combustion process. In order to increase the exothermicity, sometimes an extra
oxidant, i.e., ammonium nitrate in calculated amount is added. The reaction pro-
ceeds in violent manner and hence proper care and safety is required for this
reaction.

2.10.5 Extreme-Fuel Excess Gel-Combustion Reaction

When the fuel is taken in relatively higher amount than the stoichiometric ratio, i.e.,
more than 1:1.2, then the combustion is termed as extreme fuel excess
gel-combustion reaction. These reactions undergo decomposition of gel without
flame. As sufficient oxidant is not available, the fuel decomposition occurs with less
oxygen resulting in charring of the products. The product obtained are with very
high carbon content and need longer duration calcination to get rid of the car-
bonaceous impurity.
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Exothermicity of the reaction is governed by fuel-to-oxidant ratio. The
fuel-deficient combustion yields highly porous and soft aggregates due to large
evolution of gaseous product, whereas stoichiometric combustion results in com-
pound with hard agglomerates, so the powder properties are different and varies as a
function of nature of fuel, fuel content and in turn exothermicity of the reaction. If
one needs a material for catalyst, then soft agglomerate forming fuel-deficient
combustion should be preferred, but if one needs material for column chromato-
graphic application then stoichiometric ratio is the best as it will provide hard
agglomerate powders providing additional mechanical strength to the column
packing material and avoiding choking of the column.

2.11 Selection of Reaction Vessels

Selection of reaction vessels should be such that it withstands the entire combustion
process, should be non-corrosive, and should not add any impurity to the powder.
The best suitable vessels for laboratory purpose are high-quality borosilicate glass.
For large-scale industrial purposes, the reactor chamber should be low cost, durable,
and inert, and hence, stainless steel is one of the preferred choices for combustion.

2.12 Role of PH

The pH level of the solution must be maintained crucially in slight acidic range in
order to prevent any precipitation of any of the metal hydroxide or other salts.
Partial or complete precipitation of reactants affects the composition of the product.
In fuels with amino acids, due to the presence of basic and acidic groups in the
same molecule, they are capable of forming zwitter/dual-natured ions in aqueous
solutions with a basic part, ammonium ion (NH3

+) and an acidic part, carboxyl
anion (COO−). Thus, the overall acidic or basic behavior and its complexation
behavior are dependent on the pH or hydrogen-ion concentration of the solution,
and for each fuel, there is a specific pH value, at which it behaves as neutral. This
specific pH value is termed as isoelectric point. Therefore, every fuel has its own
isoelectric point and its prior knowledge helps in the selection of optimum pH for
the combustion reaction.

Gelation conditions also play a major role in combustion synthesis. Gelation is
formation of 3D complex network of fuel and the oxidant. Gelation allows intimate
blending of atoms/ions in the solution. The rate of water evaporation also plays a
very important role in the formation of gel. Slow evaporation of water is always
beneficial as it provides a better quality gel which in turn gives homogenous
product powder. The parameters that can be optimized to get the desired product are
time for complexation of sol–gel, pH of sol–gel, aging of gel, water content of sol–
gel, temperature of gelation, etc.
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2.13 Modified Gel-Combustion Method

Over the year, scientists have applied their innovation and modified the conven-
tional gel-combustion method to achieve better material with desired properties.
Some of the modified synthesis methods are discussed below:

(a) External template-assisted combustion method: In this method, an external
template either of organic origin such as cellulose, waste-derived biofuels, or
inorganic origin such as silica, carbon, alumina, other salts are added to get a
desired environment/impregnation or impregnated material for the application
[32]. Various nanocomposites can be easily prepared by this method.

(b) Non-oxidizer combustion process: This modified combustion process uses
non-oxidizer compounds instead of nitrate mixtures. Best example are lithium
silicates, namely Li2SiO3, Li2Si2O5, and Li4SiO4, which were obtained by this
method depending on the reaction conditions. Li4SiO4 compound with small
impurity was synthesized by Cruz et al. [33] using this modified combustion
method.

(c) Emulsion combustion synthesis: This method developed by Takatori et al.
utilizes formation of emulsion and then combustion is carried out by intro-
ducing it into the flame. After combustion, the resulting powder is collected.
The emulsion combustion method is a highly scalable production method for
synthesis of nanopowders with special powder properties. Metal ions dissolved
in the aqueous droplets forms an emulsion with the oil and surfactant and are
swiftly oxidized by the ignition of the encapsulating flammable fluid. The
process provides thin-walled homogenously distributed hollow particles.
Aluminum oxide, zirconium oxide, zirconia–ceria solid solutions, and barium
titanate were synthesized by the ECM process [34].

(d) Biowaste fuel combustion synthesis: Naturally existing materials or biowaste
such as fruit peel/seed/pulp extracts are used for the combustion as fuel. Azizi
et al. have discussed the synthesis of biomorphic ZnO for biomedical appli-
cations using such fuel [35].

(e) Combination or two-step method: This method is combination of two methods
of which one is combustion technique. The combustion method is used to
prepare material in nanoform. The nanopowder is then treated to obtain the
desired product, e.g., for synthesis of lower valent compounds, vacuum
reduction in presence of zirconium is carried out. To synthesize CeScO3 ini-
tially a gel combustion is carried out to obtain the precursor nanopowder, which
is fluorite-type solid solution of ceria and scandia (Ce0.5Sc0.5O1.75) [36]. The
calcined powder after pelletization was wrapped in tantalum (Ta) or platinum
(Pt) foil. The wrapped foil is then transferred to a quartz tube having thin
pelletized zirconium sponge. The assembly is online vacuum sealed at 10−6

mbar pressure. The ampoule is heated to 1100 °C for 24 h to get phase pure
CeScO3. Zirconium metal at high temperature has got very high affinity for
oxygen. The reaction of formation of zirconium oxide is irreversible. Hence,
during this heating process, in the presence of zirconium powder, the residual
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oxygen in the sealed ampoule is taken up by zirconium metal and there is an
additional reduction of partial pressure of O2, which creates a reducing atmo-
sphere and facilitates reduction leading to stabilization of lower valent ion in
the compound. The schematic representation is shown in Fig. 2.3.

Some important features to be noted

1. While carrying out gel combustion with barium or strontium nitrate solution
with glycine as fuel, excess of nitric acid leads to precipitation of the alkali metal
near the gel-formation step and hence small amount of water is added contin-
uously to prevent the precipitation. A common example in this regard: during
synthesis of BaZrO3, under too much acidic condition, Ba2+ complex precipi-
tates out. Under basic condition, zirconium hydroxide precipitates out, hence
optimization of pH is very much required during the synthesis of these kinds of
compounds.

2. Extra care of maintaining pH has to be taken when the combustion is performed
with zirconyl ion as precipitation is sensitive to not only pH but also to the water
content in gel. Frequently few drop of basic water (i.e., ammoniated water 0.1%
NH3 in water) is added during evaporation till the gel formation.

2.14 Precautions and Limitations

The auto-ignition process of gel combustion is prompt and vigorous with a large
amount of heat and gas release for very short duration. Combustion process is
known for its simplicity, but a few precautionary measures are necessary:

(i) Proper information about the fuel and its behavior should be compiled. If the
data is not available, a small TG-DTA experiment should be carried out to
understand the ignition temperature and heat release. Initially small batch
reactions are useful to understand the behavior of the fuel and the oxidants.

Fig. 2.3 Schematic of
assembly to achieve low
partial pressure of oxygen
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(ii) The combustion experiments should be carried out in fume hood. For a large
batch of combustion, an arrangement for proper and safe ventilation should
be done.

(iii) Combustion process should be carried out in a wide mouthed apparatus, with
large volumes to avoid any pressure build up.

(iv) Combustion-synthesized powders are highly reactive as their surface area is
large and surface energy is high. Proper conditions of calcinations and
storage are required to avoid any deterioration in powder properties.

Thus, it can be said that with proper knowledge of reactants, combustion pro-
cess, and safety guidelines, combustion reaction can be easily carried out to syn-
thesize innumerable products that can be used for various applications. In next
section, few examples of material synthesized by gel-combustion route will be
discussed.

2.15 Typical Examples of Materials Synthesized
by Gel-Combustion Route

Various products synthesized via combustion route have been adopted in various
technologies and some of them will be discussed briefly. The combustion technique
has been employed by the various researchers to get the desired products.

1. Synthesis of metals [37], alloys [38], simple oxides [39, 40], doped oxides [41,
42], mixed or complex oxides [43, 44], cermets [45], to evaluate the structure
and functionalities, e.g., recently precursors of high entropy alloys in oxide
forms were prepared by combustion method using citric acid as fuel by Niu
et al. Single phasic high entropy alloys could be easily prepared by GC followed
by heat treatment method compared to mechanical alloying method [37].

2. Various compounds with fluorite [46], rutile [47], perovskite [48], spinel [49],
garnet [50], pyrochlore [51], hexagonal perovskite related structure [52], bix-
byite structure [52], corundum [53], etc., structure have been synthesized and
explored.

3. The combustion-synthesized product has been used in production of function
materials for various application such as conventional ceramics, electroceramics,
bioceramics, magnetic oxides, porous materials for sorbents, catalysts such as
catalyst for CO oxidation, catalyst for selective oxidation and reduction, catalyst
for Suzuki coupling, and optical materials. Some examples are discussed below
for each application.

Simple oxide-based conventional ceramics form the major part of the ceramic
materials. Alumina (Al2O3) is one of the widely used ceramic [54]. Studies indicate
that solution combustion offers a flexible process for preparation of nanocrystalline
Al2O3 and ZrO2 powders which can be used for making compact ceramics with
desired properties. [55–60] Stabilized zirconia using Y2O3, MgO, CaO substitutions
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has found significant utilization in industries. Also, CeO2, magnetite (Fe3O4) zinc
oxide (ZnO), etc., are in great demand [56–60]. Nanocrystalline ceramic oxides
synthesized using combustion method show better characteristics in terms of
crystallite size, surface area, agglomeration, sintered density, etc. Functional
properties and demand of such nanoceramic oxides have seen significant growth in
recent few decades [55].

Electroceramics are the materials that have found applications in electrical and
electronic field. Many oxides possess dielectric/ferroelectric/semiconductor prop-
erties. Several electroceramics synthesized by gel combustion have been explored
for, e.g., barium titanate (BaTiO3) [61], strontium titanate (SrTiO3) [62], Bi4Ti3O12

[63], etc. Several examples of electroceramic material synthesized by
gel-combustion method have been discussed in by Varma et al. [55]. The fields of
solid oxide fuel cells (SOFC), solid oxide electrolyzer cells SOEC, direct methanol
fuel cells (DMFC) have seen tremendous advancement by utilizing this modern
method of synthesis, e.g., Liu et al. have synthesized Ba0.5Sr0.5Co0.8Fe0.2O3−d and
La0.9Sr0.1Ga0.8Mg0.2O3−d composite cathode for solid oxide fuel cell with desired
grain size, microstructure, better chemical compatibility, and electrochemical per-
formance [64]. The properties such as specific resistance (q) and the activation
energies (DE) of this material were found to be superior for the
combustion-synthesized material compared to the conventional material. Solution
combustion-synthesized wüstite-based material was explored for the water-splitting
activity and production of hydrogen [65]. The regeneration factor was better in the
solution combustion-synthesized sample compared to the solid-state-synthesized
samples of the same composition which was attributed to the higher concentration
of structural defects formed in the combustion-synthesized sample. Jayalakshmi
et al. reported synthesis of nanosized ZnO/carbon composite with better specific
capacitance, compared to bulk ZnO powder and utilization of it for supercapacitor
application [66].

Kam et al. investigated glycine–nitrate combustion-synthesized
titanium-incorporated nickel manganese cobalt oxide (NMC) cathode materials
[67]. Electrochemical properties evaluation of this material was carried out, and
better cycling performance of the battery was attributed to the synthesis method and
Ti substitution which results in decreased cell volume change during deintercalation
of lithium.

A lucid review by Xu et al. discusses the important battery materials synthesized
by solid-state and solution combustion method. V2O5 nanowire clusters prepared by
gel-combustion method using biofuel, cassava starch, exhibited better rate capa-
bility and cycling ability (188 mAh g−1 and capacity retention*90%) [68, 69]. The
combustion synthesis method aides control of the morphology and particle size of
the synthesized products.

Of late ceramics are increasingly used for biomedical applications. Bhatkar et al.
[70] discussed the combustion synthesis of akermanite (Ca2MgSi2O7and
Sr2MgSi2O7), which are known to have better in vitro and in vivo bioactivities.
Srinivas et al. [71] discussed the use of combustion-synthesized yttria-stabilized
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zirconia as defect bone filler. Yttrium tetragonal zirconia polycrystals (Y-TZP), an
all-ceramic system, is used for crowns and fixed partial dentures [72].

Ferrites are the most commonly known magnetic oxides, and they show different
structures with various properties. Magnetic oxides have several applications such
as in recording media, cooling devices, sensing materials, environmental remedi-
ation, catalysis, and other biomedical utilization [73–75]. Solution combustion
synthesis of different iron oxides, i.e., a- and c-Fe2O3 and Fe3O4, has been reported
by Deshpande et al. [76]. They showed that by utilizing complex fuels and complex
oxidizers and other reaction parameters, a better control of the product composition
and properties could be obtained. Other magnetic oxides have been reported in the
informative review by Varma et al. [55].

Highly porous magnesium oxide is synthesized via combustion method using
Mg(NO3)2 and ethylene glycol [77]. The as-prepared porous magnesium oxide
showed large BET surface area of 203.8 m2/g after calcination. The porous mag-
nesium oxide exhibited superior adsorption removal properties with maximum
adsorption capacity of *1088 mg/g in removing Congo red a toxic dye [77].
Venkatesham et al. discuss the synthesis of high surface area zinc oxide by gel
combustion and its utilization as an efficient adsorbent to remove lead (II) (Pb2+)
from aqueous solution. Adsorption characteristic was studied by varying the effect
of lead concentration, adsorbent dosage, and pH [78]. Luu et al. have applied
combustion method to synthesize different crystallite sizes of Ca-doped LaCoO3

nanoparticles using polyvinyl alcohol and metal nitrate by varying the reaction
conditions. Total oxidation of CO with this nanocatalyst was observed well below
250 °C. The enhanced activity was attributed to the synthesis protocol, grain size,
nanocrystalline phase, and morphology of the nanoparticles [79]. Nanocrystalline
CeZrO4−d was synthesized via gel-combustion method using glycine as a fuel. The
material was used as a substrate for photodeposition of palladium. This photode-
posited palladium on nanocrystalline CeZrO4−d support was evaluated for CO
oxidation, as a function of particle size and pretreatment. Based on the studies, it
was inferred that Pd with average crystallite size of 7 nm exhibited excellent cat-
alytic activity for CO oxidation. Detailed analysis revealed that Pd deposition
occurs preferentially at oxygen-vacancy sites and subsequent metal-support inter-
action influences the catalysis [80]. Pawar et al. have used BaFe2O4 synthesized via
citrate gel-combustion method for selective oxidation of styrene to benzaldehyde
[81]. Phase pure Pd-doped CeZrO4-d and undoped CeZrO4−d were prepared via
gel-combustion method. Photodeposition of 1 wt% Pd on reduced CeZrO4−d sup-
port displays significantly higher catalytic activity than other catalysts for Suzuki
cross-coupling reaction. Pd on redox CeZrO4−d fresh catalysts and reduced form of
5% Pd on CeZrO4−d catalyst exhibited 100% conversion in 2.5 and 1 h [82]. Costa
et al. have prepared highly sintered ceramics of laser host material Nd: YAG by gel
combustion at almost half the temperature (850 °C) of the conventional synthesis
method (1600 °C) [50]. An efficient red emitter phosphor Cr3+ doped MgAl2O4 was
synthesized by the combustion method using urea as fuel. The luminescent prop-
erties were also compared with the structural parameters [83].
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2.16 Comparison of Solid-State Reaction and Combustion
Reaction

Solid-state reactions Combustion reactions

As solid-state reactions are diffusion
controlled, they are kinetically sluggish and
mostly need high-temperature furnace

Combustion reactions are carried out in
solution; hence, they are kinetically rapid and
can be carried out on a simple hot plate

Micron-size particles are obtained Nanoparticles are obtained

For reaction heating, grinding and pelletizing
at each heating step required

One-time calcination required to get rid of
carbonaceous impurity

Thermodynamically stable product is formed Metastable product can be formed and also
could be isolated

Complete product formation requires days or
weeks

Product is formed within few minutes to
hours

Each synthesis method has its own merits and demerits over the other. However,
it is up to us, how to converge toward the best synthesis method for a typical
reaction and achieve the best desired properties.

2.17 Merits and Demerits of Gel-Combustion Process

Merits

1. Gel-combustion synthesis is a versatile process giving monophasic homogenous
powders at lower temperatures.

2. This technique provides an atomistic level of blending among the reacting
constituents.

3. This preparatory method does not require any elaborate experimental setup and
can be employed in the scale up of materials with high production rate.

4. The combustion process utilizes cheap raw materials and hence is economical.
5. The process is capable of stabilizing metastable phases.
6. The powder products obtained using gel-combustion technique consists of fine

crystals of high purity.
7. As these combustion-synthesized powders are loosely agglomerated, they can

be sintered to high densities at lower temperature in a short time.
8. The desired powder characteristics such as particle size and surface area can be

achieved by altering the process parameters such as nature and amount of the
fuel.
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Demerits

1. As the combustion-synthesized powders are voluminous in nature, their han-
dling and transferring require special care.

2. The powders obtained are found to be agglomerates of fine crystals due to the
exothermicity of the combustion reaction.

3. These powders usually exhibit high-dimensional shrinkage during the sintering
process.

2.18 Sinterability and Nanopowders

Sinterability is one of the important mechanical properties of material. The densi-
fication of a material depends upon large number of factors such as

(i) nature of starting materials, (ii) preparation method, and (iii) heat treatment
conditions such as atmosphere and rate of heating.

Sintering is driven by the reduction of surface energy of the constituent particles,
which by coming close together result in lowering of free energy of the system. The
main purpose of sintering is to create a solid dense body of the desired size and
shape, with as little porosity as possible. Ideally the material should achieve near
theoretical density with uniform grain size and homogenous microstructure.
Densification takes place by transport of matter through diffusion of atoms, ions, or
other charged species. Sintering is a thermally activated process that follows an
Arrhenius-type behavior [84]. The sintering behavior of any material relies on
various parameters like temperature, time, composition, particle size, and surface
area. As a result, material transport and sintering occur faster at higher tempera-
tures. Finer the particle size, faster is the sintering process, as less diffusion path has
to be followed. It has been observed that nanoparticles obtained after combustion
get sintered at comparatively much lower temperatures, than those in solid-state
reactions.

There is a strong correlation between the sintered density and powder properties
for nanocrystalline powders. Combustion method provides nanocrystalline powders
with very high surface area and high surface-to-volume ratio. Due to their high
surface energies resulting from the unsaturated bonds on their surfaces, these
nanoparticles tend to react among themselves resulting in large secondary particles
termed as agglomerates. The nature and the extent of agglomeration of the
nanopowders is a crucial property which has a direct impact on their sinterability.
Depending upon the nature of bonding among the nanoparticles, there are two types
of agglomerates, viz. soft and hard. The term “agglomerate” is generally used for
“soft” agglomerates in which the particles are attached together by weak van der
Waals forces. “Hard” agglomerates often referred as aggregates are formed due to
the partial local sintering among the nanoparticles. The crystallites within hard
agglomerates are more strongly bonded together with predefined pores. Such
powders are not required for the fabrication of nanoceramics as they will result in
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non-uniform dispersion of grain densities. It is challenging to synthesize
nanopowders with minimum agglomeration and uniform particles, e.g., Accardo
et al. [85] have synthesized phase pure gadolinium-doped ceria (GDC) and bismuth
co-doped GDC (BiGDC) by sol–gel combustion method [83]. The synthesis
method and Bi co-doping not only considerably reduce the sintering temperature by
300 °C but also high densification *99.7% theoretical density is achieved. This
material showed superior performance as a solid electrolyte in
intermediate-temperature solid oxide fuel cells. The TEM and SEM micro-
graph showing powder morphology and sintered microstructure of GDC and Bi
doped GDC are shown as Fig. 2.4.

2.19 Conclusions and Future Scope

Among all the available synthesis methods, combustion technique has the capa-
bility of delivering ultra-fine nanopowders in shorter duration of time with a lower
calcination temperature. The nanocrystalline powder obtained via combustion
process shows better powder properties such as finer crystals, large surface area,
and higher sinterability. The better characteristic of the material obtained allows it
to be useful for electrical, optical, catalytic, magnetic, and other high-end appli-
cation. One of the important aspects regarding the combustion process is the tun-
ability of the processing conditions to obtain metastable phases. With varieties of
modification coming up in this process, this technique has opened up a new
direction of synthesis which in future will cater the needs of the scientist to design
the material for technological demands.

Fig. 2.4 TEM and SEM micrograph showing powder morphology and sintered microstructure of
GDC, 1% Bi co-doped GDC, 3% Bi co-doped GDC, and 5% Bi co-doped GDC. Reproduced from
Ref. [85]: Ceramics International, 44(2018) 3800–3809 with the permission of Elsevier Publishers
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Chapter 3
Microwave-Assisted Synthesis
of Inorganic Nanomaterials

Dimple P. Dutta

Abstract Microwave-assisted synthesis has seen rapid development in the last two
decades as it is being heralded as a green synthesis technique. It is based on the
effective absorption of microwave energy by the reactants/solvents in a chemical
reaction which results in efficient heat transfer through dielectric heating. The
reactions occur at a must faster time scale compared to conventional thermal
heating and helps in the reduction of carbon footprint. In this chapter, the effect of
microwaves in chemical reaction and the advantages of microwave heating com-
pared to thermal methods has been discussed in detail. The different components in
domestic and laboratory microwave reactors have been reviewed. The
microwave-assisted synthesis of various class of compounds, particularly inorganic
nanomaterials, that has been recently reported in literature, has been explored. The
precautions to be observed while planning a microwave synthesis reaction has been
explained. The chapter ends with a concise report on future outlook and prospects
of microwave-assisted synthesis technique.

Keywords Microwave energy � Synthesis � Nanomaterials � Dielectric heating �
Microwave reactor

3.1 Introduction

Microwaves are electromagnetic waves having frequency in the range of 0.3–
300 GHz and are located between the infrared and radiofrequency region of the
electromagnetic spectrum. The application of microwaves in mobile communica-
tion, satellite broadcasting, and in RADAR systems is well known. Besides these,
they are also being used in industrial, biomedical, chemical, and in scientific
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research applications. The energy associated with the microwave radiation varies
from 1.24 � 10−6 to 1.24 � 10−3 eV which is insufficient to break chemical bonds
or even trigger Brownian motion [1]. However, in 1945, Percy LeBaron Spencer, an
American engineer at the Raytheon Co., accidentally chanced upon the heating effect of
microwaves. Spencer was engaged in developing magnetron for generating microwave
radio signals with application in combat radars. He noticed that a bar of chocolate
melted in his pocket when the magnetron was switched on [2]. In his quest to find an
explanation to this observation, he discovered the heating effect of microwaves. The
first commercial microwave oven was built by Spencer in 1947, and it weighed around
300 kg and was approximately 5.5 ft tall. With passage of time, the magnetrons used to
generate microwaves became cheaper and microwave ovens gradually found applica-
tion in household cooking and heating of food. The utility of microwaves in inorganic
synthesis in liquid phase was first explored by Komarneni and Roy in 1985 [3]. In 1986
Robert Gedye, George Majetich and Raymond Giguere published papers relating to
application of microwave radiation in organic synthesis [4, 5]. This triggered an interest
in the scientific community regarding microwave heating technology, and it has
emerged to be a popular choice as heat source for conducting chemical synthesis at a
much-reduced time compared to that possible using conventional heating techniques
[6]. In order to avoid interference with cable communication and mobile phone fre-
quencies, all domestic microwave ovens and dedicated microwave reactors for
chemical synthesis operate at a frequency of 2.45 GHz. Earlier, most of the chemical
reactions were performed in household microwave ovens which had poor control over
the experimental parameters and hence there was a reproducibility issue with the
reported experiments. However, in recent times, microwave-assisted synthesis has
gained prominence with the availability of microwave reactors with special features like
built-in magnetic stirrers and temperature and pressure sensors. Consequently, its
application in material sciences, nanotechnology, organic/peptide synthesis, polymer
science, and biochemistry has gained immense prominence [7].

Organic synthesis using microwave-assisted technique is being extensively
explored by drug companies for drug screening and discovery. Since huge number
of compounds are synthesized for screening in the pharmaceutical industry, the fast
kinetics and increased variety of reaction offered by microwave-assisted organic
synthesis reduce the time for the production [8]. A large number of review articles
are available in literature which focus on both the process of microwave-assisted
organic synthesis as well as its related applications [8–10]. The microwave-assisted
preparation of inorganic nanomaterials in solution phase is currently a fast-growing
area of research. Review articles on metal, carbon, inorganic and colloidal nanos-
tructures, as well as metal oxide nanoparticles supported on carbon nanotubes,
polymer nanocomposites, and nanoporous materials are available in literature [7,
11–18]. In this chapter, the focus is on microwave-assisted synthesis of inorganic
nanostructures with special emphasis on materials synthesized in the past decade.
A background on effect of microwaves in chemical reaction has been given along
with the differences in microwave and conventional heating. The effect of solvents
and open or closed reaction environment on microwave synthesis has been dis-
cussed. Microwave-assisted synthesis of metals, semimetals, alloys, metal oxides,
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metalchalcogenides, inorganic biomaterials, inorganic–inorganic nanocomposites,
and inorganic–organic nanocomposites, in various solvents including water, poly-
ols, ionic liquids, etc., have been reviewed in detail. Finally, the challenges and
future prospects of microwave-assisted synthesis has been deliberated upon to
analyze the potential of this technique at industrial scale.

3.1.1 Effect of Microwaves in Chemical Reaction

A 2.45 GHz microwave oven/reactor does not produce enough energy to break
typical chemical bonds. The energy is less than that of Brownian motion and can
only affect molecular rotations. Microwaves are non-ionizing and only thermally
activate the system. Therefore, it does not change the molecular structure of the
compounds being heated. Microwave chemistry is based on efficient heating of
materials and is different from photochemical processes where chemical reactions
occur by direct absorption of electromagnetic radiation. The heating effect of
microwaves (MW) is triggered by mechanism of dipolar polarization and ionic
conduction depending on the materials used for the reaction. When polar solvent or
reagents are involved, the dipoles in the sample strive to align themselves in the
direction of the applied electric field under influence of microwaves. Since the
electric field oscillates, the molecular dipoles attempt to realign themselves
accordingly along the alternating electric field, and this leads to loss in energy
through molecular friction, rotation, and dielectric loss. The heating effect is related
to the ability of these molecular dipoles to realign themselves with the applied field
frequency. Heating effect is disrupted if the dipoles align too quickly which hap-
pens with low frequency radiation or if unable to reorient themselves which occurs
when the frequency of MW radiation is high. In ionic conduction mechanism, as the
name suggests, the ions formed in the solution collide with the neighboring atoms
or molecules in the presence of the oscillating electric field and energy is lost in the
form of heat. The heating effect through ionic conduction is stronger compared to
that obtained via dipolar rotation mechanism [7]. This is evident when equal vol-
ume of distilled water and tap water is heated under identical radiation power and
fixed time in a MW reactor. The final temperature is higher in the tap water sample
containing dissolved ions as in this case both dipolar polarization and conductive
mechanisms contribute to the heating effect. The microwave heating effect of any
material is expressed by its loss tangent/loss factor tan d = d″/d′ where d″ is the
conversion efficiency of the electromagnetic radiation into heat (dielectric loss) and
d′ is the polarizability of molecules in the electric field (dielectric constant) [19].
The angle d represents the phase lag between the polarization of the material and
the applied electric field and helps in determining the efficiency of the microwave
heating process. The parameters which affect loss tangent are temperature and
frequency, and they also play a role in the penetration depth of MW radiation in any
material. Penetration depth refers to the point in the material which retains 37% of
the initial irradiation power [20].
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It has been observed that microwave heating accelerates the rate of chemical
reaction which reduces the reaction time considerably. Also, certain reactions which
do not occur under conventional heating methods can be performed under identical
condition via microwave heating. Two different models have been proposed for this
microwave heating induced increase in reaction rate. The first model is based on
thermal effects leading to generation of superheated hot spots in the reaction sys-
tem. For any reaction to proceed, the reactants need to acquire the activation energy
to get activated to the transition state (TS) (Fig. 3.1). Thus, activation energy (ETS)
is absorbed by the reactants from the reaction environment and ultimately leads to
the formation of products with lower energy EP. Application of microwave irra-
diation does not alter the activation energy but provides a great momentum to
complete the reaction more quickly and efficiently as compared to conventional
heating. This is due to the fact that MW transfers energy in 10−9 s in each cycle
whereas the kinetic molecular relaxation occurs within a time period of 10−5 s.
Since energy transfer rate is faster compared to molecular relaxation, it leads to
non-equilibrium condition and higher instantaneous temperature or hot spots within
the reaction medium which impacts the reaction kinetics and accelerates the reac-
tion rate [21].

The second model is based on non-thermal effects which include possible
excitement of rotational or vibrational transitions, varied activation energy, and
increased collision efficiency by mutual orientation of polar molecules [22].
However, critical analysis of the research literature available in support of
non-thermal mechanism indicates that in majority of cases the observed rate
enhancements actually originate from a purely thermal/kinetic effect [20]. The rate
accelerations observed in MW-assisted synthesis is a result of the microwave
dielectric heating mechanism which cannot be achieved by conventional heating.

Fig. 3.1 Kinetic energy
profile of an exothermic
reaction
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3.1.2 Microwave Heating Vis-à-Vis Conventional Heating

Microwave heating via electromagnetic waves leads to faster kinetics and shorter
reaction time compared to conventional heating. The heating mechanism used in
microwave synthesis is via dielectric polarization and ionic conduction.
Conventional heating involves the use of electric furnace or oil bath which transfers
heat to wall of the reaction vessel and then passes it on to the reactants via con-
vection or conduction. These lead to the development of a thermal gradient in the
reaction media which results in non-uniform reaction sites [23]. In contrast, in
microwave heating, direct heat transfer to target material is possible without heating
the entire furnace or oil bath, which conserves time and energy. In conventional
heating, generally, the maximum temperature of reaction is limited by the boiling
point of the reaction medium whereas in microwave, the temperature can be raised
higher than the boiling point, i.e., superheating may take place. As a result,
microwave heating has opened the possibility of realizing fast chemical synthesis in
very short time periods compared to conventional heating methods, leading to a
relatively low cost, energy saving, and high efficiency technique for materials
production.

3.1.3 Effect of Solvents in Microwave Synthesis

The intensity of microwave heating in a sample depends on its electrophysical
properties, geometric size, frequency and intensity of the applied field, and pene-
tration depth of the electromagnetic waves into the sample. The type of solvent used
in microwave synthesis plays a major role in the overall process. Solvents having a
high loss tangent (tan d) at the standard operating frequency of 2.45 GHz of a MW
reactor is required for adequate absorption of energy and efficient heating [24]. The
loss tangent values of a few solvents are given in Table 3.1. For use in MW
synthesis, solvents can be classified as high- (tan d > 0.5), medium- (0.1 � tan
d � 0.5), and low-absorbing (tan d < 0.1). Consequently, water and alcohol can
be considered as good medium for microwave-assisted synthesis of inorganic
nanostructures. Ethylene glycol with its high boiling point (198 °C) and reducing
properties along with high loss tangent value finds application in open vessel
microwave synthesis.

Solvents with high loss factor at the incident radiation frequency will heat at a
faster rate from core to surface. The loss tangent value of a solvent is inversely
proportional to the microwave penetration depth (Dp). When microwaves hit at a
90° angle on the surface of the solvent, its intensity decreases gradually due to
dissipation inside the volume of the solvent. Dp denotes the depth at which the
microwave power density is reduced to 1/e of its initial value. The penetration
depths (Dp) is given by the following equation in case of low loss dielectric
medium:
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Here, k0 is the wavelength of the microwave radiation used which is 0.122 m for
a 2.45 GHz MW reactor. Thus, penetration depth is dependent on the frequency of
microwave used. In case of water, which is the most common solvent for majority
of microwave reactions, the values of Dp are *1.8 and 0.34 cm at 22 °C for the
2.45 and 5.8 GHz microwaves, respectively [25].

Polar solvents can couple with the microwave energy, which can lead to a rapid
rise in temperature and increase in the reaction rate. The dielectric parameter of the
solvent and the penetration depth depend strongly on temperature and hence fluc-
tuates during heating. In case of ethanol, the loss tangent value decreases from
0.941 to 0.080 with rise in temperature from 20 to 200 °C [7]. The microwave
heating mechanism in organic solvents is predominantly dipolar polarization which
decreases due to reduced viscosity and molecular friction in the heated solvents. In
contrast to it, ionic liquids like [bmim][PF6] (1-Butyl-3-methylimidazolium
hexafluorophosphate) display an increase in loss tangent from 0.185 to 3.592
with increase in temperature to 200 °C. In ionic liquids, the microwave heating
occurs through ionic conduction mechanism and hence its ability to absorb
microwave increases with temperature. Since ionic conduction mechanism leads to
more efficient microwave heating compared to dipolar polarization, ionic liquids are
considered to be better microwave absorbers in both low- and high-temperature
microwave reactions.

MW synthesis can also be carried out in non-polar alkanes or alkenes which are
almost MW transparent by addition of small quantity of good MW absorbers in the
medium. This kind of mixed solvent medium can lead to greater control in chemical
composition, structure, size, and morphology of the product by variation of the type
of solvents and their volumes. For example, addition of small amount of
1,3-dialkylimidazolium iodide in hexane, the temperature reached *217 °C after
microwave heating at 200 W for 10 s compared to only *46 °C achieved in the
absence of the ionic liquid [26].

Table 3.1 Loss tangent (tan d) of various solvents at 2.45 GHz, 20 °C

Solvent tan d Solvent tan d

Ethylene glycol 1.350 Dimethylformamide (DMF) 0.161

Ethanol 0.941 1,2-dichloroethane 0.127

Dimethyl sulfoxide (DMSO) 0.825 Water 0.123

2-propanol 0.799 Chlorobenzene 0.101

Methanol 0.659 Acetone 0.054

1,2-dichlorobenzene 0.280 Tetrahydrofuran (THF) 0.047

N-Methyl-2-pyrrolidone (NMP) 0.275 Toluene 0.040

Acetic acid 0.174 Hexane 0.020
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3.1.4 Microwave-Assisted Hydro/Solvothermal Synthesis

Inorganic nanostructures in liquid phase can be synthesized via microwave tech-
nique in open reaction system under atmospheric pressure using high boiling sol-
vents having moderate to high loss tangent values. This kind of open reaction
systems are easy to design and are relatively safe and cheap method of production.
As mentioned earlier, high boiling ionic liquids, ethylene glycol, and glycerol are
the solvents of choice for such open system reactions. Refluxing is also a choice for
performing microwave-assisted reactions at the boiling point of a solvent in an open
reaction system. However, if a low boiling point solvent like methanol is used, even
by refluxing method, the temperature zone of chemical reaction cannot exceed
beyond 65 °C, and this restricts the scope of the chemical reaction. The temperature
of the microwave reaction can be increased beyond the boiling point of the solvent
used, if the reaction is performed under pressurized condition in a closed system.
The boiling point of ethanol can be increased to 164 °C under 12 atm pressure
which can increase the rate of microwave-assisted synthesis by thousand-fold
compared to that achievable in the open system [19]. Whenever autogenous pres-
sure is allowed to develop over the solvent level in a closed reaction system via
microwave heating, the process is termed as microwave-assisted solvothermal
technique. If the solvent used is water, the process is termed as microwave-assisted
hydrothermal method. By this method, solvents can be brought to temperatures well
above their boiling points by increasing autogenous pressures resulting from
heating. Microwave-assisted hydrothermal/solvothermal techniques employ auto-
claves made from high-strength polymeric materials that are transparent to micro-
waves, but the reaction systems are rapidly heated to a temperature much higher
than its boiling point which is in turn governed by the autogenous pressure [27].
Due to drastically reduced reaction time in combined microwave-assisted hydro/
solvothermal synthesis, this technique can be regarded a fast chemistry method.

This is a truly low-temperature, energy saving, and environment-friendly method
for the preparation of nanophase materials of different morphology, because the
reactions take place in a shut isolated system condition. The nanophase materials
can be produced in either a batch or continuous process.

The pioneering work of comparing the differences between hydrothermal syn-
theses performed with conventional means of heating and also in special autoclaves
with microwaves was started in 1990 by Komarneni et al. [28]. Since then various
functional materials like oxides (binary and ternary), oxyhydroxides, zeolites, etc.,
have been produced by microwave-assisted hydrothermal synthesis [29]. Besides
microwave power and time, other reaction parameters such as the solvent, pH of the
solution, temperature and pressure also affect microwave synthesis. Therefore, more
advanced synthesis technology is required to control pressure and temperature in
the subcritical region of water. It should be noted that microwave-assisted
hydrothermal synthesis is an effective method for the production of nanoparticles,
because the particle size can be controlled by tuning the mechanisms of nucleation
and growth kinetics through the appropriate choice of the synthesis parameters.
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Usually, in MW reactors, there is auto-power cut if the reaction pressures rise
higher than 20 bars. The maximum obtainable concentration is dependent on the
properties of the reactants and the solvent(s) used. A unimolecular reaction is
independent of concentration and can be performed in a very dilute solution. On the
other hand, bi- or tri-molecular reactions are essentially concentration dependent
with higher concentration offering faster rate of reaction.

3.2 Components of a Microwave Reactor

The design of any MW reactor is based on its application. The main focus is to
achieve maximum heating efficiency which is essential for economy and longevity
of the equipment and for obtaining repeatable and reliable results. On entering a
reactor chamber, microwaves are reflected by the walls of the cavity. Eventually, a
3D standing wave pattern is generated within the cavity and it is called mode.
Microwave reactors operate either in the monomode or the multimode model. The
monomode reactor is based on the standing wave model which is produced by
interference of microwaves having different directions but same amplitude. This
results in generation of nodes and antinodes with minimum and maximum MW
intensity, respectively. The sample vessel is placed in the antinodal position of the
standing electromagnetic waves to maximize the effect of microwave-assisted
synthesis (Fig. 3.2). This system leads to uniform heating which results in higher
reproducibility. Higher field strengths can be generated using monomode MW
reactors which also increases the rate of heating. The monomode MW reactors are
most suitable for chemical synthesis experiments.

The common domestic microwave ovens operate in the multimode manner for
higher dispersion of the radiation which ultimately increases the area of effective
heating [8]. However, this technique also leads to non-uniform heating within the
sample with regions of hot and cold zones which is unsuitable for heating of small
amounts of sample. This lack of temperature uniformity results in inhomogeneity

Fig. 3.2 Placement of
sample vessel in monomode
MW reactor
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and non-reproducibility of experimental results and hence chemical reactions done
in such apparatus are usually non-reliable. A MW reactor has four crucial com-
ponents: power source, waveguide, oven cavity, and reaction vessel.

3.2.1 Power Source

The main component of every MW reactor is a high-voltage system generating
microwaves, commonly known as the magnetron power supply. The magnetron
was invented in 1921 and the current improved versions of it generate megawatts of
power with 1–40 GHz frequencies and lifetime of *5000 h. It is a thermionic
diode having directly heated cylindrical cathode and hollow circular anode (pos-
sessing small cavities) with a magnetic field imposed in the space between them.
The magnetic field is generated using strong permanent magnets, which leads to a
magnetic field parallel with the axis of the cathode. The direction of the magnetic
field is such that the electron proceeds to the anode in a curve rather than a direct
path. In presence of strong magnetic field, the electrons cannot reach the anode but
form a rotating space charge. The resonant cavities of the anode accelerate/
decelerate the electrons, and this leads to electron bunches which move around the
cathode at microwave frequencies. For most MW reactors, the magnetrons emit
microwaves of 2.45 GHz with bandwidth of a few MHz.

3.2.2 Waveguide

The waveguide is a rectangular channel made of reflective metal tubes which
transmits the microwaves generated by the magnetron to the MW chamber. The
reflective walls prevent leakage of MW radiation and increase the efficiency of the
MW reactor [30]. For generation of standing waves, there is a maximum wave-
length, kmax, which can be transported by the waveguide. For a given direction
perpendicular to the axis, the optimum inner tube size is kmax/2, which is 6.1 cm in
case of a 2.45 GHz MW reactor. The microwaves leaving the waveguide are
polarized since only one inner dimension is greater than the cut-off length.

3.2.3 Oven Cavity

The microwave cavity is the internal space of the MW reactor in which the reaction
vessel is placed for irradiation. The cavity has walls with reflective coating to
prevent the leakage of microwaves which increases the efficiency of the reactor. If
the microwaves are not absorbed, they can get reflected back into the waveguide
and damage the magnetron. Hence, it is essential to run a MW reactor only in the
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loaded condition. In domestic microwave oven, the dimension of the rectangular
cavity is several times larger than the wavelength of the MW radiation. The oven
works in multimode fashion and the precise conditions in it depend on the position
and nature of material that is placed in the cavity and also the evolution of the
material’s dielectric properties during heating. Hence, chemical reactions performed
in domestic microwave ovens have serious reproducibility issues. The commercial
instruments available for laboratory scale as well as industrial synthesis generally
work in single mode model. In this design, the field is well defined in space and the
material to be heated can be placed at a point of known and relatively even
intensity. Important reaction parameter like temperature, pressure, power, and time
can be controlled automatically, and these instruments have ramp up, hold, and
ramp down features with accessories for stirring and pumping [31]. Certain com-
mercial instruments can operate both in single as well as multimode technique as
per need [32]. A point to note is that all these MW reactors are good for
solution-based synthesis, and the temperature and pressure of reaction achieved are
rarely >300 °C and 20 atm, respectively. For solid-state microwave synthesis, the
solid precursors are mixed thoroughly and pressed to form a pellet, which is then
deposited in porcelain/alumina/SiC crucible and placed in multimode domestic
microwave oven. In an ideal situation, some of the precursors will be good MW
absorbers and will facilitate MW heating of the reagents leading to product for-
mation in a short time span. When none of the precursors are good MW absorbers, a
susceptor material having a high dielectric loss tangent (e.g., graphite, amorphous
carbon, SiC, CuO) can be added to it. The susceptor material can be in direct
contact with the precursors or the reaction vessel can be kept in a container of the
susceptor material. However, sometimes direct contact with susceptor can lead to
contamination of the final product and hence during scale up of a process, it is
generally avoided. In rare cases where susceptor cannot be used, MW-induced
plasma (MIP) is the alternative solution [33]. The plasma transfers energy between
the MW radiation and the reactants and can heat up solids which are not MW
absorbers. Use of the MIP also avoids contamination of the product by the sus-
ceptor and issues of unwanted side reactions. For certain reactions, the plasma may
also serve as a source of reactive species (e.g., N2 or NH3 plasma for nitriding
solids) [34].

3.2.4 Reaction Vessel

The reaction vessel used for MW-assisted synthesis should not be MW absorbers as
that will lead to reduction in efficiency of MW heating of the reactants. The reaction
vessels are generally made of material that is virtually transparent to microwaves at
the operating frequency. Commonly used materials are quartz, borosilicate glass, or
polytetrafluoroethylene. For microwave-assisted hydro/solvothermal synthesis, the
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vessel should be robust to endure the pressure and temperature changes associated
with the reaction and here Teflon is the material of choice. Metallic containers are
avoided as it gets over heated and cause high-voltage arcing due to preferential
absorption and reflection of microwaves.

3.3 Synthesis of Nanostructures Using Microwave

The nucleation and growth of inorganic nanostructures are highly sensitive to the
reaction conditions and hence it benefits a great deal from the efficient and con-
trolled heating provided by MW irradiation. The most common solvent for syn-
thesis of inorganic nanostructures is water. The abundance of water makes it a
cheap and good solvent of choice as it is non-toxic, noncorrosive, non-flammable
and has relatively low vapor pressure as compared to other organic solvents [35].
Being a polar solvent, water is a good microwave absorber. The loss tangent of any
solvent is dependent on the relaxation time of its molecule and in case of water, the
relaxation time at 20 °C is 9 � 10−12 s which corresponds to a relaxation fre-
quency of 18 GHz. Hence, at 18 GHz, water will have the most efficient conversion
of microwave energy to thermal energy. However, even though the commercially
available MW reactors operate at 2.45 GHz, water is still capable of acting as an
effective medium for microwave dielectric heating because its loss tangent is suf-
ficiently large. Polyalcohols with high boiling points like ethylene glycol, glycerol,
1,3-propanediol have high loss tangents and hence they are also excellent solvents
for microwave-assisted synthesis of inorganic nanostructures. Due to their
propensity to form hydrogen bonds, these solvents are highly viscous and hence
have longer relaxation times [36]. Their high boiling point makes them good sol-
vent for open vessel microwave synthesis. Many other solvents such as ionic liq-
uids, alcohols, propylene carbonate, ethylene diamine, DMF, trioctylphosphine
(TOP), DMSO oleylamine, toluene, dichlorobenzene, and low molecular weight
polyethylene glycol (PEG) have also been studied for their application in
microwave-assisted preparation of inorganic nanostructures [37–58].

3.3.1 Metals, Non-metals, and Alloys

Metal nanoparticles have myriad applications in diverse areas such as molecular
diagnostics, electronics, catalysis, drug delivery or sensing. MW-assisted synthesis
is a fast and environment-friendly technique for obtaining these technologically
important metal nanoparticles. In aqueous medium, a soluble metal salt is used as
the metal source and the metal nanostructure is formed by the reduction of metallic
ions with a reducing reagent under microwave irradiation in the presence/absence of
additives/surfactants. Commonly studied metal nanostructures include Au, Ag, Pt,
Pd, and Cu [12]. Among these, Au nanostructures have been most intensively
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investigated due to their vast applications in catalysis and biomedicine. For syn-
thesis of Au nanoparticles, HAuCl4 is generally the precursor material of choice
which is reduced from Au(III) to Au0 state in presence of various reductants.
Hydrazine hydrate, a-D-glucose, sucrose, maltose, citric acid or sodium citrate,
NaBH4, amino acids, and poly(vinylpyrrolidone) (PVP) have been used as reduc-
tants [59–67]. The addition of surfactants like PVP, sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), Triton X-and pluronic acid prevents
the agglomeration of the Au nanoparticles by providing a coating on their surface. It
has been established that the molar ratio of surfactant to metal ion as well as the
molar ratio of reactants play a major role in determining the final morphology of Au
nanostructures [68]. In recent years, several environment-friendly
microwave-assisted approaches have been initiated for the preparation of Au
nanostructures by using biocompatible natural materials, for example, bovine
serumalbumin (BSA), human serum albumin, chicken egg white lysozyme, beet
juice, and grape pomace/black seed extract [20]. Similarly, Ag nanostructures have
been synthesized from AgNO3 using microwave-assisted technique in presence of a
variety of biocompatible natural materials, such as beet juice, red wine or grape
pomace extract, guava/sugar cane leaf extract, starch/ascorbic acid, amino acids,
glutathione, sucrose, and glucose [20]. In case of microwave-assisted synthesis of
Pt, Pd, Cu, Te, Rh nanostructures, the precursors used were H2PtCl6, PdCl2, CuCl2,
Na2TeO3, RhCl3, respectively, which were reduced using various reductants in
presence/absence of surfactants. Contrary to synthesis in aqueous solution, in the
polyol process, the polyol can act as both the solvent and the reductant and hence
additional reducing reagent is not required. When ethylene glycol is used as
reducing agent as well as surfactant, the following reactions occur under microwave
irradiation which lead to the formation of metal nanostructures [69].

HOCH2 � CH2OH ! CH3CHOþH2O ð3:2Þ

CH3CHOþMnþ ! MþCH3COCOCH3 þH2O ð3:3Þ

Pt, Pd, Au, Ag, Ru, Rh, Cu, Fe, Co, Ni, Bi, nanostructures have been synthe-
sized using the microwave-assisted polyol method [20]. Also, microwave-assisted
synthesis in presence of ionic liquids was found to be suitable for the rapid syn-
thesis of Au, Co, Mn, Cr, Mo, W, Re, Ru, Os, Rh, Ir, nanostructures. The ionic
character and high polarizability of ionic liquids make them highly susceptible to
microwave irradiation and hence they are excellent microwave absorbers resulting
in faster formation of products. Similarly, metal nanostructures of various mor-
phologies have been synthesized using a variety of other organic solvents [20].

Carbon is the most studied non-metal nanostructure that has been synthesized
using the microwave-assisted technique. A variety of microwave synthesized car-
bon dots, nanoparticles, nanospheres, and graphene sheets are reported in literature
[70–83]. Microwaving carbohydrate (dextrin, glycerol, glycol, glucose, sucrose,
etc.) in presence of an inorganic ion (phosphate, sulfate, etc.) for a few minutes
produces carbon dots which exhibit increased absorption, higher quantum yield,
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and longer fluorescence lifetime than those prepared by the conventional reflux
heating. Carbon dots were also obtained via 2 min MW irradiation of ionic liquid
N-octylpyridinium hexafluorophosphate which acts both as solvent and carbon
source [84]. Graphene sheets can be produced by either exfoliating expanded
graphite in aqueous ammonia solution by exposing it to MW irradiation or by
reduction of graphite oxide in presence of a reductant (ascorbic acid, hydrazine
hydrate, etc.) and MW irradiation.

Bimetallic alloys like Fe-Ru, Bi-Rh, FeNi3, Co0.8Ni0.2 have been synthesized via
microwave-assisted polyol method by reducing a mixture of the corresponding salts
in presence of a suitable surfactant [85–88]. Microwave-assisted preparation of Fe–
Pt and Fe–Pd nanoparticles have been reported using Na2Fe(CO)4 and platinum/
palladium acetylacetonate Pt(acac)2/Pd(acac)2 in nonadecane or octyl ether. The
solvent, surfactant, and reaction system (open/closed) played a vital role in the final
crystal form of the alloy obtained [89].

3.3.2 Metal Oxides

Metal oxide nanostructures find wide application in many fields due to their
interesting properties and high stability. In a typical reaction of microwave-assisted
synthesis of metal oxide nanostructures, a water-soluble metal salt is used as the
metal source, an alkaline reagent is used to create an alkaline environment, and an
additive or a surfactant is often added to control the morphology and size of the
product. Using this method, various oxide materials of metals like Zn, Mg, Pt, Sn,
Fe, Co, Ti, Zr, W, Mo, Nd, Gd, V, etc., have been synthesized [20, 90]. Synthesis of
NiWO4, CaWO4, SrWO4, BaWO4, FeWO4, CoWO4, and MnWO4 nanoparticles
have been accomplished via MW irradiation of corresponding metal nitrate and
Na2WO4�2H2O solution in deionized water at 110 or 150 °C for 10 or 20 min.
Addition of PVP/CTAB altered the morphology leading to formation of tungstate
nanosheets and nanobelts [91–93]. Various spinel (ZnFe2O4, ZnAl2O4, NiFe2O4,
MnFe2O4, CoFe2O4) nanoparticles have been synthesized within 30 min via
microwave-assisted hydrothermal technique using corresponding metal nitrate salts.
Perovskites like BaTiO3, BiFeO3, PbTiO3, SrTiO3 can be synthesized via MW
irradiation of corresponding metal nitrate solution in alkaline condition [94–97].
BiVO4, CeVO4, YVO4, LaVO4 synthesis using MW irradiation is possible in
closed reaction condition with corresponding metal nitrate and NaVO3/NH4VO3 as
precursor material [98–102]. Similarly, various metal oxide, vanadate, tungstate,
molybdate as well as spinel and perovskite compounds can be synthesized using
microwave-assisted polyol method. In this case, a metal salt is used as the metal
source, and an alkali and/or an additive is added in a polyol solvent [20]. In the
microwave-assisted ionic liquid synthesis of metal oxide nanostructures, a metal
compound is used as the metal source, an alkaline reagent provides an alkaline
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environment, and an additive or a surfactant is sometimes added to control the
morphology and size of the product. The time period of MW irradiation as well as
the type of ionic liquid used plays a major role in the final morphology of the
product [20, 103].

3.3.3 Metal Chalcogenides

Metal chalcogenides (sulphides, selenides, and tellurides) are important functional
materials with varied applications ranging from nanoelectronics, nanotribology,
heterogeneous catalysis, and also as source materials for energy applications.
Microwave-assisted rapid synthesis of metal chalcogenide nanostructures is par-
ticularly advantageous in terms of very short processing time. In the
microwave-assisted synthesis of metal chalcogenide nanostructures in aqueous
solution, a water-soluble metal salt is usually used as the metal source, a chalco-
genide source is used to provide X2−(X = S, Se, Te) ions, and addition of additive
or surfactant helps to control the morphology and particle size of the product.
Binary metal sulfides like CdS, ZnS, PbS, HgS, CuS, Cu9S8, Ag2S, Bi2S3, as well
as ternary metal sulfides of the type AgInS2, AgIn5S8, CuInS2, CuInSe2, CdIn2S4,
and Cu2ZnSnS4 have been synthesized via MW irradiation using Na2S, CS2,
Na2S2O3, NH2CSNH2, NH2NHCSNH2, CH3CSNH2, and 3-mercaptopropanoic
acid as the sulfur source [104–120]. For example, PEG-coated ZnS nanoparticles
have been synthesized via MW-assisted technique using Zn(NO3)2, CH3CSNH2

and PEG as precursor materials. MW irradiation leads to fast decomposition of
thioacetamide

CH3CSNH2 þH2O ! CH3CONH2 þH2S ð3:4Þ

H2S ! 2Hþ þ S2� ð3:5Þ

The Zn2+ ions in aqueous solution react with the sulphide ions to form ZnS
which gets coated with PEG. The various literature reports indicate the remarkable
synthetic flexibility of MW-assisted technique over the traditional methods.
A larger variety of precursors with poor solubility can be used, more efficient
reaction as well as induction of temporally short spatially homogeneous nucleation
due to volumetric heating and accelerated growth [7]. Compared to metal sulfides,
metal selenide syntheses via MW irradiation are generally less reported as selenide
sources are expensive and rare and their synthesis is a little more challenging [20].
The rate acceleration for reactions in MW technique is more appealing in case of
selenides and consequently there are reports on synthesis of binary selenides like
CdSe, PbSe, CuSe, ZnSe using corresponding metal sulfates/acetates with
NaSeSO3 as the Se source and NaBH4 as the reductant [121, 122]. Ternary CuInSe2
synthesis using MW irradiation has also been reported [20]. The other commonly
used Se precursors are Na2Se, NaHSe, H2Se, etc. Among all the metal

92 D. P. Dutta



chalcogenides, synthesis of metal tellurides is the most challenging. Metal tellurides
are important functional semiconductor materials having application in optical
infrared windows and solar cells. The traditional aqueous solution route to the
preparation of CdTe nanocrystals is usually time consuming, and this can be
avoided using MW technique which reduces the reaction time considerably. This
method results inquicksynthesis of a series of CdTe nanocrystals emitting at the
green to near-infrared spectral window (505–733 nm) at moderate temperatures.
The commonly used source of tellurium includes NaHTe and Na2TeO3.

Apart from aqueous solution, MW-assisted polyol synthesis is also quite popular
for the synthesis of metal chalcogenides. The process is similar to synthesis in
aqueous solution but here instead of water, a polyol (ethylene glycol (EG), tetra-
ethylene glycol (TEG), 1,3-propanediol, triethylene glycol, glycerol, etc.) is used as
solvent. This technique has been used to synthesize various sulphides/selenides like
PbS, CdS, CoS, CuS, ZnS, SnS, SnS2, FeS2, Cu3BiS3, Bi2Se3, MoSe2, CuInSe2,
etc. [20]. Binary tellurides like Bi2Te3, Sb2Te3, Ni2Te3, PbTe, Cu7Te5 have been
obtained via MW irradiation only when EG has been used as the reducing agent. In
polyol method, Se/Te powder can be used directly as the chalcogenide source.

MW-assisted synthesis of metal chalcogenides is extremely fast when ionic
liquids are used as solvent. The ionic liquid plays a major role in the final mor-
phology of the product. For example, in MW-assisted synthesis of Bi2Te3 using Bi
(NO3)3�5H2O, Te powder as precursors in alkaline medium (KOH) with EG as
reductant, addition of 1-butyl-3-methylimidazolium bromide changes the mor-
phology of the product. As the concentration of ionic liquid increases, instead of
mixture of nanorods and nanoflakes of Bi2Te3, hexagonal nanoplates are obtained
[123]. Also, ethylene diamine, DMF, DMSO, diethanolamine, oleylamine have
been used as solvents for synthesis of metal chalcogenides [20]. DMSO acts both as
solvent and as source of sulfur ions.

3.3.4 Inorganic Biomaterials

Biomaterials are biocompatible inorganic or organic materials that can be implanted
in the human body to substitute and repair failing tissue. Hydroxyapatite (HAp) and
calcium phosphates (CaP) are important inorganic biomaterials and have wide
applications in the biomedical fields. Hydroxyapatite (HAp) is a calcium phosphate
(Ca10(PO4)6(OH)2) with hexagonal structure and a stoichiometric Ca/P ratio of
1.67, which is identical to bone apatite. Calcium phosphate (CaP) biomaterials
(Ca3(PO4)2) are of special interest because they are bioactive and can form func-
tional interfaces with neighboring bone. CaP is commonly used in orthopedic and
dental surgery as bone void fillers or as a coating material on metallic implants
[124]. Microwave processing of HAp particles was initially employed for sintering
of HAp ceramics to produce a dense material with improved physical and
mechanical properties [125]. Currently this technique is used to synthesize HAp
nanoparticles in a less energy consuming and more reproducible manner. The fast
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homogenous nucleation results in microwave synthesis of HAp nanoparticles in less
than 30 min and the product has smaller size, higher purity, and narrower size
distribution. A typical reaction uses calcium nitrate and H3PO4 or NaH2PO4 as
precursor materials. The MW irradiation is done under alkaline condition in pres-
ence of surfactants like CTAB or EDTA. The power of the MW irradiation affects
both the particle size and the particle shape. It has been established that applied
microwave power and mole ratio of Ca/P are among the important factors affecting
the characteristics of HAp. According to the results, low microwave power of
450 W and Ca/P ratio of 1.57 leads to mixed calcium phosphate compounds
including Ca(OH)2, CaHPO4 and HAp, whereas running the reaction at 550 W
power and Ca/P 1.67 results in monophasic HAp [126]. The shape of HAp crystals
can be easily controlled by adjusting the stability of Ca–surfactant complex and the
hindrance effect of OH− ions on the crystallite facets [127]. For inorganic phosphate
ion sources, supersaturation can lead to rapid nucleation and a disordered growth
and the morphology and size of the particles get difficult to control. Currently,
MW-assisted synthesis of HAp is being done using biocompatible phosphorus
containing biomolecules as organic phosphorus sources (adenosine 5′-triphosphate
(ATP), fructose 1,6-bisphosphate, creatine phosphate, and pyridoxal-5′-phosphate).
The advantage of this technique is that the phosphorus source exists in the form of
phosphate groups in an organic biomolecule and no PO4

3− ions exist in the pre-
cursor solution, thereby avoiding the fast nucleation and disordered growth of the
calcium phosphates [20]. Microwave-assisted hydrothermal synthesis of HAp
nanowires has been reported using CaCl2�2H2O and ATP in aqueous solution
without any surfactant rendering it to be an environment-friendly method [128].

CaP-based materials consist of different phases like octacalcium phosphate
(Ca8(HPO4)2(PO4)4�5H2O), a-tricalcium phosphate (a-Ca3(PO4)2), b-tricalcium
phosphate (b-Ca3(PO4)2), amorphous calcium phosphate (CaxHy(PO4)z�nH2O,
n = 3–4.5, 15–20% H2O), hydroxyapatite (Ca10(PO4)6(OH)2), fluorapatite
(Ca10(PO4)6F2), etc., and they differ in their structure and properties. However,
controlling the phase of CaP, especially tricalcium phosphate (TCP), is very
challenging under mild conditions, particularly when using one preparation pro-
tocol for all CaP phases. The crystal phase and morphology of synthetic CaP
depend critically on the method of synthesis. Using MW-assisted technique, various
CaP, from low-temperature to high-temperature phases, have been successfully
fabricated without any additional surfactants. As a result, the synthesis process
turned out to be less expensive and simple. The nucleation rate of CaP is deter-
mined by the concentration of calcium and phosphate ions in solution which is
dependent on the calcium acetate monohydrate (precursor) solubility in different
reaction solvents. The calcium and phosphate ions, from calcium acetate mono-
hydrate and phosphoric acid, chemically interact and either forms precipitates or
form the intermediates for additional CaP phases. Calcium acetate monohydrate is
sparingly soluble in methanol and almost insoluble in ethanol, hence, the Ca2+ ion
concentration in ethanol at room temperature would be lower than in methanol.
Hence, in methanol, amorphous calcium phosphate, with Ca/P molar ratio of 1.2–
2.2, was obtained. The reaction time also affected the size and morphology of the
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crystals; larger crystals were obtained with longer reaction times. As the reaction
time was extended, the needle-shaped b-TCP particles transformed into regular
elliptical shapes in methanol.

3.3.5 Miscellaneous Compounds

Apart from metal, non-metals, alloys, metal oxides, and chalcogenides, various
other metal compounds can be synthesized using the microwave-assisted method.
Nanostructured metal hydroxides can be synthesized by MW irradiation of an
aqueous solution of metal salt and alkali, with/without the presence of surfactant.
Mg(OH)2, Ni(OH)2, Co(OH)2, In(OH)3, Nd(OH)3, Pr(OH)3 nanoparticles have
been synthesized using various additives like HMTA, urea, L-cysteine, etc. The
microwave-assisted method has also been adopted for the rapid synthesis of
nanostructured metal fluorides in various solvents like water, polyols, ionic liquids,
etc. Commonly NaF, NaBF4, KBF4, and CF3COOH are used as the fluorine source
of which CF3COOH is a toxic compound. Fluorine containing ionic liquids such as
[BMIM][BF4] can decompose thermally and hydrolyze under the microwave
heating conditions to release F− ions. Hence, the ionic liquids containing the anion
of [BF4]

− can be used as an environment-friendly fluorine source for the rapid
microwave-assisted synthesis of nanostructured metal fluorides. Consequently,
metal fluorides like FeF2, MgF2, CoF2, ZnF2, LaF3, YF3, SrF2 and REF3 (RE = rare
earths) have been synthesized via microwave irradiation of the corresponding metal
salt in presence of various tetrafluoroborate ionic liquids which acts both as solvent
as well as fluorine source [20, 129]. The ionic liquid used strongly influences the
structure, morphology, and luminescent properties of the obtained metal fluorides.
Nanostructures ranging from spherical nanoparticles to nanorods with aggregates
shaped in the form of bundles, columns, etc., have been formed. This method is fast
and facile and most reactions complete within minutes compared to hours taken in
case of conventional thermal synthesis. Nanostructured metal phosphates can also
be synthesized by the microwave-assisted method. Generally, H3PO4, Na/K/
NH4H2PO4 or Na3PO4�12H2O is used as the phosphate anion source. The reaction
involves microwaving the metal salt and phosphate source in slightly acidic con-
dition. A variety of metal phosphates like Mg3(PO4)2, CePO4, LnPO4, BiPO4,
Ti2P2O7, LiFePO4 has been successfully synthesized in aqueous solution using the
above method. LaPO4 and iron hydroxyl phosphate have also been synthesized via
one step microwave-solvothermal ionic liquid method.

Microwave-assisted synthesis of various metal bromides, sulfates, carbonates,
silicates, molybdates, and tungstates have also been reported [20]. Nanoparticles of
lanthanide orthovanadates CeVO4, PrVO4, and NdVO4 with sizes in the nanometer
range have been synthesized by microwave irradiation using water as a solvent.
BaCO3/SrCO3 nanoparticles have been synthesized using Sr(NO3)2 or Ba(NO3)2
and Na2CO3 in EG under 20 min of cyclic microwave irradiation [130].
Nanostructures of oxyhalides like Zn(OH)F have been synthesized under

3 Microwave-Assisted Synthesis of Inorganic Nanomaterials 95



microwave irradiation in the presence of ionic liquids like
1,2,3-trimethylimidazolium tetrafluoroborate or [BMIM][BF4] [131]. BiOBr
nanostructures have been synthesized using the microwave-assisted polyol method
with EG as solvent and CTAB acting as as both bromide source and soft template.

3.3.6 Inorganic–Inorganic Nanocomposites

A multiphase solid material with at least one of the phases with dimension of less
than 100 nm qualifies as nanocomposite material [132]. Generally, it comprises of a
bulk matrix interspersed with a nanodimensional phase which differs in properties
due to its structural and chemical differences. The properties of a nanocomposite
material differ markedly from its constituents and they are mostly multifunctional in
nature which is uncommon in traditional materials. Microwave-assisted methods
are especially advantageous for producing nanocomposites in terms of simplicity,
rapidness, low cost, and energy saving. The microwave-assisted technique has been
used to synthesize a variety of inorganic/inorganic nanocomposites from aqueous
solution. The nanocomposites synthesized include Pt/carbon nanotubes, metal/
graphene, Au/graphene oxide, carbon nanotubes/graphene oxide, Pd/Au, Pt/Au, Pt/
C, Ag/C, PtNi/C, PtCo/C, Se/C, Au/SiO2, Au/ZnO, Ag/SnO2, Ag/TiO2, Cu/iron
oxide, C/SnO2, C/ZnO, C/Fe3O4, C/LiMPO4 (M = Mn, Fe, and Co), carbon
nanotubes/ZnO, carbon nanotubes/MnO2, carbon nanotubes/RuO2, graphene/SnO2,
graphene/ZnO, graphene/iron oxide, graphene/Co3O4, graphene/carbon nanotubes/
SnO2, carbon nanotubes/ZnS, carbon nanotubes/ZnxCd1−xS, graphene/ZnS,
graphene/CdS, graphene/TiO2, LiFePO4/C/graphene, a-ZrO2/Al2O3, Bi2O3/
Bi2CrO6, Fe2O3/ZnO, Co3O4/CoO, ZnO/zinc aluminum hydroxide, ZnO/CdS,
ZnO/ZnS, ZnO/ZnSe, Pb3O4/CdS, CdO/CdS, SiO2/CdS, Cd(OH)x/CdSe, ZnS/ZnS:
Ag, CdS/CdSe, ZnS/CdSe, CdS/CdTe, CdSe/CdTe, CdSeS/ZnS, CdSeTe/ZnS/
SiO2, Mn:ZnSe/ZnS, CdSe/CdS/ZnS, CdTe/CdS/ZnS. Ag/AgCl, and nickel boride/
MgO as summarized in a recent review article [20]. Reduction of HAuCl4 with Pt/
Pd nanopowder in presence of MW irradiation leads to the formation of bimetallic
Au–Pt/Pd nanocomposites. It has been demonstrated that the microwave-assisted
method is suitable for the preparation of carbon-supported nanostructures in
aqueous solution. Carbon supported PtNi nanoparticles have been synthesized by
the reduction of K2PtCl4 and NiCl2�6H2O with hydrazine using PVP as a stabilizer
and in the presence of carbon by microwave heating at 100 W for a short time of
10 min. Microwave-assisted urea-mediated homogeneous hydrolysis of SnCl4 in
aqueous solution yields graphite/SnO2 nanocomposite. Carbon-coated LiMPO4

(M = Mn, Fe, and Co) nanocomposite which finds application as cathode materials
in lithium ion batteries can be synthesized via MW irradiation ofan aqueous
solution of LiOH, H3PO4, glucose, and the corresponding metal sulfate. This
method offers advantages of being rapid, cost-effective, and energy saving com-
pared to traditional solid-state synthesis. Metal nanoparticles dispersed on carbon
nanotube (CNT) which is easily synthesized via MW irradiation of metal salts in
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presence of reductants and preformed CNTs for a short period of time. For metal
oxide dispersed on CNT, an alkaline solution of metal salt needs to be irradiated
with MW. Metal sulfide dispersed CNT can be synthesized via MW irradiation of
metal salt and thioacetamide in presence of preformed CNT. Pd nanoparticles/
graphene is synthesized using tannic acid as a reducing agent in aqueous solution
by the microwave-assisted method. For most of the metal nanoparticles dispersed
on graphene, simultaneous reduction of graphite oxide and a variety of metal salts is
carried out by the reductant, thus resulting in the dispersion of metallic and
bimetallic nanoparticles supported on graphene sheets. The loading amount and size
of metal nanoparticles on graphene sheets could be controlled by the ratio of raw
materials and microwave irradiation time. Various metal/metal oxide and metal
oxide/metal oxide nanocomposites have been synthesized by rapid
microwave-assisted approaches in aqueous solution. Microwave irradiation for
3 min (800 W) of an aqueous solution containing ZnO nanorods and HAuCl4
results in the formation of Au nanoparticles dispersed on the surface of ZnO
nanorods. Nanocomposite with smaller crystallite size and higher crystallinity could
be obtained by the microwave-assisted method. Metal oxide/metal sulphide
nanocomposites can be synthesized via surface sulfidation of the metal oxide. Here,
metal oxide nanorods can be synthesized by conventional methods and used as
template. A layer of metal sulphide gets deposited on the metal oxide nanorods with
thickness and particle size being dependent on the concentration of the sulfur source
and the time period of MW irradiation. Metal chalcogenide/metal chalcogenide
nanocomposites have also been prepared by the microwave-assisted method in
aqueous solution. In microwave synthesis of CdSe/CdS nanocomposites, CdSe
seeds were first obtained by the reaction between NaHSe and Cd2+ ions, and then
CdSe/CdS quantum dots were rapidly produced under microwave irradiation in the
presence of 3-mercaptopropionic acid as a sulfide source. Ag/AgCl nanocomposite
has been synthesized by MW irradiation of AgNO3, NaCl, and beet juice in
aqueous medium which is a fast and environment-friendly process.

Microwave-assisted polyol method is also a popular choice for the synthesis of
various metal inorganic/inorganic nanocomposites. Au/Ag core–shell nanostruc-
tures can be synthesized through a two-step microwave-polyol process with EG as
solvent. Absence/presence of Cl− ions lead to formation of predominantly spherical
Ag nanoparticles and AgCl, respectively. A small amount of Cl− anions
(� 0.3 mM) was found to be a key factor for the preferential formation of Au/Ag
core–shell nanostructures with well-defined shapes. Ag core/Ni shell nanoparticles
can be synthesized by reduction of a mixture of Ag and Ni salts in EG in the
presence of NaOH and PVP by microwave heating. Bi/Bi2O3 composite has been
synthesized via a microwave-assisted solvothermal route in which BiCl3 was used
as the bismuth source, glucose as a reductant, and EG as the solvent. Pt–Fe
nanoparticles/carbon nanotubes nanocomposite was prepared by the
microwave-polyol method where the ratio of Fe/Pt and the attached density of PtFe
nanoparticles on the surface of carbon nanotubes could be varied by adjusting the
experimental parameters. The microwave-assisted polyol synthesis of nanocom-
posites containing metal oxide and carbon has also been reported. Fe3O4/CNT was
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synthesized by in situ decomposition of iron(III) acetylacetonate in polyol under
microwave irradiation. Compared to metal oxides, synthesis of metal telluride
composites using polyol process is much less explored. Sb-doped PbTe/Ag2Te
core–shell composite has been synthesized by microwaving SbCl3, AgNO3, Pb
(CH3COO)2�3H2O, Na2TeO3, NaOH, and NaBH4 in EG solvent [133].

The microwave-assisted ionic liquid method has also been adopted for rapid
synthesis of nanocomposites. Carbon-coated Cu/Ni/Pt nanoparticles can be syn-
thesized by MW irradiation of metal salts with a reductant in ionic liquid as solvent
within a short time span of 5 min [134]. Graphene/Ru as well as graphene/Rh core/
shell nanocomposites have been synthesized by microwave decomposition of the
corresponding metal carbonyl precursors under argon atmosphere in a suspension
of graphene in an ionic liquid [BMIM][BF4]. Alcohols have been proven to be
suitable solvents for the microwave-assisted preparation of a variety of nanocom-
posites. Fe/Fe3−x−yMnxZnyO4 nanocomposites have been prepared by
microwave-solvothermal treatment of alcoholic solutions of chloride precursors and
sodium ethoxide in a short period of time. Iron oxide supported on porous silica or
MCM-41 as well as non-porous biomaterials like chitosan and cellulose has also
been synthesized using MW technique. Here, FeCl2�4H2O acts as the iron precursor
and ethanol as the solvent and reaction is carried in presence of the porous or
non-porous support material.

3.3.7 Inorganic–Organic Nanocomposites

Inorganic–organic nanocomposites are another class of hybrid materials offering a
wide range of possibilities in terms of processing and chemical and physical
properties [135]. In these nanocomposites, inorganic nanoparticles with high sur-
face area and unsaturated surface bonds are interspersed in an organic polymer
which enhances its properties. In the conventional method of synthesis, the polymer
and inorganic nanoparticles are physically mixed together. The inhomogeneity in
the product leads to severe aggregation of the inorganic nanoparticles resulting in
nanocomposites with uneven property. The high pressure and temperature
requirement in certain materials makes it a cost intensive process. The
microwave-assisted method has also been used for synthesis of a variety of metal/
polymer nanocomposites. However, here the polymerization occurs via
microwave-assisted crosslinking and then the metal nanoparticle/polymer com-
posite is obtained by reacting the respective metal salt with the polymer. Metallic
and bimetallic PVA crosslinked nanocomposites of Pt–In, Pt–Fe, Pt–Pd, Ag–Pt,
Cu–Pd, and Pd–Fe with various shapes, such as nanospheres, nanodendrites, and
nanocubes, have been obtained using this technique [136]. Transition metal/CMC
(carboxymethyl cellulose) nanocomposites can be synthesized by reacting respec-
tive metal salts with the sodium salt of CMC in aqueous media. However, for noble
metal/CMC nanocomposites, microwave irradiation at 100 °C is needed. This is a
green synthesis method which occurs in the absence of toxic reductants [137].
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Metal oxide/polymer nanocomposites can be synthesized using the
microwave-assisted preparation method. The monomer and metal oxide nanopar-
ticles are added in reaction vessel and the in situ polymerization process is hastened
via MW irradiation. Calcium phosphate/polyacrylamide nanocomposites with
nanostructures of the inorganic biomaterial calcium phosphate homogeneously
dispersed in the polymer matrix can be synthesized in aqueous solution by the
single-step microwave-assisted method using calcium salt, phosphate, and acry-
lamide monomer [138].

Reports on one-step synthesis of inorganic/organic nanocomposites are rela-
tively scarce [139, 140]. Reverse microemulsion technique has been used for
synthesis of monodisperse Fe3O4@PANI (Polyaniline) nanocomposites at ambient
temperature [141]. Au@polymer nanostructures can be synthesized via a sponta-
neous redox reaction between a HAuCl4 precursor and the amphiphilic block
copolymer poly(styrene-alt-maleic acid) (PSMA) [142]. A novel single-step
microwave-assisted polyol method has been developed for the rapid synthesis of
inorganic/organic nanocomposites. MW irradiation of corresponding metal salt and
acrylamide monomer in EG gives polyacrylamide (PAM)/metal (M = Pt, Ag, Cu)
nanocomposites. Here, EG acts as a good MW absorbing solvent and reductant.
Thus, complicated work-up procedures for removal of the additives can be avoided.
Use of sulfur powder in the reaction powder can result in the formation of metal
sulphide/PAM nanocomposites [140].

3.4 Safety Precautions While Using Microwaves

There are a few safety features which needs to be considered while using micro-
waves for chemical synthesis. Microwaves having frequency of 2.45 GHz and
915 MHz are absorbed by human tissue and have a penetration depth of 2 cm and
3 cm, respectively. This can increase the temperature of blood and tissue and lead
to serious side effects. Constant exposure of DNA to microwaves has been reported
to lead to its complete degeneration [143]. Hence, all microwave reactors are
designed to safeguard the operators from exposure to microwaves. The maximum
microwave energy exposure limit has been limited to 5 mW cm−2 at a distance of
5 cm from the MW reactor. Care should be taken to ensure that there is no leakage
of microwave radiation from the reactor and a damaged reactor should never be
used. During any microwave synthesis, apart from the reactants, solvents, catalysts,
and supports used in the reaction, the reaction vessel is also subjected to the effect
of microwaves. Common materials used for making reactor vessels include quartz,
porcelain, borosilicate glass and Teflon, all of which have low loss tangent values.
Hence, their heating up rate is very slow and they have minimum contribution in
heating during the MW reaction. However, SiC is a material with high loss tangent
value and SiC reaction vessels can be used for inefficient heat absorbing reactants.
Local overheating of reactant material should be avoided at all cost as it can lead to
fire hazard and explosion. In case the reactants ignite, the microwave oven door
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should be kept closed and the power connection needs to be shut off. A good
knowledge about the heat capacity of reactants, solvents, catalysts, and reaction
vessel can help design a safer MW reaction method. Radioactive and hazardous
chemicals should not be used in MW reactors. When reactions are done in open
vessels, adequate precautions should be taken to avoid spillage due to boiling of the
solvent. This can be achieved by connecting the reactor vessel with an upright
condenser outside of the microwave cavity. The small amounts of solvent vapors
leaking out of joints can be expelled by internal fans which are generally in-built in
MW reactors. The entire set up should be set in a fume hood or connected to a
powerful exhaust system to prevent build-up of flammable/toxic solvent vapors. It
should be noted that the reaction temperatures in a microwave-heated and a con-
ventionally heated reflux experiment are similar (i.e., boiling point of the used
solvent). Consequently, similar results are obtained for both heating modes since
the reaction progress primarily depends on the reaction temperature. In closed
reaction systems, MW reactors should be equipped with automatic power cut off
sensors to prevent overheating or excessive pressure build-up in the reaction vessel.
Metal objects should not be placed in MW reactors as they reflect MW which can
cause arching in oven cavity leading to accidents. Any materials which are being
used as joints/seals should be placed in MW reactor in advance and irradiated for a
short time with low power. If the material gets heated, then it should not be used as
joints/seals in MW reaction.

3.5 Conclusions and Future Prospects

From the above reports, it can be inferred that the advantages of MW-assisted
synthesis are rapid uniform volumetric heating, higher chemical reaction rate and
selectivity, shorter reaction time, higher product yield, and green synthesis as
compared to the conventional heating methods. This method leads to the formation
of inorganic nanostructures in shorter time which results in low cost of production,
energy savings, and higher reaction efficiency. Various solvents with different MW
absorbing power can be used for synthesis which can alter the chemical compo-
sition, size and morphology of the nanoparticles which have vast applications in the
field of materials science. Hence, microwave heating technology is gradually
gaining popularity for performing chemical reactions. Though considerable
research has been done on this topic for the last two decades, the earlier reports are
unreliable since most of the reactions were done using domestic microwave ovens
where the conditions of the experiment were not standardized. The repeatability of
such experiments and reproducibility of the results is thus dubious for these reports.
Currently, the MW reactors have precise temperature and pressure monitoring by
various probes and sensors, built-in magnetic stirring, power control, cooling sys-
tem, and software operation which has increased the popularity of this technique.
Another lacuna is the lack of in-depth analysis of the reaction mechanism which
leads to shorter reaction time in MW-assisted reactions compared to conventional
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heating methods. The non-thermal effects of microwave-assisted reactions is con-
troversial and there are no proper scientific experiments to support this theory.
Therefore, more carefully designed comparative experiments need to be planned to
elucidate this controversial effect. Also, most of reactions have been implemented
in the laboratory scale which needs to be scaled up for application in industry.
However, the penetration depth of MW in solvents having large dielectric constant
is short which prohibits the scale up to a large batch reactor. In this respect,
development of a flow reactor under precise control of experimental parameter will
be necessary for the industrial application of MW-assisted syntheses. Efforts have
to be made to tap the commercial potential of this technique for its greater general
applicability.
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Chapter 4
Sonochemical Synthesis of Inorganic
Nanomaterials

Dimple P. Dutta

Abstract Development of novel synthesis method for nanomaterials having
desired size, morphology and composition has been the cornerstone of nanotech-
nology. The application of high-intensity ultrasound for synthesis of nanostructured
materials has been studied extensively in the last three decades. Sonochemistry
occurs mostly under ambient conditions without application of external high
pressure or temperature and hence proves to be advantageous compared to other
conventional synthesis techniques. It is based on the acoustic cavitation phe-
nomenon which occurs when ultrasonic waves move through a reaction medium. In
sonochemical synthesis, the extreme high pressure (1000 atm), high temperature
(� 5000 K), high cooling rates (*1010 Ks−1) and enhanced mass transport, gen-
erated transiently during the cavitation process, lead to accelerated chemical reac-
tion rates and conditions which are not achievable normally. In ultrasonic spray
pyrolysis, nebulization of the precursor solution by ultrasonic waves leads to for-
mation of mist which acts as isolated microreactors in which the chemical reaction
can occur. In this chapter, the principles of sonochemistry and the effect of various
parameters on sonochemical reaction have been discussed. The design of various
ultrasonicators used in the laboratory has been reviewed. The sonochemical as well
as ultrasound spray pyrolysis synthesis of various classes of compounds, particu-
larly inorganic nanomaterials, that has been recently reported in literature, has been
explored. The chapter ends with a concise report on future outlook and prospects of
sonochemical synthesis technique.
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4.1 Introduction

Chemical synthesis using ultrasonic waves has gained prominence in the last
century following the pioneering work of Richard and Loomis in [1] when they
reported their observations on the effect of ultrasound on chemical reactions. Sound
waves are longitudinal in nature and propagate through a medium via alternate
areas of compression and rarefaction. Ultrasonic waves encompass sound energy
with frequencies higher than 20 kHz. This high-frequency sound is inaudible to the
human ear. The ultrasonic range spans between 20 kHz and 5 MHz, and the energy
associated with it is not even sufficient to excite molecular rotations [2].
High-frequency (2–5 MHz) ultrasonic waves with low energy are used to study the
medium on which it is applied and find application in medical diagnostics and
imaging which will not be discussed in this chapter [3]. Here we will concentrate on
low-frequency (20 kHz to 2 MHz) ultrasonic waves with high energy which pro-
duces certain chemical effects in the reaction medium. There is no direct interaction
between ultrasonic waves and the chemical species leading to any bond breaking
and bond making. However, it was observed that application of ultrasound speeds
up certain chemical reactions and the reasons for this have been explored
intensively.

4.1.1 Principle of Sonochemistry

In a liquid, the molecules are oscillating about their mean position. When ultrasonic
waves propagate through a liquid medium, it generates a dynamic tensile stress in
the molecules which alters the average distance between them. In case of com-
pression, the molecules are subjected to higher positive pressure whereas when
rarefaction occurs, the pressure felt is negative. In case there is sufficient negative
pressure, the average distance between the molecules is increased beyond the
critical distance needed to uphold the integrity of the medium and leads to creation
of voids or cavitation bubbles. In aqueous medium, where the critical distance is
considered to be *10−8 cm, a tensile pressure of almost 1000 atm is needed to
create a vapor-filled cavitation bubble [4]. However, the presence of dissolved gas/
gas bubbles and particulate matter in the medium acts as soft spots for generation of
cavitation bubbles under much lower pressure. The violent implosion of these
cavitation bubbles results in generation of transient (10−6 s) high temperature
(*5000 K) and pressure (*1000 atm) conditions, leading to shock waves, which
brings about the various effects observed in a reaction with application of ultra-
sound [5]. It is to be noted that the process of cavitation bubble collapse is nonlinear
in nature and is heavily dependent on the local environment and hence varies
considerably in homogenous and heterogenous systems.
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4.1.2 Effect of Ultrasound on Chemical Reaction

The acoustic cavitation occurs within a frequency range of 10–106 Hz. However,
most of the ultrasonic instruments used in the laboratory operate within 20–40 kHz.
There are two dominant effects of ultrasound: physical and chemical. The physical
effects are manifested when the instrument operates at lower range of frequencies,
whereas the chemical effects are more pronounced at higher frequency range. The
shock waves created by violent collapse of the cavitation bubbles generate
mechanical stress in the reaction medium. In case of a heterogenous reaction, the
cavitation bubbles do not have a homogenous surrounding and hence undergo
asymmetrical growth. During implosion, such a distorted bubble forms microjets
which impinge with high force on the nearby available surface and this leads to
surface modification via pitting and erosion. The high pressure and velocity of the
shock wave can lead to enhanced mass transport via rapid mixing of reactants,
alteration in particle size and morphology due to increased collisions and hence play a
very significant role in the nature of product obtained from the reaction. Application
of ultrasound has been reported to produce particle agglomeration in case of mal-
leable materials, size reduction for brittle materials and exfoliation in materials with
lamellar structure [6]. The chemical effect of ultrasound has been studied extensively
in case of water which is one of the most commonly used reaction medium. The
passage of ultrasonic waves leads to sonolysis of water generating H∙ and OH∙

radicals. These radicals can combine and form H2 and H2O2 which act as strong
reductants and oxidants, respectively, in various sonochemical reactions conducted in
aqueous solution. Non-aqueous organic solvents also form radicals through cavita-
tional collapse provided it has low vapor pressure. Volatile organic solvents have
high vapor pressure which lessens the impact of bubble collapse. Solvents like
hydrocarbon form H2 and CH4, acetonitrile forms N2, H2 and CH4, carbon tetra-
chloride forms Cl2, toluene forms H2, CH4, benzene, xylenes, etc. through combi-
nation of free radicals which plays a major role in the overall reaction.

Another major effect of applying ultrasound to aqueous and organic solvent is
the production of light, and this phenomenon is termed sonoluminescence.
Sonoluminescence was observed during sonication of water by the scientist duo
Frenzel and Schultes [7]. The origin of sonoluminescence is attributed to acoustic
cavitation, and in water it exhibits a peak at 310 nm with a broad continuum
extending well into the visible range. The former is due to the generation of excited
OH∙ radical, and the latter is attributed to formation of other chemical species. On a
similar note, sonoluminescence spectrum of hydrocarbons is dominated by emis-
sion from the excited diatomic C2 unit which is similar to that observed in flame
chemistry. The intensity of emission increases with decrease in vapor pressure of
the organic solvent confirming its dependence on the cavitational collapse.
Sonoluminescence is used as spectroscopic probe to detect the temperature and
pressure conditions in a reaction when it is being ultrasonicated. The above
observations and many subsequent detailed researches have confirmed that sono-
luminescence is a form of chemiluminescence [8–12].
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4.1.3 Effect of Various Parameters on Sonochemical
Synthesis

Various parameters affect the process of cavitation, viz. frequency and power of the
ultrasonic waves, viscosity and temperature of the reaction medium, type of
atmosphere and reactor geometry used during synthesis, etc. [13]. Increase in fre-
quency of ultrasonic waves leads to decreased production of cavitation bubbles in
the medium. Increasing frequency means shorter compression and rarefaction
cycles, and hence, there is less time for the cavitation bubbles to grow to an
optimum size which can facilitate their collapse. Also, the power requirement
increases ten times with increase in ultrasonic frequency from 10 to 400 kHz.
Hence, most of the ultrasonic reactors in laboratories work in an optimum fre-
quency range of 20–50 kHz. The acoustic intensity expressed in W cm−2 is the
acoustic power at the transducer tip. When acoustic intensity increases, there is an
increase in the size of the cavitation bubbles during the rarefaction cycle. The
collapse of larger bubbles generates stronger shock waves and increases the rate of
reaction. However, the bubble collapse time is also dependent on the size of the
bubble, and it increases with size which leads to insufficient cavitation within a
fixed period of time. Hence, an optimum power (50–200 W cm−2) is necessary to
maximize the rate of sonochemical reaction.

The viscosity of the solvent used affects the rate of acoustic cavitation. For
generation of the empty/vapor-filled voids, the negative pressure during the rar-
efaction cycle should be more than the cohesive force in the solvent. Hence, the
cavitation process becomes more difficult in a viscous medium. However, solvents
with low surface tension having high vapor pressure are also not desirable since
they lead to less intense cavitation collapse by providing a cushioning effect in the
vapor-filled bubble. The sonochemical reaction rate is also affected by the tem-
perature of the reaction medium. Higher temperature leads to vaporization of dis-
solved gas in the medium and also the solvent itself which decreases the efficiency
of the bubble collapse. Also, higher temperature decreases the surface tension of the
medium and reduces the heat generated during the bubble collapse which results in
lower transient temperature arising from the implosion. An optimum external
pressure is also required for effective cavitation since high pressure prevents bubble
formation as acoustic field has to overcome both surface tension and ambient
pressure to generate the cavitation bubbles. However, cavitation can be produced at
very high ultrasonic intensity when the external pressure is increased since it leads
to a decrease in the bubble collapse time.

The presence of dissolved gas in the medium facilitates sonochemical reaction. It
is to be noted that the maximum temperature (Tmax) during the adiabatic collapse of
a cavitation bubble depends on the ratio of specific heats of the gas mixture (c), the
experimental temperature (T0) and bubble pressure at maximum size (P) and is
given by:
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Tmax ¼ T0
Pm c� 1ð Þ

P

� �
ð4:1Þ

Hence, monoatomic gases with high c leads to better cavitation effect compared
to diatomic ones. Gases with low thermal conductivity and high solubility also
increase the effectiveness of a sonochemical reaction by dissipating less heat from
the cavitation site and facilitating the generation of a greater number of cavitation
nuclei, respectively. Large volume of gas is undesirable since it lowers cavitation
threshold and also lessens the intensity of cavitation bubble implosion.

The reactor design also affects a sonochemical reaction. Reactions done using
ultrasonic baths lead to indirect sonication since the reaction vessel is generally
immersed in the bath containing a coupling fluid. The ultrasonic power experienced
by the reaction is actually much less than that supplied and there are reproducibility
issues since the placement of the bath affects the amount of power reaching the
reaction vessel. The reaction vessel geometry particularly the bottom design affects
the wave pattern even when it is placed at the same position in the bath. The
increase in the temperature of the coupling fluid during sonication makes it difficult
to maintain isothermal condition which affects cavitation. When ultrasonic probes
are used, the sonication is direct but erosion and pitting of the probe tip affects
cavitation and also leads to impurity generation in the system.

4.2 Design of Ultrasonic Reactors

There are three main components in any ultrasonic reactor: ultrasonic power gen-
erator, ultrasonic transducer and the reaction vessel. The ultrasonic power generator
provides electrical energy to the ultrasonic transducer. It converts the energy from
the power source to the required voltage and frequency needed for operation of the
ultrasonic reactor. The generator can vary the quantum of power supplied to the
transducer and also alter its frequency sweep rate as per the requirement. The
transducer is a device that can convert energy from one form to other. The generator
pumps in a particular frequency, the transducer resonates and amplifies it, and this
leads to the generation of alternate regions of compression and rarefaction in the
reaction medium. The transducers do this by either piezoelectric method or mag-
netostriction. In piezoelectric transducer, piezo-ceramic materials (quartz, lead
zirconate titanate) are used which can change shape with application of electrical
energy. When AC current passes through, the continuous alternating voltage signal
leads to resonance vibration in the metal housing around the horn tip attached to the
transducer. The magnetostrictive effect is manifested when iron rich material is used
which expand/contract with application of magnetic field. The AC current produces
an alternating magnetic field and consequent expansion and contraction of the
material leads to resonant vibration generated in the transducer. The piezo-electric
transducers are favored as they consume less power. This is due to the fact that in
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this case, there is a single-step energy conversion from electrical to mechanical.
However, electrical energy converts to magnetic energy followed by conversion to
mechanical energy in magnetostrictive transducers and lot of energy gets dissipated
as heat resulting in loss of efficiency. The vessel used for the sonochemical reaction
depends on the type of ultrasonic reactor used. The most common ones are ultra-
sonic baths, ultrasonication probes and batch flow and continuous flow
ultrasonicators.

4.2.1 Ultrasonication Bath

Ultrasonic baths are mostly used for cleaning and have transducers attached to the
bottom of the bath containing the coupling fluid. These are the most common
ultrasonication instrument used in the laboratories as it is relatively inexpensive. If
reactions are carried out using ultrasonic bath, the vessel is placed in the coupling
fluid and indirect sonication occurs. The bath can also be filled with the reaction
solvent, but it might react with the materials and cause corrosion in the lining
resulting in impurities in the final product. The process is inefficient as most of the
ultrasonic intensity is dissipated before reaching the reaction vessel, and it has poor
reproducibility. The warming up of the coupling fluid during sonication also affects
the reaction as adiabatic conditions are difficult to maintain. The optimum power,
time of reaction and placement of reaction vessel have to be optimized for every
bath for maximizing efficiency of the process. The geometry of the reaction vessel
should also remain unaltered since the wave pattern generated is influenced by it.

4.2.2 Ultrasonication Probe

Ultrasonic probes called horns are being used mostly in laboratories for carrying out
sonochemical reaction. The horn tips are dipped directly into the reaction medium,
and it transfers large amount of power to it in a regulated manner by varying the
amplitude delivered to the transducer. The tips can undergo pitting and corrosion
over time which can add impurities in the product. Regular examination of the tips
is needed to enhance the efficiency of the sonication process. The ultrasonic
intensity area is dependent on the power delivered to the transducer by the ultra-
sonic generator. As the power delivered increases, the ultrasonic intensity increases
at the center of the reactor and dissipates in the radial direction. The pressure
intensities were also found to be highest at the tip and then decrease exponentially
with the distance from the tip of the horn. The sonochemical reaction done with
ultrasonic horns generally produces more yield compared to that done using
ultrasonic baths.
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4.2.3 Batch Flow and Continuous Flow Ultrasonicators

For industrial sonochemical processes, both batch and continuous flow reactors are
required. These large-sized vessels have multiple transducers attached to its sides
and bottom. The reactor has an inbuilt stirring mechanism, an external jacket for
isothermal control and reaction ports which allow for operation in the batch,
semi-batch or continuous mode. The transducers do not act in tandem and are
protected from atmospheric disturbances by caps. These reactors aim to increase the
reproductivity and efficiency of sonochemical process compared to ultrasonic baths
and transducers.

4.3 Synthesis of Nanostructures Using High Intensity
Ultrasound

The applications of ultrasound are manifold. It is used for exfoliation and delam-
ination of brittle and layered solids, for cleaning of surfaces, and also helps in
aggregation of metal powders and ceramics which is the result of the enhanced
collisions and immense transient heat generated during the cavitation bubble col-
lapse. Sonochemistry finds wide application in organic synthesis as it helps in
achieving faster reaction rates at lower temperatures, increases the yield of the
desired product and can also lead to different product compared to mechanical
agitation. There are review articles available in literature which extensively covers
organic synthesis via use of sonochemistry [14]. In this chapter, the focus is on
sonochemical synthesis of inorganic nanostructures and the following subsections
will highlight the recent results where sonochemistry has been used to synthesize
nanoforms of metals, alloys, non-metals, metal oxides, metal chalcogenides and
metal carbides. Nanomaterials have sizes ranging between 1 and 100 nm at least in
one dimension, and the excess surface energy alters its properties considerably
compared to its bulk counterpart. This leads to their important applications in the
fields of optoelectronics, electronics, energy storage, catalysis, environment sci-
ence, biomedical science, etc. [15]. Hence, efficient synthesis of nanomaterials
forms an integral part of modern research. Surface deposition of nanomaterials
facilitated by ultrasound is another interesting aspect, and this has also been dis-
cussed. Sonochemical polymerization and depolymerization reactions form an
integral part of polymer mechanochemistry, and some salient features of this topic
have been covered.
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4.3.1 Metals, Non-metals and Alloys

The commonly used method for synthesis of metal nanoparticles is reduction of its
salt with chemical reagents like sodium borohydride, hydrogen, etc. However, with
passage of ultrasound, metal nanoparticles can be obtained without addition of
chemical reducing agents and in a much shorter time. The sonolysis of aqueous/
ethanolic solution of metal salts generates H∙ as well as other secondary radicals
which act as reducing agents which leads to the formation of metal nanoparticles.
The presence of alcohols and other surfactants inhibits the growth of nanoparticles
since they can act as capping agents which results in their smaller size. Ag nan-
oclusters have been synthesized by application of ultrasound to polymethylacrylic
acid (PMMA)-added AgNO3 aqueous solution [16]. Core–shell metallic nanopar-
ticles have been synthesized by sonochemical reduction of two different metallic
salts. This is done by astute selection of metals having a difference in their reduction
potential. Au/Ag and Pt/Ru core–shell nanoparticles have been synthesized using
this technique [17, 18]. The use of ultrasound in synthesis of nanoparticles was
demonstrated by Suslick et al. by sonochemical-assisted decomposition of volatile
iron pentacarbonyl in non-aqueous solvent which led to the formation of iron
nanoparticles [19, 20]. Oleic acid and polyvinyl-pyrrolidone (PVP) have been used
as capping agents which restrict the agglomeration of the amorphous iron metal
formed due to the very high cooling rate of the collapsed cavitation bubble. The
non-aqueous solvents generate vapors essential to control the intensity of the cavi-
tational collapse and controls the reaction. Similarly, other volatile organometallic
compounds like Ni(CO)5, Co(CO)3NO have been used as precursors for sono-
chemical synthesis of amorphous Ni and Co, respectively. Passage of ultrasound
through a mixture of Fe(CO)5 and Co(CO)3NO in various stoichiometric ratio
produces Fe–Co alloy having different compositions [20]. The metal nanoparticles
synthesized using this technique are highly reactive and can react with other reactants
yielding a host of products as shown in Fig. 4.1. For example, ultrasound-assisted
decomposition of Mo(CO)6 in 1,2,3,5-tetramethylbenzene under Ar cover leads to
the formation of amorphous Mo which can react in situ with sulfur powder and
produce MoS2 which has spherical morphology and is different from the plate-like
morphology seen in case of MoS2 synthesized using conventional technique [21].

The addition of polymers and surfactants in the reaction mixture acts as capping
as well as structure directing agent and can lead to non-spherical morphologies like
nanorods, nanobelts, etc. There are reports on synthesis of Au nanobelt in presence
of a-D-glucose and Au nanodecahedra in presence of PVP [22, 23]. Trigonal
selenium nanowires have been obtained by acoustic cavitation of amorphous Se
colloids (synthesized via reduction of selenious acid using hydrazine). The smaller
particles agglomerate due to the localized intense heat generated during the cavi-
tational bubble collapse [24].

Among non-metals, the application of sonochemistry in synthesis of carbon
nanostructures has been studied in detail. The conventional synthesis methods for
carbon nanotubes (CNT), nanoscrolls, etc. require application of high temperature,
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catalysts, arc discharge conditions and vacuum compatible systems. However,
using ultrasound, carbon nanostructures can be synthesized under ambient condi-
tions and in the absence of any catalyst. Multiwalled CNTs have been synthesized
by sonicating CHCl3, CH2Cl2 and CH3I in presence of Si nanowires. The ultra-
sound leads to decomposition of the solvents and their subsequent reaction with Si
surface which leads to growth of CNTs [25]. Similarly, sonication of ferrocene and
silica powder in p-xylene leads to formation of single-walled CNTs [26]. With
CNTs finding widespread application in electronic devices and sensors, their lim-
ited solubility in water and organic solvents pose a big problem as it hinders the
fabrication process. Sonochemistry finds immense application in increasing the
dispersibility and solubility of CNTs. p-doped CNTs have been synthesized by
sonicating carbon nanotubes in o-dichlorobenzene. Addition of sodiumdodecyl-
benzene sulfonate (SDS) leads to water dispersible CNTs. Carbon sonogels have
been synthesized using resorcinol and formaldehyde as precursors. Ultrasonic
waves are passed through the mixture till gelation point and pyrolysis after
appropriate aging of the gel yields highly porous carbon sonogel [27]. The time of
gelation is greatly reduced on application of ultrasound compared to the conven-
tional process which has been attributed to the formation of free radical species in
the former case. The physical effect of ultrasound is also evident in its utility in
separating out the sp2 hybridized carbon sheets of graphite. This is needed to
introduce guest ions/molecules in between the sheets or completely exfoliate them
to produce graphene. The graphene sheets can form nanoscrolls on application of
ultrasound which finds application as hydrogen storage materials [28, 29].

4.3.2 Metal Oxides

The synthesis of nanostructured metal oxides is one of the most useful applications
of the sonochemical method. In a typical reaction, the metal salt solution in water is
sonicated under air at normal atmospheric pressure and room temperature. The pH

Fig. 4.1 Volatile
organometallic compounds
leads to formation of metal
nanoparticles and various
other products. Note Mx is
metal cluster and all products
are in nanoform
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of the solution is made slightly alkaline by addition of ammonia or urea. Ultrasound
waves increase the rate of hydrolysis, and the shock waves generated from the
cavitation bubble collapse sometimes lead to unusual morphology in the metal
oxide nanoparticles. Compared to conventional synthesis technique, metal oxide
nanoparticles obtained via sonochemical synthesis have increased surface area,
better size distribution, enhanced phase purity and the added advantage of shorter
reaction time. There are numerous reports available in literature on sonochemical
synthesis of metal oxide nanoparticles, viz. TiO2, CeO2, In2O3, Gd2O3, CoO, CdO,
ZrO2, spinel compounds like CoCr2O4, ZnAl2O4, ZnGa2O4, FeAl2O4, perovskites
like BiFeO3, BaTiO3, PbTiO3, SrTiO3, ZnTiO3, and also mixed metal oxides like
Bi2Fe4O9, Bi4Fe3O12, ZnSb2O6, CdSb2O6 and BaSb2O6 [30–53]. Morphological
modification of the product is possible through judicious selection of additives in
the reaction. The addition of surfactants like tetra-ethylene glycol (TEG) in the
aqueous metal salt solution mixture have resulted in the formation of nanorods as
reported in case of BiFeO3 synthesis by ultrasonication as shown in Fig. 4.2 [47].
Nanocubes of In(OH)3 have been synthesized sonochemically in presence of CTAB
as surface directing agent [53]. The increase in sonication time from 0.5 to 1 h

Fig. 4.2 a TEM image of
BiFeO3. b SAED pattern of
BiFeO3 (Ref. [47])

Fig. 4.3 TEM micrograph of In(OH)3 particles obtained after a 0.5 h and b 1 h sonochemical
treatment. Reprinted Ref. [53] with copyrights permission from American Chemical Society

118 D. P. Dutta



changed the morphology of the In(OH)3 nanostructure (Fig. 4.3). Hollow haematite
as well as Co3O4 nanospheres has been synthesized sonochemically using carbon/
CNT as the sacrificial template and corresponding Fe and Co precursors [54, 55].
Sol gel synthesis is another popular method for synthesis of metal oxide
nanoparticles. In sol gel synthesis, the initial step is hydrolysis which is followed by
the condensation process leading to the formation of the gel precursor after aging.
In this process, cross-linked polymer networks in liquid form which in turn gets
converted to the solid phase. The solid product is obtained from the gel either by
applying heat or by addition of solvent. The hydrolysis rate is enhanced on
application of ultrasound in sol gel process, and this leads to better size uniformity
and phase purity in the metal oxide nanoparticles formed. This has been amply
demonstrated in the synthesis of oxides of Ti, Zn, Ce, Mo, V and In using sono-
chemically assisted sol gel synthesis. Mesoporous TiO2 and TiO2 hollow nano-
spheres have been synthesized by 6 h/3 h sonication of [Ti(OPri)4] precursor in
presence of de-, do- and octadecylamine surfactants or block copolymer, respec-
tively [56, 57]. The reduced time of gelation has been attributed to the enhanced
mass transport facilitated by the passage of ultrasonic waves. The increased surface
area of these TiO2 nanostructures results in their better catalytic performance
compared to TiO2 synthesized using conventional techniques.

4.3.3 Metal Chalcogenides

The use of ultrasound in metal chalcogenide synthesis was first reported by
Suslick’s group [21]. Ultrasonication of molybdenum hexacarbonyl in
1,2,3,5-tetramethylbenzene under Ar gas cover in presence of sulfur powder yielded
MoS2. The higher surface area and presence of defects in the sonochemically
synthesized MoS2 considerably enhance their catalytic activity for hydrodesulfur-
ization of thiophene. However, the most reported method for sonochemical syn-
thesis of chalcogenides involves ultrasonication of an aqueous metal salt solution in
presence of chalcogen donors like thiourea, thioacetamide, selenourea, etc. The S/
Se∙ radicals generated through sonolysis form H2S or H2Se, which reacts with the
metal ions and lead to faster kinetics. Nanostructures with various morphologies
(rods, cubes, spheres, etc.) have been reported by using surfactants during the
sonochemical synthesis which act as structure directing agents [58–61]. Hollow
nanostructures of metal chalcogenides act as better catalysts and photonic materials,
and hence, a lot of emphasis has been laid in its synthesis. The conventional method
uses silica/polymer templates as sacrificial agents which complicates the synthesis
procedure and makes it expensive. Hollow CdSe nanosphere has been synthesized
via one-step ultrasonication of aqueous solution of CdCl2 and NaSeSO3 in presence
of ammonia. The Cd(OH)2 formed acts as a sacrificial template for the formation of
CdSe hollow nanospheres [62]. ZnO nanospheres can act as templates in sono-
chemical synthesis of ZnS/ZnSe hollow nanospheres in presence of appropriate
sulfur/selenium sources [63]. The S2−/Se2− generated gets adsorbed on the ZnO
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surface and forms ZnS/ZnSe which act as nucleation sites and leads to complete
dissolution of the ZnO structure leaving hollow nanospheres of the Zn chalco-
genides. Various other hollow metal chalcogenide nanostructures have been syn-
thesized using the same technique [64, 65]. Also, there are reports on synthesis of
oxide/chalcogenide core–shell nanostructures (SnO2/CdS, ZnO/CdS) using similar
sonochemical synthesis method [66]. A two-step sonochemical synthesis of highly
luminescent CdSe/ZnS core–shell nanoparticles has also been reported.

4.3.4 Metal Carbides

Conventional synthesis of refractory materials like Mo2C and W2C requires very
high temperature heating of the corresponding metal and carbon. Hence, synthesis
of nanostructures of carbides through conventional synthesis is not possible since
high temperature leads to agglomeration of the product. Sonochemical synthesis
proves invaluable in the production of such carbide nanostructures since acoustic
cavitation leads to transient hot spot generation but it does not affect the temperature
of the reaction in the macroscale. Sonication of organometallic Mo(CO)6 and W
(CO)6 in presence of hexadecane leads to formation of metal oxycarbides which
when heated in a reducing CH4/H2 atmosphere yields the corresponding metal
carbide nanoparticles. The nanostructures are porous which lends them a high
surface area which results in their enhanced catalytic activity for dehydrogenation
reactions [67].

4.3.5 Surface Deposition

Apart from the chemical effects of ultrasound for nanoparticle synthesis, the
physical effects of ultrasound are also useful in surface deposition of nanoparticles
on various substrates. The generation of high-speed microjets and intense shock
waves is a result of the cavitation process, and this is manifested as the physical
effect of ultrasound. There are reports on sonochemical deposition of noble metal
particles on silica, carbon, polymer substrates without the need of surface tailoring
[68–70]. Using ultrasound, the coating obtained is very uniform. Uniform depo-
sition of silica on Fe3O4 nanoparticles as well as indium tin oxide has been reported
via passage of ultrasound in mixture of Fe3O4 nanoparticles/indium tin oxide and
tetraethyl orthosilicate [71, 72]. The thickness of the silica coating can be adjusted
by altering the time of sonication. Sonicating a dispersion of Mo(CO)6 and ZSM-5
in hexadecane under inert gas cover yields Mo2C coating over ZSM-5 resulting in
an egg shell configuration which acts as an efficient catalyst for aromatization of
methane [73]. De-intercalation of layered compounds is also considerably facili-
tated by application of ultrasound as it weakens the attractive forces between the
layers. Formation of the reducing agent KC8 is done easily by sonication of graphite
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in toluene in presence of potassium metal [74]. Layered graphite oxide has reduced
van der Waals attraction between layers compared to graphite and is easily sepa-
rated by application of ultrasound waves. On reduction with appropriate reductants,
it leads to the formation of graphene sheets. Zn and Sn aqueous salt solution on
being subjected to ultrasound forms low-melting Zn and Sn, and the enhanced mass
transfer makes these metal clusters impinge on one another with sufficient intensity
to induce melting at the point of contact [75]. However, this phenomenon is
observed only in case of metals having melting point less than 3000 k and an
optimum size which is neither too small nor large. The size determines the velocity
with which the particles impinge on each other and must have enough mechanical
energy to induce agglomeration. Sonochemically synthesized FePt nanoparticles
have been deposited on silica nanoparticles by application of ultrasound.
Consequent treatment with HF dissolved the silica and leaves behind FePt hollow
nanospheres. Polystyrene and polymethylmethacrylate nanospheres are also used as
sacrificial templated for synthesis of hollow nanostructures. Uniform deposition of
metal/metal oxide/metal chalcogenide nanoparticles is achieved on the polymer
nanospheres via sonochemical method. The polymer core is then removed by
thermal treatment or washing with suitable solvent leaving behind hollow nanos-
tructures of desired material.

4.3.6 Inorganic–Polymer Nanocomposites

The power of the physical effects of ultrasound is also manifested in its
mechanochemical action on covalent bond which leads to the shortening of poly-
mer chain length. High-molecular-weight polymers undergo radical formation and
bond breakage on passage of ultrasound. The breakage can occur at specified points
in the polymer chain if easily sliceable groups are attached to it. The groups easily
cleaved by ultrasonication include azo, peroxide, and strained rings. Apart from
shortening of polymer chain length, ultrasonication also leads to polymer formation
from monomers via radical polymerization process. This method leads to poly-
merization in a much shorter time and at much lower reaction temperatures com-
pared to the conventional process. Ultrasonication is also used for synthesis of
polymer nanocomposites with inorganic materials like CNT, oxides, clay, etc. CNT
dispersion in solvents is a problem as it has a high van der Waals force of attraction
which leads to agglomeration. Ultrasonication of CNT in organic solvents improves
their dispersibility. Polymer CNT nanocomposites are synthesized by sonication of
solvent-dispersed CNT in polymer matrix. For example, multiwalled CNT/PMMA
nanocomposites have been synthesized via a simple sonochemical method. The
CNTs are treated with acid and then sonicated in liquid MMA in presence of
2,2-azoisobutyronitrile (AIBN) which serves as an initiator for the radical poly-
merization process. The radicals are generated on CNT and aid in the in situ
polymerization of MMA to PMMA and in the process, which leads to disentan-
glement of the CNTs and their better dispensability in the polymer matrix [76]. The
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nanocomposites when dissolved in chloroform and cast on Teflon plates yield free
standing films with minimum aggregation of CNTs. The quality of films obtained is
much superior to that obtained without in situ polymerization via sonication.
Multiwalled CNT/polystyrene (PS) nanocomposites have also been synthesized via
sonochemically induced radical generation from monomer decomposition in
absence of any other initiator [77]. The CNTs are found to be well dispersed in the
PS matrix. However, when simple solution mixing process is used for synthesis of
these nanocomposites, and the CNTs are found to be in an agglomerated state. This
proves that both chemical and physical effects of sonication are beneficial for
synthesis of such CNT/polymer nanocomposites. Similarly, sonochemically assis-
ted synthesis of carbon black/polyvinyl alcohol nanocomposites has been reported,
and the carbon black shows better stability and dispersion in the composite matrix
compared to that in water or PVA solution [78].

Polymer/clay forms another class of nanocomposites which finds application as
better filler materials due to their enhanced mechanical and thermal properties. In
order to synthesize these nanocomposites, it is essential to have chemical com-
patibility between the nanoclay and polymer material, and the former should be
distributed homogenously in the latter. Ultrasonication has been established as a
facile technique for synthesis of such nanocomposites. The dispersion of clay in
polymer matrix via sonication yields materials with steady shear viscosity com-
pared to the conventional chemical and mechanical methods. PMMA/MMT and
poly(glycidyl methacrylate)/MMT nanocomposites have been synthesized via
in situ polymerization by sonication of a chloroform solution of the precursors [79].
These nanocomposites find application in optoelectronic devices. Similarly, poly
(glycidyl methacrylate)/MMT nanocomposites have also been synthesized via
in situ polymerization using ultrasonication which reduced the time of synthesis and
yielded nanocomposites with better dispersion of the MMT clay compared to
solution blending method [80]. The superior dispersion has been attributed to the
generation of powerful microconvection in the solution via acoustic cavitation.

4.4 Ultrasonic Spray Pyrolysis

Spray pyrolysis is a process in which aerosols are thermally decomposed under a
gas flow. This technique is used for film deposition and also for synthesis of
submicron as well as nanosized particles. When the aerosols are generated using an
ultrasonic nebulizer, the process is known as ultrasonic spray pyrolysis (USP). The
ultrasonic generation of aerosols is an energy-efficient process which leads to the
formation of aerosols with medium velocity, and this in turn increases the yield of
product. Being a continuous flow process, it is easily scalable to industrial pro-
duction level and is a cost-effective technique. In sonochemistry, low-frequency
(20 kHz) and high-intensity ultrasonic waves are used, whereas in USP, the fre-
quency used is generally 2 MHz. The ultrasound nebulizers produce micron-sized
droplets which act as microreactors and get heated thermally leading to
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decomposition of the precursors and eventually yield the product. The Lang
equation aptly describes the dependence of the diameter of the droplet (D) on the
applied frequency:

Ddroplet ¼ 0:34
8pc
qf 2

� �1=3
ð4:2Þ

Here, c denotes the surface tension, q is the density of the solution, and f is the
applied ultrasonic frequency. It is evident that for synthesis of nanomaterials, the
ultrasonic frequency should be high (� 1 MHz).

The schematics of an USP apparatus are shown below (Fig. 4.4). The carrier gas
carries the ultrasonically nebulized precursor mist into the heated furnace where it
undergoes decomposition to form the product which is generally deposited on a Si/
glass substrate placed in the cooler region of the furnace. The sequence of events
occurs in the following order: Ultrasonic nebulization leads to droplet formation,
solvent in the drop gets evaporated under thermal treatment leading to supersatu-
ration, solutes diffuse and precipitate, the precipitated solids decompose under heat,
the gases trapped in decomposed product escape, and the material gets somewhat

Fig. 4.4 a Schematics and b reaction procedure for USP apparatus. Reprinted from Ref. [82] with
copyrights permission from Wiley-VCH, New York/ACS
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sintered. The morphology of the final product depends on the rate of evaporation of
the solvent and the extent of solubility of the precursors in the solvent. USP finds
application in production of fine micron-sized powders of metals, alloys by thermal
decomposition of metal nitrates under inert gas cover. This procedure has been used
extensively for synthesis of Ag, Au, Pd, Ag-Pd particles [2]. For the synthesis of
Cu, Ni, Co particles, a reducing atmosphere is desirable and hence the thermal
treatment is generally carried out under Ar/H2 atmosphere. An even better method
is to heat the metal nitrates/acetates in presence of alcohol. The latter decomposes to
produce H2 along with carbon monoxide and methane, which can provide the
reducing atmosphere in situ, and thus simplifies the synthesis process [81].
Synthesis of metal oxides and chalcogenides using USP is very common, and the
procedure involves ultrasonic nebulization of metal acetate/nitrate/chloride solution
under air or in presence of a chalcogen source, respectively [82]. However, the
major advantage of USP is evident in synthesis of composite powders. The con-
ventional method of synthesis of crystalline composites is liquid precipitation
technique which needs high-temperature annealing leading to agglomeration,
hydrothermal method which can be used for synthesis of only a few specific
composites and solid-state synthesis which produces powders with minimum
control of size and morphology. In USP, the reactions occur in isolated chemical
microreactors due to the ultrasonic nebulization and form crystalline composites
with minimum agglomeration.

The last decade has seen phenomenal amount of research being devoted to
synthesis of nanostructured composites using USP. The metal/metal oxide/metal
chalcogenide composites are formed with sacrificial templates which can be later
removed to leave behind porous nanostructures. The use of silica as template for
nanostructure synthesis is now well exploited, and MoS2/SiO2 nanocomposite has
been synthesized via decomposition of (NH4)2MoS4 in presence of silica colloid
[83]. Porous MoS2 with controlled morphology is obtained by dissolving the
composite in HF which removes the silica template. The nature and morphology of
the silica colloid play a major role in controlling the level of porosity in MoS2
nanostructures. The extent of deposition of the desired material on the silica col-
loids also affects the morphology. This is evident in USP synthesis of ZnS:Ni2+

samples which produced hollow microspheres at low temperatures and nanoparti-
cles at high temperature after removal of the silica colloid template [84]. At high
temperature, the extent of ZnS deposition on silica is larger than that of the silica
colloid and hence on removal of the template, the hollow structure is not supported
and leads to the formation of nanoparticles. Using sucrose and silica colloid as
template, porous carbon nanospheres have been synthesized via USP. Manipulation
of pore size was done by varying the sucrose to silica colloid ratio during the
synthesis, and these materials find application in H2 storage [85]. Macroporous
SiO2/TiO2 has been synthesized via USP using polymer colloids as template [86,
87]. Colloidal dispersion of silica/titania and polystyrene is subjected to ultrasonic
nebulization, and sequential thermal treatment forms SiO2/TiO2/polystyrene com-
posite at low temperature and macroporous SiO2/TiO2 spheres at high temperature
which pyrolyzes the polystyrene. Since polymers are expensive, a better approach
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has been developed to reduce the cost of synthesis. Here monomers are used in the
USP process, and the temperature is gradually increased during ultrasonic nebu-
lization so that polymer composites are formed and further increase in temperature
leads to pyrolysis of the in situ generated polymer, leaving behind macroporous
material [88].

One of the major problems in synthesis of nanomaterials using USP is the
tendency of the numerous nuclei generated forming multiple nanocrystallites to
agglomerate. This leads to formation of micron-sized material. To circumvent this
problem, metal salt (Li/Na/K chloride or nitrate) or their mixtures are added to the
precursor solution while performing USP. The salts act as a solvent to the pre-
cipitated nanocrystallites and trap them preventing their agglomeration. The salt can
be removed from the final product by repeated washing. Using this molten
salt-modified USP technique, various metal, alloy, metal oxide and metal chalco-
genide nanoparticles have been synthesized [2]. The amount of metal salt added
influences the morphology of the final product. Use of less amount of metal salt
leads to the formation of porous nanomaterials. The salts are mostly inexpensive,
non-toxic and reusable, which renders the process more attractive. Porous carbon
spheres and nanocages can also be synthesized via USP of alkali metal salts of
chloro/dichloroacetates [89]. This single-step method is much preferred compared
to the complicated multistep conventional procedure for porous carbon synthesis.

USP has also matured as a method of choice for synthesis of semiconducting
metal chalcogenide quantum dots. In this case, the precursors are mixed in
high-boiling organic solvents diluted with low-boiling organic solvent to reduce
their viscosity. After ultrasonic nebulization, the low-boiling solvent evaporates at
the low temperature heating zone leaving a concentrated dispersion of precursor in
the high boiling solvent. On passage through the high-temperature zone, the pre-
cursors decompose to yield the desired semiconductor quantum dots (binary and
ternary CdS/Se/Te) [90].

4.5 Conclusions and Future Prospects

The application of high-intensity ultrasound in synthesis of nanomaterials is pos-
sible due to its physical and chemical effects on the reaction mixture, which is
brought on by the phenomenon of acoustic cavitation. On varying the reaction
conditions and the composition of the precursor, a wide variety of nanomaterials
with controlled size and morphology can be synthesized. However, industrial
application of this technique is rather limited since scaling up of the synthesis
requires better technical support. Though laboratory-scale ultrasonicators are now
quite common and comparatively inexpensive, large-scale ultrasonicators are rel-
atively scarce in supply. The energy efficiency of the process needs to be improved
since the coupling of ultrasound to generate chemically fruitful acoustic cavitation
is not as easy as conversion of electrical energy to ultrasonic waves. In this regard,
much work needs to be done to increase the extent of chemically fruitful acoustic
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cavitation in the reaction mixture. In ultrasonic spray pyrolysis technique, the
ultrasonic waves nebulize the precursor solutions producing micron-sized droplets
that act as microreactors and leads to product formation. Though the last decade has
seen explosive development of the USP method for formation of various stable
nanomaterials, the major emphasis has been on nanocomposites and semiconductor
materials. The report on metal oxide synthesis using USP is relatively scarce since
their formation requires longer period of thermal treatment, which is not available
because of the short residence time of the microreactor droplets in furnace. Lack of
proper precursors for synthesis of metal oxides nanoparticles is another bottleneck
which needs attention. Hence, emphasis should be focussed on development of
novel precursor materials and better control of various reaction parameters to get
products with desired size, morphology and composition.
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Chapter 5
Hydrothermal Method for Synthesis
of Materials

V. S. Tripathi

Abstract Hydrothermal method of synthesis has emerged as the primary choice for
synthesizing several strategic materials. The application of this method has diver-
sified in the last few decades into several advanced fields of material science with
the progress in the understanding of the process and with the evolution of better
instrumentation. The journey of hydrothermal synthesis started with the preparation
of minerals particularly quartz crystals using the temperature gradient method with
the emphasis on quality of the product in terms of purity, defects, and size. This
method gained immense prominence with the emergence of mesoporous zeolites
which act as excellent catalyst for the cracking of petroleum. Hydrothermal syn-
thesis is the most suitable route for the preparation of zeolites and other related
mesoporous structures with engineered pores. Detailed studies have been carried
out to understand the growth mechanism in the quest of designing the framework
with required porosity. Hydrothermal synthesis has emerged as the preferred route
for the synthesis of metal oxide nanoparticles. Enhanced dehydration and overall
kinetics of the process due to increased temperature result in the formation of the
desired product. Designing the hydrothermal synthesis process to tailor the mor-
phology of the product at nanoscale has led to the development of several inter-
esting semiconducting nanoparticles and nano-structured arrays. Variations in the
technique like using microwave-assisted hydrothermal method or continuous
hydrothermal flow synthesis have helped in further improving the quality of
product. The above aspects related to the hydrothermal method of synthesis have
been described in this chapter.
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5.1 Introduction

Hydrothermal method of synthesis involves performing a heterogeneous reaction in
an aqueous medium at temperatures above 100 °C and pressure above 1 bar. It is
one of the important methods of synthesis and it has been used in both the arena of
research for materials development and in industries for bulk synthesis. The term
“hydrothermal” has geological origin as the related studies were initially used to
understand the geochemical formation of various minerals. The first reported
hydrothermal synthesis was that of the quartz microcrystals in a Papin’s digester
using silicic acid by German Geologist Karl Emil von Schafhäutl in 1845. Papin
digester had a pressure relief mechanism for safety purpose. The method was
subsequently adopted with some modifications in the design of the vessel by several
researchers for the synthesis of crystals. A thick-walled glass tube was used by
Bunsen in 1848 for the synthesis of BaCO3 and SrCO3 from an ammoniacal
solution. Glass vessel provided an additional advantage of visual observation. In
1851, de Sénarmont used sealed glass ampoules as reaction vessels which in turn
were placed inside the gun barrel partly filled with water. These gun barrels were
closed by welding before heating. de Sénarmont had extensively used this tech-
nique to synthesize a variety of materials ranging from sulfides to sulfates, fluor-
ides, and carbonates among others. This arrangement served as the preliminary
basis for the future designs of autoclaves which were used for hydrothermal syn-
thesis for a substantial duration. The further advancement was made by the advent
of Morey’s vessel in 1914. This vessel was a noble metal lined autoclave which
could be used for entire pH range. The vessel used a flat plunger system for sealing
the inventory as shown in Fig. 5.1. This design is finally the one which is continued

Fig. 5.1 Morey vessel. [3]
Reproduced with permission
from Ref. Copyright 2015
Elsevier
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to be used as autoclaves employed for hydrothermal synthesis, albeit with some
modifications. Bridgman changed the material of construction of the seal which
helped in achieving higher pressure [1] while Tuttle made the sealing arrangement
conical instead of flat and thereby removing the requirement of the noble metal liner
[2]. The design of autoclaves used in the laboratory has further evolved and the
common variants are shown in Fig. 5.2. The interest in the field of hydrothermal
synthesis has diversified from the material scientists who were interested in growing
large crystals to those who were interested in the synthesis of microporous materials
and subsequently to the researchers who are interested in developing semicon-
ducting metal nanoparticles. The methodology of hydrothermal synthesis has
undergone continuous modification as per the required applications. The initial
application in the area of crystal growth required systems with a temperature gra-
dient. This is achieved by keeping the upper portion of the autoclave at a lower
temperature than the lower one. The saturated solution of the hot zone crystallizes
in the cold zone. The movement of the solution is due to convection. In certain
systems where retrograde solubility is seen and also with the change in solvent,
there is a reversal in the process, viz., crystallization occurs in the hot zone.
Isothermal methods are used for the synthesis applications like deposition of oxide
layer on metallic substrates, synthesis of microporous materials like zeolites, etc.
Recent advancements have introduced novel techniques like microwave-assisted
hydrothermal synthesis which have significantly improved the quality of product.
Microwave-assisted hydrothermal synthesis requires much shorter time to reach the
reaction temperature which limits the time for particle growth of the product. Thus,
the particle size of the synthesized product is much smaller as compared to the
product formed in the conventional hydrothermal synthesis. Microwave-assisted
hydrothermal synthesis also ensures uniform heating in the entire medium as
compared to the convective heat transfer in the conventional hydrothermal syn-
thesis. This results in the better quality of the crystal with lesser defects.
Conventional hydrothermal method is a batch synthesis method with limitations of
miniscule yield per batch and inter-batch variations in the quality of product due to

Fig. 5.2 Common variant of
the autoclaves which is
currently used in
hydrothermal synthesis. [4]
Reproduced with permission
from Ref. Copyright 2007
Elsevier
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variations in the exact experimental conditions. Continuous hydrothermal synthesis
technique using a high-pressure injection pump overcomes the issues related to
batch processes. A brief summary of advancement in the field of hydrothermal
synthesis is given in Table 5.1.

5.1.1 Role of Water as Medium

The thermophysical properties of water vary with the varying hydrothermal con-
ditions due to the variation in the extent of hydrogen bonding and its strength with
the varying temperature and pressure conditions. The dissociation constant
increases with the increase in temperature and pressure. At a temperature of 1000 °
C, water is completely dissociated into H3O

+ and OH− and its properties become
similar to that of ionic liquids. Viscosity of water decreases with the increase in
temperature, while the increase in pressure leads to the increase in the viscosity of
water. The dielectric constant of water also decreases with the increase in tem-
perature. This leads to the reduction in the polar nature of water. As a result, the
minerals which were completely dissolved under ambient condition tend to asso-
ciate and precipitate out as crystals at high temperature.

The fill volume of the reaction vessel determines its pressure at the working
temperature. The fill volume must be limited to the level which allows for the
accommodation of the expansion of fluid. In case of water, increase in volume is
relatively slower up to 200 °C (15% increase at 200 °C), but it starts increasing
rapidly beyond 300 °C. The increase in volume of water with varying temperature
is enlisted in Table 5.2. The PT diagram of water with varying fill volume is shown
in Fig. 5.3. As evident from Fig. 5.3, the fluid gas interface is curved upward for a
fill volume of 32% and above and it is curved downwards for the fill volume below
32%. Such a fill volume would favor dehydration process. Most of the
hydrothermal synthesis involves higher fill volume.

Table 5.1 Various phases of growth in the field of hydrothermal synthesis

Time
duration

Key objectives Apparatus References

1845–
1950

Synthesis of minerals (particularly
quartz with large crystal size)

Sealed capsules, Morey
vessel

[5, 6]

1950–
1980

High-temperature high-pressure
phase diagram

Autoclave with Tuttle or
Bridgman modification

[7–9]

1980–
1990

Microporous materials, binary and
ternary oxides

Teflon lined, advanced
material-based autoclaves

[10–13]

Beyond
1990

Size and morphology controlled
synthesis

Microwave hydrothermal [14–17]
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5.2 Synthesis of Different Types of Materials

The industrial scale application of the hydrothermal synthesis started with the
preparation of quartz crystals for oscillators which requires stringent control on the
purity, defects, and size. Quartz crystals for this purpose are synthesized by the
temperature gradient method [19]. Crystal growth by hydrothermal route can be
understood as a type of chemical transport reaction and for the sparingly soluble

Table 5.2 Liquid volumes and vapor pressures for water in a closed vessel at elevated
temperaturesa

Temperature
(°C)

Density of the
liquid (kg/m3)

Vapor
pressure
(bar)

Volume multiplier
(Sp.VT/Sp.V25 °C)

% volume
increase

25 996.79 – 1.00 0

100 958.04 0 1.04 4

200 864.46 14.55 1.15 15

250 796.94 38.75 1.25 25

282 745.04 65.36 1.34 34

300 711.93 84.81 1.40 40

321 664.67 113.76 1.50 50

349 576.20 162.03 1.73 73

363 508.52 191.67 1.96 96

371 434.10 211.67 2.30 130

372 416.06 215.12 2.40 140

373 390.69 217.87 2.55 155

374 318.46 219.94 3.13 213

(Sp.V: specific volume)
aData from J. H. Keenan, F. G. Keyes, P. G. Hill and J. G. Moore “Steam Tables,” John Wiley &
Sons, Inc., New York (1969)

Fig. 5.3 Variation in
pressure with changing fill
volume of the reaction vessel
as a function of temperature.
[18] Reproduced with
permission from Ref.
Copyright 2001 Elsevier
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species; a suitable mineralizer is added to increase its solubility. The solubilized
species is transported to another part of the autoclave where it can crystallize.
Crystallization is achieved by using a seed which is usually a substrate of the
required crystal itself. Kinetics of crystal growth depends on several parameters in
the hydrothermal method and it is difficult to control precisely. This results in
variation in the quality of the product obtained in different batches. The crystal
growth rate is lower in the hydrothermal method as compared to that in the melt
method. This leads to the formation of crystals with lesser defects. Also, by this
method, the product is obtained at a relatively lower temperature as compared to
that in the melt technique resulting in lower thermal strain and defects in the final
product. The control parameters for crystal growth by hydrothermal method are
temperature, pressure, temperature gradient, and mineralizer concentration.
Supersaturation, which represents the extent of higher concentration as compared to
the saturation concentration of the species in the solution, controls the nucleation
and growth rate [20]. Supersaturation leads to nucleation wherein clusters of
crystals nucleate out of the solution phase. These crystals further grow in size and
the process is irreversible [21]. The crystal growth process is either sequential or
concurrent, wherein the growth units are incorporated into the existing crystal
entities. The growth units have same chemical composition as the crystal entities
but their structure may or may not be the same. Various steps of crystal growths are:
transportation of crystal growth units through the solution, growth units getting
attached to the surface, migration of growth units on the surface, and finally their
attachment to the growth sites. Crystallization phase diagram is used to identify the
supersaturation region for a given species. The crystallization diagram is generally
represented as a temperature-composition relation or as a composition-composition
relation as per the required information. There are three distinct zones of the
supersaturation region, viz., metastable, nucleation, and precipitation zones. There
is a time delay in nucleation in the metastable zone while in the nucleation zone,
crystalline aggregates are formed at the nucleation centers. In the precipitation zone,
the excess concentration precipitates out in form of amorphous aggregates [22].

Hydrothermal Synthesis of Zeolites
Aluminosilicates with engineered pore sizes are an important class of material which
are popularly known as zeolites. Zeolites have immense application in the industrially
important arenas of catalysis, sorption and ion exchange. The structure of zeolite is
porous at molecular level and has a regular array of open structure with a typical pore
diameter in the range of 3–15 Å, thus, resulting in a molecular sieve. These are size
and shape selective material and hence are very important in synthesis. Zeolites are
used for catalytic cracking of petroleum at a mass scale. Zeolites are most commonly
prepared by hydrothermal route [23]. The synthesis is carried out either in alkaline
medium in a temperature range of 80–200 °C or in a lower pH medium with addition
of fluoride as a mineralizer to the system. At lower pH, larger crystal sizes are obtained
due to lower nucleation rates. Materials consisting of other elements with similar
structure have also been synthesized [24] and these are called zeotypes. Lower pHs are
more suitable for zeotypes synthesis since the heteroatoms would remain in solution at
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lower pHs. Zeotype-like titanosilicate is commercially used as an oxidation catalyst.
The significant advance in the field of zeolite synthesis could be achieved by the use of
alkylammoniumcations instead of simple cations [25]. This alteration helped in
increasing the silicon to aluminum ratio in the zeolites. This was indicated by the low
nitrogen content of the product and by the difficulty of accounting the positive charge
of the product framework in terms of bulky quaternary ammonium cations. Also, this
alteration led to the template supported synthesis, wherein the zeolite framework formed
around the organic templates. The templates are subsequently removed from the structure
by calcination. Zeolite b with high silica in the range of 5 < Si/Al < 100 was reported in
1967 by Wadlinger [26] which had hitherto the highest known silica content in any
material. With increasing silica ratio, the crystal growth rate decreases. Thus, the
hydrothermal synthesis requires longer duration and higher temperatures with increasing
silica ratio. The zeolites with high silica ratio are mostly hydrophobic in nature and this
behavior can be tailored by varying the Si/Al ratio. There is a smooth variation in the
properties of the zeolite with the variation in the concentration of aluminum. The syn-
thesis process usually involved using a mixture of tetrapropylammonium and sodium
cations in the hydrothermal synthesis with a temperature range of 125–175 °C and
duration of around one week. The mechanism of crystal growth had been initially studied
with the help of XRD of the product formed at different intervals of time at a given
temperature of synthesis [27]. An S-shaped growth kinetics was observed indicating the
initial induction period followed by a rapid growth. The crystal growth was attributed to a
series of depolymerization-polymerization reactions occurring in the solid phase. Later
studies for elucidating the growth mechanism have established two limiting cases [28].
At one extreme, crystal growth is governed by the solution mediated mechanism,
wherein the precursor gel dissolves to yield soluble species which are responsible for the
crystal growth. On the other hand, in situ rearrangement of the precursor gel yielding the
final product in a pure solid-state process is the other extreme. The subsequent works
have demonstrated the synthesis of high silica-containing crystalline zeolites like ZSM-5
without using an organic template [29]. Also, with the Na-ZSM-5 synthesis in absence of
any organic template, the similarity of the mechanism of formation for the high
silica-containing varieties as compared to that for the high aluminous varieties was
established [30]. However, there is a wider range of composition for the different inor-
ganics to be synthesized when organic template is used. Application of fluoride ion as a
mineralizing agent in place of hydroxide ion has also been demonstrated [31] and its
advantages in the preparation of large crystals, substituted hetrostructures, and novel
materials [32] have been established. Organic polymeric templates like polyelectrolytes
have also been evaluated as a template. However, the covering of the entire polymeric
chain by the framework crystals and final removal of the polymeric template are some of
the challenges posed by this alteration [33]. Crystal growth rate as a function of tem-
perature has been evaluated by Zhdanov as shown in Fig. 5.4 [34].

A direct correlation between the linear crystal growth rate and temperature was
observed. Also, the linear growth rate is constant for a significant duration at all
temperatures. Using the constant linear growth rate and the product size distribution
profile, Zhdanov separated the contributions of nucleation and growth in the overall

5 Hydrothermal Method for Synthesis of Materials 137



growth rate profile. Detailed studies on similar lines by including incubation time,
seeding effect, and other such parameters led to the development of the overall
scheme of zeolite crystallization. This scheme includes the formation of elementary
aluminosilicate blocks and crystal nuclei by condensation reaction. The subsequent
crystal growth leads to the final product.

A significant advancement in the field of microporous materials was achieved
when aluminophosphate synthesis was reported by Wilson et al. [35]. The
hydrothermal synthesis required acidic or neutral medium instead of the alkaline
medium used for the zeolite synthesis. Subsequent studies demonstrated the syn-
thesis of several new materials such as substituted aluminophosphates (SAPO) and
metal substituted aluminophosphates establishing the feasibility of
hetero-substitution of the zeolite framework. The studies have continued in the
direction of evolving new materials with a better open ring diameter for sorption of
bigger molecules. The trend of this evolution is shown in Fig. 5.5.

In further improvisations in the synthesis protocols, ammonium and tetra alkyl
quaternary ammonium systems were used to obtain large crystals for the systems
where alkali metal ions were hindering the crystal growth [37]. Also, these systems
do not require the final step of processing in form of ion exchange treatment and
calcination itself provides the final product. Studies have also been carried out in
nonaqueous medium like ethylene glycol [38], with an aim of preparing new
zeolites but it did not yield the desired result. However, larger crystals could be
grown out of such altered media [39]. Introducing hetero-elements by hydrothermal
treatment of an existing zeolite has also been evaluated [40]. This indicates that the
zeolite lattice is amenable to further substitution. Synthesis of titanium silicate [41]
and its remarkable chemical activity has made it a very useful oxidation catalyst.

Fig. 5.4 Crystal growth rate
of zeolite A for same
precursor composition and
varying temperature. [34]
Reproduced with permission
from Ref. Copyright 1974
American Chemical Society
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Use of microwave as a rapid heating source has been found to be beneficial for the
product in terms of its crystallinity [42]. Also, there is a selective crystallization of
the desired product since there is a marked difference in the nucleation and growth
rates of the competing phases at higher synthesis temperatures [43]. Synthesis of
some of the zeolites has been carried out at much higher pressures (kilobar) as well
[44]. In few cases like bikitaite, synthesis could be achieved at 2 kbar pressure but
not at 1 kbar pressure. The field of zeolites and mesoporous material synthesis by
hydrothermal route is an active one, wherein several types of new materials with
interesting framework structures keep on emerging.

5.3 Hydrothermal Synthesis of Metal Oxide Nanoparticles

In the past few decades, metal oxide nanoparticles have caught the eyes of many
researchers. Metals can form a variety of oxides which possesses varying structural
properties along with electronic properties that results in insulator, semiconductor,
or metallic behavior of the oxides. The properties of the metal oxides can be altered
by controlling their size. Particularly, when the size is below 100 nm, the contri-
bution of the surface atoms to the properties of the material increases significantly.
For these reasons, metal oxide nanoparticles are used in various applications like
microelectronic devices, solar cells, fuel cells, catalysts, sensors, targeted drug
delivery system, cancer therapy, and many more. Almost all of these applications
require predetermined particle size. Thus, the synthesis of these oxides with con-
trolled particle size is a very important parameter. Some of the commercially useful

Fig. 5.5 Evolution of pore dimension with advancements in synthetic methodologies. [36]
Reproduced with permission from Ref. Copyright 2001 American Chemical Society
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oxides which have unique physical, chemical, and catalytic properties are SiO2,
Al2O3, TiO2, V2O5, ZnO, etc. There are different synthetic approaches for preparing
metal oxides nanoparticles, for example, decomposition, precipitation, chemical
vapor deposition, electrospinning, sol–gel techniques, reverse micelles,
hydrothermal process, and so on. Various applications of nanomaterials indicate
that these have a strong potential for use in industries, but the synthesis of these
materials in bulk is still a challenge. Hydrothermal route is a good option for the
synthesis of these materials at industrial scale. For the synthesis of nanomaterials,
hydrothermal route has certain advantages over other methods of synthesis since the
solvated ions have higher mobility in the solvent medium and hence have better
mixing characteristics [45]. This route yield materials of fine powders, controlled
stoichiometry, controlled particle size, controlled morphology, less defects, uni-
formity, higher crystallinity, and higher purity among others. A schematic of the
product quality of the nanoparticles obtained by hydrothermal route vis-a-vis other
routes is shown in Fig. 5.6.

In recent past, several oxide nanoparticles with controlled morphology and
controlled size have been synthesized. The morphology, particle size, and other
physical and chemical properties of the oxide nanoparticles are determined by
several parameters: additives in the given reaction mixture, pH of the solvent,
reaction temperature, pressure, duration of reaction, and many more. Supercritical
water or supercritical fluids have significantly different dielectric constant and
solvent density, this also affects the reaction kinetics, and finally leads to smaller
particle size. In order to optimize the experimental parameters, computational aid in
terms of stability field diagrams is evolved for a system. These diagrams are
evolved by considering all experimental parameters in a comprehensive manner.

Fig. 5.6 Comparison of the
products obtained by
hydrothermal route with other
routes. [4] Reproduced with
permission from Ref.
Copyright 2007 Elsevier
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The parameters included in the calculation are activity coefficient of all species
present in the reaction mixture, ionic strength, pH, pressure, and temperature. An
example of the stability field diagram for lead zirconium titanate (PZT) is shown in
Fig. 5.7.

One of the important parameters which control the morphology and particle size
of nanomaterials is additives. Jiao et al. [47] have demonstrated how the mor-
phology of zirconia can be changed by changing the additives. Phase pure tetrag-
onal (t) and monoclinic (m) zirconia have been prepared selectively via
hydrothermal route by maintaining all other experimental conditions identical while
changing the additives. When tri-ethanolamine or glycerol is used as additive, phase
pure tetragonal zirconia was obtained since this additive acts as a chelating agent
favoring the formation of t-ZrO2. However, using alkyl halides as additives resulted
in the formation of m-ZrO2. In addition, the additives also affect the particle size of
the products. The t-ZrO2 was formed with smaller particle size and sphere-like
morphology, whereas the m-ZrO2 exhibited larger particle size with spindle-like
morphology. Reaction temperature and reaction time also play an important role on
the morphology of nanomaterials. Sun et al. [48] reported the formation of CeO2

nanorods where these factors affect the morphology of the product. They performed
the experiments at three different temperatures: 120, 160, and 180 °C while
maintaining other experimental conditions unmodified. Below 120 °C, relatively
smaller fraction of nanorods was formed, whereas at 180 °C, aggregation occurred.
The highest amount of product was obtained at 160 °C. Similarly, varying the
reaction time has established that with shorter reaction time, smaller size of
nanorods with lesser yield would be obtained. Increasing reaction time increased
both size and yield but beyond 72 h there is no further increase in the yield. Other
than these two factors, the amount of cerium precursor and the use of surfactants are
also important parameters which can alter the quality of the product. pH of the
reaction mixture also plays an important role in determining the size and mor-
phology of the product. Byrappa et al. [49] reported the synthesis of TiO2

Fig. 5.7 Calculated stability
field diagram for PZT at 180 °
C. [46] Reproduced with
permission from Ref.
Copyright 2002 Elsevier
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nanoparticles where they had demonstrated how the pH affects the formation of the
particles. At low pH (1 or 2), rutile phase of TiO2 nanoparticle has been formed.
Upon further lowering the pH, the product contained a small amount of anatase
phase as well. With the increase in the pH of the medium (higher than 2), the
composition of the anatase phase kept increasing. And when the pH finally
exceeded 12, an amorphous phase was obtained. Not only the phase but the particle
size is also controlled by the pH of the medium. Wang et al. [50] reported the
synthesis of Dy2O3 nanorods where the pH was maintained between 7 and 8 by
using 10% KOH solution. Cote et al. [51] reported the synthesis of CoFe2O4

nanoparticles, demonstrating that it is necessary to control the pH to get the desired
phase within 100 nm particle size distribution. Using supercritical water as reacting
medium can result in the formation of smaller-sized oxide nanoparticles. Adschiri
and co-workers [52] have demonstrated that very fine oxide nanoparticles can be
formed from the nitrate precursors. In the first step, the nitrates hydrolyze in the
aqueous medium resulting in the formation of metal hydroxides. In the second step,
these hydroxides readily dehydrate before their significant growth, which leads to
smaller-sized metal oxide product. The overall reaction can be represented as:

M NO3ð Þx þ xH2O ! M OHð Þx þ xHNO3 ð5:1Þ

M OHð Þx! MOx=2 þ 1=2xH2O ð5:2Þ

The rate of synthesis is drastically enhanced in the supercritical water medium as
a result of rapid dehydration. In this medium, the dehydration is not governed by
the process of diffusion through a solid particle which is the rate determining step
for liquid medium. Also, rapid mass transfer is facilitated in the supercritical
medium due to its high diffusivity and low viscosity and this also contributes to the
increased rate of synthesis. Also, the high temperature increases the reaction rate.
Due to these advantages several nanoparticles have been prepared by this route like
Co3O4, a-Fe2O3, CeO2, NiO, Fe3O4, ZrO2, etc. Sorescu et al. [53] reported
nanocrytallinerhombohedral In2O3 by hydrothermal route by maintaining a tem-
perature of 200 °C for 4 h. To get final product, post-annealing of the nanoparticles
at 500 °C was carried out. Wu et al. [54] have synthesized nanowire arrays of
Co-doped magnetite taking cobalt chloride, ferrous chloride, and sodium hydroxide
as precursors. These nanowires have formed a single magnetic domain and were
regarded as small-wire like magnet. TiO2 nanoparticles are an important class of
materials owing to their high photocatalytic activity. More than 1000 publications
are there which describe the synthesis of TiO2 nanoparticles with desired particle
size and morphology. Generally, the TiO2 nanoparticles are synthesized in small
Morey type autoclave at low temperature (<150 °C) and pressure (<100 bars). It
gives desire particle size with desired morphology. However, there are other
hydrothermal methods of synthesizing TiO2 nanoparticles. Qian et al. [55] pre-
sented a two-step process to prepare ultrafine powder of TiO2. First step leads to
oxidation of titanium in the presence of aqueous solution of H2O2 and ammonia
which results in the formation of a gel which is the hydrated titania. Second step is
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the hydrothermal treatment of this gel which gives rise to TiO2 nanoparticles. Chen
et al. [56] reported TiO2 powder that is prepared by oxidation hydrothermal
combination method. They have also showed the effect of additives on particle
shape and crystalline structure.

5.4 Hydrothermal Synthesis of Semiconducting
Nanoparticles

Semiconducting nanomaterials is one of the emerging areas being pursued by the
material scientists due to their unique electric, magnetic, catalytic, and optical
properties. Because of their unique properties, these materials have a wide appli-
cation in solar cells, light emitting diodes, biosensors, laser technology, waveg-
uides, catalysts, and so on. Recently, several nanomaterials have been reported
which are semiconductors, wherein this property is exhibited only in the nano-form
and not in the bulk form of the same material. Two major factors which govern the
properties of nanomaterials are large surface area and quantum confinement effect.
Though the field of semiconductor nanomaterials is still budding at the research
stage, there are many variations of the semiconductor nanomaterials that have
shown good results. Generally, II-VI, III-V, and IV-VI are formed as semiconductor
nanomaterials like CdS, CdSe, GaN, GaP, InP, ZnS, ZnO, etc. The synthesis of
these nano-semiconductors can be carried out in several ways like sol–gel tech-
nique, co-precipitation, and hydrothermal or solvothermal method. One of the key
factors which control the properties of nanomaterials is the quantum confinement
effect that depends on size, morphology, and crystal structure of the nanoparticle
which is better controlled in the hydrothermal method as compared to other
methods. In addition, this technique is environmentally and economically viable.
By varying the parameters like temperature, pressure, additives, etc., the mor-
phology and particle size of the product can be controlled. There are several
strategies which are used for the synthesis of these particles like organic
additives-free or template-free synthesis, organic additives-assisted synthesis, and
template-assisted synthesis among others. In addition, microwave-assisted and
magnetic field-assisted synthesis methods are also known.

5.4.1 Direct Hydrothermal Synthesis Methods

In the organic additives and template-free synthesis, there are least chances of
contamination of the product. The crystal growth can either be kinetically con-
trolled or thermodynamically controlled. Mainly, the morphology is controlled by
Oswald ripening process, where smaller particle gets smaller and larger particles
becomes larger. Yang and Zeng [57] reported the synthesis of hollow anatase TiO2
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nanospheres where localized Oswald ripening mechanism has been followed. There
are also two other Oswald ripening mechanism, “symmetric Oswald ripening” and
“asymmetric Oswald ripening”. For example, homogeneous ZnO core–shell
nanospheres are synthesized by symmetric Oswald ripening, whereas Co3O4

semi-hollow nanospheres are synthesized by asymmetric Oswald ripening [58].
There is another mechanism, known as oriented attachment (OA) mechanism where
the self-organization of particles results in the formation of nanocrystals [59]. For
example, ZnS nanoparticles, TiO2 nanosheets, and Ag2V4O11 nanobelts are formed
in this way [60–63]. The organic additives and template-free hydrothermal syn-
thesis can be undertaken in several ways like recrystallization of metastable pre-
cursors, reshaping bulk materials, indirect-supply reaction source, and
decomposition of single-source precursor. For recrystallization, a metastable pre-
cursor is initially obtained by co-precipitation reaction via high speed stirring; the
precursor may be composed of nanocrystals or amorphous colloids. The precursors
are subsequently treated under high pressure and temperature in hydrothermal
conditions which results in the formation of semiconductor nanomaterials. Several
metal oxide semiconducting nanomaterials have been formed using this process.
Zhu et al.[64] reported ZTO (Zn2SnO4) nanorods using this route by taking ZnCl2,
SnCl4, and hydrazine as raw materials. Other reported multi-metal oxide nano-
materials are TbMn2O5 nanorods, CuFe2O4 nanocrystals, Bi2WO6 flower-like
nanostructures assembled with nanoplates, and so on. Another way of preparing
semiconductor nanoparticles is a top-down approach, wherein larger-sized and
irregular-shaped materials are initially prepared and these are subsequently reduced
to smaller size with desired morphology by suitable treatment. Kasuga et al. [65]
have first reported the synthesis of TiO2 nanotubes by rutile TiO2 powder. Menzel
et al. [66] have synthesized TiO2 nanorods, hollow nanotubes from the raw
materials, like rutile TiO2, anatase TiO2, respectively. Xu et al. [67] have reported
the synthesis of Tb(OH)3, Dy(OH)3, Ho(OH)3, and Y(OH)3 using this method. In
another methodology, the nuclei of the required product are generated using a
solution of inorganic salts in autoclave while maintaining a particular temperature
and pressure during the hydrothermal treatment. The nuclei further grow out to the
desired product by the indirect-supply reaction process, wherein the source of
reactant could be the ions produced in the redox reaction or the dissolved oxygen
present in the medium. The advantage of this method is the formation of uniform
product with narrow size distribution. Ohgi et al. [68] have reported SnO2-based
nanostructures using this method by taking SnF2as precursor. a-Fe2O3 nanorods
and nanosphere, CeO2 nanorods, SnO2-based nanoplates, and many more have
been prepared by this method. Another useful method of synthesizing semicon-
ductor nanoparticles is through the decomposition of a single precursor. Single
source of precursor has to be taken in this method and with proper conditions
hydrothermal synthesis can be carried out to get the desired product. This process is
relatively cleaner and can avoid expensive or toxic materials. Many sulfide
nanostructures such as FeS2 cubes, Sb2S, and Bi2S3 nanorods are synthesized by
this method.
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5.4.2 Organic Additive-Assisted Synthesis

This method yields more controlled morphology and uniformity of nanostructures
as compared to the previous one. There are five basic strategies according to the
nature of organic additives, viz., the surfactant-assisted route: where the surfactant
forms micelles in the aqueous medium and hydrophobic groups form the core of
aggregates which give various morphologies depending on the nature of surfac-
tants. The morphology can be controlled by three parameters: absorbing agent, soft
template, and etching agent. VOx nanotubes and PbTe nanotubes by CTAB sur-
factants, PbZr0.52Ti0.48O3 (PZT) nanorods by polyvinyl alcohol surfactants are the
examples which follow this route. Another method is the biomolecule-assisted
route. Due to the excellent self-assembly property of biomolecules, many semi-
conductor nanostructures have been prepared by this route. Self-assembly, reducing
property, and presence of anions (such as S2−, OH−) of biomolecules play important
role on the growth mechanism of nanostructures. N–TiO2 nanocrystals, CeO2

hollow nanospheres, and many more are synthesized by this method. Ionic
liquid-assisted route has its own advantages. Ionic liquids have numerous advan-
tages over organic solvents like negligible vapor pressure, low toxicity, broad
electrochemical potential window, good thermal stability, and high ionic conduc-
tivity among others. These ionic liquids can also act as capping agents or soft
templates for the synthesis of nanomaterials. Some examples like CuO nanoplates,
NiO microspheres, Fe2O3 nanorods, etc., are synthesized by this method. Organic
acid-assisted route is also a useful way of preparing semiconductor nanoparticles
because of the presence of the carboxylic group in acids. Metal–organic acid
complexes are formed which help in synthesizing semiconducting nanomaterials.
Some typical examples are Fe2O3 nanotubes and nanoflakes, In2O3nanospheres,
CaF2 nanoflowers. Alcoholic solvent-assisted route is another feasible option.
Alcohols have “OH” group which is amenable to form hydrogen bonds. Also,
alcoholic solvents are used to control shape and they can also be a reducing agent or
hydrolyzation inhibitor [69–71]. Ethanol, ethylene glycol, glycerol, etc., are used as
alcohol source. Some typical examples are ZnO flower-like structures, Bi2WO6

clew-like nanostructures, and Lu2O3 nanoflowers.

5.4.3 Template-Assisted Synthesis

The main advantage of this approach is the templates which can regulate mor-
phology and size of the nanomaterials. Template-assisted synthesis can be based on
providing an additive to the reaction mixture which has to be finally removed.
Carbon spheres, multiwalled carbon nanotubes, anodized aluminum oxide, etc., are
used as templates. These are introduced before the hydrothermal treatment and then
are finally removed after the reaction by calcination or dissolution. Zhang et al. [72]
have reported the synthesis of cage-like Fe2O3 hollow spheres by this method.
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Another variation of this method is the addition of such a template which would be
removed by itself at the end of the synthesis. Here, the template which is added
initially reacts with other reagents to synthesize the required product in the desired
morphology during the hydrothermal treatment. Hence, there is no further
requirement of any treatment to remove the template after the reaction is over,
which is the main advantage of this process. Qian et al. [73] reported the synthesis
of semiconductor CdIn2S4 nanorods by this method. There are ways in which the
template would be added as self-additive, and finally, it would be self-removed
from the product. Here, the intermediates formed during the progress of reaction
themselves act as the template for providing the required morphology of the
product. The challenge of this route is to control the morphology of the product.
Fan et al. [74] have reported the synthesis of CoTe nanotubes by this hydrothermal
route.

Semiconducting nano-structured arrays have potential application in several area
owing to their excellent charge transfer properties. Controlled fabrication of arrays
can be carried out in a cost-effective manner by hydrothermal route. There are
several routes to synthesize nano-structured arrays. A metal substrate can act as
both the substrate as well as source of metal ions for the nanoparticle deposition. In
this method, the metal foil is initially dissolved to form complexes or metal ions.
These complexes or metal ions are subsequently used for the synthesis of the
required semiconductor nano-structured arrays on the metal foil substrate. Yang
et al. [75] have reported the synthesis of ZnO nano-rod array with zinc foil in
presence of 1% ammonia. Another methodology for synthesizing nano-structured
array is to initially deposit the semiconductor nanocrystals on the substrate which
would act as a seed for further growth of the array during hydrothermal treatment.
This method provides the flexibility of using any substrate of choice. Hsu et al. [76]
have shown that the conductivity of the ZnO nano-rod arrays can be tailored by
varying the seed layer composition.

5.5 Microwave-Assisted Hydrothermal Synthesis

Microwaves are the electromagnetic waves with the frequency range of 300 MHz
to 300 GHz. When incident on some of the materials, microwaves can pass through
these without any attenuation and such materials are known as transparent to
microwaves. Most of the polymer materials and nonmetallic materials fall in this
class. There is another type of materials which are completely opaque to micro-
waves and these would reflect the microwaves. Metals and alloys fall in this class of
materials. However, there is a third type of materials as well. These materials/media
would partly absorb the microwave energy and this energy would manifest in terms
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of heat. Dipole polarization and ionic conduction in the medium are responsible for
the heating effect [77]. Microwaves coupling with the electric dipoles of the
medium and dielectric and magnetic loss heating of the medium are responsible for
the rapid energy transfer to the medium. Thus, the overall synthesis time is dras-
tically reduced in the microwave-assisted hydrothermal synthesis. Also, there is
lower power consumption in this method as compared to the conventional
hydrothermal synthesis. Microwave-assisted hydrothermal synthesis results in
faster kinetics of crystallization [78]. Microwave heating is more efficient in the
polar solvents and the efficiency of the interaction of the microwave with the
medium is expressed in terms of loss tangent, tan d:

tan d ¼ e00=e0 ð5:3Þ

where e′′ is the loss factor which is a measure of efficiency of conversion of
microwave energy into heat and e′ is the dielectric constant of the medium. The
solvents with higher tan d values would more efficiently absorb the microwave
energy. 2.45 GHz is the most common frequency used in the commercial micro-
wave apparatus, whereas the dielectric constant of a medium would vary with the
temperature. Thus, the loss factor for a medium will depend on the temperature.
Loss tangents for some common solvents are given in Table 5.3. Komarmeni et al.
[79] reported the synthesis of TiO2, ZrO2, Fe2O3, and binary oxides KNbO3 and
BaTiO3 using microwave-assisted hydrothermal while establishing the effect of
other experimental parameters like concentration, temperature, and duration on the
crystallization rate. Wilson et al. [80] have established better crystallinity for TiO2

prepared through microwave-assisted hydrothermal route as compared to that
through conventional hydrothermal route. Microwave-assisted hydrothermal syn-
thesis has been used widely to prepare a vast variety of materials ranging from
mixed oxides including perovskites [81], bioceramics [82], thin films [83], vana-
dates [84], and garnets [85] among others. These studies established that a better
crystallinity is achieved in a much shorter duration by using this route. The effect of
microwave interaction on morphology of the product is also established. This alters
several properties of the material like their photocatalytic activity.

Table 5.3 Loss tangent for common solvents at 2.45 GHz at 20 °C [86–89]

High (tan d > 0.5) Medium (0.1 < tan
d < 0.5)

Low (tan d < 0.1)

Solvent tan d Solvent tan d Solvent tan d

Ethylene glycol 1.17 2-Butanol 0.45 Chloroform 0.091

Ethanol 0.94 1-Hexanol 0.34 Ethyl acetate 0.059

2-Propanol 0.80 Acetic acid 0.17 Acetone 0.054

Formic acid 0.72 DMF 0.16 Toluene 0.040

Methanol 0.66 Water 0.12 Hexane 0.020
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5.6 Continuous Hydrothermal Flow Synthesis

In the continuous hydrothermal flow synthesis route, a pressurized stream of pre-
heated solvent is mixed with a solution of metal precursor which is initially kept
under ambient conditions. The flow condition of this mixture is engineered to
obtain the required metal oxide nanoparticle as the product. The nature of the
products obtained through this route is unique. Metastable phases can be obtained
by this route which cannot be synthesized by conventional methods. This is pos-
sible since the residence time of the precursors in the high-temperature zone can be
controlled by varying the flow rate of the high-pressure pump which is used to
circulate the preheated solvent. The advantage of having a control over the flow of
stream can be effectively used to control the nucleation and thus the particle size.
Provision for injection at high temperature also provides the flexibility of
post-treatment of the product like adding a surfactant coat to the product. The
quality of the product synthesized through this route would be consistent across the
batches. Thus, this method efficiently overcomes the limitations of the conventional
hydrothermal batch reactors (autoclaves). The static autoclaves have limitations in
terms of batch operations which have lower throughput, no control over nucleation,
and growth process and hence have variation in the quality of the product of
different batches [90].

For the production of nanoparticles, the use of superheated water as a solvent is a
better choice in this method. The saturation concentration of the metal ion precursor
would be lower in the superheated water owing to the reduction in the dielectric
constant of water with increasing temperature. This would result in the formation of
a strongly supersaturated solution of the metal ion upon mixing which in turn would
increase the rate of nucleation of particles, and thus, the resulting particles would be
smaller in size [22]. Also, the number of water molecules in the first hydration shell
of the metal ion reduces with increasing temperature [91]. At the same time, metal
water reaction becomes more feasible at higher temperatures. Thus, mixing of metal
ion solutions at ambient condition with superheated water would result in its rapid
hydrolysis and dehydration to oxides. The anions would undergo decomposition
and in certain cases the degradation products may play an important role in altering
the final product. Schematic of a simple continuous hydrothermal flow system is
shown in Fig. 5.8.

Considerable efforts have been spent into designing the system to carry out
effective mixing. This includes evaluating different tee geometries, a 90° tee, a 50°
tee, and a swirling tee [93]. Swirling tee has yielded a smaller particle sized
LiFePO4. Other designs like vertical counter-current flow mixers have also been
studied [94]. A plus joint type mixer with the supercritical fluid entry from bottom
arm and metal solution flowing through the side arms gives a rapid mixing and
collection of the product from the top arm without any blocking [95]. These coaxial
confined jet mixers are found to be scalable to plant level with no variation in the
quality of the products.

148 V. S. Tripathi



This is a fast-evolving methodology which is improving with the experimental
inputs of the users. There is a scope of improvement in the synthesis of binary or
ternary compounds as occasional incomplete mass transfer may hinder the forma-
tion of desired heterogeneous product. Supplementing such experimental approa-
ches with computational fluid dynamics has also helped in better understanding of
the hydrothermal flow method of synthesis.

5.7 Conclusions

Hydrothermal method of synthesis, for the synthesis of advanced materials, has
evolved significantly over the years. Coupling the conventional method with other
techniques like the microwave-assisted hydrothermal or using a continuous flow
setup has further enhanced the capabilities of this method. Use of alternate solvents
has also drastically changed the required pressure and temperature conditions for
the synthesis of several advanced materials. Refining the experimental conditions
with computational aids has also improved the scope of synthesis process signifi-
cantly. The method has gained vast grounds in synthesizing advanced materials,
particularly with nano-dimensions. In the area of optical application advanced
materials like nanophosphors, UV attenuating nanoparticles, refractive index

Fig. 5.8 Diagram of a continuous hydrothermal flow system. [92] Reproduced with permission
from Ref. Copyright 2000 American Chemical Society [92]
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modifiers, nonlinear optics, thermochromic nanoparticles are been developed at a
rapid pace by this method. In the field of healthcare applications advancements like
therapeutic nanoparticles, magnetic particles for health care, antimicrobials, bio-
ceramics, nanocoatings could evolve because of the developments in the synthesis
methodologies. Nanophosphors for imaging applications, electronics applications
including semiconductor particles, transparent conducting particles based on
indium tin oxide, gas sensors, dielectrics, piezoelectrics, multiferroics, and mag-
netic particles have also been developed recently. Catalyst applications including
photocatalysts, heterogeneous catalysts, materials for energy harvesting and energy
storage materials, and several other important areas have seen significant
advancements due to the application of hydrothermal methods of synthesis. It has
become an indispensible method in the synthesis of advanced materials and it
would be useful in addressing the emerging advanced material requirements.
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Chapter 6
Synthesis of Materials Under High
Pressure

S. N. Achary and A. K. Tyagi

Abstract Preparative chemistry under high pressure becomes an interesting and
challenging process for the preparation of novel functional materials where the
common crystallographic and thermodynamics constraints can be easily deviated.
Thus, the reaction of materials under high pressure and temperature can lead to
newer products which otherwise cannot be obtained by the conventional high
temperature reactions. Also, such procedures can stabilize the unusual coordination
number, valence states, densely packed metastable compounds. In this chapter, a
brief introduction to the chemical reactions under high pressure and high temper-
ature, and effect of pressure and pressure/temperature on the chemical equilibrium
are presented. Subsequently, the evolution of high pressure synthesis experimental
setups and different types of common setups used in laboratory are discussed.
Finally, some of the examples of materials synthesized under high pressure con-
ditions are presented.

Keywords High pressure � High pressure-high temperature � Inorganic materials �
Unusual compounds � Metastable materials � Synthesis

6.1 Introduction

In general, synthesis of material can be described as transforming some materials
known as reactants or precursors to another material, known as product, having
different composition, structure, and/or properties than the original materials. The
reactants lose their identity by breaking the bonds between the different atoms
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within them and diffuse in the matrix to form another set of bonds leading to
formation of products. The reactants are usually subjected to some thermodynamic
perturbations, like temperature or chemical environment to overcome activation
energy in the path of the product formation [1–4]. However, it may happen that the
products have almost similar bond lengths and coordination around the ions in the
first coordination sphere as the reactants, but possess different structure or prop-
erties. Also, the products often have lower free energy than the reactants. However,
there may be cases where the free energy of the products may be more than the
reactants but can exist due to kinetic or thermodynamic barrier to revert back. Such
materials are known as metastable materials. Thus, in all chemical reactions, the
chemical equilibrium and free energy of reactants and products are essentially
considered for designing an appropriate synthesis procedure. Since the involvement
of breaking and formation of chemical bonds is the key feature of synthetic
chemical reaction, temperature has been exploited as an external thermodynamic
parameter for synthesis of material. In addition, the understanding of the effect of
pressure, temperature, and compositions on chemical equilibrium provides infor-
mation for the suitable or most desired thermodynamics parameters for designing a
synthesis procedure for any material. Additionally, the tailored preparation strate-
gies, like designing alternate reactants, mediums of reactions, secondary active or
passive materials are also used to facilitate the product formation. Several of such
synthesis methods have been covered in the present monograph also. Of late,
synthesis and behavior of materials under pressure have become a widely inves-
tigated research area due to its scope to prepare non-conventional materials as well
as to mimic minerals and understanding the formation of materials under deep
geological conditions. In this chapter, the syntheses of materials utilizing pressure
as an external thermodynamic parameter are presented.

The use of pressure for chemical and physical processes knowingly or unknow-
ingly has been exploited by the mankind since long. However, the effective use of
pressure and requirement of high or low pressure came to picture of materials syn-
thesis after the development and understanding of thermodynamics and kinetic of
chemical reactions [1, 2]. Thus, for a given reaction scheme, temperature and pressure
are considered as the most important thermodynamic parameters for synthetic che-
mists, where the chemical equilibrium and hence the direction of chemical reaction
can be controlled. These aspects have been extensively explored to alter the chemical
equilibrium and to prepare the desired products. A classic example of controlled
pressure and temperature synthesis is Haber’s process for synthesis of ammonia from
N2 and H2 which has been exploited for industrial synthesis of ammonia.

As mentioned earlier, the driving force for any chemical reaction is governed by
the free energy of the component reactants and products, as that governs the sta-
bility of the materials under given thermodynamic conditions. It can be mentioned
here that the pressure and temperature oppositely alter the structural and chemical
properties like pressure decreases the inter-atomic distances while temperature
increases it. In both cases, the inter-atomic distance deviates from their equilibrium
values and hence increases the energy of the system from equilibrium lowest energy
state as shown in Fig. 6.1a. Thus, the reactivity of material increases under both the

154 S. N. Achary and A. K. Tyagi



cases. Also, the system can lower the net energy either by phase transition,
decomposition or reaction with other components forming a new compound. The
lowest possible energy under each condition suggests the reaction pathway as
shown in Fig. 6.1b. As the system tend to exist in lower free energy condition, the
reaction proceeds in forward or backward direction depending on the relative values
of free energy. This concept also holds for the phase transition which may be
melting, boiling, decomposition, or solid-solid phase transitions.

Since pressure has a significant effect on volume, the free energy considered for
high pressure synthesis as well as pressure-induced phase transition becomes
dependent on volume of the sample. Thus, the Gibb’s free energy (G) is defined by
two terms like G = H − TS, where the first term represents combined internal
energy which is related to its net energy arising from cohesive interactions and
distances between the atoms or ions in it and energy due to pressure and volume,
while the second term arises from degree of disorderness or entropy in it and
temperature. Thus, the change in Gibb’s free energy can be represented as

DG ¼ DH � TDS

Thus, depending on the sign of the entropy change, the second term (−TDS) of
free energy can decrease or increase with increasing temperature. In most cases, the
entropy increases with increasing temperature, and hence the DS has a positive sign.

Fig. 6.1 a Variation of potential energy with interatomic distance, and b variations of free energy
of different phases with temperature, pressure, and volume. The minima of each parabola represent
lowest energy state of the respective phase and the corresponding volume represents the
equilibrium volume. The intersection points of the parabola represent temperature, pressure and
volume at which both phases have the same energy and attribute to the transition temperature or
pressure. Based on free energy the phase I with VI is the stable phase which can transform at high
temperature to phase III by increasing the volume to VIII, while on cooling it can transform to
phase II by decreasing the volume to VII. Thus, with increasing temperature, the transition
sequence of the material can be as Phase II ! Phase-I ! Phase III, and with lowering the
temperature or increasing the pressure the transition sequence can be Phase III! Phase-I! Phase
II
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However, in the case of solid materials (reactants and products), the entropy change
is negligible or zero. Thus, the enthalpy (DH) which is contributed by net pressure
and volume of the system increases with increasing temperature, and that governs
reaction of the solids. Hence, a situation where the enthalpy (DH) decreases with
temperature, favors the reaction. Thus, the solid reactions are usually an
enthalpy-driven process where the lowering of enthalpy by the formation of
products occurs, and hence mostly they are exothermic processes. The details of
conventional solid-state reactions have not been covered in this chapter. However,
it can be mentioned here that in the presence of pressure, the free energy becomes
significantly dependent on the volume change in the material as the mechanical
stress on the materials can effectively influence their volume. Thus, the free energy
dependency of the volume can be expressed as

DG ¼ PdV � SdT

Again, if the reactants and products are in solid states, the change in entropy
becomes insignificant and thus the lowering of free energy is achieved by the
decrease in volume. Thus, the equilibrium of chemical reaction carried out under
pressure shifts more towards the lower volume, i.e. lower molar volume side.
Hence, the pressure-induced syntheses are usually driven towards the higher density
products. The schematics of synthesis of materials under simultaneous pressure and
temperature can be represented as in Fig. 6.2.

As mentioned earlier both temperature and pressure have destabilization effects
on the materials which increase their reactivity, but the mode of destabilizations due
to these parameters are different, one due to expansion while other due to con-
traction. Also, the effect due to pressure on inter-atomic distance and in turn on the
molar volume of solids and free energy is more prominent than that due to tem-
perature, viz. the change in free energy of an element with pressure is about
*10 kJ/mol/GPa, much larger compared to 0.1 kJ/mol/K [5]. Another important
difference can be attributed to the change in the inter-atomic distances in solid, viz.
the increase in inter-atomic distances can be around 10% of original in solid state in
case of temperature while this can be much larger like 20–30% in the case of
pressure [6]. Thus, on application pressure, materials transform to denser states
while on application of temperature they become less dense. Also, the usability of
pressure for a reaction can vary in a wide range. For example, the pressure in
intergalactic space is *10−32 bar, while that at the centre of neutron stars is
*1031 bar [7]. Of course, there can be anomalous behaviors in the effect of
pressure and temperature. This anomalous behavior is related to the nature of
bonding, physical states, and crystal and/or electronic structure of the material.
Besides, these structural changes, they also cause noticeable effects on the
non-structural parameters, like pores in the samples, better physical contacts
between reactants.
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In general, pressure can bring crystallites of the reactants to maximum possible
proximity and hence the diffusion of ions among the reactants becomes easier. But
it may also hinder the diffusion of ions within a solid due to the shrinkages of
channels responsible for ion migration. Also, the bond-strengths between pair of
atoms increases and hence can also hinder breaking of bonds for a chemical
reaction. Thus, application of temperature is essentially required to overcome such
effects or a careful optimization of pressure is required for enhancing the chemical
reactivity. Though this is valid in general, exceptions are also known. Under
pressure, several solid–solid/liquid/gas, liquid/gas, liquid/liquid or gas/gas reactions
can occur without application of temperature or can occur at ambient or even at
lower temperature also. For example, the metal oxidation can occur faster under
high pressure of oxygen, several hydrides can also be prepared by interacting with
hydrogen gas at higher pressure at ambient temperature. Such reactions may be
enhanced at higher temperature or in certain optimized temperature.

Fig. 6.2 Typical reaction schemes in HP-HT synthesis. A and B are reactants in their stable
energy states. Under application of pressure and increasing temperature, both A and B transform to
their higher energy states. In case of no reaction, their energy states will be dependent on the nature
of A and B and they revert back to their original energy states on decrease the pressure and
temperature to ambient conditions. Sintering effect may be observed in both A and B, as the case
of pressure-assisted sintering like hot isostatic pressure sintering. If A and B react together under
the influence of pressure and temperature, a new compound C is formed and it remains in
high-energy state. If C is stable product, on releasing pressure and temperature it remains as C with
normal energy stable or metastable state or transforms to a new compound D or E as metastable or
stable compound, respectively. In general, all the HP-HT synthesized materials are metastable and
can be transformed into components or some other stable products at some temperature or time
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6.2 Brief Historical Picture on High Pressure Effects
on Physical and Chemical Processes

The physical effect of pressure on materials has been exploited in a number of
technologies, viz. the usage of siphons and double cylinder pumps for transfer of
liquids, effect of steam jet for driving wheels, uses of explosives to generate high
speed to firearms, etc. are to name a few. However, the chemical and physico-
chemical effects of pressure came to use after the development of thermodynamics
of materials and development of setups for artificial generation of pressure, and
developments of newer materials to withstand the stress due to pressure and/or
temperature. The applications of pressure were used extensively in chemical
industry for synthesis of materials [8–10]. Also, the wide scope of such high
pressure and high temperature synthesis methods has been discussed in several
literatures [11–15]. Several examples of such high pressure synthesis which have
been exploited extensively in industry to increase the quality and yield in shorter
time have been explained in literatures [8–10] and some of the typical examples are
mentioned below.

a. Haber-Bosch synthesis of ammonia from N2 and H2: The reaction is carried out
under the pressure of about 200 atm and temperature 400 °C in presence of Fe
as catalyst.

b. Fischer-Topsch synthesis of hydrocarbon from CO and H2: The reaction is
carried out using a compressed gas mixture of CO and H2 at around 15 bars
over catalysts like Fe, Co, or other noble metals at around 250 °C.

c. Production of polyethylene: Ethylene gas polymerize to solid polyethylene at 1–
3 kbar pressure and 80–300 °C in presence of small amount of O2.

d. Hydrogenation or dehydrogenation of fatty acids: Different degrees of saturation
in the oils are controlled by heating them with gaseous hydrogen at certain
pressure, milibar to several bars, like 2–3 bars.

e. Synthesis of artificial diamond: Heating carbon or graphite at temperature
around 2000–3000 °C and pressure around 100 kbar.

f. Forging of metal and alloys: Probably this was known to the mankind since the
metal ages. High compressive stress is applied on a metal or alloy either in cold
or hot conditions to introduce line or plane defects or alter the crystallization
process to enhance the mechanical strength.

g. Food processing and preservation: The application of pressure up to 100 MPa
increases the shelf life of several food and drug by killing the microbes
responsible for degradation. This procedure becomes a competitive market over
other pasteurization methods and known as pascalization or bridgminaization.

Besides these industrially exploited high pressure processes, number of dis-
coveries violating the conventional “thermodynamically stable” concepts are
known under high pressure and high pressure and high temperature chemistry [11–
15]. Details of preparation methods adopted of some materials are explained in
subsequent sections of this chapter.
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6.3 General Expected Features of Materials Prepared
Under HP-HT Conditions

The syntheses under high pressure and phases formed under high pressure are the
cumulative effects of several factors and some of the important factors are as below.

• Bond lengths shorten and interatomic repulsion becomes dominant.
• Force constant increases, rigid polyhedra are formed.
• Leads to denser structure by reduction of empty/free volume in the structure.
• Alters the electronic configuration, like delocalization of charges, separation of

charges, and alteration of electronic arrangement in orbitals.
• Coordination number increases and introduces newer interaction between atoms

or ions.
• Decreases in vibration parameters (U).
• Tends to form closely packed structure.
• Leads to geometrical frustration and charge frustration states.
• Decomposes the sample under study.

Due to such structurally important factors happening in the materials, synthesis
under pressure can make possible to achieve novel metastable and unusual mate-
rials which otherwise would not have existed under normal thermodynamic con-
ditions. In addition, discovery of minerals with such unusual structural properties
formed under geological conditions provides the opportunity for high pressure
(HP) and high temperature (HT) methods for synthesis of wide varieties of mate-
rials [11–16]. The synthesis of artificial diamond is a breakthrough initiative for the
development of high pressure setups for preparation. Several of such unusual
phenomena observed in high pressure and temperature synthesized materials are
mentioned below.

• Enhanced melting of H2, melting temperature can increase up to 600 °C and so.
• Metallization of H2, O2, like molecules.
• Polymerization of molecules like CO2, N2, CO, O2.
• Synthesis of super hard materials, like c-BN, OsB2 etc.
• Perovskite type MgSiO3, MgGeO3 and pyrochlore type Y2Ge2O7, Y2Mn2O7,

Dy2V2O7 like materials with off radius ratio cations materials.
• Compounds with high oxidation states, like SrFe4+O3 (under 340 bar O2 pres-

sure) and Cs2Cu
4+F6 (4 kbar F2 gas pressure).

• Compounds with low oxidation state, like CaTiF3, KTiF3, etc.
• Compounds with octahedrally coordinated Si4+, P5+ and V5+ like smaller

cations. Stishovite type SiO2, CaCl2 type AlPO4 etc., fluorite type MgF2, TiO2,
GeO2, and Ti4+ and Sc3+ with coordination number higher than 6 are examples
of high pressure and high temperature synthesized materials.

• Increasing super conducting transition temperature Tc. At around 150 GPa, H2S
becomes superconducting with Tc * 203 K, LaH10 is predicted to have
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superconducting Tc * 274–286 K at 210 GPa and experimentally exhibits
Tc * 280 K at 200 GPa.

• New stoichiometric compounds like BiAlO3, Bi2FeCoO6, etc. with polar
structure.

The observations of such unusual properties elude scientists and technologists to
explore feasibility of HP and HP-HT experiments, and to develop experimental
facilities for synthesis. Such experimental investigations not only aim to discover
newer materials but also to understand the behavior of material under such con-
ditions. These studies also lead to pressure-temperature-composition phase diagram
which are essential to understand interiors of earth and other planets.

In this chapter, an overview of synthesis of material under high pressure is
presented. Briefly, the setups used for generation of pressure as well as both
pressure and temperature together for reactions are explained. Optimum tempera-
ture and pressure for a probable reaction, as well as possible precursors for syn-
theses of desired materials are explained briefly. Some of the materials synthesized
under high pressure and their difference from the normal compositions or would not
have existed under normal pressure are discussed. Though the hydrothermal or
solvothermal methods are also cases of high pressure synthesis, they are not dis-
cussed as they form a method on their own. The syntheses under high pressure of
gaseous environments are briefly touched upon as they can also generate similar
results as the high pressure solid-state reactions.

6.4 Experimental Methods and Instrumentations

6.4.1 Pressure

A usual understanding is that the pressure arises from the external force applied on
unit surface area of a material. Since the atmosphere exists over any material,
always a material experiences a pressure depending height of atmosphere over it.
One “atmosphere” (atm) pressure is considered as a force exerted on unit area by
the column of atmosphere at sea level. All the higher or lower pressure situations
are defined in comparison to this “atmosphere” unit. Pressure due to atmosphere is
equivalent to the force exerted by column of mercury of 760 mm on an area of
1 cm2. As we move up from the sea level the pressure decreases due to decreasing
height of atmosphere over it, while it increases as we move down from the sea level.
This can be simply written as force exerted by column (mass of the
column � acceleration due to gravity; i.e., qgh; where q = density of air, h =
height of the air column, g = acceleration due to gravity). Thus, the decreasing
height decreases the pressure, and the atmospheric pressure drops at a rate of
0.1 atm per 1 km rise above the sea level. Similarly, it increases below the sea
level, and reaches to maximum pressure at the centre of earth (364 GPa). A general
standardized unit used for comparison of pressure is a standard unit “bar” which is
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equal to the force exerted by a mercury column of 750 mm height on an area of
1 cm2. Standard SI unit of pressure is 1 N/m2 which is named as 1 Pa and
1 bar = 105 Pa. Different pressure unit conventionally used for quantifying pres-
sure and their relations are given in Table 6.1.

6.4.2 Pressure Generation

Generation of pressure for experiments or by nature is based on two principle
process like increasing the force on fixed area or decreasing the area for a fixed
force. Both the procedures are used for generating pressure on the medium. In a
closed compartment, pressure can be generated by gases either by increasing kinetic
energy or number density or both of the gases. Such procedures are generally used
in hydrothermal process or high pressure gas-filled sealed tubes. Such processes are
usually termed as ‘bomb’ as the hot molecules of gases are confined in a container
which can cause an explosive burst. The pressure in such cases is dependent on
temperature, where the increasing kinetic energy exerts more force on the sample.
In all the cases, the maximum pressure that can be retained depends on the burst
strength of container materials.

Syntheses under higher gas pressure are carried out in autoclaves or sealed tubes
where the reactive gas (to be used as reactants) or non-reactive gas like inert gases,
are filled continuously from external source up to the maximum permissible limits.
Also boiling of suitable solvent and decomposition of appropriate solids inside a
close compartment are used to generate pressure. At a particular temperature, the
liquid and gas equilibrium govern the pressure inside it. In a gas-filled system, a

Table 6.1 Commonly used units for pressure and their inter-relations

Unit Definition Symbol Equivalence

Pascal (SI
unit)

1 N force on area of 1 m2 Pa 1 N/m2

Atmosphere Pressure due to atmosphere on the sea level
pressure, and is equivalent to force exerted
by 760 mm Hg column on 1 cm2 area

atm 1.01325 � 105 Pa

Bar Pressure due to force exerted by
750 mm Hg column on 1 cm2 area

bar 105 Pa

Pounds per
square inch

Pressure due to one-pound weight on a
square inch area

psi 6.90 � 103 Pa

Torr Pressure due to 1 mm of Hg column Torr 133.3 Pa

mtorr 10−3 Torr mTorr 133.3 � 10−3 Pa

Giga Pascal 10 kbar GPa 109 Pa

1 mbar 10−3 bar mbar 102 Pa

1 Mbar 106 bar Mbar 1011 Pa
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metallic tube of high mechanical strength is filled with desired reactive gases like
ammonia, O2, F2, H2, etc. or non-reactive gas like argon, N2, He, etc. though an
inlet valve and then closed. Both sorts of assemblies are heated in a furnace where
simultaneously temperature and pressure are imparted on the reactants. Pressure
from gas at a particular temperature is measured using the typical
pressure-volume-temperature (PVT) relations for the gases. The pressure and
temperature limits are dependent on the strength of the container, boiling points of
the liquid inside it. Similar to water used in hydrothermal process, liquids, like
alcohol, ketones, ethers, mild organic and inorganic acids, etc. and liquid CO2, N2,
NH3, SO2, CS2, CCl4, etc. are used in the reactor vessel for pressure generation.
Several materials which can decompose producing gaseous species, like KMnO4,
KClO3, KClO4, MnO2, NaNO3, etc. are also used to autogenously generate pres-
sure and highly oxidizing environment. The liquid or gas is selected on the basis of
their inertness towards the reactor material in the operation time, temperature, and
pressure range. In order to avoid reactivity often protective liners from inert
materials, like Teflon, titanium and noble metals, like platinum, silver, etc. are used
in the pressure vessels. A schematic of pressure vessel used for high temperature
and high pressure reactions is shown in Fig. 6.3.

However, these high pressure tubular reactors can be used for pressure range
from bar to kbar at maximum, which can be related to reactivity of gas at high
temperature and pressure, and mechanical strength of the reactor vessel. Several

Fig. 6.3 Schematics of setup used for synthesis of materials in high gas pressure (left: vertical and
right horizontal reactors). (1) Reactor; (2) flanges with release valve, (3 and 6) gas inlet regulator,
(4) screw to tight and leak proof the recator and flange, (7) gas out let regulator, (5) gas flow tube,
(8) water circulations tube to cool flanges, (9) heater or furnace. The dimensional is not be scaled
as the specific experiments have their specific design and dimensions. The drawings are based on
laboratory autoclaves and controlled atmosphere horizontal or vertical furnaces. The operation
temperature and pressure are primarily governed by materials and such designs are widely used as
vacuum furnace, controlled atmosphere, and over pressure gas flow furnaces
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types of reactor materials and design modifications have been adopted to increase
the pressure sustainability of such reactors. For lower gas pressure (10–100 bars)
and moderate temperature (200–300 °C), brass, steel, and platinum, gold, silver like
metal tubes can be used. Platinum can sustain higher temperature and compressive
pressure, but less tensile stress. Ti and Ti alloys, Fe and Fe alloys are generally used
for high gas or vapor pressure synthesis. But they are also restricted within bars to
kbar, usually <10 kbar, ranges of pressure. Tungsten and its alloys, and WC are
used for higher pressure reactors. Also, to increase pressure concentric tubes are
used as collars to the pressure tube [17].

Alternatively, the mechanical pressure is applied to a sample in confined space
for high pressure generations. The confined space is usually created in a cylindrical
material with cylindrical hole at the centre [18]. Two cylindrical pistons are inserted
into the hole from top and bottom keeping the sample in between them, and the
setup is commonly known as piston-cylinder (Fig. 6.4). This basic design of the
piston cylinder has also been modified by reducing the cross-section as well as
using supported collar of hardened materials, like tungsten carbide to increase the
burst pressure strength and hence to increase the pressure limits. Such modification
with reducing the cross-sections area leads to the uses of anvils for high pressure
generation, and pressure in the range GPa are generally generated by anvils.
Hardened steel and more generally WC are used as anvils in high pressure syn-
thesis. Extremely high pressure synthesis relies only on the diamond anvil cell
(DAC). Some of the common anvils used for high pressure experiments are
explained below.

The concepts and design of anvils have evolved after the pioneering work of
Prof. P. W. Bridgman on piston cylinder and belt apparatus in Geophysical labo-
ratory, USA [17, 20, 21]. In brief, the anvils consist of a pair blocks having
protruded flat tips with small surface area on each. A schematic of Bridgman anvil
is shown in Fig. 6.5. The sample is kept in between the tips and force is applied
from back side of each tips. The space in between the two anvil tips is called
pressure chamber. In order to increase the pressure, the collars of different types of
alloys are used around the pressure chamber and anvils support. By such a suitable
apparatus Bridgman could generate pressure of the order of 10 GPa with and
without temperature which he had extensively used to investigate compressibility
and synthesis of materials as well as for studying the electrical and thermoelectric
properties of a wide variety of materials [17, 20, 21]. For the pioneering work on
generation of high pressure and synthesis of mew materials under pressure, Prof.
P. W. Bridgman won the Nobel Prize in physics in the year 1946.

Further, the high pressure Bridgman anvil apparatus has seen several improve-
ments and modifications both in design as well as in construction materials for
anvils. These inventions strengthened the high pressure syntheses and studies of
materials under high pressure. The second boost on high pressure synthesis can be
attributed to the synthesis of artificial diamond by Bundy et al. [22] and cubic boron
nitride by Wentorf et al. [23]. The evolved geometries of pressurization procedures
like belt apparatus and torroid anvil apparatus etc. are routinely used for generation
of pressure and temperature, and to carry out synthesis of newer materials by
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simultaneous application of both high pressure and high temperature. Typical
supported high pressure anvil commonly used for high pressure and temperature
experiments is the belt apparatus (Fig. 6.6) [24]. The key feature of the geometry is
concerned to distribute the load and to generate largest pressure at specific volume.

In all such high pressure setups used have common instrumental features such as
anvil, pressurizing or pressure transmitting medium, pressure chamber, spacer, or
gaskets. Anvils are a pair of moveable heads made from super hard materials like
hardened steel, WC, diamond, etc. aligned along a single axis such a way to render
almost no shear stress on any of them when pressurized. The anvils approach each
other and squeeze the pressure transmitting medium in between them. The gaskets
hold the pressure transmitting mediums as well as prevent the anvils to touch each

Fig. 6.4 Schematic sketch of a piston cinder apparatus for HP and HP-HT synthesis of materials.
Sample is a mixture of reactants with appropriate stoichiometry kept inside a non-reacting MgO or
pyrophyllite cup with caps and placed inside a graphite cup which acts as heater also. Pressure is
applied through the piston to the sample chamber and temperature is generated with high current
and low voltage power supply. Appropriate thermal and electrical insulations are used to protect
the piston. The volume of the sample is decided by the diameter of the cylinder and hence can be
used for synthesis of larger volume of sample. The pressure can be of several GPa and temperature
up to 2000 °C can be attained in such setup. Also, the time for reaction can be of several hours.
The dimensions in the figure are not to be scaled and they are dependent on the actual design for
pressure and temperature and nature of experiments. The schematic is adapted from Ref. [19], H.
T. Hall, Some high pressure, high temperature apparatus design considerations: equipment for use
at 100,000 atmospheres and 3000 °C, Rev. Sci. Instrum. 29(1958):267–275, with the permission
of AIP publishing
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other and house the sample under study. Thus, the pressure is essentially exerted on
the pressurizing medium. Ideally, the pressure transmitting medium behaves like a
fluid and transmits the pressure uniformly, i.e., hydrostatically to the sample. Based
on these concepts a number of setups, like piston cylinder, torroid anvil, diamond
anvil (DAC) and large volume press (LVP) with multiple anvils, etc. have been
developed for generation of pressure and they are extensively used for synthesis as
well as for studying the high pressure behavior of materials in present days
(Figs. 6.4, 6.6, 6.7, 6.8, 6.9). High temperature in such press can be generated using

Fig. 6.5 Typical sketch of a Bridgman anvil. Left: side view, right: cross-sectional views of anvil
and assembly. (1 and 2) Upper and lower anvils made from hardened steel, (6) tungsten anvil,
(3) pyrophyllite gasket, (4) talc sample holder, (5) sample under consideration. Sample is pressed
in a small cylindrical disk of height about 0.5–11 mm and placed in inside a thin pyrophyllite
gasket. Two pyrophyllite disks are placed above and below of the sample. Also, certain cases, the
powdered samples are placed inside a pyrophyllite or BN cups and the cups are covered with a lid
of the same materials. The sample assembly is inserted into the pyrophyllite gasket. The outer
diameter of the gasket is same as the diameter of the anvils. Force is applied from top and a bottom
support ram of the anvils by hydraulic mechanism. Pressure is increased and held for different
times. For high temperature generations, the sample assembly cup is inserted into a graphite or
LaCrO3 tube which acts as resistive heater. By applying current to the heater temperature is raised.
Such assemblies are also used to measure electrical properties by using probe wires on the top and
bottom of the sample cylinder. Figure and cell assembly are drawn with inputs from Dr. S. N.
Vaidya, High Pressure Physics Division, BARC, Mumbai, India. For more details on anvil and
assembly refer to the references, P. W. Bridgman, Recent works in the field of high pressure, Rev.
Mod. Phys. 18(1946):1–95; S. N. Vaidya, D. K. Joshi, and C. Karunakaran, Anvil apparatus for
the measurement of electrical resistances up to 80 kbar, Indian J. Technol. 14.12(1976):679–680;
S. N. Achary, G. D. Mukherjee, A. K. Tyagi, and S. N. Vaidya, Preparation, thermal expansion,
high pressure and high temperature behavior of Al2(WO4)3, J. Mater. Sci. 37(2002):2501–2509
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different types of heater or heating modes. Some of such anvils are explained later
in this section.

6.4.3 Pressure Transducer

Pressure transmitter or transducer plays a crucial role in the high pressure experi-
ments. The pressure from the anvil is transferred uniformly and hydrostatically to
samples through this medium. Soft solids, liquids as well as condensed gases are
used for transmitting the pressure. Ideally, the pressure transmitting medium
(PTM) should behave like fluid with zero shear strain and zero differential stress in
the studied pressure range. Since the properties of materials varies with pressure as
well as the liquid and gases can also solidify and hence exhibit directional prop-
erties, all the pressure transducer transmit pressure an hydrostatically beyond cer-
tain pressure and hence render inhomogeneous pressure on the sample. Other
important considerations of pressure transmitter are: their reactivity with the anvil
material, gasket, sample, heater, etc. as well as their own pressure and temperature
stabilities. Thus, different pressure transmitting medium for different types of

Fig. 6.6 Schematics of a belt apparatus used for high pressure and high temperature experiments.
The system is modified version of supported Bridgman anvil and is usable for pressure of about
10 GPa and temperature 2000 °C for prolonged period. (1) Carboloy piston which push the
sample from top and bottom and current is applied through these pistons to the sample assembly
(11) though the steel rings (12, 13, and 14). The pistons are supported by binding rings (2 and 3)
made from hardened steel, (12 and 13) are steel rings and pyrophyllite disks. (6) Carboloy ring for
pressure chamber and (7 and 8) are supporting binding rings made from hardened steel.
(9) Cooling water circulation ring, (4 and 10) are soft steel counter rings to prevent flying the
objects in binding ring failure, (5) is copper counter pressure ring. The sample assembly is made
from Ni cylinder (16) with nickel disks (14) on top and bottoms surrounded by a pyrophyllite
cylinder (17) to provide thermal and electrical insulation. (15) Sample under experiment. Adapted
from Ref. [24], H. T. Hall, Ultrahigh pressure, high temperature apparatus: the “Belt”, Rev. Sci.
Instrum. 31(1960):125–131 with the permission of AIP Publishing
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experiments are used. Solid pressure transmitting medium like talc, pyrophyllite,
AgCl, CsCl, NaCl, MgO, CdBr2, CdI2, CoCl2, CuBr2, HgI2, Ag2S, metallic lead,
indium, sodium, hard paraffin, polyethylene, etc. are commonly used as pressure
transmitting media in synthesis by LVP. Talc and pyrophyllite can become rigid at
a moderate pressure, viz. around 5 GPa, and thus lead to large an hydrostatic
pressure around the sample. Thus, they have applicability only in a limited range
pressure. But still, talc and pyrophyllite are the very commonly used pressure
transducer for high pressure synthesis experiments due to their chemical inertness
and ease machinability. AgCl and CsCl are another widely used PTM due to their
higher chemical stability and low melting point and high flowability. Other pressure
transmitting mediums like lithium hydride, carbon, hexagonal boron nitride, and
Teflon. For very high pressure and temperature, viz. >10 GPa, porous or
semi-sintered MgO, BeO, cubic ZrO2, Fe2O3, Al2O3, Mg2SiO3, etc. are also used as
PTM [4, 8, 11, 25].

Lighter alcohols, like methanol, ethanol, water, low viscosity mineral oils like
silicone oils, hydrocarbons like neo or isopentene, terpenols, fluorocarbons, several
polymers are also used as pressure transmitting medium depending on temperature,
pressure, and nature of the sample. Also, gases like, N2, O2, He, Ne, Ar, Kr, Xe, H2,
D2, etc. are also used for pressure transmission. Practically for pressure around 9–

Fig. 6.7 Schematics of a torroid anvil used for high pressure and high temperature experiments.
The sample of diameter of 4–5 mm and height 6–8 mm is located at the center of the graphite
furnace which is heated by high current low voltage power supply. For metallic samples, electrical
insulation is provided by sleeves made of NaCl. Pressure is generated at the sample by applying
force from lower or lower anvil. The dimensions in the figure are not to be scaled. Figure is drawn
with inputs from Dr. S. N. Vaidya, High Pressure Physics Division, BARC, Mumbai, India. For a
typical design refer: S. N. Vaidya, D. K. Joshi, and C. Karunakaran, Anvil apparatus for the
measurement of electrical resistances up to 80 kbar, Indian J. Technol. 14.12(1976):679–680, C.
Karunakaran and S. N. Vaidya, Toroid-anvil high pressure high temperature AC conductivity
measurements on fast-ion conductors, High-temp. High-press. 26(1994):393–400
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10 GPa, methanol-ethanol (4:1) mixture is generally used while
methanol-methanol-water (16:3:1) mixture is used for hydrostatic pressure up to
around 12 GPa. Since retention and conferment of gases in between the gasket and
anvils is difficult, they are used by condensing them or using highly compressed
gases. Helium can behave like fluid even at higher pressure, like 20 GPa. For high
pressure and temperature reactions NaCl, MgO like isotopic solids are used. The
usability and hydrostatic limits for a number pressure transmitting medium have
been explained in literature [4, 25].

6.4.4 Generation of Temperature Under Pressure

The desired temperature for reaction in high pressure can be generated by only in
limited procedures. Only in few instances the sample container or pressure cell can
be directly heated. However, the temperature and pressure in such instances are

Fig. 6.8 Schematics of a diamond anvil cell for high pressure and high temperature experiments
as well as in situ probing of the reaction or transition by X-ray or laser. Temperature and pressure
are measured from the output marker. The diamonds anvils were supported on WC supports. For
more details on design, assembly and sample environments in diamond anvil cells refer to Refs.
[24–28]
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limited and the limitations mostly arise from the strength of the container materials.
For example, high gas pressure, hydrothermal and solvothermal experimental
methods use direct heating of pressurized sample container. In all these cases the
pressure is also limited at high temperature as the system may explode due to
softening materials by temperature or limited strength of materials at high tem-
perature. Thus, they always need a safety consideration either to release the excess
pressure or to generate pressure as per the consideration of strength of materials.
For cryogenic or moderately above ambient temperature, viz. 400–500 °C, several
types of diamond anvil cell can also be heated externally. Higher temperature under
pressure is commonly generated by a resistive heater placed near the sample under
study.

Usually graphite, LaCrO3, SiC and MoSi2 like resistive heating elements are
used as collar to the samples and placed inside the pressure chamber. Heater is
usually operated in high current and low voltage mode, and so low restive heaters
are generally used. The temperature can also be generated by tungsten or molyb-
denum coil or foil around the sample. As high as 2000 °C under pressure can be
generated by such heaters.

In the high pressure and high temperature synthesis, appropriate reactants are
placed inside a cylindrical cup and caped. The sample container can be a graphite,
boron nitride, platinum, alumina depending on the requirements and compatibili-
ties. The sample container is again placed inside a cylindrical heater or in inside the
pressure transducer where tiny heater rods are inserted. The electrical contacts to the
heaters are provided either by the anvil itself or by appropriate connecting wires

Fig. 6.9 Schematics of pressure generation in multi-anvil press (a, b, c are tetrahedra, octahedral
and cubic press). The figure is based on the pressurizing anvil positions and does not represent the
actual multi-anvil apparatus and sample environment. The polyhedra represent the pressure
chamber which houses the sample capsule along with heater and thermocouples. Force is applied
along all the triangular faces of tetrahedra or octahedral, or squares of the cube. The anvils faces
are exactly similar area as that of the medium. For details refer to Refs. [8, 24, 33–35]
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inside the pressure transducer. All these procedures for generation of heat are
possible in large volume high pressure apparatus. In case of diamond anvil cell,
heating the diamond by external source can be carried out for low to moderate
temperatures. But for high temperature such procedures are not practically feasible
and hence extremely high temperature is generated by heating the sample by laser
beam [26–28]. Continuous beam of Nd–YAG (Nd3+ ion doped Y3Al5O12) laser is
most commonly used to heat the sample inside the diamond anvil. High temperature
around 5000 °C in the diamond anvil can be generated by such laser heating.
Extremely high pressure and temperature in the range of TPa and 105–106 K can be
generated by pulsed high power laser, inertial conferment in laser ignition facilities
and nuclear explosion devices. Dynamic pressure and temperature are generated by
hitting target with a high-speed projectile. The use high speed ballistic can cause
large dynamic pressure, like 300–400 GPa even higher but only for momentarily.
Such conditions, though rarely used for synthesis purposes, but metastable phases
of metals like Zr, Ti, W, etc. have been obtained by such dynamic shock pressure.

Successively, the high pressure apparatus with one-dimensional press is evolved
to multidimensional large volume press (LVP), like tetrahedral, octahedral, and
cubic where the force is applied on the regular faces of such polyhedra (Fig. 6.9).
The Walker-type large volume multi-anvil press has evolved as a modern synthesis
setup for preparation of unconventional and novel materials. Such large volume
pressure can generate pressure even up to about 15 GPa and temperature up to
2500 °C depending on the heater assembly. Further development of high pressure
generation is done by diamond anvils. The usage of diamond, the hardest material
known, opens a practically simpler mode for generation of high pressure and
nowadays used in almost all laboratories for high pressure studies. Pressure at the
sample is achieved by squeezing it in between parallel faces of two diamonds and
the pressure depends on the areas of the faces of diamond anvils. Further the uses of
beveled diamond and nano-diamond increase pressure limit to even up to 150 GPa.
The nano-twinned diamond can achieve Vickers hardness up to 200 GPa which
significantly higher than the natural synthesis diamond [29–32]. However, the
amount of sample that can be prepared by such diamond anvil cells is very small
and mostly suitable for in situ structural and spectroscopic or microscopic char-
acterizations. Yet the DAC is an extremely useful apparatus for synthesis of sample
under extreme pressure and temperature. For practical materials synthesis proce-
dure, most commonly the belt apparatus, torroid and multi-anvils, and diamond
anvil are routinely used worldwide.

The high pressure synthesis procedures can be directly carried out at ambient
temperature, using such anvils directly. In such cases, the reaction of solids or stable
products rarely occurs. However, the solid-gas or solid-liquid reactions can occur in
such cases. Gas inclusion and intercalated compounds, host-guest compounds, and
adducts can occur in such conditions. Materials exhibiting pressure-induced irre-
versible phase transition can also be a mode for synthesis of materials. Some of
such syntheses are explained in subsequent synthesis. However, most of the reac-
tions and very commonly reactions of solids as well as several irreversible phase
transitions need temperature along with pressure. Thus, high pressure and high
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temperature conditions are usually adopted for synthesis of materials. Some of the
well-established synthesis procedures are tabulated earlier in this article. Since the
pressure is generated in a small volume, generation of temperature under pressure is
in general different than conventional methods. For details of these anvils refer to
Refs. [4, 8, 33–35].

6.4.5 Pressure and Temperature Measurements

Similar to the generation of pressure and temperature for high HP-HT synthesis,
their measurements in an experiment are often tedious due to the cumbersome setup
and influence of both temperature and pressure on the measured signals [36]. In
piston-cylinder and anvils, pressure is usually calibrated with dead weight gauge
with respect to the applied stress. A number of pressure gauges, like strain gauges,
Bourdon gauge, Macleod gauge, and Hg column are used in lower pressure limits.
However, there are several other measurements modes like variation of electrical
resistances, piezoelectric materials, luminescent materials, etc. used to measure the
pressure. The variation of resistance of a foil or a coil, usually manganin, an alloy of
Cu, Mn, and Ni as Cu85Mn12Ni2, is used for both pressure and temperature mea-
surements. The variation of electrical resistance with pressure or temperature is
used as calibration curve to read pressure or temperature. The electrical properties
of manganin under pressure have been calibrated in a large number of reports since
the Bridgmann himself calibrated up to 3 GPa [36–38]. Manganin has a positive
pressure coefficient of resistance and shows appreciably larger and linear variation
of resistance with pressure [28, 39, 40]. The variation of resistance of manganin
with pressure has been calibrated by Fujioko et al. [39] up to 220 kbar, and linear
pressure dependency up to 180 kbar has been reported. The typical pressure
coefficient of manganin under static pressure is given below [39]

DR
R0

¼ Rp � R0
� �

R0
¼ 2:322� 0:008� 10�3 � P kbarð Þ

Additionally, variations of resistances of zeranin (Cu90.7Mn7Sn2.3) [40] and Fe
[37] are also used for pressure measurements. The discontinuity in resistance of Fe
is also used as a fixed-point pressure calibration.

The change in the resistances at the phase transition of certain standard materials
(viz. BiI–Bi-II, Bi-II–Bi-III, Yb-I–Yb-II, etc.) are also commonly used to calibrate
the pressure [20, 21, 41–43]. The structural transitions associated with volume
discontinuity like B1-B2 transition of NaCl is also used as fixed-point pressure
celebrant [44–46]. Most of these discontinuities are also structural transitions and
occur with discontinuity in molar volume. Thus, they are used to calibrate pressure
by X-ray diffraction experiments also. Some of the fixed-point pressure calibrants
and their properties are summarized in Table 6.2.
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Unlike pressure, the temperature can be measured directly by using suitable
thermocouple or measurement resistances of metallic or semiconducting wires.
Since pressure affects the electrical properties of such materials, the temperature
coefficient of resistance or emf needs a pressure calibration. Manganin wire is also
used as a temperature measurement mode. The temperature coefficient of resistance
of manganin is close to 1 � 10−6 per degree centigrade [47, 48]. The temperature is
also quite often measured from the thermo-power supplied to the heater. This
procedure generally requires calibration from independent temperature measure-
ment. However, such measurements are usable only at limited temperature range,
i.e., around 1000 °C.

In large volume apparatus as well as in piston-cylinder or toroid anvils, ther-
mocouples can be used to measure the temperature. W-Re (Type C: 95%W/5%Re–
74%W/26%Re; Type D: 97%W/3%Re–75%W/25%Re; Type G (100%W–74%W/
26%Re and Pt-Rd (Type R: 87%Pt/13%Rh–100%Pt, Type S: 90%Pt/10%Rh–
100%Pt, ( all in wt %) thermocouples are inserted into the pressure chamber
suitably and temperature is measured from the generated EMF. Both R and S type
thermocouples can be used to measure temperature up to 1600 °C, while the C, D,
and G type can be used to measure temperature up to 2329 °C. The measurement
range by the C, D, and G type thermocouples can be extended to about 3000 °C in
inert atmosphere. Since the pressure assembly is mainly non-reactive and
non-oxidizing, the W-Re thermocouples are routinely used for temperature mea-
surements up to 3000 °C. However, over this limit, indirect modes like phase
transition, melting or optical probes are used to measure temperature.

At higher pressure and temperature, fluorescence markers are commonly used to
read pressure and temperature [49–51]. Fluorescence characteristics of some stan-
dard markers are given in Table 6.3. Ruby (Al2O3:Cr

3+), SrFCl:Eu2+ and SrFBr:
Eu2+, SrB4O7:Sm

2+ etc. are commonly used fluorescence marker for high pressure
or high temperature experiments carried out in diamond anvil cell. The shift in
emission wavelength with pressure or temperature as well as for both is calibrated
to read the pressure and temperature. Ruby has been extensively used for pressure
measurements in a transparent high pressure medium [52, 53]. Micron sized grains
of synthetic ruby crystals is loaded along with the sample inside a pressure

Table 6.2 Fixed point pressure calibrate for HP-HT setups [20, 21, 41–46]

P (GPa) Transitions Comments −DV/V (%) Resistance discontinuity

2.55 Bi-I to Bi-II R-3m to C2/m 4.7 Y

7.7 Bi III to Bi IV P21/m to P21/n 1 Y

0.68 Ti II to Ti III a to x 15 Y

5.5 Ba I to Ba-II bcc to hcp 1.9 Y

12.3 Ba II to Ba III hcp-tetragonal 0.95 Y

9.4 Sn I to Sn III bct-bct (b to c) 1.1 Y

45 Sn III to Sn IV Bct to bcc 7.6 Y

26.8 NaCl (B1-B2) NaCl-CsCl 4.8 Y
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transmitting medium and excited by a probe laser, usually a He–Ne or similar
visible light laser. The ruby emission, R1 and R2 lines at standard pressure (1 atm)
and temperature (300 K) are located at 694.25 and 692.86 nm, respectively and
they are due to the 2E excited states to 4A2 ground state transitions [54]. The shift
in emission wavelength and the spacing (Dk) between them are sensitive to pressure
and temperature. The pressure dependency of the shift of R1 line of ruby is about
0.365 nm/GPa up to about 20 GPa and then becomes nonlinear [53, 55]. Typical
ruby luminescence lines at two pressures are shown in Fig. 6.10.

Experimentally, the calibration curves for the shift in wavelength for R1 line has
been refined and widely accepted relation for Ruby emission is given below [52,
55–58]

P GPað Þ ¼ 1870
Dk
k0

1þ 6:0
Dk
k0

� �

P GPað Þ ¼ A
B

kp
k0

� �B

�1

 !
up to 150 GPað Þ

where k0 is wavelength of R1 line at 298 K (694.24 nm) and Dk = kp − k0,
kp = wavelength of R1 at pressure P. A- and B are empirical constants determined
as A = 1876, B = 10.71, respectively [52, 58].

Also, PV and PVT equation of states (EOS) of several standard materials, like Pt,
Au, Cu, Ag, Al, W, etc. are used for measuring pressure and temperature. At higher
pressure, EOSs of NaCl, KCl, MgO etc. are used for pressure and temperature
measurements. These methods are very commonly used in the diffraction studies,
where simultaneously the structural changes in the pressure marker is observed along
with the samples. The change in unit cell parameter (volume) of marker is compared
with the established equation state of the same marker to determine pressure. The
standard bulk modulus and pressure derivative of some standard materials are
summarized in Table 6.4. Commonly used third-order Birch-Murnaghan (BM-III)
equation of state for measurement of pressure is given below.

Table 6.3 Typical parameters of luminescent pressure and temperature sensors

k (nm) dk/dP (nm/GPa) dk/dT (nm/103 K) Ref.

Cr3+-Al2O3 (R1) 694.2 +0.365 +6.8 i

Cr3+-YAlO3 722.8 +0.70 +7.6 i

Eu3+-YAG 590.6 +0.197 −0.5 ii

Sm2+-SrB4O7 685.4 +0.255 −0.1 iii

Sm2+-SrFCl 690.3 +1.10 −2.3 iv

(i) J. D. Barnett, S. Block, and G. J. Piermars, Rev. Sci. Instrum., 40, 1(1973)
(ii) Y. Chi, S. Liu, W. Shen, L. Wang, and G. Zou, Physica, 139 & 140B, 555(1986)
(iii) A. Lacam and C. Chateau, J. Appl. Phys., 66,366(1989)
(iv) Y. R. Shen, T. Gregorian & W. B. Holzapfel, High Pressure Research 7, 73(1991)
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where B0 = Bulk modulus, V0 = Volume at pressure, P = 0, B0
0 = Pressure

derivative of bulk modulus.
However, in the synthesis apparatus, the equation of states is not easy to use as

the sample is surrounded by the anvil and pressure transmitting media. Thus,

Fig. 6.10 Emission lines of ruby at two different pressures. Spectra were recorded using a
diamond-anvil cell and methanol−ethanol−water (16:3:1) mixture as pressure-transmitting
medium. Emission spectra were recorded on a Horiba Jobin Yvon LabRAM Raman spectrometer
using 632.8 nm line of the HeNe laser as excitation source. R1 is more intense than R2. With
increasing pressure emission wavelength sifts to higher side and rate of shift is approximately
0.365 nm/GPa under hydrostatic conditions up to 20 GPa, while the shifts are around 0.0073 nm/
K up 600 K. The line shape remains more or less similar with pressure while broadening as well as
Dk (the separation of R1 and R2, i.e., D(R1 − R2)) varies with temperature. The separation of R1
and R2 also depends on the concentration of Cr3+. The separation becomes unreliable at high
temperature due to merging of the R1 and R2 lines to a single asymmetrically broadened line. Life
time of emission has also been proposed as a mode for measurements of pressure and temperature.
Besides at higher pressure, the phase transition of corundum to Rh2O3 type structural transition
though does not alter the Cr3+ environment in the structure, they are reflected in the separation of
R1 and R2 lines [54]. For more details on ruby scale and emission mechanisms of Cr3+ to Ref. [54]
and references cited therein
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usually thermocouples, bourdon or strain/piezo gauges are used for measuring the
temperature and pressure. In addition, it is necessary to calibrate the pressure with
the fixed-point celebrants prior to experiments.

6.5 Synthesis Under High Pressure and/or High
Temperature

6.5.1 Synthesis of Artificial Diamond

High pressure and high temperature synthesis are developed from the origin at
artificial diamond synthesis which dates back to late nineteenth century. The early
experiment on chemical synthesis of diamond from graphite in iron tube by high
temperature generated by electric discharge indicated the requirement of pressure
for graphite to diamond transformation. Successive theoretical and experimental
developments in understanding the graphite to diamond transformation and carbon
atom to diamond transformation become industrial methods for production of
synthetic diamonds. The continuous research and development in this aim are now

Table 6.4 EOS of pressure markers

Standard B0 (GPa) B0
0 Ref.

Ag 118 3.8 a

Au 167 5.5 a

Cu 133.5 5.3 b

Al 72.8 4.6 b

Fe 158 5.8 a

Pt 275.3 5.2 b

W 312 3.83 a

Re 372 4.05 a

bcc-Bi 54.74 4.905 c

C 441.5 3.98 b

NaCl-B1 25.18 4.80 d

NaCl-B2 31.21 4.84 d

MgO 160.3 4.2 b

Ne 1.097 9.23 e

a-Al2O3 253 4.30 f

(a) P. C. Sahu and N. V. Chandrasekhar, Resonance 12(2007):10
(b) T. S. Sokolova et al., Russian Geology and Geophysics 54(2013):181
(c) Y. Akahama, H. Kawamura, and A. K. Singh, J. Appl. Phys. 92(2002):5892
(d) P. I. Dorogokupets and A. Dewaele, High Pressure Research, 27(2007):431
(e) S. M. Dorfman, V. B. Prakapenka, Y. Meng, and T. S. Duffy, J. Geophys. Res. 117(2012):
B08210
(f) K. Syassen, High Pressure Research, 28(2008):75
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becoming one of the most profitable businesses in the world. The vapor phase of
carbon can be condensed to diamond which has been exploited in vapor deposition
growth of diamond. In both cases, the diamond is formed as a metastable com-
pound. In this section, the HP-HT methods for synthesis of diamonds are only
briefed while the later approach is beyond the scope of this chapter.

The pressure-temperature (PT) phase diagram of graphite-diamond transforma-
tion is shown in Fig. 6.11 [59]. From the phase boundary of graphite and diamond
in the phase diagram, it can be suggested that with increasing temperature the
pressure required for this transition needs to be higher. The synthesis of large-size
gem-quality diamond is relied on the PT phase boundary of diamond and graphite.
The initial successful synthesis of diamond has been carried out in belt apparatus
with pressure around 10 GPa and temperature around 2000 K [60]. The graphite
either in a rod or powder form is mounted inside a cup made of Pt, Mo, W, Ta or
Fe, Co., Ni or LaCrO3 and the assembly is placed inside a pressure transmitting
gasket like MgO, BeO, and ZrO2. The system is first pressurized and then tem-
perature is increased while the sample is under stress. The mentioned metals act as
heater for the assembly as well as catalysis for the formation of diamond. The time,
temperature, and pressure are optimized to obtain large crystals of diamond.
Successively catalysts, like Fe, Co, Ni, etc. have been employed to accelerate the

Fig. 6.11 Pressure-temperature phase diagram of carbon [59]. Graphite can transform to diamond
by solid to solid transformation under pressure and temperature or molten carbon crystallizes to
diamond under pressure. The catalytic process is shown as green line. Reproduced with permission
from J. Narayan and A. Bhaumik, Novel phase of carbon, ferromagnetism, and conversion into
diamond, J. Appl. Phys. 118(2015):215303. Copyright 2015, AIP Publishing
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graphite to diamond conversion. Hu et al. [61] have prepared B and N co-doped
diamond crystal using B and N elements along with carbon in a gradient temper-
ature and pressure (viz. 5.3–5.8 GPa and 1300–1550 °C) condition and Fe as
catalyst. Presently, varieties of multianvils are being used to prepare diamond from
graphite in industrial scale. This represents the first technological and commercial
success of high pressure and high temperature synthesis techniques.

Nanocrystalline diamond has been prepared under high pressure and temperature
using C3H5N3O (cyanoacetic acid hydrazide) as an organic additive in NiMnCo-C
system by Guo et al. [62]. The synthesis is typically carried out at 5.5–6.2 GPa and
1280–1320 °C in a large volume cubic anvil apparatus. Graphite powder mixed
with C3H5N3O and pressed into a cylindrical pellet is used as precursors and
NiMnCo–C alloy mixed with C3H5N3O is used as catalysts. Single crystal of highly
pure diamond is used as a seed crystal to grow larger crystal. This assembly is
placed inside a ZrO2 +MgO insulating materials and then encapsulated by a sleeve
made from NaCl and ZrO2 mixture. Further the sleeve is surrounded by a graphite
heater and housed inside a pyrophyllite and dolomite composite block. This sample
assembly is placed inside a cubic anvil for high pressure and temperature treatment.
Pressure, temperature, and time as well as composition of initial carbon sources
precursor mixture and catalysts are adjusted to prepared single crystalline diamond.
The typical images of synthesized diamonds are reproduced in Fig. 6.12. However,

Fig. 6.12 Optical images of the diamond crystals synthesized from the NiMnCo–C system with
C3H5N3O additive (wt% of additive is shown in the figure) by pressure and high temperature
conditions. Well defined crystals with high transparency are formed with o additives while darker
crystals are formed with additives [62]. Reproduced with permission from L. Guo, H. Ma, L.
Chen, N. Chen, X. Miao, Y. Wang, S. Fang, Z. Yang, C. Fang, and X. Jia, Cryst. Eng. Comm. 20
(2018):5457–5464. Copyright (2018) The Royal Society of Chemistry
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the impurities like N, O, and H are inherently incorporated in the diamond crystals and
they govern their color and transparencies. Sintered nanocrystalline diamond aggre-
gates prepared by such methods can be used as anvils for ultrahigh pressure studies
[63]. Gotou et al. [63] have reported pressures and temperatures up to about 30 GPa
and 1700 K can be easily achieved using such sintered nanocrystalline diamonds.

6.5.2 Synthesis of Superhard Materials

Similar high pressure and high temperature conditions are also adopted for prepa-
ration of super hard materials. Cubic BN is prepared from hexagonal BN under high
pressure and temperature conditions, typically between pressure 5–10 GPa and
temperature 1500–300 K [64]. Demazeau has reviewed wide varieties of conditions
and fluxes, like metallic Li, Mg, Ca, Sb, Sn, Pb, fluorides, like NaF, LiBF4, NH4F,
(NH4)2SiF6, nitrides Li3N, Mg3N2, Ca3N2, etc. for assisting the transformation of
h-BN to c-BN under pressure and temperature [64].

Chen et al. [65] have prepared B6O by heating a mixture of B, B2O3, and B4C at
temperatures of 1500–1900 K under pressure. The authors have prepared B6O and
B6O-B4C composites using the pressure in the range of 3–4.8 GPa inside a cubic
press [65]. Single phase B6O has been prepared by reacting B with B2O3 under high
pressure and temperature. The mechanistic aspects of this synthesis indicate that B
dissolves in B2O3 melt forming randomly distributed B6O units which subsequently
grows to larger crystallites with time [66]. The B6O formed under high pressure and
temperature has a rhombohedral (R-3m) structure which is formed by eight icosa-
hedra at the vertices of a rhombohedral lattice and 2 oxygen atoms at the interstices
aligned along 111h i direction. Each icosahedron of B12 is formed by 12 B atoms
and thus the net composition of the sub-oxide formed is B6O. Due to shorter
inter-atomic distances, they form strong covalent bond and exhibit superior hard-
ness and wear-resistant and chemical inertness [66]. Typical synthesis is carried by
multianvil using sintered octahedral of MgO as pressure transmitting medium.
Pellets of homogenous mixture of B2O3 and amorphous boron is placed inside an
h-BN capsule and placed insides graphite or LaCrO3 heater and that is inserted into
the octahedral MgO pressure transmitting medium. Pressure, time and temperature
have been optimized to grow larger crystallite of B6O. Crystallites of about 30 lM
could be obtained at pressure 4 GPa, Temperature 1700 °C and time 2 h using the
initial mixture of B and B2O3 as (16:3) [66]. Typical SEM images and crystal
structure of B6O are shown in Fig. 6.13. The B6O crystals prepared at 5.5 GPa and
2100 °C for 60 min shows hardness equivalent to c-BN [67].

Nitrides of platinum like PtNx has been prepared by heating Pt to 2000 K at 40–
50 GPa pressure in a medium of N2 in a laser-heated diamond anvil cells. The bulk
modulus of PtNx can reach upto 392 GPa depending on N content [69]. The N
atoms are filled inside the voids of Pt lattice and form strong covalent bond with
platinum [69]. Similarly, the platinum carbides (PtC) phase with high bulk modulus
(301 GPa) has been prepared by laser-heated diamond anvil cell at 75 GPa. The
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high pressure phase of PtC has a cubic rock salt type structure and remains as a
metastable phase on decompression to ambient condition [70]. The typical exper-
iment is carried out by loading homogenous mixture of Pt and C powder inside a
diamond anvil cell and pressured to around 70 GPa and Ar gas is used as pressure
transmitting medium. Subsequently, the temperature is raised to about 2600 °C by
either Nd-YLF (YLiF4) or Nd–YAG (Y3Al5O12) laser. The formation of PtC at
these conditions is observed from the in situ XRD studies and also can be retained
at ambient conditions by quenching the sample to ambient temperature. The
metastable nature is confirmed by subsequent heating under pressure where it
decomposes to metallic Pt and diamond above 47 GPa.

6.5.3 Compounds with Atoms of Inert Gas and Molecular
Gas

The advancements of high pressure technology have been extensively exploited on
molecular gases or inert gases to discover new compounds and new phases with
unexpected physical or chemical properties. In general, gases are highly com-
pressible and transforms to liquid or solid under compression and also new bonding
is introduced in such systems [15]. Such new bonding leads to newer phases of the
system. In case of molecular gases, instead of high temperature, often the low
temperature is effective to bring the structural changes. Several of such molecular
gases have been studied under high pressure and temperature in diamond anvil cell
with external heating and cooling arrangements. The assembly containing the gas is
cooled by cryostats or heated by resistive heaters. Also, laser heating is also
employed to generate temperature in the pressure chamber. The high thermal
conductivity of diamond can easily transfer the heat to the samples under study. In

Fig. 6.13 SEM images of icosahedral B6O crystals [66] and crystal structure of B6O [68].
Reproduced with permission from H. Hubert, L. A. J. Garvie, B. Devouard, P. R. Buseck, W.
T. Petuskey, and P. F. McMillan, Chem. Mater. 10(1998):1530–1537. Copyright (1998) American
Chemical Society. Crystal structure of B6O drawn from the data reported in Ref. [68]
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situ XRD and Raman spectroscopy are generally used to study the formation and
structure of the phases. As typical examples, few cases on molecular gases are
discussed here.

6.5.4 N2 Molecules Under Pressure and Temperature

N2 gas forms a solid at low temperature and high pressure, and shows series of
structural transition with temperature or pressure. However, none of the high
pressure polymorphs of N2 can be stabilized at ambient conditions upon releasing
the pressure. Yet the crystallization and phase transition of N2 widen the under-
standing the effect pressure on breaking the strong interatomic bonds as well as
delocalization of electrons. The pressure-temperature phase diagram reported for N2

indicates the formation of a cubic (Pa3) type structure by quadrupole-quadrupole
interaction of N2 molecules at low temperature and moderate pressure [71]. With
increasing pressure, viz. 11 GPa, this quadrupolar interactions become less domi-
nating and hence structures with orientation disordered are formed [72, 73]. Also, it
has been predicted formation of non-molecular metallic or insulating nitrogen
crystal at pressure around 100 GPa [74, 75] and even at still higher pressure like
200 GPa, it suggests for structure and properties similar to other V group elements,
like P and As [75–77].

6.5.5 O2 Molecules Under Pressure and Temperature

The effect of high pressure and temperature on oxygen molecule is closely similar
to that of N2, but the difference in electronic configurations leads to ferromagnetic
oxygen crystal. At normal pressure O2 forms a monoclinic solid (a-O2, space group
C2/m) at low temperature while under pressure of about 5.5 GPa at room tem-
perature O2 forms a rhombohedral (b-O2, space group R-3m) solid. On further
increasing pressure to 9.6 GPa at ambient temperature, the b-O2 transforms to an
orthorhombic structure (a′-O2, space group Fmmm) [78, 79]. Also, formation of
several other phases of O2 at higher temperature and pressure has been reported in
literature [15]. Metallic solid O2 has been prepared in DAC at around 95 GPa [80].
Further superconducting solid oxygen (f-O2) with Tc 0.6 K has been prepared
around 100 GPa [81]. The complex and novel phases of oxygen discovered
experimentally by in situ high temperature and pressure studies summarized by
Goncharov et al. [82] is depicted in Fig. 6.14.
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6.5.6 CO2 Molecule Under Pressure and Temperature

Novel phases of CO2 have also been prepared by high pressure and temperature
experiments in diamond anvil cell [83]. Despite CO2 has a simpler molecular unit, it
transforms to diversified crystalline and amorphous structures under pressure [83].
CO2 can be solidified by cooling below 194 K at ambient pressure (1 atm) which
has cubic structure (CO2-I, Space Group Pa-3) and is well known as dry ice. This
phase is a normal molecular solid and the structure is formed with linear CO2

molecules and is stable below 11 GPa [83]. The CO2-III phase can be prepared by
applying pressure above 11 GPa and temperature from 293 to 450 K [84], which
has an orthorhombic structure (Cmca). A new phase of CO2 (CO2-II) having
density about 9.6% higher than CO2-III phase has been prepared at pressure 28 GPa
and 680 K [85]. The linear structure of CO2 molecules are retained in this phase,
but the alignment of the molecules occurs in such a way that a pseudo-six fold
coordination can be assumed around the C atom. Park et al. [86] have prepared a
new polymorph of CO2 (CO2-IV) by heating solid CO2-III to temperatures between
500 and 750 K at pressures between 11 and 20 GPa. The structure of phase-IV is
characterized with the bent CO2 molecules and is closely related to a-cristobalite
(SiO2) and a-PbO2. A disordered quartz-like phase of CO2 (CO2-V phase) having
polymeric CO2 units has been prepared from CO2-III phase by heating to 1800 K
under pressure of 40 GPa in laser-heated DAC [87].

Fig. 6.14 Different phases of O2 discovered by high pressure and temperature studies on
molecular oxygen in laser-heated diamond anvil cell [82]. Reproduced with permission from A.
F. Goncharov, N. Subramanian, T. R. Ravindran, M. Somayazulu, V. B. Prakapenka, and R.
J. Hemley, Polymorphism of dense, hot oxygen, J. Chem. Phys. 135(2011):084512. Copyright
(2011) American Institute of Physics publishing. Some of the metastable phases of O2 identified by
in situ XRD or Raman under HP and HT conditions are summarized in right hand side
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Similarly, a number of new polymorphs of molecular materials, like H2, ice, CO,
etc. and also of several organic molecules, like CH4, C2H2, etc. have also been
synthesized by application of pressure and temperature [15].

6.5.7 Synthesis of Structures with Unusual Coordination

As mentioned earlier, the pressure increases the density and coordination number of
atoms in a structure. The increasing compactness of the structures brings the
molecules closer together and thus new bonds are created, rearrangements of bonds
occur, and also the nature of bonds is altered. Thus, high pressure and high tem-
perature synthesis becomes a routine for synthesis of compounds with unusual
coordination number. In some cases, the new compounds are retained as stable form
even on releasing the pressure and temperature while in some cases they form only
under the pressurized and/or high temperature conditions. For examples, the
polymorphs of O2, N2 and CO2 are stable under the pressurized conditions only
while several complex and multi-elements compounds are stable even at ambient
conditions. The stishovite type SiO2 and GeO2 can be prepared by heating under
pressure above 20 GPa [88, 89]. Some of such unusual compounds are discussed in
this section.

6.5.7.1 Perovskites

It is well known that the structure of ABX3 type perovskites is formed only with
selected combination of cations, one suitable to form octahedral coordination while
the other suitable to form 12 coordinated polyhedra. Thus, for ideal perovskite
structure, the tolerance factor defined as: t ¼ rA þ rXffiffi

2
p � rB þ rXð Þ ; where rA and rB are ionic

radii of cations and rX is ionic radius of anion governs the formation boundary. For
the ideal perovskite structure t = 1.0, but as it deviates from 1, the structure is
retained with some distortion. Since the structure essentially needs cations with
ionic radii suitable to form a framework of BX6 octahedra, and thus there exists a
wider choice for A cations. Thus, the application pressure is often useful to prepare
perovskites with smaller ionic radii cations, where the increased coordination
number of cations helps to stabilize the perovskite structures. Due to such effect of
pressure, a number silicates also exist as perovskites with unusual SiO6 octahedra in
deep geological conditions [90]. In addition, perovskite-type materials with cations
in higher and unstable oxidation states can also be prepared under such conditions.
The synthesis of such materials can also be carried out under high gas pressure and
temperature or using a strong oxidant like KClO3 in a confined reaction medium.
Some of the perovskite-type compounds prepared under high pressure and tem-
perature conditions are explained in this section.

182 S. N. Achary and A. K. Tyagi



Silicates of Ca and Mg exist as an appreciable fraction of earth crust, about 7%
by volume. These are formed by the reaction of the Ca2+ and Mg2+ ions with silica.
Under ambient pressure solid-state reaction of CaO or MgO with SiO2 leads to
pyroxene type MgSiO3 or CaSiO3, where the structure is formed by the SiO4

tetrahedral units. The pyroxene type MgSiO3 and CaSiO3 show pressure-induced
structural transition and then they undergo amorphization or decomposition. In all
such cases the tetrahedral SiO4 configuration is retained. However, the reaction
carried out under pressure leads to the perovskite-type MgSiO3 or CaSiO3 with
SiO6 octahedral units.

The observation of perovskite-type MgSiO3 and CaSiO3 in deep mantle has
motivated large number P-V-T studies to understand their formation and stabilities.
Above 10 GPa pressure and temperature above 1200 K in a laser-heated DAC,
CaSiO3 forms a perovskite structure which has a pseudo-tetragonal (c/a *0.007)
structure [91]. Similarly, the ambient pyroxene phase of MgSiO3 can be converted
to perovskite phase by the application of HP and HT [92]. For the synthesis of
perovskite-type MgSiO3, Yagi et al. [92] have pressurized pyroxene type MgSiO3

in diamond anvil cell to about 27 GPa and then heated to about 1000 °C by using
infrared laser-like Nd–YAG. In general the formation pressure of orthorhombic
perovskites (Z = 4) increases with decreasing the unit cell volume, but the tem-
perature for reaction is always higher than 1000 °C. The formation pressures of
several perovskites have been summarized by Yagi et al. [92] as in Fig. 6.15.

In addition to the normal ABO3 perovskites, a large number of cation-ordered
double perovskites have also been synthesized by high pressure and high temper-
ature conditions. Leinenweber et al. [93] have prepared cation ordered Ca2TiSiO6

perovskite with ordered SiO6 and TiO6 octahedra. The high pressure and high
temperature conditions for the formation of several perovskites with cation order-
ing, vacant cation sites, and with layered structures are reviewed by Rodger et al.
[94].

In recent years, wide varieties of perovskites type materials have been prepared
in LVP presses, like belt apparatus and multi-anvil press. Belik [95] has reviewed
the synthesis of several bismuth-based perovskite-type materials with transition
metal ions exhibiting multiferroic and magnetodielectric properties. A number of
BiMO3, with wide varieties of cation as M ion have been prepared by high pressure
and temperature process. Typical synthesis conditions for some of the BiMO3

materials are summarized in Table 6.5 and structure BiAlO3 prepared under such
conditions is shown in Fig. 6.16.

Similarly, the use of high oxygen pressure in the solid-state reactions is also
useful to prepare perovskite-type compounds with cations in unusually higher
oxidation states. Perovskite type RNiO3 or RCoO3, with R = Sm, Eu, Gd, Dy, Ho,
Y have been prepared by under high oxygen pressure about 200 bar or under
hydrostatic pressure in anvils using KClO4 as oxygen source [97, 98]. Demazeau
and Darracq have prepared La1−xSrxCuO3 with Cu3+ and Cu4+ using high oxygen
pressure at high temperature [99].
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6.5.7.2 Pyrochlore Type Materials

As the case of the perovskites, the A2B2O7 compounds with pyrochlore-type
structures are also formed only with suitable cations. Subramanian et al. [100] have
proposed the tolerance limits for the pyrochlore structure from the radius ratio of A
and B type cations (rA/rB). For a normal cubic pyrochlore structure, the tolerance
limit is predicted as: 1.46 � rA/rB � 1.80. The cation pairs having rA/rB lower
than 1.46 forms cation disordered fluorite structure due to their indiscriminate
behavior for forming eight coordinated polyhedra while for the pair having rA/rB
higher than 1.90 tend to form perovskite or other structures depending on the
preference for ideal coordination polyhedra of A and B cations. For example, for
La2Ti2O7, has perovskite type structure due to preference of La to form larger
coordination polyhedra than eight required for pyrochlore structures. The Ln2Si2O7

(Ln = Lanthanides) form pyrosilicates type structures due to preference of Si4+ for
tetrahedral coordination. However, the upper limit of tolerance can be extended up
to 2.3 by adopting high pressure and high temperature synthesis procedures. This
can be attributed to the favorable conditions introduced by pressure to increases the
coordination number of the smaller B site cations [101, 102].

Fig. 6.15 Formation pressure of orthorhombic (Pnma) perovskite-type ABO3 compounds [92].
Reproduced with permission from T. Yagi, H.-K. Mao and P. M. Bell, Structure and crystal
chemistry of perovskite-type MgSiO3, Phys. Chem. Minerals 3(1978):97–110. Copyright (1978)
Elsevier. Inc

184 S. N. Achary and A. K. Tyagi



A number cubic pyrochlore with such unusual combination of cations has been
successfully prepared by using high pressure and high temperature techniques. Sleight
et al. have explored the synthesis of pyrochlore type materials with unusually smaller
cations, like Si4+, Ge4+, Pb4+, Pt4+ and Pd4+ etc. as B cation [102]. Shannon and Sleight
have proposed requirement of high pressure and temperature conditions the synthesis
A2B2O7 type cubic pyrochlores with several unusual cations [103]. The stability field for
A2B2O7 pyrochlore proposed by Shannon and Sleight is depicted in Fig. 6.17 [103].

Table 6.5 Typical preparation conditions for some Bi-based perovskites [95]

Sample Reactants Temp. (K) Pressure
(GPa)

Time
(min)

Symmetry Ref.

BiAlO3 Bi2O3 + Al2O3 pretreated
at 1023 K for 8 h

1273 6 40 R3c,
Z = 6

i

BiGaO3 Bi2O3 + Ga2O3 pretreated
at 1023 K for 8 h

1473 6 15 min
and then
3.2 GPa
at RT

Cm,
Z = 2

ii

BiScO3 Bi2O3 + Sc2O3 1413 6 40 C2/c,
Z = 8

iii

BiInO3 Bi2O3 + In2O3 1273 6 80 Pna21,
Z = 4

iv

BiMnO3 Bi2O3 + Mn2O3 1383 6 70 s C2/c,
Z = 8

v

BiCrO3 Bi2O3 + Cr2O3 1413 6 40 C2/c,
Z = 8

iii

BiCoO3 Bi2O3, Co3O4, and KClO3

(9:6:1 molar ratio)
1243 6 100 min P4mm,

Z = 1
vi

BiNiO3 Bi2O3 and Ni dissolved in
HNO3 and dried and
heated 750 °C for 12 h
(Precursor)
Precursor + KClO4 (4:1
molar ratio)

1273 6 30 min P − 1,
Z = 4

vii

Data compiled with permission from A. A. Belik, Polar and nonpolar phases of BiMO3: a review,
J. Solid State Chem. 195(2012):32–40. Copyright (2012), Elsevier. Inc
(i) A. A. Belik, T. Wuernisha, T. Kamiyama, K. Mori, M. Maie, T. Nagai, Y. Matsui and E.
Takayama-Muromachi, Chem. Mater. 18(2006):133
(ii) H. Yusa, A. A. Belik, E. Takayama-Muromachi, N. Hirao, Y. Ohishi, Phys. Rev. B, 80
(2009):214103
(iii) A. A. Belik, S. Iikubo, K. Kodama, N. Igawa, S.-i. Shamoto, M. Maie, T. Nagai, Y. Matsui, S.
Yu. Stefanovich, B. I. Lazoryak and E. Takayama-Muromachi, J. Am. Chem. Soc., 128(2006):706
(iv) A. A. Belik, S. Yu. Stefanovich, B. I. Lazoryak, E. Takayama-Muromachi, Chem. Mater., 187
(2006):1964
(v) A. A. Belik, S. Iikubo, T. Yokosawa, K. Kodama, N. Igawa, S. Shamoto, M. Azuma, M.
Takano, K. Kimoto, Y. Matsui and E. Takayama-Muromachi, J. Am. Chem. Soc., 129(2007):971
(vi) A. A. Belik, S. Iikubo, K. Kodama, N. Igawa, S.-i. Shamoto, S. Niitaka, M. Azuma, Y.
Shimakawa, M. Takano, F. Izumiand, E. Takayama-Muromachi, Chem. Mater. 18(2006):798
(vii) S. Ishiwata, M. Azuma, M. Takano, E. Nishibori, M. Takata, M. Sakata and K. Kato,
J. Mater. Chem., 12(2002):3733
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Fig. 6.16 Preparation details and structure of perovskite type BiAlO3 [96]. Adapted with
permission from “A. A. Belik, T. Wuernisha, T. Kamiyama, K. Mori, M. Maie, T. Nagai, Y.
Matsui and E. Takayama-Muromachi, High-pressure synthesis, crystal structures, and properties of
perovskite-like BiAlO3 and pyroxene-like BiGaO3, Chem. Mater. 200618(2006):133–139”.
Copyright (2006) American Chemical Society

Fig. 6.17 Stability field of cubic A2B2O7 pyrochlore as proposed by Shanon and Sleight [103].
Reproduced with permission from R. D. Shannon and A. W. Sleight, Synthesis of new high
pressure pyrochlore phases, Inorganic Chem. 7(1968):1649–1651. Copyright (1968) American
Chemical Society
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Silicates like Sc2Si2O7 and In2Si2O7 with pyrochlore type structure have been
prepared by Reid et al. [104] using high pressure and high temperature techniques.
Reid et al. [104] have used thortveitite type Sc2Si2O7 or In2Si2O7 prepared by high
temperature solid-state reaction as starting material. Finely powdered thortveitite
type silicates were pressed to 10 GPa and then heated at 1000 °C for 5 min.
Pyrochlore type manganates, like Y2Mn2O7, Ho2Mn2O7, and Yb2Mn2O7 have been
prepared by heating R2O3 (R–Y, Ho, Yb) and MnO2 in a sealed gold tube at 500 °C
in a hydrostatic pressure of 3 kbar [105]. The stability of Mn4+ is enhanced by the
pressure and hence retained the pyrochlore structure instead of forming the RMnO3

type hexagonal perovskite. Cubic pyrochlore type cubic R2Pt2O7 (R = Er, Yb) have
been prepared from R2O3 and PtO2 mixture by heating at 1000 °C under a pressure
of 4 GPa in a multi-anvil press [106]. Cubic Cd2Ru2O7 and Cd2−xCaxRu2O7 pyr-
ochlores with Ru5+ have been prepared by heating stoichiometric mixture of CdO,
CaO, and RuO2 in a sealed gold capsule at 4 GPa and 1000 °C for 30 min in a
multi-anvil set up [107]. The reactions are carried out in presence of 20–30 wt% of
KClO4 to provide excess oxygen for oxidizing Ru4+ to Ru5+.

6.5.8 Metastable ABX4 Type Compounds

The ABX4 type compounds are known to exist in diversified structures depending
on the nature and ionic radii of A and B cation and X anions. The cation ordered
compounds can form zircon, scheelite, fergusonite, wolframite, monazite, barite,
and their related structures as well as varieties of silica, rutile, and fluorite related
structures [108]. Usually, in all such structures, the coordination numbers of cations
are four or more than four. The cation ordering is related to the difference in the
nature of the A and B cations, like electronic configuration, ionic radii and oxi-
dation states, and usually they form different coordination polyhedra and at least
symmetrically different crystallographic sites. In ABX4 type compounds, with B as
B3+, Si4+, Ge4+, P+5, V5+, Cr6+, S6+, Se6+, W6+, Mo6+, Te6+, Tc6+, Re6+ etc., a
tetrahedrally coordinated polyhedra is formed around them due to the smaller ionic
radii. However, in ABX4 type compounds, the Mo6+, W6+, Te6+, Re6+ etc. as V site
can have octahedral coordination, and still larger ions as B site cation can form even
eight coordinated polyhedra. The coordination polyhedra around the A cation varies
from 4 to 12 depending upon ionic radii of the cations. Due to wider choices of
cations and amenability to accommodate wide varieties of oxidation states and ionic
radii, the ABX4 type materials are widespread in nature, and also have been pre-
pared in laboratory. As an example, the rare-earth phosphates or vanadates are
formed with tetrahedrally coordinated P5+ or V5+ ions while the coordination
polyhedra around the rare-earth ion are usually 8 + 1 or 8. With eight coordinated
lanthanide ions also the structures are formed as zircon or scheelite which are
related to the connections of AO8 or BO4 polyhedra. The rare-earth phosphates or
vanadates, in general, exists either in zircon (xenotime) or monazite type structures,
viz. larger cations like La, Ce, Pr, Nd, etc, monazite is preferentially formed while
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rest forms zircon or xenotime structures. Since all the structures in ABX4 type
compounds are related with respect to the coordination polyhedra around the
cations and their packing, pressure plays a crucial role in synthesizing these
compounds and hence pressure has been also extensively used to prepare different
metastable polymorphs of such compounds. In this section, several examples of
synthesis of some metastable ABX4 type compounds are discussed. Also, only
oxide ion as X site anion is considered. A brief discussion of ABX4 type fluorides
are presented in another chapter.

From the ionic radius of V5+, the stable coordination polyhedron around it is
tetrahedra. However, on application of pressure the coordination polyhedra around
V5+ can increase reversibly or irreversibly to octahedra. Similarly, higher coordi-
nation polyhedra around P5+, Si4+ has also been observed under pressure. However,
the stabilities are less in such cases, and lowering the pressure the original tetra-
hedral configuration reverts back. The pressure-induced irreversible transformations
of VO4 to VO6 units have been observed in InVO4 and FeVO4 [109, 110]. The
FeVO4 and InVO4 with wolframite type structure can be prepared by application of
pressure itself at ambient temperature the pressure. Typical preparation of InVO4

with octahedrally coordinated V5+ from the normal InVO4 is explained in Fig. 6.18
[109].

Similar pressure-induced irreversible natures of zircon to scheelite or zircon to
monazite transition under pressure have also been employed to prepare metastable
scheelite and monazite type phases of a number of rare-earth vanadates [111–119].
All these transitions do not require temperature and hence can be obtained by
applying pressure in diamond anvil, Bridgman or belt apparatus. All the vanadates
of rare-earth earth ions except La3+ prepared by solid-state reactions have zircon
type tetragonal structure at ambient conditions. But the scheelite type rare-earth
vanadates for all the rare-earth earth ions can be prepared by compressing them to
certain pressure. The transition pressure is dependent on the ionic radii of the
rare-earth ions, and smaller the ionic radii larger the pressure required for transition.
Also, the vanadates with larger rare-earth ions transform preferentially to monazite
type structure than the zircon structures. The preparation procedure for the monazite
type PrVO4 and scheelite type SmVO4 is shown in Fig. 6.19 [111].

Similarly, LiScF4 composition does not form a single-phase compound due to
smaller ionic radius of Sc3+ ions and preferentially form Li3ScF6 and ScF3 mixture
[116]. However, under high pressure and temperature conditions LiScF4 form a
scheelite type structure with ScF8 bisdisphenoid and LiF4 tetrahedra. More details
on the synthesis of LiScF4 and preparation of newer phases of NaYF4 are explained
in the chapter “Synthesis of inorganic fluorides” by Achary et al. of this book.

6.5.9 Other Miscellaneous Metastable Phases

The complex oxides with relatively higher density and closely packed structure can
be carried out by using both pressure and temperature. The reconstruction of the
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crystal structures in the transition often favor to stabilize the high pressure poly-
morphs by lowering the pressure and temperature slowly to ambient conditions or
by quenching the temperature to ambient conditions. A typical example of prepa-
ration of monoclinic HfMo2O8 by high pressure and thigh temperature [119–121] is
explained here. Under ambient pressure, the high temperature solid state reaction of
HfO2 and MoO3 leads to the formation a trigonal phase of HfMo2O8. Finely
powdered sample of trigonal HfMo2O8 is filled inside a BN cup and placed inside a

Fig. 6.18 High-pressure metastable modification of InVO4. The stable orthorhombic phase
transforms to a metastable wolframite type phase around 6 GPa. The structural details of InVO4

orthorhombic phase are: a = 5.75194(5) Å, b = 8.52148(8) Å, c = 6.58426(6) Å; V = 322.728
(5) Å3, Z = 4; InO6 octahedra: In-O2 = 2.200(4) � 2; In-O1 = 2.162(3) � 4; VO4 tetrahedra:
V-O1 = 1.785(5) � 2; V-O2 = 1.593(5) � 2 and the structural details of monoclinic phase at
8.2 GPa are: a = 4.714(5) Å, b = 5.459(6) Å, c = 4.903(5) Å, b = 93.8(3) Å; V = 125.89(2) Å3,
Z = 2; InO6 octahedra: In-O1 = 2.027(6) Å (� 2); In-O2 = 2.140(5) (� 2); In-O2 = 2.210(6)
(� 2); VO6 octahedra: V-O1 = 1.673(5) Å (� 2), V-O2 = 1.886(5) Å (� 2), V-O2 = 2.217(6) Å
(� 2). In both structures the InO6 octahedra share two opposite edges of forming linear chains
while the VO4 tetrahedra links these chains forming a three-dimensional structure in orthorhombic
InVO4. Under pressure, as the lattice is compressed, the tetrahedral VO4 comes closer together and
they are connected each other forming two additional bonds. Thus, a linear chain of VO6 octahedra
is formed which link the InO6 chains as in wolframite structure. This high pressure phase partially
transforms to ambient phase on decompression. The retention of HP phase under ambient
conditions is due to the first order reconstructive transition [109]. Adapted with permission from
D. Errandonea, O. Gomis, B. García-Domene, J. Pellicer-Porres, V. Katari, S. N. Achary, A.
K. Tyagi, C. Popescu, New polymorph of InVO4: a high pressure structure with six-coordinated
vanadium, Inorg. Chem., 52(2013):12790–12798. Copyright (2013) American Chemical Society
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graphite heater. The assembly is pressurized in a torroid anvil cell. Torroidal
pyrophyllite gaskets were used to transmit pressure to the sample. Pressure is
increased slowly to 2.15 GPa and then the temperature is increased to 560 °C by
applying current to the graphite heater and held for 15 min, and then quenched by
putting off the power to the heater. The product is characterized by a monoclinic
lattice (Sp. Gr. C2/c) with unit cell parameters a = 11.4138(6), b = 7.9105(4),
c = 7.4395(3) Å and b = 122.35(0), V = 567.45(5) Å3, Z = 4. Typical crystal
structures of trigonal and monoclinic polymorphs of HfMo2O8 are shown in
Fig. 6.20. Compared to the ambient pressure trigonal phase, the prepared HP phase
is about 20% more denser, and is a metastable phase. Also, the MoO4 tetrahedral
units transforms to MoO5 units in the transition. On heating to 700 °C this phase
reverts back to the ambient pressure phase [119, 121].

Also, a complete rearrangement of structures without any change in coordina-
tion number can also happen in high pressure and high temperature synthesized

Fig. 6.19 Preparation procedure of metastable monazite type PrVO4 and scheelite type SmVO4.
The preparation is carried out in a Bridgman anvil using the zircon type samples as starting
materials inside a pyrophyllite gasket. However, materials transforming at higher pressure, the
experiments are always carried out in DAC. Also, it can be mentioned here that the transition can
also change with the degree of anhydrostaticity and that may also lead to formation of
orthorhombic BaSO4 type structures. Most of the time, the phases observed at very high pressure
are not retained on releasing pressure [111, 112, 115]. The Rietveld refinement plots of XRD
patterns of monazite type PrVO4 and scheelite type SmVO4 recorded at ambient condition using
CuKa radiation is shown. The reaction scheme and Rietveld refinements of XRD data are based on
the data reported in Ref. [111]

190 S. N. Achary and A. K. Tyagi



materials. The reorientation or rearrangement of polyhedral and distortions in lat-
tices form various kinds of high pressure metastable phases [122–125]. The
distortion-induced transitions are usually stable only under pressure and revert to
stable phases on releasing the pressure and often occur without any appreciable
volume discontinuity. In certain cases, such transitions can also occur with a
reconstruction and they can be stabilized at ambient conditions. A case of prepa-
ration of tetragonal NbOPO4 phase by high pressure and high temperature reactions
of the ambient monoclinic NbOPO4 is depicted in Fig. 6.21.

6.6 Summary

In summary, this chapter presents a brief overview on the high pressure and high
temperature method for preparation of newer and metastable compounds. The effect
of pressure on the reaction has been explained briefly. The general features for the

Fig. 6.20 Crystal structures of ambient pressure trigonal and monoclinic high pressure polymorph
of HfMo2O8. The trigonal phase is formed by the regular HfO6 octahedral and MoO4 tetrahedral
units. HfO6 units share all the corner oxygen atoms with six MoO4 units while the MoO4 units
share three of their corner oxygen atoms. This arrangement leads to a sheet HfMo2O8 and they are
stacked along the c-axis of hexagonal unit cell of trigonal lattice. Such arrangements lead to a
loosely packed sheet-type structure for trigonal HfMo2O8. Under pressure, this structure shows
anisotropic compression and transitions due to rotation of polyhedra which reverts back to original
phase on releasing pressure. However, on application of temperature under pressure, the structural
rearrangements occur by formation of new bonds and thus transforms to a quenchable denser
polymorph, monoclinic HfMo2O8. The sheet stricture transforms to close-packed stricture by
increasing the coordination number of Hf to 8 and Mo to 5. Two of MoO5 units are also linked
together by sharing one edge and thus forming stable Mo2O10 dimer units. The monoclinic
HfMo2O8 is a metastable that can be transformed to stable trigonal phase by heating to overcome
the thermodynamic activation barrier [119–121]. The crystal structures are redrawn using the data
reported in Ref. [119]

6 Synthesis of Materials Under High Pressure 191



high pressure phases are explained. Also, typical experimental setups used for high
pressure and high temperature reactions are explained. The scopes of getting
unusually coordinated compounds and hitherto unknown compounds which can be
prepared by such method are explained. Several case studies ranging from
molecular solids to dense inorganic materials are explained. In this chapter, the
physical or chemical properties of the high pressure phases are not discussed to
limit the chapter within the scope of synthesis. The rapid development of
machinery, devices, and experimental methodologies is making the high pressure
and high synthesis method is one of the most common preparation techniques.
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Chapter 7
Synthesis of Metallic Materials by Arc
Melting Technique

Dheeraj Jain, V. Sudarsan, and A. K. Tyagi

Abstract Arc melting technique, which is widely used for preparation of alloys,
intermetallics, and metal-based composites, is discussed in this chapter. Basic
principle of electrical arc generation and its utilization for melting of materials has
been outlined. Design and operation of laboratory-scale arc melting furnace as well
as melt-casting furnace have been presented. Operational principle of graphite arc
furnace and consumable electrode-based industrial arc furnace is also mentioned.
Advantages and limitations of arc melting technique are summarized with few
examples towards the conclusion. Contents of this chapter would be useful to
students and researchers engaged in development of metallic materials.

Keywords Arc-melting technique � Metals � Alloys � Intermetallics

7.1 Introduction

Metals form the majority of the Periodic Table as more than 95 elements exhibit
metallic behavior among the 118 elements known till date. In chemically bonded
form with non-metals/metalloids, they form wide variety of materials. While pure
metals too have several applications, they are omnipresent in the form of alloys,
inter-metallic compounds and composites. The latter types of materials have
superior physico-chemical properties as compared to their constituents. For
example, aluminum alloys are used as beverage cans. Use of stainless steel is
all-pervading in our lives. Titanium-based alloys are used in a wide range of
applications from bio-medical implants to aircraft construction. From dental
implants to construction of large ships, from electrical solder to giant turbines, from
locomotive tracks to precision components of wrist watches, alloys and inter-
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metallics are used almost everywhere. Interestingly, in nature, very few metals such
as noble metals are found in elemental form while others exist as compounds with
non-metals/metalloids in the form of inorganic minerals or ores. Extraction of pure
metals from their ores forms the subject area of extractive metallurgy. Pure metal is
combined with other metals/non-metals to prepare alloys and compounds. For this,
constituents need to be uniformly mixed; preferably at atomic scale, so that com-
positionally homogeneous products are obtained. Alloys/intermetallics can be
prepared by various methods. For example, metal powders can be mixed in stoi-
chiometric amounts; compacted in the form of compressed ingots (pellets) and
heated at high temperatures under inert atmosphere to obtain desired product by
solid-state reaction. Since solid-state reactions are seldom complete in one heating,
multiple cycles of powdering–mixing–compacting–heating are usually needed to
obtain phase-pure product. Also, unlike ceramics that are brittle, it is not easy to
powder metals/alloys/intermetallics due to their ductility and malleability. In order
to avoid oxidation, metallic powders should also be handled under inert atmo-
sphere. These requirements make the solid-state powder processing route less
popular for preparation of metallic compounds. Another preparative method is
based on reduction of a mixture of metal oxide powders, usually carried out under
flowing hydrogen (H2 + Ar) atmosphere.

MOxðsÞ þM0OyðsÞ þ xþ yð ÞH2ðgÞ ! MðsÞ þM0
ðsÞ þ xþ yð ÞH2OðgÞ

or

MOxðsÞ þM0OyðsÞ þ xþ yð ÞH2ðgÞ ! MM0
ðsÞ þ xþ yð ÞH2OðgÞ

Reduced metal particles/grains may in-situ react to from desired alloy/
intermetallic compound. This method has limitations in terms of presence of
residual oxides due to incomplete reduction as well as issues related to handling of
reactive metallic powder as product(s). Also, not all metal oxides can be reduced to
corresponding metals by hydrogen gas, which can be understood from their
Ellingham diagrams. An upcoming method to prepare metallic compounds in
powdered form is based on hydriding-dehydriding approach. In this method, alloy/
intermetallic compound is taken in the form of bulk ingot and hydrogenated to
obtain metallic hydrides. This is usually accomplished at relatively lower temper-
atures (<800 K) for a large number of metallic systems. When these hydrides are
heated, hydrogen (H2) gas is released and powdered solid residue (alloy/
intermetallic) is obtained. Repeated hydriding-dehydriding cycles pulverize the
starting ingot into very fine (micron to sub-micron sized) powders. If starting
metallic ingot is pure and hydrogen used is free from reactive impurities (moisture,
oxygen, nitrogen, CO/CO2, halogen, etc.), high purity metallic powders can be
prepared by this method. Use of high purity alloy/intermetallic ingots is essential
for this. Aqueous/non-aqueous solution-based chemical reduction methods are less
popular to obtain metallic compounds since multiple process steps are involved and
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stringent control of chemical environment (solvent) is required to avoid
non-metallic by-products.

Methods discussed above involve handling of metallic powders. Also, products
obtained by these methods are usually powders or sintered monoliths, which need
to be processed further to fabricate the end-product in desired shape and size. For
majority of applications, dense components (close to theoretical density) are
required. These can either be melt-casted or machined from melt-solidified dense
ingots. Melting and casting techniques are therefore important for development of
metallic materials. Methods that are used for preparation of alloys/intermetallics/
metal-ceramic composites are discussed below.

A straightforward method to prepare high-density alloys and intermetallic
compounds is to melt the constituents in stoichiometric ratio to obtain a homoge-
neous molten mass. Cooling the molten mass leads to solidification and formation
of dense ingot in the shape of molten matrix. Alternatively, molten mass (liquid)
can be cast into pre-designed moulds to obtain melt-cast ingot. Constituents can be
melted in several ways, which include direct heating in flame or resistive furnace,
electric arc melting, induction melting, electron beam melting, laser-induced
melting, etc. It is pertinent to mention here that metal-ceramic composites can also
be prepared by direct melting approach provided that at least one of the constituents
melts and others (solid(s)/liquid(s)) are uniformly distributed in the molten phase.

For melting by direct heating in flame or resistive furnace, it is usually required
to heat the constituents up to the melting temperature of the highest melting con-
stituent. Flame heating is mostly employed for non-oxidizing noble-metal alloys
(Au, Ag, Pt, Cu, etc.). Furnace heating is time-consuming and energy extensive
method. If constituents have widely varying melting temperatures, the ones having
lower melting temperatures would remain molten till the highest melting constituent
is liquefied. This may lead to vaporization loses as well as reaction of low melting
constituents with crucible/pot used for melting. Also, except for noble metal alloys,
inert atmosphere should be maintained in the furnace during entire process. This
method is commonly used either for materials having lower melting temperatures
(Na, K, Li, In, Sn, Zn, Pb, Ga, Mg, Al, Bi, Sb, Cd, etc.) or for alloys in which
constituents have lower vapor pressure in the molten state. For alloys/intermetallics
that are composed of constituent elements with widely varying melting tempera-
tures, direct heating in furnace is not suitable.

Induction melting technique is another useful method for preparation of metallic
materials, especially for melting of refractory metal-based alloys as well as low
conductive oxides and glasses. In this method, heat is generated in the charge
(material to be melted) by eddy currents when it is subjected to electromagnetic
induction, usually applied via suitable induction coil. Typical system consists of an
electromagnet, an oscillator that passes high-frequency AC (alternating current)
through the electromagnet. Due to oscillating magnetic field passing through the
material, eddy currents are generated, which upon flowing through the material heat
it up by resistive Joule heating and thus melting it. For magnetic materials
(ferromagnetic/ferromagnetic), additional heating may result from magnetic hys-
teresis losses. Since heat is generated within the material, rapid melting is possible.
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For electrically conducting materials, this method has another advantage of con-
tactless melting (levitation melting), which minimizes contamination from process
(melting) pot or induction coil itself. Induction melting furnaces are useful for both
lab-scale (few grams) as well as industrial-scale preparation of alloys. Two prin-
ciple variants of industrial induction furnaces are induction crucible furnace and
induction channel furnace, which are used for melting and holding-pouring pur-
poses, respectively. For melting of very high purity alloys as well as oxide-based
glasses, cold crucible induction furnaces are used.

In laser-induced melting, short pulses (nanosecond to femtoseconds) from
high-intensity lasers are used for localized melting. Laser pulse is absorbed by small
volume region of material and intense heat generated is sufficient to melt/evaporate
the sample in the small volume region [1–3]. This method is useful for metallic
materials, ceramics, refractories, etc. and requires sophisticated equipment and
safety requirements for operation of high-power lasers. Large-scale melting of bulk
materials by this method requires further developments. One of the interesting
applications of laser-induced melting is to study the melting behavior of
nanocrystalline refractory oxides such as ThO2 [4].

Electron beam melting is another useful technique for processing very high
purity metals, alloys, and intermetallics [5]. In this technique, electrons generated
from a suitable source (filament/electron gun) are accelerated with high potential
(several tens of kV). Accelerated electron beam is focused using electro-magnetic
lenses and allowed to fall on the target material. The intense electron beam is
scanned over the target material (scan rates = 102–104 mm/s) to cause pre-heating
up to *0.8 Tm using high beam currents (� 30 mA) and melting (T > Tm) at
relatively lower beam currents (5–10 mA) to obtain molten material. Here, ‘Tm’ is
the melting temperature of metal/alloy/intermetallic compound. Electron beam
melting systems require high vacuum (P � 10−4 Torr) for operation. This tech-
nique is useful for mass processing of large components with very fine
microstructures and also used for purification of metallic materials. However,
unlike laser-induced melting, it can only be used for electrically conducting
materials and sophisticated equipments that require extensive maintenance are
involved.

The most common and widely used method for preparation of metallic materials
is arc melting technique. This method is discussed in detail in this chapter. The
discussion is intended to make readers aware about the physical basis of this
method, overall description of the process/method, advantages, limitations, and
application areas.

7.2 Arc Melting Method

The initial requirement for development of metallic alloys/intermetallics/composites
is to prepare them in bulk quantities with minimum contamination/impurities and
uniform distribution of constituents. Methods that enable rapid melting of
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constituents are useful for this purpose. Arc melting method fulfils above
requirements and is used for preparation of metallic materials from lab-scale to
industrial scale. Equipment used for arc melting of metallic materials is commonly
known as Arc melting furnace or Electric arc furnace. As the name suggests,
material to be melted is heated by direct application of electric arc between
oppositely charged electrodes. Therefore, material (or at least one of the major
constituents) needs to be electrically conducting in both solid and molten state so
that arc is sustained during the melting process by passage of electrical current
through the material. These furnaces can be designed in small-sized laboratory arc
melting furnace for preparing high purity alloys/intermetallics in few grams-scale
quantities. Also, very large-scale industrial arc furnaces are used to melt several
tons of alloys. Steel-making furnaces are typical example of industrial arc furnaces.
Arc can be generated by application of direct current and alternating electrical
current. Corresponding arc furnaces are known as DC-arc furnace (or direct arc
furnace) and AC-arc furnace, respectively. If the material to be melted itself is taken
as one of the electrodes, which is consumed as the arc furnace is operated and
molten alloy is formed, it is known as consumable electrode electric arc furnace. On
the other hand, if the electrode material is not a constituent of the alloy and is only
used to generate arc, the furnace is known as arc furnace with non-consumable
electrodes. Several industrial furnaces, particularly used for purification of alloys/
intermetallic are used in the consumable electrode configuration. Large-scale
steel-making arc furnaces (also known as three-phase graphite arc furnaces) are also
used in consumable electrode configuration where a fraction of carbon required for
steal making is obtained from consumable graphite electrode(s). Most of the lab-
oratory arc furnaces, which are used for synthesis of wide variety of metallic
materials, are used in non-consumable (inert) electrode configuration.
A high-temperature refractory conductor such as tungsten-ThO2 composite (also
known as thoriated tungsten) is used as electrode in non-consumable electrode
laboratory arc furnaces. It is important to note that temperature in industrial arc
furnaces can reach as high as 2,100 K, while laboratory arc furnaces can reach even
up to 3,300 K.

7.2.1 Physics of Arc Generation

Electrical arc is an important application of plasma physics. Arc is defined in terms
of current and voltage drop across two electrodes. It is generally accepted that arc is
formed when currents through an electrical discharge exceed values between
100 mA and 1 A between two smooth electrode surfaces (without any sharp tip,
edge, or points) and the voltage drop remains in the range between few volts to few
tens of volts [6]. Upper limit of current is usually not specified for arc and is quite
large in the order of thousands of amperes. At currents lower than the threshold
range as mentioned above, two other types of discharges namely, glow discharge
(current *100 lA to 100 mA; voltage *few hundred volts) and dark discharge
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(current <1 lA; voltage *1–2 kV) are observed. Transition from glow discharge
to arc discharge occurs with a sudden increase in voltage with increasing current
followed by rapid drop of voltage and higher currents flowing through the arc (up to
*1 kA or higher). Presence of sharp edges or points over the electrode surfaces
may give rise to unwanted events such as corona discharge or streamer discharge
[6]. Depending upon the gas pressure present in the vicinity of electrodes, electric
arc is classified as high-pressure arc and low-pressure arc. While there are no sharp
boundaries between these two types, it is generally accepted that arcs generated
below 1 mm Hg gas pressure are low-pressure arcs while those generated above
100 mm Hg gas pressure are high-pressure arcs. Region between 1 and 100 mm Hg
is accepted as transition region. For low-pressure arcs, ion temperature (T+) and gas
temperature (Tg) are comparable (T+ � Tg *few hundred Kelvin) while electron
temperature (T−) is significantly higher (104–105 K). On the other hand, all three
temperatures are reasonably close to each other in high-pressure arc region
(T+ � T− � Tg *104–105 K). Each of these temperatures is defined in terms of
kinetic energy of the component (3/2 kT = ½ mv2), where ‘k’ = Boltzmann’s
constant, ‘m’ is mass of particles and ‘v’ is root mean square velocity. Arc melting
furnaces operated at ambient pressure or above are high-pressure arc-type systems
and the arc plasma is considered in a state of ‘local thermodynamic equilibrium’.
An arc generated between two electrodes is typically defined as consisting of three
regions. These are (i) the cathodic region, (ii) arc-region (or positive region), and
(iii) the anodic region. These regions are schematically are shown in Fig. 7.1 along
with the variation of voltage in each region as a function of inter-electrode
separation.

Fig. 7.1 Different regions of electric arc and corresponding voltage variation with inter-electrode
separation
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The cathodic region is close to cathode surface, in which voltage rapidly and
non-linearly increases with increasing inter-electrode distance. Shape of arc in the
cathodic region is conical with the tip of cone emerging from cathode. The
arc-region is the region where arc is stable and attains near cylindrical shape. It is
characterized by slow and linear increase in voltage with inter-electrode distance.
The anodic region is confined towards the anode surface, where the shape of arc
again becomes constrained (conical) with the arc confining at the anode surface.
Voltage again increases non-linearly but less rapidly as compared to the cathodic
region, in the anodic region. It is important to remember that in typical arc melting
furnaces, the inter-electrode separation is not constant and one of the electrodes
(usually cathode) is moved. Regions shown in Fig. 7.1 therefore are representative
of a typical electrode configuration.

7.2.2 Utilization of Electric Arc as a Source of Heat

Electrical arc acts as region of electrical conduction and can be utilized as a source
of light as well as heat. Fluorescent lamps filled with different gases at low pres-
sures (halogen, neon, sodium vapors, etc.) and inner surface coated with suitable
phosphors are examples of utilization of low-pressure arcs for lighting applications.
Heat generated in the arc can be used for (i) processing of metals by arc-welding,
(ii) preparation of metallic alloys and intermetallics by arc melting, (iii) vaporiza-
tion of metallic materials used in the form of electrodes, (iv) radiative heating and
(v) convection heat transfer by gas circulation to the region where heat is needed. In
case of arc-based heating applications, classical equation of Joule heating does not
hold good in general and several secondary effects are involved during heating by
arcs. Total energy balance must therefore be considered while assessing various
heating effects induced by electrical arcs. For example, even though total power of
an arc (Parc) is equal to the product of arc current (Iarc) and voltage drop (Varc), it is
not true for the three different regions of arc separately. For example, heat released
in the cathodic region (Fig. 7.1) includes the effect of (i) kinetic energy released by
positive ions, which are accelerated through cathodic voltage drop to hit the cathode
surface, and (ii) energy corresponding to recombination of positive ions with
electrons to become neutral atoms/molecules. Electrons that are removed from
cathode surface have a cooling effect that corresponds to product of electron current
and work function (in voltage units). Similarly, electrons that hit anode have an
opposite (i.e., heating) effect. For arc-systems with gas circulation (such as plasma
torch), ionized gas carries away heat corresponding to gas temperature as well as
latent heat of plasma formation. In most applications involving arc-melting of
various metals/alloys, the plasma recombines and the latent heat of plasma for-
mation is utilized. Speed of gas circulation in arc melting system also affects the
overall heat transfer. It should also be kept in mind that a sizable power (heat) is
also dissipated in the form of radiation during arc melting process, unless it is
reflected back to the region where it is absorbed to generate equivalent heat.
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Therefore, while electric arcs are excellent source of heat energy, which can be
utilized for synthesis and processing of a variety of metallic materials, estimation of
heat energy actually utilized for a given purpose is usually not possible from current
and voltage specifications of the arc-setup (such as electric arc furnace).

7.3 Examples of Arc Melting Furnaces

7.3.1 Laboratory DC Arc Melting Furnace

A laboratory-scale electric arc furnace; also known as DC arc melting furnace is one
of the best tools to prepare high purity metallic compounds. It is a non-consumable
electrode type arc furnace, which is widely utilized in research labs for preparation
of alloys, solid solutions, intermetallic compounds, metal-based composites, etc.
Fig. 7.2 shows a typical single sample laboratory arc melting setup. Inset (right)
shows the copper hearth (crucible) used for melting the samples. A typical
as-melted alloy in the shape of a button is also shown in the inset (left).

Reactants (metals, metalloids, alloys) are taken in pre-defined stoichiometry and
can be quickly heated to very high temperatures (up to *3300 K) over a span of
few seconds. As a result, constituents undergo rapid melting and a homogeneous
molten mass of reactants is formed. Rapid melting is achieved by electric arc
generated between a cathode (usually made of thoriated tungsten alloy in the form
of rod) and a metallic anode (usually made of copper). Copper is chosen since it has
very high thermal conductivity (>400 W m−1 K−1 at 298 K) and high melting
temperature (1,358 K). Copper can easily be machined to fabricate the components
for arc furnace and it is also highly cost-effective as compared to other metallic
options (e.g., silver; >430 W m−1 K−1 at 298 K), which have higher thermal
conductivity than copper. Anode may also serves as hearth (crucible/container), in
which melting is carried out. Hearth is continuously cooled with water (inlet
temperature *298 K) so that the hearth surface temperature remains near ambient
and melting is carried out without significant contamination with copper. Using
arc-furnaces as shown in Fig. 7.2, metallic materials can be routinely prepared with
copper contamination from furnace not exceeding few tens of ppm (parts per
million).

Arc is generated by applying low voltage–high current (*30–60 V, *300–
600 A) DC power between cathode (thoriated tungsten) and anode (copper). Power
supplies used for TIG (tungsten inert gas) welding are suitable for such arc melting
furnaces. DC power is usually applied through multi-strand water-cooled copper
cables running from the output terminal of DC power supply to the electrodes.
These electrodes are separated from each other by electrically insulating, optically
transparent, and high temperature compatible (up to 1,200 K) cylindrical quartz
tube, which also enables viewing the sample during arc melting. Other designs of
laboratory arc melting furnaces have metallic dome-type enclosure (instead of
quartz cylinder shown in Fig. 7.2) with optically transparent view ports for viewing
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the sample as well as guiding the electrode movement while carrying out melting
operation. Quartz tube is fixed to water-cooled top and bottom plates (usually made
of brass/copper) in a leak-proof manner using neoprene/viton O-rings. A crucial
component of arc melting furnace is ball-seal, which is a sphere-shaped, leak-tight
metallic seal attached to the top metallic plate (or top of metallic dome-type
enclosure). Thoriated tungsten cathode is connected to a metal rod (copper) that
passes through this ball-seal. Other end of the metal rod is covered with insulating
material (wood/bakelite/polymer) for moving the electrode by hand during furnace
operation. The ball-seal arrangement allows (i) linear (vertical) motion of cathode,
which enables arc generation when two electrodes come in close proximity and
(ii) radial (angular) motion of cathode so that arc can be moved over the sample for
uniform melting. Sample to be melted is kept in cleaned copper hearth, which is

Fig. 7.2 Schematic design of a single sample DC arc melting furnace having dome-type
enclosure; inset (left bottom) shows photograph of a laboratory arc melting furnace where
dome-type enclosure is replaced with quartz cylinder. Copper hearth (right top frame in inset) and
as-melted alloy button (left top frame in inset) can also be seen
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then fixed into the bottom plate (brass/copper) with O-ring seal. In case of
arc-furnaces with metallic dome-type enclosure, copper hearth is usually fixed at
the base-plate and only requires to be covered by metallic enclosure in a leak-tight
manner. Cathode is kept away from the anode by moving the central rod upwards
through the ball-seal. Once sample is loaded, the furnace is flushed with inert gas
(high purity argon; 100–200 ml/min) with gas inlet near the copper hearth and
outlet from the port available in top plate (or at the top side of metallic dome-type
enclosure). This ensures that lighter air moves upwards and sample is covered with
heavier argon gas. A vacuum pump can also be attached to gas ports so that furnace
atmosphere can be evacuated for forced removal of air followed by purging with
inert gas. Repeating this vacuum-purge operation multiple times improves the
inertness of atmosphere inside the furnace. This type of setup is commonly referred
as vacuum arc melting furnace. It is important to mention here that while
vacuum-purge arrangement helps in achieving inert atmosphere inside the furnace
within few minutes, the same can be attained without vacuum-purge by continuous
flushing of argon for 20–30 min. It is essential to use very high purity argon (or
helium; though used rarely) and adequate flow rate (*100–200 ml/min) to prepare
high purity alloys. Commercially available high purity gases (such as 99.999%
argon) can be further purified to remove trace impurities (O2, N2, CO, H2O,
hydrocarbons, etc.) by passing over moisture traps (silica gel, anhydrous CaCl2,
etc.), followed by heated getter materials (Zr, Cu, Ti, U, etc.) to obtain inert
atmospheres with oxygen partial pressures PO2ð Þ less than 10−15 atmospheres.
Purging by oxygen, nitrogen or air is not recommended, even for melting noble
metal-based materials. The reason is that while oxygen/air/nitrogen do not con-
taminate noble metals, it may cause surface oxidation of copper hearth.

Once inert atmosphere is maintained inside the furnace, water cooling is enabled
to cool furnace hearth, electrodes, top and bottom plates (or metallic enclosure), and
DC power cables. It is essential to attain inert atmosphere prior to water-cooling so
that moisture content inside the furnace can be minimized. After water flow is
enabled, power supply is activated and cathode tip is carefully lowered to approach
the anode surface. Operator must wear welding view glasses (or face shield with
welding view port) during system operation to avoid exposure of eyes and skin to
ultra-violet (UV) radiation that is emitted during arcing. At close proximity of
electrodes (few millimetres), effective resistance (due to inert gas medium) between
the electrodes is small enough to allow large electric current. A large current
passing through gas medium generate spark, which is instantaneously followed by
sustained arc at high DC power (>10 kVA). This can be understood in terms of
current flowing through an ionized column of gas. While positive ions approach
towards cathode and get neutralized electrons move away towards anode.
Dissipation of large energy (kinetic energy of ions, electrons, and recombination
energy) during arcing produces intense heat, which can be utilized to melt a
material, if it allows passage of electrical current. Similar phenomenon is respon-
sible for arc welding (TIG welding) of metallic materials.
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For uniform melting of sample, cathode is slowly moved over the sample surface
(without touching the sample) with minimum vertical movement. In less than a
minute, sample melting is completed (up to tens of grams scale) and a molten mass
contained in water-cooled copper hearth can be seen through the viewing glass (or
view ports). Arc is uniformly moved over the molten sample to ensure homogenous
mixing of constituents. Once melting is complete, DC power is put off to stop the
arc. Molten sample quickly solidifies in the form of button (or ingot) as shown in
inset of Fig. 7.2 (left top panel). Cooled sample (button/ingot) is inverted (usually
with the help of cathode tip) and melting is repeated to obtain uniform distribution
of constituents in as-melted alloy. An oxygen scavenger (zirconium metal) is
usually melted prior to melting any sample so that oxide layer over the surface of
hearth (copper cup) is removed during zirconium melting and sample with mini-
mum contamination is obtained. Melting zirconium prior to sample is quite useful
for arc melting furnaces that have multiple hearths so that one hearth is used for
zirconium melting while the other(s) are charged with sample(s). This enables
removal of residual oxygen from the furnace environment during zirconium melting
and minimizes sample contamination during melting process. For single hearth
setups as shown in Fig. 7.2, zirconium melting prior to sample may be avoided if
anode surface is thoroughly polished with diamond impregnated cloth and cleaned
by ultrasonication. With common experimental care, very high purity metallic
materials with no surface contamination/oxidation can be successfully melted up to
several grams scale.

7.3.2 Melt-Casting by Arc Melting Method

This is another useful application of arc melting furnaces, wherein hearth design
can be modified to facilitate melt-casting of molten materials into desired shapes
(rod, bar, disc, etc.). Figure 7.3 shows a typical casting hearth designed to make
metallic materials in rod shape. In the first stage, alloy/intermetallic compound is
formed by conventional arc melting. Melt-casting is done under partial suction
(through the modified hearth) so that as soon as alloy re-melts, it acquires the shape
of hearth pit in the form of rod, bar, disc, etc. This technique is very useful for
fabrication of alloy/intermetallic samples for various characterization/applications.

7.3.3 Graphite Arc Furnace

Figure 7.4 shows a schematic diagram of three-electrode industrial graphite arc
furnace, which is usually employed for large-scale (several tons) alloy melting.
Steel-making arc furnaces are of this design. These furnaces operate on alternating
current (AC) power. It essentially consists of a large vessel made of refractory
ceramics that are capable to hold the molten alloy (such as steel) at high
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temperatures. This vessel is known as furnace hearth and is lined with resin-bonded
magnesia (MgO)-carbon bricks. When furnace is heated, resin burns out and
residual carbon makes a network to bind the refractory magnesia grains so that
furnace lining is neither wetted by molten slag nor eroded due to chemical inter-
action of molten alloy/slag with the lining.

Hearth is designed in such a manner that its movement (swinging/tilting) is
feasible when the alloy is in molten state so that both alloy as well as slag can be
removed independently. Usually, slag is lighter than alloy and floats over the
molten alloy. By tilting, slag can be preferentially removed (known as de-slagging).
The hearth is covered by cylindrical dome and three graphite electrodes are held
vertical from the top of the furnace through three independent holes in the top cover
of the dome. Electrodes are clamped to AC power supply using water-cooled
electrode holders and AC power is provided through water-cooled cables.
Electrodes used in these furnaces are of consumable type and are partially utilized
during the alloy melting process. Three electrodes are clamped in such a manner
that vertical movement of each electrode can be independently regulated from the
remotely operated control panel. These furnaces require careful power control
(lower during the beginning of melting and successively increases as the melting
progresses). Dome walls are also water cooled. These furnaces are very useful for
direct melting of steel scrap.

Fig. 7.3 Schematic of melt-casting process from metallic ingot to rod-shaped material by
laboratory arc melting furnace

Fig. 7.4 Schematic design of
three electrode industrial
graphite arc furnace
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7.3.4 Consumable Electrode Vacuum Arc Re-melting
Method

This method is another variant of electric arc melting technique by which metallic
materials with high purity and better compositional homogeneity are prepared. As
the name suggests, electrodes are consumable in this method and are made of the
metallic material itself, which is to be melted. Usually air melted/vacuum induction
melted ingots are taken as consumable electrodes. The system consists of
water-cooled furnace chamber, melting hearth (made of high purity copper with
water jacket), consumable electrode, stinger rod, and its drive mechanism. Under
high vacuum or inert gas atmosphere, a DC arc is generated between the electrode
and starting material (consumable electrode). The high arc current between the
electrodes is sufficient to melt the consumable electrode and molten mass is col-
lected in to form of liquid pool in water-cooled copper hearth and solidifies as
product ingot. Product ingot has excellent compositional homogeneity and chem-
ical purity as compared to starting consumable electrode. These types of furnaces
are used for melting refractory metals (Nb, Ta, etc.) and their alloys.

7.4 Advantages of Arc Melting Method

Arc melting method is widely used for preparation of metallic materials, both at
laboratory scale for research and development purpose, and industrial scale for
commercial production of metallic materials. Following are the salient advantages
of this technique.

• Arc melting furnaces can be rapidly started/stopped. Therefore, it can be used to
quickly produce materials as per demand unlike resistive heating technique.

• For development of new materials, rapid melting/freezing attributes of arc
melting method result in minimum sample contamination from impurities pre-
sent in the cover gas (argon) or crucible material itself.

• Arc melting setup is simple and requires minimum maintenance in terms of
routine electrical safety measures and checking of leak-proof water and gas
tubes.

• This method is suitable for preparation of metal-ceramic composites where
metallic phase forms a continuous network in the molten phase.

• Melting can be carried out in oxidizing or inert atmospheres and at low pres-
sures (partial evacuation) provided that the arc is sustained through the short
duration of operation.

• Since arc melted samples are fast cooled to ambient temperatures, high tem-
perature phases may get quenched leading to formation of metastable materials.
Materials prepared by arc melting can therefore be used to study

7 Synthesis of Metallic Materials by Arc Melting Technique 209



physico-chemical and structural properties of high temperature metastable
phases.

• Method is suitable for preparation of small quantity/size samples with negligible
loss during melting (due to evaporation or sticking with sample crucible), which
is an advantage for preparation of precious/rare metal alloys (based on Pt, Au,
Rh, Ir, Pd, Ag, etc.).

7.5 Limitations of DC Arc Melting Method

Following are some of the limitations/challenges associated with arc melting
technique:

• For preparation of new materials using laboratory arc melting furnaces, excel-
lent compositional homogeneity is obtained for small quantity/size samples. As
the sample size becomes large, melting furnace requires modifications in terms
of size/shape of hearth, cathode design, DC power supply rating, etc. For large
size samples, if arc is not able to spread through the melting material uniformly
and partial cooling occurs at different locations, it results in compositional
inhomogeneity. Such samples can be efficiently prepared by other methods such
as vacuum induction melting.

• For multi-component alloys, where difference in melting temperature of con-
stituent elements is large, arc melting may cause deviation from intended stoi-
chiometry due to preferential vaporization or loss of low melting (or highly
vaporizing) constituents. This can, however, be minimized to some extent if
constituent having higher melting temperature is exposed to arc before the
constituent that has lower melting temperature and the two constituents make an
intermediate compound or solid solution with crystal structure of higher melting
constituent.

• Arc melting is not suitable for preparation of ceramics since they are usually
electrically insulating so that arc does not sustain through ceramic phase. For
electrically conducting ceramics, higher melting temperatures could also make
melting difficult.

• Care must be taken to ensure that neither the cathode touches the anode/sample
nor it is unevenly moved over the melting mass. The former leads to termination
of arc and contamination of sample while the latter results into inhomogeneous
alloy. However, these limitations can be overcome with experimental care.

• Industrial arc furnaces require very dynamic quality of the electrical power in
terms of furnace load. Stable power supply is therefore a necessary requirement
as random power fluctuations such as flicker noise, harmonic distortion may
adversely affect the operation and hamper production cycles. Power supply,
therefore, requires frequent technical checkups/maintenance.
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7.6 Examples (Alloy Preparation by Laboratory Arc
Melting Technique)

7.6.1 Preparation of Ti2CrV Alloy

Ti2CrV-based alloys are being developed for solid-state hydrogen storage appli-
cations since they offer up to 4.3 wt% storage capacity and attractive
hydriding-dehydriding behavior for the purpose hydrogen-fuelled vehicular appli-
cation. These alloys are routinely prepared in authors’ lab using DC arc-melting
method. Constituent metals are taken in the form of rods/sheets/ingots and thor-
oughly cleaned to remove surface oxide layer by surface polishing (using file/
abrasive tools) or mild chemical etching (using dilute acidic medium). Cleaned
metals are taken in stoichiometric ratio and placed together in copper hearth. Alloy
is melted in arc melting furnace (total furnace volume *750 ml) under flowing
argon atmosphere. Purity of alloy is limited by purity of (i) constituent metals and
(ii) argon gas. It is essential to thoroughly clean the inner walls of arc melting
furnace (copper hearth, quartz view ports) as well as tungsten electrode to minimize
alloy contamination. Argon gas should be purified by passing over moisture traps
(silica gel, molecular sieve, fused calcium chloride) and oxygen/nitrogen trap
(heated copper/titanium sponge/depleted uranium metal) before flowing into the
leak-tight furnace to obtain alloys with minimum oxidation during melting. Argon
flow rates may be maintained between 300 and 500 ml/min during purge (*20 min
prior to melting) as well as during melting. Compositional homogeneity of alloys is
maximized by repeated melting of alloy ingot up to four or five times. It is to be
ensured that sharp electrode always remains away from the molten alloy during the
melting process such that arc is sustained and no contamination from electrode is
incorporated. Alloy ingots up to 20–30 g scale (per hour) can be routinely prepared
using similar laboratory-scale arc melting furnaces.

7.6.2 Preparation of Metallic Alloy Nuclear Fuels

Development of thorium and uranium-based metallic alloys as prospective nuclear
fuels is another area of research in authors’ lab. Development of these alloy fuels
requires comprehensive basic research to evaluate physico-chemical properties of
these alloys for which high-quality alloy samples are needed. These are prepared by
arc melting technique. While the experimental procedure remains the same as
described for Ti2CrV alloys in preceding sub-section, additional care must be taken
for handling of actinide metals, which are highly reactive to oxygen, air, and
moisture and are weakly radioactive also. Most of the metal treatment (metal
cleaning, cutting, and weighing) prior to arc melting is carried out inside inert
atmosphere glove box and metals are transported under inert atmosphere (in
argon-filled vials or immersed in dry hexane). High purity of purge gas (argon) is
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crucial for preparation of these nuclear alloys (Th–U, Th–Zr, U–Zr, Th–U–Zr). For
this, after moisture removal trap, argon is passed over uranium metal turnings
heated at *600 K to remove traces of reactive impurities (N2, O2, H2O, CO, CO2,
etc.). Oxygen partial pressure of argon gas purified by this method can be brought
down to as low as *10−17 atmospheres, which can be measured by high tem-
perature EMF cell (operating at 1,073 K) using gadolinia doped ceria (or
yttria-stabilized zirconia) oxide ion-conducting electrolyte. Alloys weighing 15–
20 g with <0.01 wt% oxidation during arc melting are routinely prepared in this
manner.

7.7 Conclusions

Arc melting is one of the most popular techniques for preparation of metallic
materials at both, lab-scale as well as industrial scale. For development of new
materials, it is perhaps the most preferred technique. In authors’ lab, arc melting
technique is being extensively utilized for preparation of wide variety of alloys.
Some examples include (i) thorium and uranium-based alloys (Th–U, U–Zr, U–Mo
binaries; Th–U–Zr ternary alloys, etc.), which are potential metallic nuclear fuels
[7] and (ii) transition metal-based alloys/intermetallics (Ti–V–Cr alloys, Zr–Ti
alloys, Mg-based alloys, etc.), which are being developed for solid-state hydrogen
storage application [8, 9]. Brief experimental procedures and important precautions
that are needed for preparation of these alloys are discussed in previous section. The
technique has been found extremely useful for lab-scale preparation of highly
air-sensitive nuclear fuel alloys, which are susceptible to oxidation upon exposure
to trace level of air/moisture. Under carefully controlled inert atmosphere condi-
tions (high purity argon), such alloys are rapidly prepared on routine basis.
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Chapter 8
Synthesis of Materials by Induction
Heating

Ratikanta Mishra

Abstract Induction heating is a convenient, efficient, and rapid method of heating
conducting material under control atmosphere. In this technique, a conducting body
is subjected to a rapidly changing magnetic field producing induced current that
causes heating effect. The method is widely used for synthesis of alloys, inter-
metallic phases, and high melting ceramics. Induction heating also finds applica-
tions in material processing like annealing, hardening, tempering, brazing, etc. In
the present chapter, the principles of induction hearing, description of different
components of induction heater, its operation, and some applications of induction
heating in material synthesis & processing will be discussed.

Keywords Induction heating � Eddy current � Synthesis of alloys � Welding �
Selective heating � Brazing

8.1 Introduction

Synthesis of materials by thermal heating is one of the most commonly adopted
techniques. Heating by resistive furnace, arc melting furnace, induction furnace,
laser irradiation method, and plasma sputtering method are examples of frequently
employed heating methods for the synthesis and processing of materials. Each of
these heating methods has certain advantages as well disadvantages. The choice of
the heating technique depends on the nature and amount of material to be heated,
temperature of synthesis, duration of heating cycle and requirement of gaseous
environment over the sample, etc. Induction heating is one of the most efficient
methods for the large-scale synthesis and processing of air-sensitive metallic
samples. In addition to the synthesis of metallic phases, it is extensively used for
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material processing such as hardening, annealing, tempering and brazing, etc. In
induction method, an electrically conducting object is heated by the means of
electromagnetic induction, where rapidly changing magnetic field penetrates the
conducting object, producing electric current in the conductor. The flow of current
in the conducting object causes heat effect due to resistive heating.

8.2 Principle of Induction Heating

Inductive sample heating is based on the principle of electromagnetic induction.
When a metallic object is subjected to a changing magnetic field, the magnetic flux
passing through the sample produces induced current. According to Faraday’s law
of induction, the induced electromotive force (emf) E is proportional to the rate of
change of the magnet flux.

E ¼ � nd£B

dt
ð8:1Þ

where, n is number of turns. The expression for the magnetic flux can be given by
the relation:

UB ¼ l0Icnpr
2
0 ð8:2Þ

where, l0 is magnetic permeability of free space, Ic is the alternating current passing
through the primary coil, n is number of turns in the coil and pr20 (r0 is the radius of
the coil) is the area of single turn of the primary coil. The induced emf causes flow
of current which is known as eddy current. Figure 8.1 depicts the generation of
eddy current by high-frequency ac current.

Heating power ‘P’ due to eddy currents in conducting material placed in
changing magnetic field can be expressed as P = E2/R, where R is the resistance of
the conducting material ‘load’. Thus, the magnitude of the eddy current in a loop is
proportional to the strength of the magnetic field, the area of the loop, the rate of
change of flux, and inversely proportional to the resistivity of the material. In order
to have high and varying current in the work-coil, an oscillatory circuit formed by
inductor and capacitor in series or parallel connection mode is connected to the
working coil.

8.2.1 Factors Affecting Induction Heating

The nature of magnetic flux produced by the alternating current passing through a
coil largely depends on the coil geometry. The coil should be designed in such a
manner that it should fit the heating element perfectly resulting in a rapid and
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uniform heating [1, 2]. Higher the rate of change of magnetic flux higher is the
heating rates. The rate of change of magnetic flux, in turn, depends on the frequency
(f) of alternating current. The frequency (f) of the alternating current related to the
inductance (L) and capacitance (C) of the circuit by the relation:

f ¼ 1

2p
ffiffiffiffiffiffi

LC
p ð8:3Þ

For a given coil with fixed value of inductance (L), frequency can be varied by
changing the capacitance of the circuit. Higher heating rates can sometimes lead to
inhomogeneous heating in the sample [1]. Coupling distance of the heating element
from the coil is yet another design parameter that can drastically affect the heating
process. By reducing the distance of the heating coil, it is possible to achieve
efficient and homogeneous heating with higher heating rate. However, this can be
sometimes associated with local overheating [3, 4].

The heating by electromagnetic induction process can be divided into three
physical processes such as: (a) transfer of energy from the inductor to the sample to
be heated through electromagnetic fields, (b) conversion of the electric energy into
heat by Joule effect (P = I2R) and (c) transmission of the heat by thermal con-
duction. The rate of heating of the object called “susceptor” not only depends on the

Fig. 8.1 Generation of eddy
current by high-frequency ac
current in the induction heater
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frequency and the intensity of the induced current, but also on the mass, specific
heat, magnetic permeability, and resistance of the material to the flow of current. In
the heating process, there is no direct physical contact between the susceptor and
the inductor (usually a coil) carrying high-frequency ac current. In induction pro-
cess, only a limited part of the susceptor is heated due to skin effect. The skin effect
is the phenomenon, in which an ac electric current redistributes within the con-
ductor with largest current density at the surface of the conductor. The current
density decreases exponentially with the depth of the conductor. The origin of the
skin effect is the flow of eddy current in opposite direction formed by changing
magnetic field as shown in Fig. 8.1. The eddy current ‘I’ flowing at the depth ‘d’
from the surface can be expressed as

I ¼ Ise�d=s ð8:4Þ

where, ‘Is’ is the eddy current flowing at the surface of the conductor and s is the
skin depth. From the above equation, skin depth can be defined as the depth of the
conductor at which the eddy current decreases by a factor 1/e of the value at the
surface or in other words skin depth is the depth from the surface of the conductor
surface where 87% of power is developed. The depth of induced electric current
flowing through the susceptor is related to frequency of the alternating current ‘f’,
conductivity of the material ‘r’ and magnetic permeability of the material ‘l’, by
the relation

s ¼ 1
ffiffiffiffiffiffiffiffiffiffi

pfrl
p ð8:5Þ

The dependence of skin depth on frequency of alternating current for copper and
heating steel (AISI-316) is given in Table 8.1 [5]. The data indicate that as the
frequency of the AC current increase 102–106 Hz the skin depth for steel
(AISI-316) decreases progressively from 43.32 to 0.43 cm. Similarly, skin depth of
copper decreases from 6.68 to 0.67 cm as the ac frequency increases from 102 to
106 Hz.

Table 8.1 Comparison of
skin depth as a function of
frequency for copper and steel
(AISI-316) material

Frequency
(Hz)

Copper
(lr * 1)

Steel (AISI-316)
(lr * 1)

1,000,000 0.067 0.43

200,000 0.15 0.97

100,000 0.21 1.37

10,000 0.67 4.33

1,000 2.11 13.70

100 6.68 43.32
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8.3 Construction of Induction Heater

An induction furnace basically consists of a power source with adequate power
output and frequency range, an induction coil, a chiller unit, a heating element
called susceptor and a temperature measurement device, etc. The sketch diagram
induction heating process is presented in Fig. 8.2.

The sketch diagram of the induction heating set-up used for small-scale labo-
ratory synthesis of alloys and intermetallic phases is shown in Fig. 8.3.

8.3.1 Power Supply Unit

The power supply unit provides stable and desired radio frequency (RF) alternating
current to the induction coil, which acts as a primary circuit of a transformer and
generates alternating magnetic field. The metallic load “susceptor” acts as a sec-
ondary coil of the transformer, producing eddy current. The electronics of induction
furnace is designed for continuous operation of the furnace with long duration at a
set power. The modern induction furnace has an Insulated Gate Bipolar Transistor
(IGBT) power supply for fine control of temperature. It has parallel compensated
power generator with a frequency ranging from 0 to 500 kHz and a variable power
ranging from zero to several kW. The maximum power of the induction unit
depends on the heater capacity required to achieve the objective of experiment. The
designed power considers the size and shape of the heating chamber, various modes
of heat losses viz., radiation, conduction and convection, heat capacity of load, heat
of fusion, heat of vaporization, and heat of reaction. A typical equivalent circuit
representing induction heating system is given in Fig. 8.4.

Fig. 8.2 Sketch diagram of
induction heating unit
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Where, E is voltage, Rp is primary coil resistance, Rs is the secondary coil viz.,
load resistance, XIp, XIS and XIG primary coil, secondary coil, and air gap reactance,
respectively,

8.3.2 Induction Coil

The induction coil is made up of a conducting flexible tube with sufficient
mechanical strength. Coil geometry plays important role in induction setup in fixing
coupling distance, coil current, and electrical power. Proper design of the induction
coil is therefore important in achieving desired temperature and power efficiency.
The induced emf and the power rating of the furnace depend on the number of turns
in and the tube diameter of the coil. Generally, water-cooled multi-turn helical
copper induction coils of different sizes and shapes are used for various applica-
tions. For laboratory use flexible water-cooled copper coils with tubes diameters in
the range 10–20 mm and height 100–200 mm are employed. Single-turn coils are
used for producing a narrow band of hot zone. This type of coil is important for
purification of metals by zone refinement process. For heating one side of a material
a Pancake type coil is employed. Induction coils of different shapes are shown in
Fig. 8.5.

Fig. 8.3 Sketch diagram of
an induction heating system
for laboratory uses

Fig. 8.4 Typical equivalent
circuit for an induction
heating load
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8.3.3 Heating Element

All types of metallic samples can be directly heated by subjecting them to varying
magnetic field employing induction method. Non-metallic samples, which are bad
conductors of electricity, cannot be heated directly using induction coil. However,
such types of materials can be heated by placing them inside a metallic container.
The container metal should have high melting point and low vapor pressure and
should be chemically compatible with the sample at high temperatures.

The container materials for induction can be made from high melting conducting
materials like tantalum, tungsten, platinum, graphite, etc. The size and shape of the
container/load should be such that the entire body of the container is well within the
hot zone of induction heating. This ensures uniform temperature within the sample.
For heating, a volatile sample container vessel must be designed in such a manner
that vapor does not escape during heating. For heating volatile samples by induction
method, it is always better to seal the sample in a high melting compatible metallic
vessel such as tantalum or tungsten under inert atmosphere. Pöttgen et al. have
synthesized a large number of intermetallic phases containing volatile elements like
Mg, Sb using induction method by sealing them in tantalum tubes [7–9]. By such
process not only the nominal composition of the sample is preserved, but also areal
oxidation due to reaction with atmospheric oxygen can be prevented. In induction
heating method, it is also possible to fine control of atmosphere over the sample like
many other techniques. With proper design, it is possible to heat the materials under
ultra-high vacuum employing vacuum pumps or under control atmosphere by
passing inert gas over the sample. 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. Further one can control the oxygen partial pressure by placing non-volatile

Fig. 8.5 Induction coils of different shape (reproduced with permission from Elsevier, Ref. [6])
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oxygen getters such as Ti and Zr sponge near the vicinity of sample. In order to
arrest the change in composition of the sample particularly for the volatile materials,
sample is usually sealed in a tantalum tube. For low temperature sample prepara-
tion, sealed quartz ampoules can be used. In such cases, care must be taken to
ensure 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.

8.3.4 Chiller Unit

Induction heating system requires a common cooling facility for cooling power
source and the inductor coil and the surrounding container heated through radiation
heating. The chiller unit contains de-ionized water that circulates through power
supply and the coil for cooling purposes. Chiller consists of a non-corrosive
SS-304c tank for storing cooling medium, a non-corrosive pump, chilling unit with
CFC-free refrigerant, and a leak tight top lid. The cooling medium equilibrated at a
desired temperature is circulated by the pump. The flow velocity of the circulating
fluid is maintained such a way that the outlet temperature of the fluid is close to the
room temperature.

8.3.5 Temperature Measurement

The temperature of the load/susceptor can be measured using thermocouples,
radiation detection system such as optical pyrometer or IR detector, eddy current
detection system and by measuring voltage, current, phase angle, frequency of the
working coil. Among these, optical pyrometer is the most commonly used for
measuring temperature in the range 700–2,500 °C. In the low temperature mea-
surement range, either IR detector or a shielded thermocouple can be employed.
The output of the pyrometer or IR detector or the thermocouple is fed to the power
supply unit for controlling the power source at any given time. A PID-based
temperature controller/programmer with feedback of the thermocouple and
pyrometer output is used to control the temperature of the load. The precision of the
temperature control depends on the actual temperature of the body. The variation of
measured temperature increases with increase in temperature. For example, if the
temperature variation is ±1 °C at 1,000 °C, it can be ±10 °C at 2,000 °C. All
induction heating systems have inbuilt safety features such as inter locks to vessel
temperature, coolant temperature, and coolant flow from the power source and
safeguards for the induction equipment, circuit breaker, semiconductor fuses, door
interlock, etc.
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8.4 Advantages of Induction Heating

Induction heating process has many distinct advantages over conventional heating
which makes it a preferred technique in industrial application. Induction heating is
primarily a more energy-efficient heating process compared to conventional resis-
tive heating using electrical energy or fossil fuel. In the furnace heating the heat
produced by the heating elements dissipates its energy in all the 4p-directions. In
resistance heating only a fraction of the total energy is utilized for heating the
material of interest, and rest of the energy is lost to the surroundings. However, in
induction heating the sample is directly heated by flow of eddy current produced by
induction process. In this case, the only pathway for loss of energy is through
radiation, conduction, convection, and hysteresis loss. These heat loss paths can be
effectively reduced by properly shielding the heated object, minimizing the con-
duction and convection heat loss through proper geometrical design of the system.
Since induction method is a localized heating process, it is possible to heat the
required portion of material selectively by proper experimental design.

The second most important aspect of induction heating is that it reduces the
heating time. One can achieve a temperature of the order 2,000 °C in few minutes
which takes several hours to reach in conventional heating processes. In induction
process, as the desired sample temperature is achieved fast, the material loss due to
vaporization of volatile components during heating reduces considerably. Similarly,
the areal oxidation of the metals or alloys also gets reduced. Thus, induction process
is the most preferred heating process for large-scale production of metals and
alloys.

Induction process can be applied to magnetic particles to produce heating effect.
With low AC frequency (of the order few kHz), the magnetic particles can generate
temperature slightly higher than the body temperature. This magnetic heating finds
applications in the area of hyperthermia-based cancer treatment effect to kill cancer
cells selectively [10].

8.5 Applications of Inductive Heating

Induction heating is a convenient, efficient, and a rapid method of heating a con-
ducting material under control atmosphere. The method is widely used for synthesis
of alloys, intermetallic phases, and high melting ceramics. Induction heating
technique finds enormous applications in heavy industries for melting large number
of ferrous and nonferrous alloys. The use of induction plasma method for the
synthesis of ceramics, alloys and metals, chlorides, fluorides, nitrates, oxalates, etc.
in their nanoform have been demonstrated in a recent US patent [11]. Besides solid
materials, induction heating process can also be employed for heating of conducting
liquid and gaseous substances. In semiconductor industries, induction heating
process is used to process high purity silicon. For contactless heating process,
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vacuum furnaces make use of induction process for making special alloys. The
technique finds applications in the welding of metals as well as some plastics doped
with ferromagnetic ceramics. Induction stoves used in the kitchen works on the
inductive heating principle, for brazing carbide to shaft, for tamper-resistant cap
sealing on bottles and pharmaceuticals and for plastic injection modeling machine
to improve energy efficiency for injection.

8.5.1 Synthesis of Alloys and Intermetallic Phases

Induction heating is the most suitable method for synthesis of alloys and inter-
metallic phases. The technique has been adopted by large number of researchers for
synthesis of alloys and intermetallic phases [12–15]. Pöttgen et al. have synthesized
large numbers of binary and ternary intermetallic phases and studied their crystal
structure and magnetic properties. Details of the synthesis, characterization, and
properties of intermetallic phases have been published in recent books [16, 17].
Gutmen et al. [18] have reported synthesis of zirconia-yttria and alumina-based
ceramic employing induction method. Huang et al. [19] synthesized Al2O3–AlB12–

Al composite by laser induction complex heating method and measured its
mechanical properties. Zhu et al. [20] have reported combustion synthesis of NiAl
alloy employing induction method. Effect of nickel boride additive on simultaneous
densification and phase decomposition of TiB2–WB2 solid solutions by
pressure-less sintering using induction heating has been reported in Ref. [21].
Sosnowchik et al. [22] demonstrated a simple and rapid method for synthesis
carbon nanotubes at room temperature employing induction technique employing
nickel as susceptor.

8.5.2 Induction Process in Material Processing

The method is also employed for material process treatments like hard brazing, tin
soldering, thermal hardening, annealing, tempering, etc. The technique has been
employed for targeted surface heating, melting, soldering process. Polymers and
composites are not susceptible to induction heating. For heating of such materials
by induction process special arrangements like introducing metallic or graphitic
carbon fibre susceptors are required. When the working piece holding the sample is
metallic, addition of extra susceptor is not necessary. Some examples of induction
heating of polymers and composites are described as follows.
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8.5.2.1 Welding of Thermoplastic Composite

Binding two composite materials or composite material with a metal can be pos-
sible by welding them together using induction technique [23–25]. Welding of two
polymers is done by heating two closely contact materials together above their
melting points under control atmosphere. In this welding process, a conducting
susceptor is placed surrounding the contact joint. One can also use metallic mesh,
graphitic carbon fibres or ferromagnetic materials as induction susceptor to melt the
joint. A Continuous induction welding robot developed by IVW GmbH is shown in
Fig. 8.6.

8.5.3 Thermoset Curing

Besides melting and welding, induction method is also frequently employed for
curing materials at desired temperatures. Tay et al. [26] carried out detailed com-
parison of curing by induction process with the other conventional methods and
observed that for the same extent of curing there is a drastic reduction in the curing
time in induction heating i.e. 15 min as compared to 1 h in oven heating method.
Similar observations were also recorded by Wetzel et al. in the curing of resins with
less degradation. Miller et al. cured epoxy resin employing FeCo/(FeCo)3O4

nanoparticles as induction susceptor and reported that smaller size particles
imparted larger heating rates. So far, the thermoset curing by induction process is
being applied in small scale.

Fig. 8.6 Continuous induction welding robot developed by IVW GmbH (reproduced with
permission from Elsevier, Ref. [6])
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8.5.4 Selective Heating

Induction heating is very handy for selective heating of material in micro-scale. In
such case, the geometry of induction coil is very crucial in controlling the temper-
ature of the selected portion of the material due to limited induction coupling [1, 2, 4,
27]. For non-conducting material position and shape of the susceptor decides the
heating zone. Selective heating of polymer-reinforced composite materials using
dispersed ferromagnetic susceptor have been reported by many authors [3, 6, 28–30].

Toe cap of a shoe (PP/HDPE) thermoformed by selectively heated induction is
shown in Fig. 8.7 [6]. Local thermoforming of component of a sewing machine by
inductive heating method has been reported by Lahr et al. [31].

8.6 Summary

Induction heating is a versatile method for the preparation of metals, alloys, and
intermetallic phases. In this chapter, principle of induction heating, construction of
induction heater, and general applications in the synthesis and processing of
metallic samples have been described. The uses of induction heating for selective
heating, welding, and thermoset curing have been brought out.
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Chapter 9
Synthesis Strategy for Functional
Glasses and Glass-Ceramics

Mohsin Jafar and V. Sudarsan

Abstract Glass and glass-ceramics play vital roles in today’s technology devel-
opment. Although glasses are known to mankind from pre-historic period, its wide
applicability as a candidate for various technological applications was realized
during the past century. Advancement in communication technology was mainly
possible with fabrication of high quality glass fibers. Glass-ceramics are derived
from glasses and possess both the advantages of glasses and ceramics. In this
chapter, initially, the origin of glasses and glass-ceramics are discussed followed by
their classification depending up on the nature of glass forming constituents.
Synthesis routes for preparation of different types of glasses are discussed in detail.
Thermodynamics and kinetics of glass formation and its conversion to
glass-ceramics are explained towards end of the chapter. Structure property cor-
relation is an important aspect in any studies involving material development and
this aspect is explained in detail in this chapter. Techniques like solid-state NMR,
XPS, EXAFS which give mainly information on short-range order in glasses have
been explained with examples. Importance of thermal techniques for understanding
glass and ceramic science has been brought out in this chapter. Finally, the chapter
ends with certain representative applications of glasses and glass-ceramics.
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9.1 Introduction

9.1.1 Origin of Glass and Glass-Ceramics

Glasses can be considered as one of the oldest materials used by mankind over
several centuries. It is amorphous in nature and is generally formed by mixing
several solid substances, heating to melting stage followed by super-cooling to an
extent to obtain a single solid-like structure. Despite its appearance as solid form, it
is not termed as a solid and is considered as a semi-solid, fluid, or super-cooled
liquid with very high viscosity. In a broader sense, glass is defined as a
non-crystalline or amorphous solid which exhibits glass transition phenomenon
upon heating. Glasses find wide technological applications due to their ease of
synthesis and tailor-made properties.

Natural glasses mostly include obsidian (volcanic glass), tektites (meteorite
impacts), fulgurites (formed when lightning strikes sand), metamicts (amorphiza-
tion by radiation from neighboring radioactive atoms), etc. Ancient people used
obsidian glasses as ornaments, valuables, and weapons. Scarcity of natural glasses
paved the way for the development of man-made glasses. Archaeological excava-
tions and studies revealed that first man-made glasses date to around 3500 BC in
Egypt and Eastern Mesopotamia [1]. In medieval ages, around 1300 AD, glass
making belonged to Venetian craftsmen who were considered to be expert in this
field. George Ravenscroft of England made an important advancement in this field
in 1674 when he used the technique of adding lead oxide to molten glass to increase
its lifetime. The Industrial Revolution in England paved the way for increasing
automation in glass making and converted this art into an industry. The process of
making flat glass in the most convenient and reproducible way is credited to Émile
Fourcault of Belgium. The method known as Fourcault process was commercial-
ized in 1914. However, modern day glass-making process took shape from Sir
Alastair Pilkington’s float glass manufacturing process in 1959 by which more than
90% of glasses are manufactured till date.

Glass-ceramics, on the other hand, are a comparatively newer class of materials
with history dates to 1957 AD. Glass-ceramic consists of an amorphous phase
(matrix) and one or more embedded crystalline phases produced as a result of
controlled crystallization of the matrix. Prominence of glass-ceramic materials in
today’s world is highly related to the demands of new technological advancements.
An ideal glass-ceramic material should have fabrication advantage of glass coupled
with special or required properties of ceramics. Glass-ceramic materials usually
contain crystalline phase to the tune of 30–90% with ceramic properties such as
opacity, non-brittleness, and high-temperature stability.

Glass-ceramics were discovered accidently by Stanley Donald Stookey [2]. He
was working on the development and improvement of properties of Fotoform
glasses. However, one night in 1954 he mistakenly heated a piece of experimental
Fotoform glass to 900 °C instead of 600 °C. The next morning, he found out that
the furnace was overheated. To his astonishment, he noticed an opaque solid which
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bounced back when accidentally dropped on floor. It was concluded that this may
be attributed to presence of microscopic crystals within the matrix. His knowledge
of chemistry of crystallization led him to tailor-make the experimental conditions
and this resulted in the first glass-ceramic FotoCeram [2]. This accidental discovery
led to the development of Corning Ware in the year 1957. Corning Ware (a variety
of cookware), the first glass-ceramic material, is considered to be one of the major
discoveries by Corning Glass Works and one of Stookey’s million dollar inven-
tions. Till date, major developments in the field of glass-ceramics are being carried
out for the design of new types of cookwares and induction oven cooktops.
A famous quote by the creator of glass-ceramic goes as:

Why did such an important discovery occur so late in the history of glass, and why was an
accident necessary to bring it about?—Donald Stookey, 1977

9.1.2 General Properties of Glass and Glass-Ceramics

Glass-ceramics are primarily synthesized by the method of regulated crystallization
of glass melt. However, the controlling step involves heating rate, heating tem-
perature, cooling rate, etc. Variation in each or all of these parameters leads to the
generation of a wide variety of physical and chemical properties of glass-ceramics
as compared to glass. Thus, it can be said that even we start with same chemical
composition to obtain a uniform glass matrix or a glass-ceramic material, and the
properties of these two compositions can be entirely different depending upon the
process control. Hence, an understanding of some of the general properties of
glassy material and its evolution under different experimental conditions is essential
for developing materials for different applications.

Some of the general properties of glassy materials are follows:

(a) Most of the glasses used in our daily life are transparent or translucent and
allow light to fully or partially transmit through it, depending upon our
requirements. Lack of grain boundaries in glasses is responsible for this.

(b) Thermal expansion coefficient (TEC) of most of the glassy materials is of the
order of 10−6 K−1.

(c) Glass is a brittle material. This particular property is attributed to the presence
of surface flaws or distorted structural units.

(d) Mechanical strength of glass is very high due to the absence of any form of
porosity within its structure as it is a super-cooled liquid.

(e) Non-metallic glasses are mostly semiconductors or insulators at ambient tem-
perature. At elevated temperatures, ionic movement within the glass matrix
becomes energetically feasible leading to ionic conduction.

(f) The strong bonding involved in glass network makes them chemically durable.
Absence of grain boundaries, the primary zones of etching in glassy network,
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renders their stability toward aqueous or acidic media. However, the presence
of alkali or alkaline earth metal ions contributes to leachability of glass.

(g) Glasses can be made entirely recyclable to be reused for indefinite times.
(h) Glasses do not have fixed melting or boiling point. They tend to undergo state

change over a range of temperature.
(i) Glasses possess the property of glass transition temperature (Tg) beyond which

the glassy or brittle nature is replaced by a viscous or rubbery material. Value of
Tg is always lower than the melting point of glass.

Glass-ceramics can circumvent some of the shortcomings of glasses for tech-
nological applications. Extensive studies have been carried out in this field in order
to fine-tune material properties to satisfy user requirements. A brief description of
some of the unique properties of synthesized glass-ceramics is given below.

(a) The thermo-physical property such as thermal expansion coefficient (TEC) can
be fine-tuned by modifying the processing condition involved in glass to
glass-ceramic conversion [3]. It is now possible to design glass-ceramic
materials with very low or even negative thermal expansion coefficient [4, 5].
Glass-ceramic materials also show exotic optical properties. Rare earth ele-
ments like Nd-doped glass-ceramics are potential candidates for laser appli-
cation [6, 7]. Glass-ceramics possess almost zero porosity with lesser extent of
surface flaws. Hence, the mechanical strength of glass-ceramic materials is
relatively high. Defects present in glass-ceramics make glass-ceramics slightly
less brittle. Depending upon the process of fabrication and composition,
glass-ceramics can show either higher resistivity or higher conductivity as per
requirements. Further, glass-ceramics show less amount of leachability as
compared to glassy materials.

In addition to these properties, the glass component of glass-ceramic exhibits
glass transition temperature (Tg), whereas the ceramic component will exhibit sharp
melting point (Tm). It may however be noted that the Tg and/or Tm may shift to
higher or lower temperatures depending upon the chemical environment in these
materials as compared to base glass and ceramics. Thus, from the above discussion,
it is clear that glass-ceramics are those materials which cover both the advantages of
glass and ceramic materials. This eventually led to development of materials with
improved functional properties. This aspect is discussed in subsequent part of this
chapter.

9.1.3 Functional Glasses and Glass-Ceramics

The word “functional” means “having a specific activity, task, or usefulness”. In
general, functional glasses and glass-ceramics mean materials having some useful
and characteristic properties enabling them suitable for definite technological
applications. Functional glasses and glass-ceramics can be classified into four types
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based on (a) chemical composition, (b) fabrication, (c) property, and (d) application
as can be seen from Table 9.1.

(a) Chemical composition based: Chemical composition-based glasses and
glass-ceramics can be classified into two groups, namely the oxide-based and
the non-oxide-based. Oxide-based glasses and glass-ceramics are those mate-
rials whose network is formed from oxides such as phosphorous pentoxide
(P2O5), silica (SiO2), boron trioxide (B2O3), and germanium oxide (GeO2). On
the other hand, non-oxide-based glasses and glass-ceramics mostly hover
around chalcogen elements (sulfur (S), selenium (Se), tellurium (Te), arsenic
(As), and antimony (Sb). Other elements such as germanium (Ge), gallium
(Ga), inorganic halides such as fluorine (F), chlorine (Cl), bromine (Br), iodine
(I), and metals or alloys are involved in the formation of non-oxide-based
glasses. This will be discussed in detail in Sect. 9.2.

(b) Fabrication based: Functional glasses or glass-ceramics can be classified
based on their methods of preparation or fabrication. Some important fabrica-
tion methods for glass and glass-ceramics are thermal evaporation, sputtering,
chemical vapor deposition (CVD), melt-quenching, glow discharge decompo-
sition, radiation-induced damage, etc. These techniques will be discussed in
detail in Sect. 9.3.

(c) Property based: Different properties associated with materials are basis for the
origin of a class of materials known as “functional materials.” Glasses and
glass-ceramics are classified into six broad categories based on optical, pho-
tonic, electrical, thermal, electronic, mechanical, and chemical properties.

(d) Application based: Although this is not a criterion for classification of mate-
rials, it is closely related to the properties of materials. Many times, properties
of materials only decide the application in which the material can be employed.
The application or technology includes area such as energy, environment,
health care, defense, and space. These points will be dealt in detail in appli-
cations part, i.e., Sect. 9.9.

Table 9.1 Classification of functional glasses and glass-ceramics

Functional glass and glass-ceramics

Chemical composition Fabrication Property Application

∙ Oxide-based (phosphate, silicate,
borate, etc.)
∙ Non-oxide-based (chalcogenide,
halide, metallic, etc.)

∙ Thermal
evaporation
∙ Sputtering
∙ CVD
∙ Melt-quenching
∙ Glow discharge
decomposition
∙ Radiation-induced
damage

∙ Optical
∙ Photonic
∙ Electrical
∙ Thermal
∙ Electronic
∙
Mechanical
∙ Chemical

∙ Energy
∙ Display
∙ Health
care
∙ Nuclear
∙ Defense
∙ Space
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9.2 Different Types of Functional Glasses
and Glass-Ceramics

As mentioned earlier, functional glasses and glass-ceramics can be classified under
different criteria as shown in Table 9.1. In the following section, different types of
functional glasses and glass-ceramics are discussed on the basis of their
composition.

9.2.1 Oxide-Based Glasses

Glasses formed by bridging of oxygen atoms (O) with other suitable atoms (X) are
commonly referred as oxide glasses. The choice of “X” for oxide glass formation is
generally guided by rules proposed by a famous Norwegian-American physicist,
Wiliam Houlder Zachariasen, in the year 1932. The rules are summarized below

(i) An O atom should be connected to not more than 2 X atoms.
(ii) There should not be more than 3 to 4 O atoms connected with one X atom.
(iii) The polyhedra formed by the coordination of X–O bond should be only

corner shared. Edge sharing and face sharing polyhedra do not result in glass
formation.

(iv) Three corners of polyhedra should be shared in order to sustain a 3-D glassy
network.

In addition to the above rules, other terminologies like network modifier and
intermediates are used to understand and explain glass formation. Network formers
are those atoms (X) that can form highly crosslinked 3-D network of covalent
chemical bonds. Some common network formers are oxide of silicon (Si), boron
(B), phosphorous (P), and germanium (Ge). Network modifiers are mostly metals
such as calcium (Ca), lead (Pb), sodium (Na), potassium (K), etc., which prefers to
remain in cationic form inside glassy network. The favored cationic forms of these
elements alter glass network, whereby a bridging X–O–X bond breaks resulting in
the generation of non-bridging O species. There are certain elements such as alu-
minum (Al), titanium (It), beryllium (Be), and lead (in certain cases) which can act
both as network former or network modifier. Hence, these elements are termed as
intermediates as their role varies with variation in glass composition. Nomenclature
of oxide glasses is made based on their constituent X–O structural units.

(a) Phosphate glasses: Glassy materials based on the network former PO3�
4 ðX ¼

PÞ are broadly called as phosphate glasses. The phosphate glass network
consists of one terminal P = O and three bridging P–O–P bonds. The most
common starting material for preparation of this type of glass is P2O5. Highly
moisture sensitive nature of P2O5 renders these glasses to be of less techno-
logical importance. Hence, suitable network modifiers or intermediates are
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always required during preparation of phosphate glasses for making them
technologically relevant. In general, these glasses possess very high thermal
expansion coefficient and melt formation occurs at relatively lower
temperatures.

(b) Silicate glass: These are the most versatile glassy materials having
SiO4�

4 X ¼ Sið Þ as their constituent building blocks and the starting material for
preparation of such glasses is SiO2. This type of glass network mostly consists
of four bridging Si–O–Si bonds. The most common types of such glasses
include alkali and alkaline earth silicate glasses where introduction of these
elements breaks the bridging Si–O–Si bonds resulting in the generation of a
negative charge at oxygen (Si–O−) which is balanced by suitable number of
mono or divalent cations. Replacement of rigid bridging bonds with less rigid
non-bridging linkages results in increase of thermal expansion coefficient and
decrease in micro-hardness of these glasses. Higher viscosity of melt and rapid
volatilization of alkali metals are problems encountered during preparation of
silicate glasses with very low alkali metal concentration.

(c) Borate glass: The most common starting material for single component borate
glasses is boron oxide (B2O3) or boric acid (H3BO3), and the main structural
building blocks in different borate glasses are BO3 and BO4 units along with
boroxol ring. Pure borate glasses are difficult to prepare because of affinity
toward moisture and this can be avoided by preparing glasses at very low
atmospheric pressure of around 1 mm of Hg. Borate glasses are mostly found
to be low melting and hence find use as solder glasses.

(d) Borosilicate glass: The starting materials for the preparation of these glasses
are boron oxide (B2O3) or boric acid (H3BO3) and SiO2. Typical network
follows with four bridging Si–O–Si bonds and three bridging B–O–B bonds.
However, depending upon the ratio of these two starting materials, an average
network of B–O–Si is obtained with coordination number between 3 and 4. In
order to maintain proper network of four bridging bonds, some network
modifiers such as Na2O, BaO, etc., are added during glass formation.
Generally, it is considered that at low modifier concentration, Na2O reacts with
BO3 to form BO4 structural units, whereas at higher modifier concentration,
Na+ is equally shared by BO4- and SiO4 network. At a given alkali content,
addition of B2O3/H3BO3 to silicate glasses markedly reduces the thermal
expansion coefficient and enhances the chemical durability specially to attack
by acids.

(e) Aluminate glass: Alumina (Al2O3) being a refractory material, single com-
ponent alumina glass is difficult to prepare. However, with addition of suitable
alkali or alkaline earth metal oxides binary and ternary glasses with Al2O3 can
be formed. Addition of silica or germanium oxide (GeO2) transforms Al2O3-
based glasses into technologically relevant material which will be discussed in
Sect. 9.9.
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(f) Aluminosilicate glass: These glasses mainly consist of around 20 mol% of
alumina (Al2O3) with small amounts of calcium oxide (CaO), magnesium oxide
(MgO) along with major content of silica (SiO2). Aluminum mainly exists as
tetrahedrally and octahedrally coordinated species in these glasses. Further, in
these glasses, Si atom is tetrahedrally coordinated with oxygen having different
number of Al as the next-nearest neighbors. These glasses can withstand very
high temperatures and thermal shock.

(g) Germanate glass: Pure germanium oxide (GeO2) has the ability to readily form
glassy phase. However, for practical applications, GeO2 along with SiO2 are
added to calcium aluminate glasses. The main building block of these glasses is
GeO4 tetrahedra resulting in the formation of an extended network. Introduction
of alkali metal ions in low concentration results in transformation of GeO4

tetrahedra to GeO6 octahedra. Under higher concentration, these modifiers
result in the formation of non-bridging oxygen atoms attached with Ge in the
glass structure.

(h) Tellurite glasses: Tellurite glasses were first prepared and studied by
Stanworth in 1952. Single component TeO2 (pure TeO2) forms glass when
melted in gold crucible. The most probable reason may be reaction of alumina
crucible with the starting material in the former case. Nevertheless, addition of
alkali or alkaline earth metal oxides, PbO, WO3, etc., is found to facilitate
tellurite glass formation.

(i) Vanadate glasses: Pure V2O5 melts around 660 °C and forms glass only when
it is cooled rapidly. Glass formation with V2O5 is quite common upon addition
of a number of oxides like P2O5, TeO2, B2O3, and GeO2. Such glasses are
potential candidates for different applications.

9.2.2 Non-oxide-Based Glasses

These are the glasses which are mostly formed by bridging of suitable atoms other
than oxygen with metal or nonmetals. The major non-oxide-based glasses are
discussed in brief as follows:

(a) Chalcogenide glasses: These are glasses consisting of one or more chalcogens
such as sulfur (S), selenium (Se), and tellurium (Te) apart from oxygen and
polonium (Po). Chalcogenide materials are important due to the following
reasons:

1. They can be prepared in the amorphous form in a variety of ways.
2. Glass formation occurs over a wide range of composition and the physical

properties vary in a continuous fashion.
3. The bandgaps of chalcogenide glasses are of the order of 1–3 eV, and

hence, these materials show semiconducting behavior.
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4. Many of these glasses are candidates for technological applications which
include infrared transmission, switching devices in computer memories, etc.
Representative chalcogenide glasses are given in Table 9.2.

(b) Halide glasses: These are glasses consisting of metal halides such as beryllium
fluoride (BeF2), zinc chloride (ZnCl2), zirconium fluoride (ZrF4), hafnium
fluoride (HfF4), etc. Other glass forming halide systems are mostly based on
binary or ternary phases such as AgCl, AgBr, AgI, and PbBr2, PbCl2–BaCl2,
SnCl3–PbI2, etc. Ionic radius of Be

2+ is quite close to that of Si4+ and that of F−

and O2− are almost identical. This is the main reason for similar resemblance of
corner connected tetrahedral network of vitreous BeF2 and vitreous SiO2.
Glasses based on ZnCl2 are also formed by corner shared tetrahedra of Zn–Cl
bonds quite similar to that existing in BeF2 glass. However, the water solubility
of zinc chloride glasses renders them ineffective for important technological
applications. On the other hand, glasses based on ZrF4 and HfF4 are found to be
highly ionic in nature. The basic building blocks in these glasses are not well
defined and studies suggest that coordination number between Zr4+/Hf4+ and F−

ions varies from 6 to 8. This is the main reason for the ionic nature of these
glasses.

(c) Organic glasses: Organic glasses mostly consist of severely entangled C–C
chains which prohibits crystallinity upon rapid cooling. The network chains in
these glasses are found to be crosslinked and are similar to that existing in
chalcogenide glasses. Extent of cross-linking dictates the viscosity of melt and
the glass transition temperature of such glasses. Their general properties are
mostly similar to those of chain-based inorganic glasses.

(d) Metallic glass: Metallic glasses can be obtained by rapid cooling of alloy
(consisting of only metals or both metals and metalloids) melt. Nucleation and
growth of crystal become an important competing factor to glass formation in
these materials. Metallic glasses can be prepared by preventing nucleation
under very fast cooling of the order of 104 Ks−1. Such cooling rates help to
generate glass in film or ribbon forms. Some common metallic glasses are
Pd80Si20, Ni80P20, Fe40Ni40P14B6, etc. Structural model of these materials can
be explained by assuming random packing of nanosized spheres with smaller
spheres occupying the interstitial spaces. Addition of metalloid atoms hinders

Table 9.2 Representative
chalcogen-based glasses

System Examples

1. Pure chalcogen S, Se, Te, SxSe1 − x

2. Pnictogen (V–VI) As2S3, P2Se

3. Tetragen-chalcogen (IV–VI) SiSe2, GeS2
4. III–VI B2S3, InxSe1 − x

5. Metal chalcogenide MoS3, WS3, Ag2S–GeS2
6. Halogen-chalcogenide As–Se–I, Ge–S–Br, Te–Cl
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reorganization of the atoms during cooling, thereby preventing unwanted
crystalline domains within the glass network.

Most of the above-mentioned types of oxide-based functional glasses can form
glass-ceramics by suitable tuning of synthesis procedure. Modulation of heating and
cooling rates, heating at an intermediate temperature during processing, etc., can
lead to glass-ceramics with tailor-made properties in these types of materials.
Preparation of metallic glass-ceramics requires minimal nucleation at distant points
within the melt to prevent precipitation of larger crystals. Greater extent of crys-
tallization in metallic glass leads to a composite system of an alloy and glass which
may not be compatible with each other, thereby rendering unsuitable for
applications.

9.3 Different Routes for Synthesis of Glass

Some of the common methods for preparation of glasses are as follows:

9.3.1 Thermal Evaporation

This technique is one of the most extensively used methods for preparation of
amorphous or glassy thin films [8]. Material to be amorphized is kept in powder
form inside an evacuated chamber at around *10−6 torr pressure. A substrate is
also kept inside the chamber over the sample to be evaporated. The assembly is then
heated by Joule heating (or resistive heating) for low melting materials or using
electron beam for refractory materials. The powdered sample becomes mobile at
higher temperature and percolates to the substrate. Low temperature of the substrate
allows the mobile atoms to freeze on reaching the contact surface resulting in the
formation of a glassy or amorphous phase. Schematic diagram of this preparative
method is given in Fig. 9.1. Amorphous chalcogenide semiconductors like Si, Ge,
GaAs, etc., are prepared by this method. Tunability of properties of the prepared
films can be achieved by optimization of various process parameters such as sub-
strate temperature, substrate nature, separation and orientation of base, deposition
rate and gas pressure inside the chamber. A major disadvantage of this process is
preferential evaporation of low melting component which depletes the source
leading to compositional in-homogeneities in the prepared material. Moreover, the
volatility of components sometimes results in change of compositional identity in
the vapor phase compared to the feed source. A common example in this regard is
the presence of As4S4 molecules in vapor phase despite the starting reactant being
stoichiometric As2S3 in solid phase.
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9.3.2 Sputtering

Sputtering method comprises of bombardment of a target material by high energy
ions obtained from plasma generated at low pressure. As a consequence, atoms or
cluster of atoms are removed from target and subsequently gets deposited over a
substrate in the form of a thin film. The mechanism of synthesis by this process
involves the generation of plasma by suitable radio frequency which is struck in
between the target material and substrate. During each negative half cycle, the
positive ions are attracted toward the target. Since the mobility of electrons is much
higher compared to that of corresponding cations generated, accumulation of
negative bias takes place. This negative bias attracts the positively charged ions
from the plasma as a result of which the positive charged ions are deposited over the
substrate. Amorphous thin films of Si, Ge, SiO2, etc., are prepared by this method
[9–11]. The major advantage of sputtering technique is that relatively more
homogenous films of uniform thickness can be prepared by this method as com-
pared to thermal evaporation method. The homogeneity of produced films can be
attributed to the sputtering rates which do not have a wide variation among different
species. Almost similar sputtering rates preserve the compositional homogeneity of
the starting material as compared to thermal evaporation methods. A schematic
diagram of sputtering set up is shown in Fig. 9.2.

Fig. 9.1 Schematic diagram
of setup for thermal
evaporation method

Fig. 9.2 Schematic diagram of sputtering setup
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The only disadvantage of the process lies in optimization of the process control
parameters such as ratio of partial pressure of reactive to inert gas, bias voltage
applied to the target material, and radio frequency power applied to the target.

9.3.3 Glow Discharge Decomposition

Glow discharge decomposition is quite similar to sputtering technique discussed
above. The only difference lies in the fact that a chemical reaction is initiated in the
gas phase by creating a radio frequency-induced glow discharge of the reactant gas
instead of plasma ejecting material in the sputtering process. Glow discharge results
in deposition of solid over a suitable substrate kept inside the chamber. The dis-
charge can be generated not only in a mixture of carrier and reactant gas but also
with varied combination of reactant gases along with carrier gas for forming films
of different functional materials such as SiO2, Si3N4, etc. [12, 13]. The major
disadvantage of this method is optimization of process control parameters for
preparation of tailor-made materials. Schematic diagram of glow discharge
decomposition setup is shown in Fig. 9.3.

Chemical vapor deposition: Chemical vapor deposition technique is quite
similar to glow discharge method of preparation. In this technique, the decompo-
sition of the reactant gas is carried out by applying thermal energy (pyrolytic
process). As a consequence, temperatures of the order of 103 K are commonly used
and this is one of the major disadvantages of the process. Some of the materials
with different functionalities prepared by this process include amorphous hydro-
genated Si, B, and P-doped amorphous Si, etc. [14]. Schematic diagram of chemical
vapor deposition (CVD) setup is shown in Fig. 9.4.

Fig. 9.3 Schematic diagram of glow discharge decomposition setup
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9.3.4 Melt-Quench Technique

Melt-quench technique is considered the oldest method for the preparation of glassy
and amorphous materials. This method involves calcination and melting of glass
precursors (mostly oxides, nitrates, acetates, etc.) in compatible or non-reactive
crucibles such as platinum, rhodium, alumina, zirconia, sillimanite, followed by
pouring of the melt at room temperature or under liquid nitrogen (Fig. 9.5).
Depending upon the degree of quenching required, the melting containers are made
up of good thermal conducting materials such as copper and graphite. Quenching of
the melt is required to avoid nucleation and crystal growth which can lead to phase
segregation form the glass matrix. Rate of cooling of the glass melt is an important
criterion for glass production by this method. For oxide glasses having glass
formers such as B2O3, P2O5, and SiO2, a cooling rate of 1 Ks−1 is found to be

Fig. 9.4 Schematic diagram of chemical vapor deposition (CVD) setup

Fig. 9.5 Schematic
temperature and time profile
of melt-quench method of
glass preparation (diagram not
to scale)

9 Synthesis Strategy for Functional Glasses and Glass-Ceramics 241



sufficient for getting good quality glasses, whereas for metallic glasses, cooling rate
must be over the range of 106 Ks−1.

Most of the oxide glasses are prepared by melt-quench method because of
simplicity and cost-effectiveness of the process and non-reactive nature of the
product under atmospheric conditions. Only minor disadvantage of this process is
that for industrial scale preparation of glass, continuous or intermittent stirring is
necessary to avoid inhomogeneity of the viscous melt. Covering the reaction cru-
cible will help in preventing evaporation of high volatile components, thereby
avoiding significant changes in the composition of final prepared glass. In order to
prepare chalcogenide and chalco-halide glass by this technique, melting and
pouring of glass melt is required to be carried out under inert atmosphere or in
vacuum sealed crucibles [15]. Moreover, the furnace has to be designed with
rocking mechanism for proper mixing of components in [15] sealed crucibles for
better homogeneity of the melt. It is preferable to have starting precursor materials
as oxides since nitrates or acetates will release NOx, acetic acid vapors, respec-
tively, which may damage or even burst the crucible.

9.3.5 Sol-Gel Method

In general, sol is considered as a colloidal suspension of solid in liquid, whereas gel
is considered to be a colloidal suspension of liquid in solid. Thus, it is quite evident
from the definition itself that gel can be produced from a viscous colloidal solution
by facilitating polymerization of the solid particles. The homogenous and amor-
phous gel is then heated to remove volatile constituents to obtain an amorphous
solid. This is then subjected to final sintering process at suitable temperatures to
obtain a dense solid material. The oxide particles obtained by this method show fine
dispersion and are found to be in nanoscale dimensions. The major advantage of
sol-gel processing is the formation of materials containing refractory-based com-
ponents at relatively lower temperatures. Suitable processing and purification of
precursor materials by various methods before sol-gel processing results in for-
mation of products with very high level of purity [16]. Composition and properties
of the products obtained can vary depending upon conditions such as temperature,
solvent concentration, reaction time, and sintering temperature. Moreover, the
process of drying and sintering of gel are time consuming. Availability of suitable
metal precursors also limits the applications of this method for preparation of novel
materials for catering to the demands of newer technologies.

9.3.6 Electrolytic Deposition

This is one of the most important methods for the preparation of glassy oxide
materials. Using metal surface as anode, it can be oxidized to an amorphous oxide
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layer in an electrolytic cell having suitable electrolytes. On passing a DC voltage
through an electrolytic cell, cations migrate toward the cathode and O2− ions
migrate toward the metal anode. These anions then react with the metal to yield an
amorphous glassy oxide layer over the anode surface which can grow up to *103Å
thickness. This method is widely used to prepare glassy oxide films of Al, Zr, Ti,
Nb, and so on [17]. The major disadvantage of this method is the difficulty in
preparing non-oxide-based glasses.

9.3.7 Radiation Bombardment

Bombarding by high energy particles such as neutron, alpha, or heavy charged
particles (HCP) on crystalline samples leads to formation of amorphous phase.
When a particle with very high kinetic energy is impinged over any substrate,
enormous amount of local energy deposition takes place followed by rise in local
temperature of the order of *103 K for a very short span of time (typically for
10−10 − 10−11 s). This sudden spurt in temperature results in melting followed by
very fast cooling of the substrate. Quartz and cristobalite (allotropes of crystalline
silica) are progressively amorphized by radiation resulting in the generation of
vitreous silica [18]. Major advantage of this method is incorporation of radioactive
species in the material which has immense potential to be used in nuclear medicine
and other research applications. Limited experimental facility setup available for
carrying out radiation damage studies is the major disadvantage of this method.

The methods discussed above are considered to be the most widely used
methods for preparation of glassy or amorphous materials. In addition to these
methods, high pressure shock waves, slow mechanical grinding, explosive com-
paction, hydrogen inclusion, etc., are also used for glass preparation. It may be
noted that these methods are specific for certain systems and cannot be extrapolated
or optimized for even related systems, thereby lacking a wider applicability in glass
manufacturing industry. Till date, melt-quench technique is considered as the best
and the most widely used method for glass preparation both in industries as well as
in research laboratories worldwide.

9.4 Different Routes for Synthesis of Glass-Ceramics

In spite of the fact that the presence of crystalline phase is undesirable during glass
formation, controlled crystallization of desired phases in glass matrix is primary
requirement for formation of functional glass-ceramic material. Two most important
words in the above sentence are “controlled crystallization” and “desired phase”
which are the main guiding factors for preparation of glass-ceramics.

Functional glass-ceramics can be prepared by any of the glass preparation
methods followed by modification in heat treatment. The major difference lies in the
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fact that the one-step process involved in glass preparation has to be converted to a
minimum two-step process for glass-ceramic preparation. The most common
method is the preparations of glass by a standard glass manufacturing process like
melt-quench method. The glass material is then shaped, cooled, and reheated
(sometimes repeatedly) above its glass transition temperature to prepare a desired
glass-ceramic material. During heat treatments, occasionally nucleating agents such
as noble metals, TiO2, and Fe2O3 are added to aid the formation of desired crystals
of suitable dimensions required for improving functionality. Synthesis of
glass-ceramic materials by this method leads to particle crystallization inside the
glass matrix, thereby resulting in a homogenous glass-ceramic material.

The second technique used for preparation of glass-ceramics is induction of
controlled internal crystallization during cooling cycle of a glass forming process.
This technique involves heating the precursor materials to melting followed by slow
cooling above the glass transition temperature followed by quenching below it. This
method also involves addition of nucleating agents (sometimes in larger amount) as
the reaction kinetics is quite fast. This method generally leads to, relatively coarse
glass-ceramics as there exists relatively less control over the whole process.
Moreover, the crystalline phase may not be homogeneously distributed within the
glass matrix and this leads to reduction in quality of the material for different
applications.

The third most common process involves separate preparation of desired glass
and ceramic formulations followed by concurrent sinter-crystallization of both the
materials to obtain glass-ceramic formulations. The major advantage of this process
lies in the fact that one need not be concerned for the formation of “desired ceramic
phase” as it is prepared separately. Other advantages are absence of any nucleating
agents as the glass and ceramic interface behaves as nucleating sites, leading to
faster ceramic particle growth in the matrix. Major disadvantage of the process is
residual porosity within the matrix which needs to be eliminated by hot-pressing
techniques, thereby making the process costly as compared to others.

9.5 Thermodynamic and Kinetic Aspects of Glass
Synthesis

As mentioned earlier in the introduction section, glass is considered as a
super-cooled liquid, semi-solid, or fluid in spite of its appearance as a solid form.
Thus, technically, it can be said that glass is a liquid having very slow or negligible
crystallization kinetics. Crystalline state of any material always has lower energy
than liquid state, and hence, the possibility of crystal formation is a thermody-
namically favorable process. Crystals are generally obtained on cooling of a liquid
melt, whereas the presence of crystals poses a hindrance to glass formation. Hence,
the glass fabrication always requires bypassing of stable thermodynamic path. On
the other hand, it is also known that glassy materials can exist for centuries without
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undergoing substantial damage. It is generally accepted that both thermodynamics
and kinetics go hand in hand during glass formation. The concept of chemical or
thermodynamic stability of glassy materials can be understood with the help of a
potential energy diagram (Fig. 9.6). Red balls in Fig. 9.6 can be assumed as a
reference glass material. At position A, if the ball is pushed, it will roll down the
slope as shown above and settle at position B. Similar will be case for position C
and E. In all these three positions (peak), the ball will roll down the slope and settle
in a position with lower potential energy (valley). These peak positions (A, C, and
E) are thermodynamically called unstable state and any given perturbation leads to
change in the energy which is lowered by performing some reactions. Hence, it can
be concluded that any material present at elevated potential energy state will be
highly reactive. If the ball is at position D, considerable perturbation is required to
roll the ball upwards to cross the barrier C or E before it can finally rest. Position D
has the lowest potential energy in the above energy profile diagram, and hence, it is
difficult for the material being at this position to undergo chemical changes.
Position D is termed as the stable state for the reference material.

As the stable state of any liquid upon cooling is the crystalline solid state, glass,
which is a super-cooled liquid cannot be called as thermodynamically stable pro-
duct or thermodynamically controlled product. Assuming a scenario that the ball is
rolled from A with very high perturbation will lead to it resting finally at position D.
This is the case for all thermodynamically controlled chemical reactions. However,
if the reaction is quenched at rapid rate such that the ball cannot rise through barrier
C, it will limit its movement up to position B. This position B is called metastable
state where the ball is found to be temporarily stable unless the perturbation given
makes it crosspoint C. Limited perturbation given at position B can keep the ball
chemically unreactive for a long time. This is the condition where a liquid does not
convert into crystalline solid but remains stable for longer duration. Any solid
obtained at position B will not possess the properties of pure solid (position D) or
pure liquid (position A, C and E). It will possess some mixed properties of pure
solid and pure liquid, and it can correctly be termed as super-cooled liquid.

Fig. 9.6 Schematic of a
potential energy diagram for
understanding the concepts of
stability, instability, and
metastability
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Thermodynamically, this is termed as the glassy state where the material remains in
a metastable equilibrium with its surroundings without undergoing further degra-
dation (devitrification) into the crystalline solid state.

The major question here arises regarding the way to restrict chemical changes to
position B. Restriction at this position implies zero or negligible crystal formation
in the glass matrix. Formation of crystal in any melt occurs via two major steps
namely nucleation and crystal growth. Nucleation occurs when solute molecules
dispersed in solvent or melt gather in microscopic domains and arrange themselves
in definite geometry to form clusters. However, it needs to be noted that, these
cluster formations have to attain a particular size termed as the critical size to
become stable nuclei. Crystal growth is the subsequent increase in size or growth of
the nuclei after attainment of critical size. Fast cooling or quenching is hence
required during glass formation to inhibit nucleation stage within the liquid melt. In
nucleation events, a small number of unit cells combine with each other during
short timescales, termed as the nucleation time Tnuc. A larger Tnuc implies fluctu-
ations during nucleation stage do not allow the formation of crystals within glass
melt. This reasoning is applicable for formation of all types of glasses and is
irrespective of preparation methods.

Knowledge of thermodynamic and kinetic control parameters of glass formation
can help us in design of functional glasses. It may be noted that both aspects
mentioned above change with change in chemical composition and volume of the
glass melt. The variation in specific volume as a function of temperature is shown in
Fig. 9.7. On gradually lowering the temperature of a liquid, a linear decrease in
specific volume is observed till the freezing point (melting point or Tm). At Tm,
liquid can undergo either crystallization where liquid is converted to solid or
super-cooling in which the material remains in liquid state even below freezing
temperature. Crystallization of liquid melt is characterized by a sharp drop in
specific volume of the substance at Tm, whereas glass formation or super-cooling is
manifested by a gradual decrease in slope of the specific volume. The temperature
range over which variation in slope of the cooling curve occurs corresponds to glass
transition phenomenon and the onset of such change is the glass transition tem-
perature (Tg). For convenience, glass transition temperature is expressed as fictive
temperature (Tf) which is the temperature at the point of intersection of the
straight-line regions of cooling curves corresponding to the liquid and the glass.
Similar behavior is also observed if the specific volume V is replaced by other
thermodynamic parameters such as enthalpy (H) and entropy (S).

It should however be noted that the glass transition temperature is a function of
the rate of cooling of liquid melt. Faster or slower cooling of a melt leads to smaller
or larger area on the cooling curve in the super-cooled region. Accordingly, there is
an increase or decrease in the glass transition temperature. In other words, Tg of a
particular glassy material is not an intrinsic property. This is because when a melt is
quenched to form a glass, the different degrees of freedom undergo relaxation.
When the glass is heated, the different degrees of freedom start relaxing. Since the
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relaxation rates are different for different degrees of freedom, the Tg values depend
on the degree of freedom (property) which is monitored to determine the Tg. Glass
transition temperature (Tg) of any material is related to the cooling rate (q) by
Eq. 9.1:

q ¼ q0 exp �1=c 1=Tg�1=Tm
� �� � ð9:1Þ

where Tm the melting point, q0 and c are constants [19]. Experimentally, the
determined values of Tg are also not unique as it depends upon the heating or
cooling rates at which measurements are carried out. Hence, an independent
parameter Kg (which describes the tendency to form glass) has been derived by
Hruby [20] for characterizing glasses (Eq. 9.2).

Kg ¼ Tc � Tg
� �

= Tm � Tcð Þ ð9:2Þ

where Tg is glass transition temperature, Tm is melting temperature and Tc is
crystallization temperature. High (Tc − Tg) and low (Tm − Tc) value indicate high
Kg values which imply inhibition of nucleation and subsequent crystallization
within glass melt, thereby increasing the glass forming tendency of a melt.

Glass transition can also be defined in terms of viscosity of the melt. According
to this definition, at glass transition temperature, the viscosity of a melt liquid
attains a value of around 1013 poise. Near vicinity of glass transition, viscosity, or
the relaxation time suddenly becomes so large, and the equilibrium between thermal
state of any material and its surrounding is destroyed. This commonly occurs at
around two-third of Tm for most of the oxide glasses. Variation of viscosity of
glassy materials as a function of temperature can be explained according to either
Arrhenius relaxation law or Vogel-Fulcher law and are represented by Eqs. 9.3 and
9.4. Arrhenius relaxation law states that viscosity (as well as relaxation time)
undergoes exponential growth with decrease in temperature according to the rela-
tion (Eq. 9.3):

Fig. 9.7 Variation of specific
volume as a function of
temperature for a liquid melt
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g ¼ g0 exp A=Tð Þ ð9:3Þ

where η0 is constant and A is the activation energy for viscous flow of material.
The second equation of viscosity variation with temperature is Vogel-Fulcher, or

Vogel-Fulcher-Tammann-Hesse law (Eq. 9.4) according to which:

g ¼ g0 exp B= T � T0ð Þ½ � ð9:4Þ

where η0, B, and T0 are constants. Divergence in case of the second equation is
more than the Arrhenius law. This phenomenon is explained by defining a tem-
perature dependent activation energy A ¼ BT= T � T0ð Þ. For the last few decades,
glasses have been characterized based on the above-mentioned nature of temper-
ature dependence of glass transition process, namely strong glasses and fragile
glasses. The glasses which exhibit high viscosity above melting temperature are
termed as strong glasses and they are found to follow the Arrhenius relaxation law.
Consequently, glassy materials following Vogel-Fulcher relaxation law are termed
as fragile glasses as they exhibit low viscosity above melting temperature. It may be
noted that this classification is based upon the flow characteristics of the melt and
not on the mechanical properties of glass.

Thermodynamically, glass transition phenomenon is a second-order phase
transition and hence second derivative of the free energy with respect to temper-
ature, i.e., (∂2G/∂T2)p or Cp is discontinuous. Experimentally, it is observed that Cp
is discontinuous during glass transition. However, this simple model cannot explain
the change in Tg values depending on the thermal history of glass samples.

The phenomenon of glass transition is explained satisfactorily by free volume
theory. The basic assumption of this theory is that a glassy material is composed of
hard spheres and the total volume of glass is divided into two parts, namely the part
which is occupied by the hard spheres (Vocc) and the other part in which the hard
spheres or molecules are free to move (Vf). According to this theory, a glassy
material is defined as the one having Vf independent of temperature, whereas, for
liquids, both Vocc and Vf decrease and undergo redistribution with reduction in
temperature. Based on this theory, glass transition takes place when Vf decreases
below a critical value (Vfg). The fractional free volume (R) is related to the
expression (Eq. 9.5):

R ¼ Vfg=Vg ¼ Tg � DaT ð9:5Þ

where Vfg = free volume of glass
Vg = volume of glass
and DaT ¼ aT1 � aTg where aTl and aTg represent cubical expansion coefficients of
liquid and glass, respectively.

In general, it has been observed that for most of the glasses about 10% of the
total volume remains free at Tg. Free volume theory has been adapted for an
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extensive applicability by incorporation of percolation theory [21]. This theory has
extended the free volume theory by accounting for exchange of Vf between nearest
neighbors of liquid cells without any concurrent change in volumes of the solid
cells. Although many theories exist, the phenomenon of glass transition could not
be explained fully on the basis of any single theory, till today [22].

9.6 Kinetics of In Situ Crystallization

In situ crystallization of ceramic phase is a menace for glass formation. On the other
hand, nucleation and crystallization of desired phases are mandatory for preparation
of functional glass-ceramic materials. In view of this, the kinetics of in situ crys-
tallization within glass matrix becomes an important aspect for synthetic chemists.
A proper understanding of in situ crystallization becomes mandatory for design of
functional glasses and glass-ceramics. The in situ crystallization kinetics of any
glassy material can be understood based on time temperature transformation
(TTT) diagrams. The TTT diagrams or isothermal transformation diagrams (as they
are called) are plots of temperature versus time (either linear or logarithmic scale).
These diagrams are experimentally generated from evaluation of percentage of
phase transformation as a function of time. Experimental data at different temper-
atures are then plotted to yield TTT diagram. This plot is quite informative and
helps to understand the crystallization kinetics of glass melts.

Annealing of glass materials is generally carried out to improve their func-
tionality. It is well known that extent of diffusion in glasses becomes maximum near
the glass transition temperature. Hence, annealing glasses at temperatures very
close to the glass transition temperature reduces thermal stress generated due to fast
cooling or quenching. An important strategy for glass-ceramic preparation involves
both time and temperature optimization for crystallization of desired phase with
required extent of crystal growth as crystal size many times decides the function-
ality of synthesized material.

The above discussion helps us to realize the importance of annealing and time
temperature transformation diagram for developing functional glass or
glass-ceramic material. In simpler terms it is a plot of percentage composition of
both glassy and crystalline domains of any substance with variation of time. These
diagrams are valid only for a particular composition of glass melt. Variation in
composition of glass melt will definitely alter the TTT diagram. Let us understand
in simple terms, the interpretation of such diagram by using Fig. 9.8. It is already
discussed that above melting temperature (Tm), glass melt behaves as a pure liquid
and below glass transition temperature (Tg) it behaves as a pure glassy material.
Crystallization is not possible in a liquid or glass without undergoing any reaction.
Thus, it is clear that the chances of crystallization of discrete phases within glass
melt will be limited within the range from Tg to Tm. Experimental data obtained
from time variation in glass and crystalline domains are plotted within the range of
temperatures at which studies were carried out. (shown in purple color). According
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to this diagram, for glass formation, the cooling rate of glass melt should not pass
through the crystallization domain. Let us assume that the melt is cooled though
two different pathways A and B. The pathway A does not cross through the
crystalline domain and hence 100% glassy phase can be obtained by cooling at this
rate. If pathway B is followed, the formation certain extent of crystalline phases
within the formed glass is expected. The slowest cooling rate which helps in the
formation of glassy phase is termed as the critical cooling rate for that glass
composition. The critical cooling rate that is necessary for preparation of glass can
be obtained by drawing a tangent at the nose (Tn, tn) of the crystalline domain where
Tn is the temperature coordinate and tn the time coordinate of the nose respectively.
Mathematically, it is given by (Eq. 9.6):

dT=dtc ¼ Tm�Tnð Þ=tn ð9:6Þ

The TTT diagram can be utilized for the generation of functional glass-ceramics.
Knowledge of precipitation of varying amount of ceramic phase(s) in glass melt
with time variation can play a key role in the development of glass-ceramics with
tailor-made properties.

9.7 Structural Aspects of Glasses and Glass-Ceramics

Fundamental understanding of structural arrangements of atoms or molecules in any
material is of prime importance. This understanding guides researchers to fine-tune
physico-chemical properties of materials as well as to induce suitable functionality.

Fig. 9.8 Schematic plot of time temperature transformation (TTT) diagram. Arrows represent
variation of temperature of the melt under two different cooling rates
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This structural understanding becomes relatively easy for crystalline materials as
understanding of arrangement of unit cell is only adequate to gain an insight of
structural aspects throughout the material. However, as mentioned earlier, glasses
lack periodic arrangement of atoms or molecules over long range and hence
complete structural analysis of glasses or glass-ceramics is really challenging.
Generally, the nature of local or short-range order present in these materials is
investigated and the information is used to gain a thorough insight about the
extended structure. For example, crystalline quartz has regular arrangement of SiO4

tetrahedra, whereas vitreous silica exhibits randomly connected SiO4 tetrahedra
with order over the length scale of few angstroms. Extent of randomness, size of the
crystalline domain, effects of one domain upon the neighboring one, etc., are some
of the concerns which need to be answered by structural modeling of glassy system.
These challenging aspects need to be addressed while undertaking structural
analysis of glasses and glass-ceramics.

Structural studies on glasses can be mainly classified into two types depending
upon the length scales in which experimental studies are carried out. They are
namely (a) macroscopic structure and (b) microscopic structure. Structural studies
undertaken by diffraction of X-rays, neutrons, electrons, etc., are sensitive to the
variation of few angstroms (microscopic domain), whereas techniques such as
optical and scanning electron microscopy are useful for the detection of structural
in-homogeneities of the order of thousands of angstroms (macroscopic domain).
The microscopic structural domain has been again subdivided into medium-range
order involving a length scale of roughly 10–30 Å and a short-range order
involving a length scale of few angstroms. Detailed structural aspects of repre-
sentative systems obtained from different characterization techniques will be dis-
cussed in the following section.

9.8 Characterization Techniques

Functional glasses and glass-ceramics are generally characterized for their structural
aspects, thermo-physical properties, mechanical, optical, and chemical properties,
etc. In this section, we will focus on some of the important techniques used for the
characterization of glasses and glass-ceramics.

9.8.1 Structural Analysis

(a) Powder X-ray diffraction: Powder X-ray diffraction (XRD) is one of the most
commonly used technique to confirm formation of glassy phases. Since crys-
talline materials have long-range periodicity of atoms or group of atoms, they
are characterized by sharp peaks in the diffraction patterns (Fig. 9.9). Ceramic
components in glass-ceramic gives sharp peaks and these peaks are then
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matched with standard databases to garner information about the nature of
embedded crystalline phase. However, glassy samples are characterized by
single/multiple broad humps in their diffraction pattern indicating lack of
long-range order in the glass (Fig. 9.9).

A powder X-ray diffraction is essentially a plot of intensity as a function of 2h
values (Fig. 9.9). Since glassy materials have random atomic arrangement, there is
a considerable distribution in bond lengths and bond angles between the central
atom and neighboring atoms giving rise to a broadband of low intensity. However,
if a small amount of phase is crystallized within the glass melt, sharp peaks of high
intensity (as compared to glassy phase) are observed in the XRD pattern. This helps
to identify the nature of phases and also plausible reason for crystallization of
phases. In certain cases, the position of first diffraction peak gives idea about
medium-range order in glass and this information combined with theoretical sim-
ulations can give structural information on extended length scales.

(b) XAFS spectroscopy: X-ray absorption fine structure (XAFS) spectroscopy is
an important tool for understanding structural aspects of functional materials.
XAFS investigates the modulation of the probability of X-ray absorption at
energies in and around the binding energies of core electron of any given atom
present in any material. Modulation of X-ray absorption depends upon the
chemical environment of a particular atom over long or short range depending
upon the energies. X-ray absorption spectrum consists of three ranges: edge
region, X-ray absorption near edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS), as can be seen from Fig. 9.10. Value of
edge gives information regarding the oxidation state of investigated ion. Near
edge region (XANES) covering over 50–100 eV energy range around the edge

Fig. 9.9 X-ray diffraction patterns of representative glass and a glass-ceramic material
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gives information about the band structure, hybridization of molecular orbitals,
and extent of long-range order.

EXAFS comprises of Kronig structure, i.e., the oscillatory function spreading
over 100 eV past the absorption edge which gives us information about the local
structure, coordination number, nearest neighbor distance, and any disorder
prevalent in the sample. Compilation of the obtained data and proper processing
(beyond the scope of this chapter) is required to simulate the experimental data.
Structural models are then calculated comparing with standard (for crystalline
phase) or manual modeling (for glassy phase) and fitted with the experimentally
obtained and processed data to impart a complete knowledge of structure existing in
the sample.

(c) X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is one of the techniques based on X-rays which
can be used for understanding the short-range order around a particular atom/ion in
glass and glass-ceramics. In this technique, the material is irradiated with X-rays
having energy of few keV and the kinetic energy of the emitted electrons is
monitored. The process is schematically as shown in Fig. 9.11.

Once energy (hm) of X-ray is higher than the binding energy (BE) of electrons in
a particular level, electrons get ejected out. This ejected electron is called photo-
electron and kinetic energy (KE) of the photoelectron can be expressed by the
relation (Eq. 9.7)

KE ¼ hm� BEþ/ ð9:7Þ

Here, / is the work function, and the value of which can be obtained from
calibration of the machine. From the measured values of kinetic energy and /,
binding energy can be calculated which is related to the oxidation state of the
corresponding element and its coordination environment. For example, bridging

Fig. 9.10 Diagram showing
three regions of X-ray
absorption spectrum
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and non-bridging oxygen atoms present in borosilicate and phosphate glasses can
be easily distinguished from O1s XPS patterns. Presence of negative charge with
the non-bridging oxygen (NBO) atom leads to lower binding energies for O1s
electrons for NBO compared to BO. Wang and Zhang used XPS technique confirm
the network modifying and network forming action of Pb2+ in binary lead silicate
glasses as a function of composition [23].

(d) Vibration spectroscopic techniques: Infrared and Raman spectroscopic
techniques belong to the category of vibrational techniques and are extensively
used for the characterization of glasses and glass-ceramics. Vibration of groups
or bonds which involve change in the dipole moment results in absorption of
radiation and this forms the basis of IR spectroscopy. For molecules/bonds or a
group to be Raman active, there must be change in the polarisability ellipsoid
up on absorption of light. Vibrational spectra of glasses are analyzed by
assuming that there exists considerable distribution in bond angles and bond
lengths of different structural units constituting glass network/structure. Further,
the structural units present are capable of being vibrationally excited inde-
pendent of the surrounding amorphous matrix or other groups present in the
glass structure. Typical FTIR spectrum corresponding to borosilicate glass is
shown in Fig. 9.12. The pattern essentially consists of three peaks with maxima
around 1400, 996, and 464 cm−1. There is a shoulder peak around 700 cm−1

present along with the broad peak at 996 cm−1. Based on earlier studies [24], it
is clear that the peak at 1400 cm−1 is due to the vibration of BO3 structural
units. Corresponding vibration for BO4- structural units overlap with the
asymmetric stretching vibrations of Si–O–Si linkages, thereby appearing as a
broad asymmetric peak around 996 cm−1. Symmetric vibration of Si–O–Si
linkages appears around 700 cm−1 and the peak at 464 cm−1 arises due to the
bending modes of Si–O–Si linkages. All the peaks are broad indicating a
significant extent of disorder (distribution of bond lengths and bond angles)
existing in the glass sample.

As the composition of glass changes, all the above modes of vibration undergo
change. Weakening and strengthening of the bonds can be clearly seen from the
shift in absorption peak maximum and changes in the line shapes. Thus, FTIR
spectra can be used to identify and monitor the structural changes taking place with
variation in composition of glass samples.

Kine c Energy
Binding Energyh

Ejected electrons

Ioniza on limit

Fig. 9.11 Principle of XPS
technique. Shaded circles
represent electrons
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Raman spectroscopy: The technique also gives significant information
regarding short and medium-range order existing in glasses and glass-ceramics. In
this technique, atoms are excited by photon emitted from laser into a virtual state
(lifetime *10−15 s) which relaxes instantaneously to ground level. The emitted
photons may have higher frequency (anti Stoke) or lower frequency (Stoke) as
compared to the incident photon. The relative shift is termed as Raman shift which
provides information about vibrational, rotational, and certain other low frequency
transitions for group of atoms/structural units. Because of the presence of
short-range order in glasses, vibrations in a glass are limited to a localized domain
unlike in crystalline materials. Many structural groups present in silicate, phosphate,
and borate glasses are Raman active. For example, a representative Raman spec-
trum of PbO–P2O5 glass containing equimolar amounts PbO and P2O5 is shown in
Fig. 9.13. The pattern is characterized by sharp peaks around 1150 and 687 cm−1.
The peak at 1150 cm−1 is more intense with shoulder peaks placed around 1210
and 1060 cm−1. The intense peaks around 1150 cm−1 are arising due to the sym-
metric stretching vibrations of Q2 structural units of P (P structural units with 2
bridging oxygen atoms).25,26 The corresponding asymmetric stretching mode is less
Raman active (more IR active) and give rise to a shoulder peak around 1210 cm−1.
The other shoulder peak around 1060 cm−1 is arising due to pyro-phosphate type of
structural units (P2O7

2−) present in the glass. P–O–P bridges present in the glass are
characterized by a peak around 687 cm−1 [25, 26].

In addition to this, Raman spectrum can also give information regarding the
medium-range order existing in glass. For example, the presence of boroxol ring in
many borate-based glasses is unequivocally confirmed by the observation of Raman
peak around 808 cm−1. Recently, Yadav et al. [27] have reviewed Raman studies
on a variety of oxide-based glasses.

It may be noted that a complete correlation of theory and experimental data
becomes necessary to fully understand and visualize the structural features of a
glassy material. Another approach followed by researchers worldwide is calculation
of Raman spectra of simple glass samples based on modeling such as molecular
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dynamics or reverse Monte Carlo simulations followed by comparison of the same
with the experimentally obtained data. This approach helps to gain information
about both short and even intermediate-range order existing in the glass and shall
enable researches for establishing structure property correlations.

(e) Solid-state NMR technique: Solid-state nuclear magnetic resonance
(NMR) is an important tool for detailed characterization of structural units
present in glasses and glass-ceramics. Contrary to solution NMR, where
sharp lines are observed, NMR line shapes of solids are characterized by
broad lines due to anisotropic and orientation-dependent interactions present
in solids. Unlike in solutions, these interactions do not get averaged out in
the solid state. Advent of newer technologies has now enabled researchers to
average these interactions to a very small value leading to relatively sharp
NMR lines from solids [28, 29]. Alternatively, broad lines observed from
solids contain detailed information regarding the anisotropic interactions
existing in solids or glass. The internal interactions existing in glass or in the
solid state can be classified into three categories, namely (a) magnetic
interaction of the nucleus with the surrounding electron cloud (chemical shift
interaction) (b) magnetic dipole –dipole interaction among nuclei, and
(c) interaction between electric quadrupole moment (for nuclei having spin, I
greater than or equal to 1) and the surrounding electric field gradient. These
interactions are briefly described below.

(i) Chemical shift interaction: Chemical shift arises because of the effective
magnetic field felt around a nucleus and is brought about by the polarization
of electron cloud around the nucleus caused by the applied magnetic field.
This interaction is sensitive to the configuration of valence electrons, which
is governed by the nature of chemical bonding. The interaction is represented
by a second rank tensor and can be diagonalized for specific principal axis
system with components r11, r22 and r33. For nucleus with axial symmetry,
the precession frequency (xp) of nuclei can be expressed by the relation
(Eq. 9.8)
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xpðhÞ ¼ cB0½1� riso � Drð3 cos2 h� 1Þ=3� ð9:8Þ

Where xp(h) represents the orientation of principal axis with respect to the
applied magnetic field direction, riso = 1/3(r11 + r22 + r33), Dr = r33 −
r11. The symbols c and B0 are the gyro-magnetic ratio and strength of
applied magnetic field respectively. It may be noted that when h = 54.7°,
(3 cos2h − 1) becomes zero and dependence of chemical shift anisotropy
term on Larmor frequency gets averaged out to a small value.

(ii) Magnetic dipole-dipole interaction: In this type of interaction, the magnetic
moment of one nucleus interacts with the magnetic moment of the other
(neighboring nucleus). The nuclei can be either same (homonuclear dipolar
interaction) or different (heteronuclear dipolar interaction). The Hamilton
corresponding to dipole-dipole interaction is also having an angular depen-
dence of (3 cos2h − 1), where h is angle between the inter-nuclear distance
vector and applied magnetic field. Hence, this interaction also gets averaged
out when inter-nuclear bond vector is having an angle 54.7° with the applied
magnetic field.

(iii) Nuclear-quadrupole interaction: Nuclei which are having spin value I > ½
are known as quadrupole nuclei and charge distribution within the nucleus is
asymmetric in nature. This results in nuclear electric quadrupole moment,
which is represented as eQ where “e” is the charge and Q is the
nuclear-quadrupole moment. Interaction of nuclear-quadrupole moment with
the surrounding electric field gradient (EFG) leads to broadening of NMR
line shapes. Hamiltonian corresponding to quadrupolar interaction consists
of both first and second-order terms. The former is having an angular
dependence of 3 cos2h − 1, whereas the latter is having a complex angular
dependence. Therefore, the quadrupolar interaction get only partially aver-
aged out when inter-nuclear vector is at an angle 54.7° with the direction of
applied magnetic field.

From the above discussion, it is clear all the three types of interactions are
having an angular term of 3 cos2h − 1. Hence, by keeping the sample at an angle of
54.7° with respect to the applied magnetic field, the above-mentioned interaction
can be minimized leading to narrowing of NMR line shapes. This aspect is dis-
cussed further in detail in the following section.

(f) Magic angle spinning nuclear magnetic resonance (MAS NMR) technique.
The simplest and most popular experimental method for getting high-resolution
NMR patterns from solids is MAS NMR technique discovered by Andrew and
Lowe [30, 31]. The technique involves rotating the samples at high spinning
speeds at an angle of 54.7° with respect to the applied magnetic field. At
sufficiently fast spinning speeds, all the interaction vectors get aligned along a
direction which is 54.7° with respect to the applied magnetic field. Under this
condition, as mentioned above, the angular term 3 cos2h − 1 becomes very

9 Synthesis Strategy for Functional Glasses and Glass-Ceramics 257



small resulting in sharp NMR peaks. This is schematically as shown in
Fig. 9.14.

There are many other experimental strategies to reduce or simplify the line
width/shape of solid-state NMR patterns, details of which are reported elsewhere
[29].

NMR parameters
In a typical NMR experiment, the important information that can be obtained

directly from the spectrum are the chemical shift and coupling constants. Chemical
shift is expressed by the following relation (Eq. 9.9):

d ¼ ðx� x0Þ
x0

� 106 ð9:9Þ

Where x and x0 represent resonance frequency of the nuclei in the sample and
in reference respectively. Values of d are independent of the applied magnetic field
and can be used to monitor the structural changes taking place around a particular
nucleus. Parameters like dipolar and quadrupolar coupling constants can be
obtained by fitting the NMR line shapes obtained under static conditions so that the
interactions are not averaged out.

MAS NMR studies on representative glasses and glass-ceramics
As mentioned earlier, unlike crystals, glasses do not have long-range ordering

and there is distribution in bond length and bond angles around different ions/atoms
constituting the glass. As a result of this, 29Si MAS NMR pattern of silica glass is
characterized by a broad peak, whereas crystalline sample of silica (quartz) is
characterized by a sharp peak around −109 ppm. Corresponding 29Si MAS NMR
patterns are shown in Fig. 9.15a, b.

It may be noted that although both silica glass and quartz crystal contain Q4

structural units of silicon (silicon structural units with 4 bridging oxygen atoms),
there is significant distortion around Si structural units in silica glass. This results in
broad peak in the corresponding 29Si MAS NMR pattern (Fig. 9.15a). Quartz
powder is highly crystalline as revealed by the XRD pattern and there exists perfect
ordering around Si structural units in quarts, resulting in sharp 29Si MAS NMR
peak (Fig. 9.15b).

B0

54.7°

Magic angle

Rotor

Fig. 9.14 Schematic
representation of MAS NMR
technique
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Silicate-based glasses

Single component silica glass forms only at high temperatures due to the high
melting point of silica. However, with the addition of Na2O, PbO, etc., the melting
temperatures drastically reduces. A representative 29Si MAS NMR pattern of binary
sodium silicate glass containing around 24% sodium oxide is shown in Fig. 9.16a.
The pattern is mainly characterized by a broad asymmetric peak which can be
de-convoluted into two peaks around −108 and −99 ppm. Based on earlier 29Si
MAS NMR studies, peaks around −108 and −99 ppm are attributed to Q4 and Q3

structural units of silicon [32]. Here, Q4 represents silicon structural units having 4
bridging oxygen atoms and Q3 represents silicon structural units having 3 bridging
oxygen atoms. These structural units are schematically as shown in Fig. 9.16b, c.

Borosilicate glasses

Although binary silicate glasses are ideal candidates for understanding the structural
aspects, such glasses have minimum technological applications. Borosilicate
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Fig. 9.15 29Si MAS NMR patterns of pure silica glass (a) and quartz crystals (b). Spinning speed
was 10 kHz
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Fig. 9.16 29Si MAS NMR pattern (a) for sodium silicate glass containing around 25% Na2O. The
structural units Q3 and Q4 are schematically as shown in Fig. 9.16 (b and c) respectively
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glasses have a wide range of applications because of its improved physico-chemical
as well as thermo-physical properties. 11B MAS NMR is an ideal technique to
monitor structural units present in such glass samples. Although boron exists in a
variety of structural forms/units, BO3 and BO4 are the main structural units in
borosilicate glasses. Due to higher symmetry of BO4 structural units compared to
BO3 units, the former gives rise to sharp peak and the latter is characterized by a
broad peak. A representative 11B MAS NMR pattern of sodium borosilicate glass
containing both BO3 and BO4 structural units is shown below (Fig. 9.17) [33].

In the case of glass-ceramics, in addition to the broad peak due to glassy phase,
sharp peaks characteristic of crystalline phase is also observed in the 29Si
MAS NMR patterns. Figure 9.18 shows the 29Si MAS NMR patterns of magne-
sium aluminosilicate (MAS) glass-ceramics prepared by addition of around 8 mol%
Al2O3. In this glass-ceramics, a fluoro-aluminosilicate phase, namely potassium
fluorophlogopite phase is formed, which is having a tile-like structure and is
responsible for the machine-able characteristics of the material. The potassium
fluorophlogopite phase consists of five different silicon structural units and is
characterized by 5 sharp peaks in 29Si MAS NMR pattern. These peaks are
superimposed over a broad peak due to the residual glassy phase. Relative con-
centration of the crystalline phase increases with increase in Al2O3 content in the
glass-ceramics [34].

In the recent past number of NMR techniques have been reported which include
variable angle spinning NMR, double rotation NMR, multiple quantum
MAS NMR, etc.,29 which gives valuable information regarding the short and
medium-range order in glasses and glass-ceramics.

9.8.2 Thermo-Physical Analysis

(a) Differential thermal analysis (DTA): DTA technique revolves around the
simultaneous heating and cooling of a standard (reference) sample and sample
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Fig. 9.17 Representative 11B MAS NMR pattern of sodium borosilicate glass with composition
(SiO2)0.42(B2O3)0.21(Na2O)0.22(BaO)0.15. Spinning speed is 10 kHz
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of interest under identical time span. Endothermic or exothermic reactions in
the sample material due to absorption or evolution of heat lead to a decrease or
increase in temperature, respectively, compared to the standard, which is
chosen in such a manner that any sort of thermal event remains absent under
experimental conditions. The temperature difference or DT is then plotted as a
function of time or temperature in a DTA plot. As the change in enthalpy is
responsible for a change in temperature, DH can also be plotted against tem-
perature in a DTA plot. The major phenomena that can be observed from DTA
plots of glasses and glass-ceramics are glass transition temperature character-
ized by weak and broad endothermic peak, crystallization of a phase charac-
terized by sharp exothermic peak, and melting of residual glass (sometimes
crystal) characterized by an endothermic peak. Generally, graphite, alumina,
silica, nickel, or platinum crucibles are used for DTA measurements depending
upon the temperature range and nature of the material. Disc-shaped thermo-
couples are used conveniently in DTA to provide optimum thermal contact with
bottom of the sample and standard holder material. The only concern for a new
experimenter is the choice of suitable heating rate for performing DTA
experiments for glassy materials as very fast heating rate leads to overlap of
more than one signal, whereas slow heating rate may result in submerged
signal. Generally, a heating rate of 10 K min−1 is the optimum rate for
observing glass transition temperature in borosilicate glasses.

(b) Differential scanning calorimetry (DSC): DSC technique provides informa-
tion similar to that of DTA technique. However, DSC is more quantitative
mode of measurement as compared to DTA. The main reason for this is that
temperature control of the sample and reference pans are more accurate in DSC
as compared to DTA. The importance of DSC lies in the fact that it can measure
enthalpy change quite accurately during any phase transition occurring with the
sample. DSC is mainly of two types: temperature compensated DSC and
modulated temperature power compensated DSC. In temperature compensated
DSC, during any endothermic event sample is provided with increased heat
flow to neutralize the temperature lag, whereas heat is given to the standard for

-40 -60 -80 -100 -120 -140
Chemical Shift (ppm)

Fig. 9.18 29Si MAS NMR
patterns of magnesium
aluminosilicate
glass-ceramics prepared by
adding 8 mol% Al2O3. The
spinning speed was 5 kHz

9 Synthesis Strategy for Functional Glasses and Glass-Ceramics 261



any exothermic event. This principle allows for the calculation of heat flow in
or heat flow out as a function of temperature leading to the quantification of the
net heat associated with physical or chemical process. In spite of this logic
being attractive, users are presently shifting to the newer modulated tempera-
ture power compensated DSC. Power compensated DSC uses two independent
micro furnaces for heating the sample and standard separately. Initially, the
temperature of both the sample and standard are kept at the same value through
independent heating. During an endothermic process, power is increased in the
furnace corresponding to the sample pan to neutralize the temperature differ-
ence, and the increase in power is measured. The procedure is reversed for an
exothermic process. Thus, here, the primary signal for calculation of thermal
event is the adjusted power which gives us the enthalpy changes involved in the
process. The major advantages of this technique are the rapid process of heating
or cooling and better resolution for any thermal events.

(c) Thermomechanical analysis (TMA): TMA technique is used for the estima-
tion of coefficient of thermal expansion, dilatometric softening, glass transition
temperature, etc. In this method, sample is placed on a holder with a push rod
assembly and heated at a constant rate over a particular temperature range in a
dilatometer. Expansion of the glass or glass-ceramic sample exerts a force on
the push rod as a result of which the push rod starts moving upward. The
movement of push rod associated with a scale accounts for the total expansion
of the solid sample. However, care is taken to subtract the expansion of the
dilatometer assembly itself with temperature. The coefficient of thermal
expansion can be calculated based on the equation given below (Eq. 9.10).

aL ¼ @L=@Tð Þ=L ð9:10Þ

where aL is the coefficient of thermal expansion,
L is the length of the test sample and T is the temperature.

Upon attaining glass transition temperature, test material becomes soft and hence
the slope of the curve increases nonlinearly. The temperature at which the onset of
nonlinearity is taking place is generally considered as the glass transition temper-
ature. More scientifically, one can say that slope of the curve increases drastically
by almost three to four times post glass transition because of softening. The
intersection points of the tangents drawn from both these domains are considered as
the glass transition temperature. Upon heating above the glass transition tempera-
ture, decrease in length of the sample is observed. This is attributed to the softening
of glass and subsequent dip of push rod assembly into softened glass which is
having lower viscosity. The temperature which marks the onset of the negative
expansion of the glass sample is termed as the dilatometric softening temperature.

(d) Micro-hardness characterization: Hardness of any material is defined as its
resistance to permanent deformation by any induced force. Hardness is
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measured for bulk samples by Vickers indentation technique and for thin films
by Knoop indenter method. In the Vickers method, a diamond indenter is
placed over the surface of a glassy material. Suitable loads are applied on the
surface of glass through the indenter till an impression or deformation mark is
created on the surface. Typical deformation area or area having dents (im-
pressions) is observed under optical microscope, and the hardness is calculated
based on the following formula (Eq. 9.11):

H ¼ F=Ap ð9:11Þ

where H is the hardness of the material,
F is the applied load, and Ap is the projected deformed surface area.
Upon performing the experiments with a Vicker pyramidal indenter, the formula

is modified to Eq. 9.12,

H � 1:8544F=d2 ð9:12Þ

where d is the average length of the diagonal and F is the force applied to the
diamond indenter. It must however be noted that based on hardness values, glasses
can be classified as normal and anomalous glasses. Normal glasses exhibit flow
behavior upon indentation, whereas anomalous glasses exhibit densification. Flow
behavior occurs when the pressure applied by diamond indenter becomes sufficient
to lower the viscosity of glass up to a certain depth from the glass surface and the
material flows [25]. In contrast, the presence of heteroatoms as network modifiers
within the glass network inhibits mobility, induces twisting and bending of bonds
thereby resulting in densification of glassy structure. Another phenomenon
observed is recovery of dent marks in glasses upon sufficient heating.

In the following section, brief description is given regarding applications of
glasses and ceramics.

9.9 Application of Glasses and Glass-Ceramics

Glasses and glass-ceramics are extensively used in various technological applica-
tions ranging from domestic household materials to materials for nuclear waste
immobilization. Although people started making glasses as early as 1500 BC, the
extensive use of glass for modern technology was realized in the last century. As we
are living in an age of high-speed communication, glass fibers are the obvious
material of choice for the above applications. It is necessary that the phonon energy
of the glass must be quite low to get optimum luminescence efficiency from lan-
thanide ions. Erbium-doped fiber amplifiers are extensively used for 1.5 lm win-
dow of telecommunication. Such fibers are made by doping lanthanide ions like
Er3+ in glass and drawing the glass into fibers at higher temperatures. The major
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problem observed in the fabrication of efficient lanthanide ions doped fiber
amplifiers is the clustering of lanthanide ions and associated reduction in the extent
of luminescence. One way to circumvent this problem is to dope lanthanide ions in
suitable host with nanosize dimensions prior to its incorporation in glasses.

Another important application of glass is for their use in glass to metal seals. Our
earlier studies have demonstrated that lead silicate glasses with SiO2 to PbO ratio
6.9 and containing different amounts of alkali and alkaline earth metal oxides are
potential candidates for making compression type glass to metal seals. These
glasses have got wide application as feed through materials for various pipelines of
plants and holder of bulbs. Photograph of typical glass to metal seal used as feed
through material is shown in Fig. 9.19a. In addition to this, glasses are extensively
used in nuclear technology for immobilization of high-level nuclear waste. For
example, detailed studies on physico-chemical properties of barium borosilicate and
sodium borosilicate glasses confirmed that the former is a better candidate for
immobilization of nuclear waste to be generated from the proposed advanced heavy
water reactors (AHWR). Fabrication of glass-based nuclear waste matrices and their
property validation is important for catering the needs of nuclear waste immobi-
lization technology [35, 36].

Glass-ceramics, on the other hand, possesses both the properties of glass and
ceramics and they have wide applications catering to the modern needs. Research
on glass-ceramics led to the development of products with minimal thermal
expansion between room temperature to around 700 °C range. Earlier reports [37,
38] suggest that glass-ceramics-based b-spodumene solid solution and b-quartz
solid solution can be obtained with low or even negative thermal expansion
(shrinkage type of glass phases). Apart from these materials, glass-ceramics-based
on b-eucryptite (LiAlSiO4), Cr-doped mullite (Al6Si2O10), lithium metasilicate
(Li2SiO3), etc., developed by Corning Incorporated, USA, are worthwhile to
mention as they are used in optical applications in glass fiber-based telecommu-
nication technology [39]. These materials made path breaking developments and

(a) (b)

Nut & Bolt

Fig. 9.19 Photographs of (a) compression type glass to metal seals (b) bolt and nut fabricated
from MAS glass-ceramics
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gave several epoch making technologies which revolutionized the communication
technology. Reports [40, 41] are also there regarding development of spinel-based
transparent glass-ceramic materials with embedded TiO2 precipitate for production
of photovoltaic substrates. Phosphate-based glass-ceramics have been found to be
promising in the field of bone replacement and artificial and restorative dentistry
[42, 43]. As glass-ceramics have properties of both glasses and ceramics, they are
very widely used for making machine-able glass-ceramics. Magnesium alumi-
nosilicate glass when subjected to programmed crystallization with addition of
Al2O3 leads to glass-ceramics with machine-able properties. A variety of tools can
be made by adjusting the Al2O3 content and temperature programming.
A photograph of nut and bolt fabricated from the machine-able glass-ceramics is
shown in Fig. 9.19b.

9.10 Summary

Different aspects of glasses namely synthesis, characterization, properties, etc., are
discussed in this chapter. Thermodynamic and kinetic aspects of glass formation are
explained in detail to understand the factors that are responsible for glass formation.
Conversion of glass to glass-ceramics to achieve both the advantages of glasses and
ceramics in the same material and widen the scope of such materials for different
applications have been discussed in detail. Representative applications of glasses
and glass-ceramics, mentioned at the end of the chapter, clearly establish the
importance of carrying out extensive research and development work in this area.
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Chapter 10
Synthesis of Materials by Ion Exchange
Process: A Mild Yet Very Versatile Tool

V. Grover

Abstract The technological advances of the society have been intricately related to
development of novel and improvised materials and methodologies. Conventional
synthesis routes involving higher temperatures and longer reaction duration tend to
yield the thermodynamically stable products that have the limitation on introducing
newer functionalities. The synthesis of the materials with desired properties requires
novel routes that can take place at milder conditions. Synthesis by ion-exchange is
one such low temperature preparative route that can be utilised to design rational
synthesis to obtain materials with desired structures and morphologies. It has
become a technique of choice to synthesize novel three dimensional layered
structures that possess exchangeable cations. It has been used to synthesize
nano-materials, not just de novo, but also as a post-synthetic procedure to obtain
hitherto inaccessible phases and complex hetero-structures. These have various
applications as next generation catalysts, electrical, optical, opto-electronic and
magnetic materials. Understanding of mechanism of ion exchange synthesis process
would also aid in better fundamental understanding and would ultimately help in
planning, control and execution of the synthesis processes in systematic and a
logical manner. The chapter discusses the history, fundamentals and applications of
“preparation of materials by ion exchange synthesis” with relevant examples.
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10.1 Introduction

In the modern world that is continually growing, there is always an unending quest
for newer functional materials for various advanced technological applications. The
synthesis or the preparation of materials lies at the core of improvising existing
materials/technologies and inventing newer ones. Synthesis of inorganic solids in
the desired phase and to the specifications has always been a very challenging and
rewarding task for materials scientists. Designing inorganic materials involve a
thorough knowledge of many factors such as structures, stabilities, reaction
mechanism, and properties. There is no doubt that today, a wealth of knowledge is
available in this context, however planning a synthesis and choosing appropriate
synthetic methods to achieve a material with desired structure and properties is no
easy task. A wide range of synthesis methods are today available in the toolkit of
synthetic material chemists which are well documented in this book and elsewhere.
These include ceramic solid-state synthesis, gel combustion, ultrasonication,
microwave synthesis, and even the higher-end methods including Laser-based
synthesis, to name a few. Each method has its own features which enable the
experimenter to choose one among them depending on the desired end product.
Synthesis of materials by ion exchange is an ambient conditions synthesis process.
The ion exchange product effectively depends on various thermodynamics and
kinetic parameters, understanding of which aids in better fundamental under-
standing of the processes that are involved. The nature of reaction during an
ion-exchange process can be defined as a non-equilibrium process that is pre-
dominantly kinetically driven, and this factor can be controlled and tailored to yield
desired products which might be difficult to obtain otherwise.

10.1.1 History of Ion Exchange Process

Ion exchange, as a process, has been well known to chemists for its applications in
ion-exchange chromatography and also for its usefulness in separating various
components/elements from a mixture. The concept behind this process has also
been used by material scientists for obtaining novel materials for its versatility,
procedural ease, and ability to yield hitherto unknown phases. Ion exchange is
defined as the reaction in which the exchangeable or the free mobile ions of one
solid can be exchanged for different ions with different materials which could be
soild, liquid, or gas. The ions that are being exchanged may have similar or different
charges. Structurally, to facilitate the exchange, the exchanger must have relatively
open network structure that should be able to carry the ions and allow them to pass
through it. Both natural and synthetic ion exchangers are, which could either
organic or inorganic, and are used for various applications.
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The major industrial application of ion exchange in the treatment of water. The
calcium and magnesium ions present in water are responsible for its hardness that
form insoluble precipitates with soap. The hard water is softened by exchanging
these ions with sodium ions by passing through cation exchanger containing
sodium ions. Earlier natural aluminosilicates were used for this purpose but are now
replaced by synthetic resins. Ion exchange process can be used to separate lan-
thanide ions, which are usually difficult to separate by other separation processes.
Other areas where ion exchange is widely used are separation of amino acids,
separation of metal ions, removal of trace elements from potable sea water, etc.

Such an important and technically useful process has equally interesting his-
torical references attached to it. The usage of ion exchange has been first reported in
the Old Testament of the Holy Bible which mentions that Moses could obtain
potable water from the brackish water. This could have been made possible by
removal of salt-bearing minerals that contain sodium, magnesium, and calcium by
ion exchange [1]. Then about a thousand years later, it was explained by Aristotle in
Aristotle’s Problematica that when sea water is passed through certain sand, it loses
its salt content [1]. However, the understanding behind this process was lacking as
Aristotle assigned this to differences in densities of salt water and fresh water. Even
the scientist credited with the concepts of ions and ionic compounds, Jons
Berzelius, observed that the solutions of common salt, when passed through sand
was free from saline impregnation after the first pass, could not identify the
mechanism. The agricultural chemists H.S. Thompson and J. Thomas Way [2, 3]
are generally credited with the discovery of the process of ion exchange. Based on
their experiments they came up with a reasonably accurate description of the
process. Some of their observations were that ion exchange process sis definitely
different from the adsorption and also exchange of some ions was more facile than
others [2–4]. The materials responsible for this phenomenon were recognized later
on chiefly (by Lemberg and later by Wiegner) such as clay glauconites, humic acid,
and zeolites. Their discovery was later on utilised by many geochemists, but the
actual application was by Gans for industrial water softening using natural and
synthetic aluminium silicates [5]. The first analytical application of this process was
for the separation of ammonium ions from urine by Folin and Bell in 1917 [6]. The
ultimate revolution came after Adam and Holmes discovered that ion-exchange
characteristics of crushed phonographs and that prompted the synthesis of first
organic ion exchanger [7]. They were synthesized by reaction of formaldehyde with
phenol or its derivatives [7] and exhibited stable ion exchange as compared to any
other known exchangers. These synthetic ion exchangers played a very significant
role in “Manhattan Project” [8]. The discovery of Promethium (Z = 61) has in fact
been attributed to the process ion exchange [9]. The resins developed by Adams and
Holmes were further researched and improvised by companies in various countries
such as Germany, U.S.A, and England after the World War-II. “Ion exchange
chromatography” thus emerged out to be an important manifestation of the ion
exchange process. In labs, ion exchangers are used as an aid in analytical and
preparation chemistry. The aim of scientific research with ion exchange membranes
extend far into physiological chemistry, biochemistry, and biophysics. However,

10 Synthesis of Materials by Ion Exchange Process: A Mild Yet … 269



the most widely used application is still the purification and also demineralization
of water which has been a perennial challenge since Moses and Aristotle, and a task
that has been made more compelling by the growth of population and industries.

10.2 Physico-Chemical Description of Ion-Exchange
Process

The ion exchange reaction occurs when the exchanger is placed in a solution
containing a counter-ion, which is different from the ion present in the exchanger
[10]. By definition, ion exchange reactions are reversible and are completed when
the equilibrium state is achieved. There may be partial or complete exchange of
counter-ions during the ion exchange reaction. If the material (the ion exchanger)
does not possess a very strong preference to one of the exchanged ions, then both
the ions shall be present in both phases in the equilibrium state. This also implies
that a relatively stronger affinity to a particular ion will result in complete removal
from one of the phases [10]. The same is expected, if solution has much higher
concentration of one ion than the other ion. The equilibrium distribution of ions
between the solid material and the solution is also the measure of selectivity
exhibited by the ion exchanger. Fig. 10.1 shows the schematics of an ion exchange
process.

The process of ion exchange in aqueous medium has been extensively under-
stood in context of classical exchangers such as zeolites, hydrous oxides, mica, etc.
The ease and existence of ion exchange in these materials have been understood on
the basis of presence of channels, cages that are interconnected, and layers that can
accommodate ions. Some of these are “slow” ion exchangers but are more elective
whereas others are fast exchangers but are consequently less selective. The hydrous
oxides and poorly cross-linked sulfonic acid resins belong to latter category, while

Fig. 10.1 Schematics of ion-exchange process
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cross-linked zeolites may allow for selective ion-exchange and belong to former
category. The ion transport in “faster” ion exchange materials may be akin to
movement in aqueous solution while in “slower” exchange materials is more like
ions hopping to vacant sites through anion-bound “restrictive” sites.

The substitution of ions in a solid with those present in the solution in its contact
is a widely used strategy employed for modification of the composition and the
properties of the materials. Ion substitution reactions have been actually responsible
for various re-equilibration processes like those occurring in rocks [11], and also the
displacement reactions in metal oxides [12].

The fact that a set of ions can be exchanged in a solid has been very nicely
adopted by synthetic chemists for the synthesis of the materials which cannot be
easily obtained by other synthetic routes. In this synthesis, the ion exchanger acts as
one of the reactants. An example of ion exchange synthesis of more technological
relevance is the processing of thin-film semiconductors [13]. A broad range of
structures have been obtained via ion exchange of thin-film semiconductors
materials for applications in optical waveguides, alloys for infrared photo detectors,
etc [13]. The cation exchange procedure is, in general, simple though the anion
exchange reactions have also been demonstrated [14–16]. However, in case of
anion exchange reactions, the anions have relatively larger size and as the result the
lower diffusivity. This leads to sluggish reaction kinetics that yields poorer mor-
phology retention and as the result, often, hollow nanostructures are obtained.
Cation exchange reactions, on the other hand, are simple, exhibit rapid reaction
rates, and are capable of excellent morphology retention. This makes it an extre-
mely attractive synthetic route to materials scientists.

10.3 Thermodynamics and Kinetics Concept of Ion
Exchange

The products obtained from ion exchange synthesis are dictated by two primary
factors: thermodynamics and kinetic [17]. While the thermodynamic parameters
suggest the feasibility and spontaneity of the ion exchange, the kinetic parameters
throw light on the mechanistic pathways of the process. In context of this, it is
worthwhile here to discuss the implications as well as significance of both ther-
modynamic and kinetic factors.

Consider an arbitrary ion exchange reaction between two binary solids:

AXþBþ ! BXþAþ ð10:1Þ

where A and B are the exchangeable species.
This can be split into four reactions:
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AX ! AþX ð10:2Þ

A ! Aþ þ e� ð10:3Þ

Bþ þ e� ! B ð10:4Þ

XþB ! BX ð10:5Þ

The energy terms involved in Eqs. (10.2) and (10.5) involve crystal energies that
comprise of lattice energies and surface energies [18]. Equations (10.3) and (10.4)
describe the solvation and desolvation energies of the corresponding cations. This
shows that the energy balance of an exchange process is dictated by the ease of
dissociation of the exchangeable cation from the parent host lattice and association
of the incoming ion and its subsequent desolvation. The stronger solvation of
outgoing cation compared to incoming cation, favours the progress of desired
reaction. The fact that strain and dislocation energies of the reactant and the product
phases also influence the thermodynamics and kinetics of the ion exchange reaction
makes the topotactic exchange reactions more favourable than the non-topotactic
reactions. For the uninitiated, topotactic reactions are those where the product
lattice is related to the reactant lattice structure. Hence ultimately, the energetics and
the thermodynamics of the cation exchange process is the sum-balance of lattice
energy, solvation energy, interfacial energy, dislocation energy, and dissociation
energy [18]. This gives an idea about not just the feasibility of the exchange process
but also about the nature of end products e.g. whether the reaction shall yield solid
solution or completely exchanged products. This shall depend upon the interfacial
energies and also the solubility limits of the two phases into each other.

The knowledge about relative energy terms can be helpful in designing the
synthesis. e.g. in a mutual exchange of a monovalent and divalent ions viz. M+ and
M2+, the preferential solvation of divalent ion would control the outcome. In case of
isovalent exchange, M1+ and M2+, the lattice energies and mutual solubilities
would be more important factor as compared to the solvation energy. For the cases
where the energy terms do not differ much, the reaction is driven by law of mass
action and can be appropriately designed.

It must be noted, that the exchange reactions carried out under ambient condi-
tions are seldom thermodynamically driven. In such cases, the kinetic factors
assume a lot of significance. They depend significantly on the activation energy of
each step (the sub-reactions mentioned earlier). Their activation energies are cor-
related since the product of one is the reactant for the other, and hence they must
occur in a concerted manner. The exchange reactions have been described as
possessing the “reaction zone”. It is the zone where dissolution and re-precipitation
occur together and simultaneously over a small length scale. This reaction zone is
actually kind of a link that allows communication between the reactant and the
product phase and thus helps in passing on and retention of the crystallographic
information from parent phase to product phase [11]. The reaction zone is highly
influenced by vacancies, dislocations, and interstitial diffusion, and these manifest
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in the crystal phase as well as morphology, porosity, etc. of the product. In case of
bulk solids, the ion exchange may occur over hours sometimes days and may
require elevated temperatures. This has some repercussion in terms of the product
obtained which shall be discussed in the section dealing with ion exchange for
nano-materials.

10.4 Utilizing Ion Exchange Reactions as Synthesis
Process

Synthesis using ion exchange technique can be utilised in two modalities.

10.4.1 By Providing a Heterogeneous Medium Wherein
the Desired Product Can Be Easily Separated
in a One Pot-Synthesis from by-Products Without
Much Reaction Work-Up

To explain this modality, let us consider the synthesis of a product X1Y2 from the
reagents X1Y1 and X2Y2. The reaction can be represented as:

X1Y1þX2Y2 ! X1Y2þX2Y1

Now, if the reaction is made to happen in a homogeneous media, it is not much
useful as a synthetic route. All the four ionic species could be present in ionic/
non-ionised form and the solution would contain the ions X1+, X2+, Y1−, Y2− and
the possible products X1Y1, X2Y2, X1Y2 and X2Y1. One of the products needs to
be removed by some process such as precipitation or chromatography that makes
the reaction non-homogeneous. This is an additional step that would depend upon
the respective properties of the reactants and might not be feasible in many cases.
However, if we use a cation or an anion exchanger (A) as follows:

AX1þX2Y2 ! AX2þX1Y2 Cation exchangerð Þ
Or

AY2þX1Y1 ! AY1þX1Y2 Anion exchangerð Þ

This ensures easy separation of the product X1Y2 and if done in columnar mode
(reactor), may lead to complete conversion as well. In addition the regeneration of
the exchanger is also possible, if desired, as follows:
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AX2þX1Y1 ! AX1þX2Y1 Cation exchangerð ÞAY1þX2Y2 ! AY2þX2Y1 Anion exchangerð Þ

Thus, the ion exchange material maintains the heterogeneity of the system at all
stages and also may be recovered, if desired, for a particular process. Another
advantage is the purity of the product obtained.

One of the initial patents on this method was obtained on industrial synthesis of
alkali nitrates in 1938 [10].

2AKþCa NO3ð Þ2¼ A2Caþ 2KNO3

The regeneration can be performed using solution of chlorides as follows

A2Caþ 2KCl ¼ 2AKþCaCl2

.

10.4.2 The Synthesis of Novel/New Phases
of Technologically Important Compounds

It is increasingly being realized that progress in society depends on progress in
materials. This can be achieved by synthesizing novel materials with desirable
properties. During the past few decades, most of it could be achieved by serendipity
and a lot by design too [19]. With the advances in materials science, understanding
of structure and structure- property correlations, scientists are making huge leaps in
being able to synthesize materials with desired properties up to some extent.
Designing a material requires a thorough understanding of the property that is being
looked for, and the structure that might be able to yield it, the next logical step is
choosing the right synthesis route. The conventional synthesis routes yield ther-
modynamically stable products which are, no doubt, important and can be scaled
up. However, the range of compositions and structures accessible by solid-state
conventional synthesis is directed and decided by competition between thermo-
dynamics and kinetic factors involved [20]. The requirement of solid-state synthesis
that needs diffusion of ions calls for elevated temperatures which more often than
not, yield thermodynamically stable phases. Interestingly, the combination of
properties that would be required in the next generation materials would need the
novel materials possessing structure that are not always known to occur naturally, in
other words, the call of the hour is synthesizing metastable materials. The zeolites
and other microporous solids, newer forms of carbon, variety of intercalation
compounds, high Tc oxide superconductors, various organic and inorganic
nano-composites, and the layered materials with anionic pillars are all metastable
materials, to name a few [19]. Obviously, the common high-temperature solid-state
synthesis method is not the correct choice for the synthesis of many of these desired
solids.
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Among soft chemical routes, synthesis by ion-exchange route can be adopted to
yield the phases and the crystal structures hitherto inaccessible by other synthesis
routes. This particular route involves fabrication of a thermodynamically stable
phase in the first step, which is then transformed to the desired phase (metastable or
stable) by a low-temperature ion exchange. The ion exchange may occur at low
temperature or elevated temperatures depending on kinetics on exchange reaction
involved. It provides a facile and versatile preparative method for exploring new
and previously unknown compositions of materials with a certain crystal frame-
work. Also, contrary to the common belief that ion exchange would essentially
require fast mobility of ionic species involved, appreciable exchange rates have
been demonstrated even with the diffusion coefficients in the range of *10−11 cm2

s−1, thus establishing ion exchange as a viable synthetic technique [19]. Further, ion
exchange has been known to occur in both stoichiometric as well as
non-stoichiometric solids. This is contrary to another common belief that
non-stoichiometry and mobile ion vacancy would be a pre-requisite for facile ion
exchange.

At this point, it is pertinent to discuss some typical examples of structural classes
that are amenable to ion exchange reactions without disrupting the bonding between
the layers. Layered oxides are a class of solid oxides most facile to ion exchange
synthesis. Layered metal oxides consists of stacks of electrically neutral layers or
charged layers of metal oxides interspersed with cations/ anions or the metal oxide
sheets alternating with covalently bonded interlayers. The examples of compounds
with neutral stacks of layers are MoO3.2H2O and V2O5 [21, 22]. The examples with
ionic intergrowths include structures based on AxMO2 and A2MO3-type which
possesses edge- shared MO6 octahedral layers with alkali cations residing between
the layers [23]. Alkali metal niobates (KNb3O8 [24] and K4Nb6O17 [25]) and
titanates M2TibnO2nþ 1 M : Na;Kð Þ½ � [26–30] and Na4TinO2n+2 [31, 32] also fall
under this category. The titanate structures have slabs of layers that shear at every
nth plane. Ternary layered oxides of transition metals, such as Mn and V have also
been synthesized [33–35].

There is another class of layered oxides that possesses either cation or anion
ordering. Brownmillerite (A2B2O5) is the class of oxygen-deficient layered oxides
that have alternate oxygen octahedra and tetrahedra. These may contain ordering of
cations. The anion-ordered layered oxides consist of oxychlorides, oxyfluorides,
oxyhydrides, etc. Structural motifs of different layered structures are depicted in
Fig. 10.2.

Layered perovskites are special class of layered oxides that contain inter-
growths of perovskite (ABX3) with other structures. They consist of
two-dimensional perovskite slabs which are interspersed with cations/cationic
structural units. It consists of structural families: Dion-Jacobson phases
(DJ) general formula : A0ðAn�1BnO3nþ 1Þ½ �, Ruddlesden Popper phases
(RP) general formula : A0

2ðAn�1BnO3nþ 1Þ
� �

and Aurivillius phases
general formula : M2O2ðAn�1BnO3nþ 1Þ½ �. These structures contain ABX3 as the
basic building block wherein the cation B is octahedrally co-ordinated and A
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occupies the cuboctahedral site in ABX3 slabs. DJ phases differ from RP in the
sense that they consist of half the alkali metal cations in the interlayers. In addition,
the RP phases have the rock salt arrangement of A–O in the interlayer spacing. The

(a) Perovskite
(b) Ruddlesden-Popper 

(c) Dion-Jacobson (d) Aurivillius 

Fig. 10.2 Structural motifs for representative perovskite and perovskite based layered oxides. Source
https://www.princeton.edu/*cavalab/tutorials/public/structures/perovskites.html a Perovskite,
b Ruddlesden-Popper, c Dion-Jacobson, d Aurivillius
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aurivillius phases have M2O2þ
2 occupying the interlayer galleries between the

perovskite slabs. These are structural classes that have exchangeable cations.
As discussed earlier, that compared to cation exchangers, anion exchangers are

relatively less. One typical example of structural family that can exchange anions is
layered double hydroxides (LDH). LDH is the famous class that is the structural
analogue of Brucite, Mg(OH)2, and has general formula M2þ

1�xM
3þ
x OHð Þ2

� �
An�

x=n �
mH2O; where n is the charge on anionic species and x is the M3þ = M2þ þM3þ� �

.
The structure has positively charged metal hydroxide layers held together by anions
and were first discovered in 1940s during the study of the co-precipitation of alkali
metal cations with the help of bases [36]. The interlayers may consist of various
anions such as carbonates, hydroxides and nitrates. Intercalation of various dyes
and organic molecules in LDH has also been reported in the literature [37]. Layered
hydroxides of rare earth ions are also known [38, 39].

10.5 Methodology of Ion exchange Reaction

The methodology for ion exchange reaction is simple. The ion exchange reaction is
generally carried out by dispersing the reactant (parent) compound in either the
molten salt (of the desired exchangeable ion) or the aqueous solution of salt of
desired ion. The solution is kept stirred for better reaction rates. The temperature
chosen, in most of the cases, is generally room temperature to 70–80 °C. The
duration of reaction depends on material. For bulk solids, it may take from few
hours to few days whereas for cation exchange in nano-materials, it may take few
minutes to few hours. The exchange reactions may sometimes be carried out under
hydrothermal conditions as well.

10.6 Layered Compounds and Ion Exchange

The fact that the layered oxides have charged layers (or sheets) held together by
charged species intercalated between them, unlike Van der Waal solids, they have
the potential to show the ion exchange where interlayer charged species can act as
the exchangeable species and metal oxide block may act as host [20]. In addition,
the presence of electrostatic forces may also make operations such as pulling apart
of the layers to obtain nanosheets or stacking up to obtain complex structure fea-
sibly. The fact that these ion exchange reactions may occur under milder conditions
as compared to solid-state reactions may lead to metastable phases or the kinetically
stable phases which would otherwise not be accessible. Designing novel metastable
phases based on layered oxides employs general chemistry principles involving
charge electro-neutrality and the acid–base chemistry fundamentals. The higher
charge-to-radius ratio of smaller cations (or divalent cations) can effectively replace
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and drive larger cations out by lowering the electrostatic energy. This yields
iso-structures with smaller cations in the interlayer galleries.

Ion exchange reaction is generally carried out in aqueous solution or molten
salts. The reaction of Tl2Ti4O9 with KCl–KNO3 flux to obtain isostructural
K2Ti4O9 was the first report of ion exchange in layered oxides [27]. Similarly
Na2Ti3O7 can be acid-exchanged to H2Ti3O7 which can again be reverted to the
parent compound by reacting with NaOH [40]. Hydrolytic proton exchange of
layered titanate K2Ti4O9 is an important reaction that brings about the significance
of soft-chemical synthesis to obtain metastable phases [41]. It yielded two different
products: A partially hydrolyzed K(H2O)–Ti4O8(OH) and a fully hydrolysed
(H2O)2Ti4O7(OH)2. The dehydration at 500 °C of both yielded different products
wherein the former led to a novel octatitatnate and latter yielded TiO2(B) which is a
metastable modification of TiO2 having monoclinic structure. This signifies the
gentle conversion of one structure into another with retention of chemical bonding.
The alkali metal-ions in the inter-layer galleries of layered perovskites can be
ion-exchanged with divalent metal cations as well as complex metal halides [42,
43]. Gopalakrishnan et al. synthesized the series ALaNb2O7 (where A = K, Rb, Cs)
which is n = 2 member of the layered perovskite family described by
A A0

n�1BnO3nþ 1
� �

conventional solid state synthesis. The counterparts with Li, Na
and NH4 were prepared by ion-exchange of RbLaNb2O7 with the corresponding
molten nitrates. The topotactic proton exchange of the A atom ALaNb2O7 (A = K,
Rb, Cs) yielded hydrated HLaNb2O7. The hydrate was found to readily lose water
to give an anhydrous structure similar to RbLaNb2O7 [44]. Similarly, Li ion
exchange of LiNbWO6 and LiTaWO6 in acid solution was performed in the same
group yielding HNbWO6 and HTaWO6 that adopt cubic ReO3 structure [45]. Here
the ion exchange led to structural transformation from trirutile to ReO3-type
structure. The initial exchange products were identified as hydrated HNbWO6 �
H2O and HTaWO6 � H2O with ReO3 structures (Fig. 10.3). Both the hydrated
products yielded HMWO6 at 400 °C and MWO5.5 at 600 °C both of which are
ReO3–type structures. The structural transformation involve tetragonal array of
rutile to hcp array which is then followed by cation rearrangement to yield NbO3

network similar to that in LiNbO3. This is then followed by a transformation
involving 60° rotation of octahedra that converts the hexagonal close packed anion
array into 3/4 cubic closed packed array found in ReO3. [46].

Most of these examples involved in ion exchange reactions, interchange cations
and anions that are weakly bonded in a framework structure. Another interesting
approach to obtain desired metastable phase is by transforming a layered structure
into a three-dimensionally bonded solid that proceeds by topochemical condensa-
tion reaction. In this case, following the ion exchange, the selected terminal ligands
can be removed along a particular crystallographic plane (e.g., removing O2− anion
in combination with H2 to form H2O). This bond formation in fact acts as a sort of
“zipper” to form bonds between parallel planes leading to condensation of the
structure. An example is conversion of KTiNbO5 to HTiNbO5 by exchange of K+
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with proton and that can undergo dehydration to yield TiNbO4.5 (or Ti2Nb2O9)
[47].

Wiley and co-workers have been pioneers in topochemical ion exchange in
layered perovskites [48]. Several monovalent and divalent ion-exchanges have been
carried out by them in two layer DJ phase, ALaNb2O7 compounds where A could
be H, Li, Na, K, NH4 and Ag. The ion exchange was performed by heating the
parent material in molten alkali nitrates. This has recently been done on ANdNb2O7

compounds and also oxyfluorides such as RbLaNb2O6F [49].
The tendency to readily exchange inter-layer alkali metal cations with protons in

both RP and DJ series yield strong Brönsted acids when the perovskite slab is
formed by Nb. This can also lead to variety of intercalation compounds with
different organic bases [44, 50]. These can further be exfoliated into single layers
[51] and may also be stuffed with species, such as polyhydroxy aluminates, in the
interlayer spaces yielding interesting molecular composites [52].

The fact that RP and DJ series are composed of same perovskite slab, [An–

1BnO3n+l], but at the same times possess different cation densities in the interlayers
suggest that it should, in principle, be possible to vary the interlayer density. In this
direction, Uma et al. [53] had synthesized a new series of layered perovskites,
A2-xLa2Ti3-xNbxO10 (A = K, Rb). Here the interlayer alkali-metal ion density varies
from 2 (when x = 0) to 1 (when x = l) per formula unit. Thus, the end members,
A2La2Ti3010 (x= 0) and ALa2Ti3NbO10 (x = l), are the n = 3 members of the

Fig. 10.3 Schematic representation of a rutile-like LiMWO6, b HMWO6.nH2O and c HMWO6

(where M = Nb, Ta). Reprinted from Ref [19] with permission from (Chem. Mater. 7 (1995)
1265). Copyright (1995) American Chemical Society
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Ruddlesden-Popper series and the Dion-Jacobson series respectively and the solid
solutions between them, A2�xLa2Ti3�xNbxO10 can be considered as the bridge
between the two series of layered perovskites. They observed RP type phase for
x = 1 member while DJ type phase was observed for 0.0 � x � 0.75 and this
structural variation was also manifested in their Brönsted acid behavior as deter-
mined by intercalation of organic bases. Many other compounds such as
RbLaNb2O7 [46], CsCa2Nb3O10 [54], RbLa2Ti2NbO10 [55], RbSrNb2O6F [56],
NaLaTiO4 [57], K2SrTa2O7 [58] and Rb2La2Ti3O10 [59, 60] have also been
extensively studied. Layered perovskites have been shown to exhibit enhanced
photocatalytic property [61]. In this regard, the role of partial alkali-metal exchange
and interlayer hydration on catalytic activity has also been explored [62].

The ion exchange of various known compounds thus has the capability to yield
new compounds with different inter-layer cations not feasible by conventional
synthetic routes. The new structures obtained by exchanging the inter-layer cation
can be further tuned by various other strategies such as intercalation of different
molecules including organics, dyes, etc. to obtain different functionalities, tuning
the interlayer spacing by intercalating different sized ions/neutral molecules,
exfoliating the new structure to obtain building blocks for further engineering.

10.7 Synthesis by Ion-Exchange for Nano-Materials

The physico-chemical properties of the bulk solids are found to change substan-
tially as the crystallite size is decreased to nano-dimensions. Advances in synthetic
techniques and procedures that allow for the preparation of monodispersed
nano-particles of diverse shapes and sizes have helped in developing a qualitative
understanding of the fundamental scaling laws. This understanding has led to
development of more efficient materials for various next-generation technological
applications as photonic, optoelectronic, and catalytic materials.

The direct preparative routes for nanocrystal synthesis require a fine control of
processes such as nucleation, growth, and surface binding kinetics at temperatures
that are sufficient to obtain crystalline phase-pure nano-materials [63, 64]. However,
the application of these nanomaterials as building blocks for future nano-devices
need not only the phase pure materials but also a very systematic tuning of the
composition and morphology which generally becomes difficult in the de-novo
synthesis. In this context, the post-synthetic transformations have been found quite
useful for obtaining complex nano-structures with desired composition and phase.
There are a variety of post-synthetic options that are being adopted for modifica-
tions of nano-particles such as intercalation-deintercalation and exfoliation etc.

Ion-exchange has been found to be quite useful “post-synthetic” or the sec-
ondary procedure for fine control of the desirable characteristics in nano-materials.
In addition to providing nano-structures with desired composition and phase, it also
provides access to metastable compositions and structures that are otherwise
inaccessible via direct synthesis from molecular precursors.
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In case of bulk materials, long processing time is one very obvious limitations to
ion exchange technique, and any elevation in temperature (to reduce the processing
time) is constrained by material stability because the elevated temperatures would
also enhance the counter-ionic diffusivity (ion other than which is being exchan-
ged). In addition, the elevated temperatures, lead to the formation of products
favored by thermodynamics and thus limits the probability of obtaining any
metastable or non-equilibrium product that could be possible. These limitations can
be overcome in nano-materials because of the availability of the large surface area
and lesser interfacial strain that results in enhanced exchange rates [18]. For
example, up to 100 times faster reaction rates have been reported for Ag+ exchange
of CdSe nano-material than in the bulk form, which is similar to molecular
exchange reactions as compared to solid-state reactions [65]. In the ion exchange
reactions, as in the bulk solids, the ions of the parent nano-material diffuse out into
the solution and gets solvated and concurrently, the ions that are to be substituted
get introduced into the lattice by inward diffusion. The diffusion rates are higher for
nano-materials than the bulk because of larger surface-to-volume ratios. The
reaction barrier required for nucleation may also be reduced on the nanoscale. This
could be attributed to high curvature surfaces and the low co-ordination facets
(present on nanoparticle surface) that serve as high-energy sites which are typically
ideal for nucleation. The energetics is also altered as the surface energy has
increasingly dominant contribution as the size of the nanoparticle decreases. This
also helps in retaining the morphology of the initial nanocrystal template. The
possibility of morphology retention along with stoichiometric control over com-
position enables the synthesis of nanocrystals with properties (morphology, com-
position, and phase) unattainable by other routes.

Due to the fast kinetics involved in nanoscale cation exchange, it can also be
employed as a simple one-step room-temperature synthesis process for obtaining
several products. For example, CdX (X = S, Se, Te) nanocrystals can be converted
into a range variety of products, e.g. Ag, Cu, Pb, Zn, and Hg chalcogenides [66–
69]. Herein, the size and shape-controlled template nanocrystals could be synthe-
sized by the process such as hot injection in the first step [70, 71]. Following which
the facile process of cation exchange allows to obtain other nanocrystals, which
otherwise are not as easy to synthesize directly with such exquisite size and shape
control. Thus, the ability of nanocrystals to undergo facile and rapid ion exchange at
ambient temperature throws wide open an gamut of applications at the nano-scale
relative to that observed in bulk systems.

It must be mentioned that the kinetics of exchange greatly depends on
nano-crystallite sizes, shapes, and compositions. It was discussed earlier that ion
exchange process can effectively be explained on the basis of “reaction zone”. The
reaction zone is typically a several atomic layer thick interface that represents a
spatial local variation in the chemical composition as well as charge distribution
relative to either of the bulk phases during the course of reaction. The nature,
stability, and propagation of the reaction zone directly affects the morphology
retention between the parent and product phase [66]. A typical example is the
probability of morphology retention in the ion exchange reaction to obtain Ag2Se
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from CdSe nanorods. This was observed to be strongly dependent on the rod
diameter. The small diameter (*3.5 nm) CdSe nanorods were observed to be
transformed into spherical Ag2Se nano-particles whereas larger diameter (*5 nm)
CdSe nanorods could retain their structural morphology upon conversion to Ag2Se.
It is possible to understand this on the basis of reaction zone of the order of 3 nm in
diameter. For thinner nanorods, the dimensions of reaction zone are comparable to
that of nanorod size and hence the entire nanorod lies in reaction zone such that
during the exchange, both cations and anions can rearrange and may result in the
thermodynamically preferred, spherical morphology. On the other hand, in thicker
nanorods, the larger size of nanorod as compared to reaction zone causes only a
portion to experience significant structural distortions during the exchange process
keeping majority of the lattice structure intact thus aiding the retention of rod-like
morphology in the product phase as well. Thus, there has to be an optimization.
While nano-size leads to enhanced kinetics, if the morphology retention is desired,
the nano-particle should be large enough so that it is robust enough to prevent any
reorganization in anionic framework during the cation exchange process. This was
proved by the reversible exchanges between CdSe and Ag2Se and vice versa.

The post-synthesis done by cation exchange also helps in introducing com-
plexity in the nanostructures. Such complex morphological features lead to inter-
esting electric, optical and optoelectronic behavior of the resultant structures. The
complexities are achievable by partial “exchange” or partial “transformations” [72–
74]. These partial exchanges may yield homogeneous products which are equiva-
lent to solid solutions. The cation exchange process, though, not usually related to
obtains solid solutions, also provide much better control over stoichiometry and
hence compositions as compared to widely used hot injection synthesis for
nano-materials [18, 75]. Further, whereas hot injection yields only stable thermo-
dynamic phases, the cation exchange reactions may be designed at milder tem-
peratures and ensuring strong thermodynamic driving conditions. Controlled
doping via low amount of cation exchange under these conditions can yield con-
trolled stoichiometry and also help in attaining the desired metastability [18]. In
some cases, however, the product phase nucleates at a particular facet and grows in
a specific direction which is generally topotactic towards the interior of the
nanocrystal. This kind of nucleation and growth leads to hetero-structures with
sharp interfaces and hetero-junctions [76–79]. Such nanostructures with
hetero-junctions allow for band engineering vital for designing various
opto-electronic devices required for high-efficiency light-emitting diodes and
photovoltaic cells. A case in study is cation exchange of PbX (X: S, Se, Te) with
Cd2+ ions. The PbSe-CdSe core-shell nanostructures obtained by this route show
improved oxidative stability and more importantly very high quantum yields of the
excitonic emission from the core were observed. The core shell nano-particles
obtained via this route also possess lesser interfacial defects because of milder
reaction conditions and topotaxial nature of product formation [80]. Sometimes the
unique features of the nanoscale exchange process also yield different complex
hetero-structures. For example, in Cu+ exchange with CdS, the Cu2S phase
nucleates on end facets and hence the product phase grows inwards. The two end
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faces of CdS (wurtzite) are non-equivalent and hence there is a preferential growth
of Cu2S from one end. This yields binary CdS–Cu2S nanorods representing the
heterojunction [81] (Fig 10.4). On the other hand, in exchange of Ag+ with CdS,
there is a huge interfacial strain between Ag2S and CdS phases and consequently,
equally spaced regions of Ag2S spread along the CdS rod are obtained [72].
Interestingly, both Cu+ and Ag+ can be exchanged with divalent ions in the pres-
ence of soft bases, this can be utilized to obtain heterojunction of CdS nanostructure
with Pb2+ and Zn2+ by multi-step exchange processes. Similarly, a range of com-
plex morphologies have been observed for partial exchange of CdSe with Pb2+ [80,
82].

In addition to templated morphologies, cation exchange processes may also yield
metastable crystallographic phases as directed by parent (or the reactant) phase. The
metastable phases, as known, are generally obtained by non-equilibrium processes
wherein the kinetics can take over the thermodynamic criteria. Ion exchange, by
nature, is a non-equilibrium process. The outcome of the ion exchange is primarily
kinetically controlled thus giving access to metastable phases and compositions.
The most stable phase for CdSe is hexagonal wurtzite, however, cation exchange of
PbSe nanorods yield CdSe in zinc blende structure [82]. Reactant providing a
structural template for product phase was demonstrated by Li et al. wherein
zinc-blende CdSe yielded structurally related tetragonal/ FCC phase of Cu2Se upon
exchange with Cu2+ ions which further yielded zinc blende-type ZnSe. On the other
hand, hexagonal wurtzite CdSe yielded hexagonal phase Cu2Se and ZnSe

Fig. 10.4 Ion exchange demonstrated as a device fabrication technique. Figure shows the array of
nanoscale heterojunctions obtained by facile Cu+ exchange of a self-assembled CdS nanorods.
Reprinted with permission from Ref 81 (J. B. Rivest, S. L. Swisher, L. K. Fong, H. Zheng and A.
P. Alivisatos, ACS Nano, 2011, 5, 3811–3816). Copyright (2011) American Chemical Society
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nanoparticles. Even the retention of morphology was depicted in the latter case
(Fig 10.5) [83].

Cation exchange can also be employed as a low temperature, mild, low monetary
cost, relatively environmental friendly device fabrication route that also gives
access to novel better performing materials. First reported thin-film solar cell
composed of Cu2S–CdS was made from cation exchange some 50 years ago.
Cation exchange may be used to access layered materials that ensure fast Li-ion
mobility essential for battery applications. For example, Cu2–x(SySe1-y) nanocrys-
tals, (with S0.5Se0.5), was obtained by cation exchange and evaluated for electrode
material for Li-ion batteries [84]. These nanocrystals could show lithiation/
delithiation reaction in a partially reversible manner [84].

Cation exchange reaction is an excellent method to obtain hollow nanostruc-
tures. Nanostructures possessing hollow interiors exhibit attractive properties and
functionalities but their synthesis is rather more complicated as compared to con-
ventional nano-materials [85–88]. Their hollow interiors bestow them with prop-
erties such as low thermal expansion, low density, high surface to volume ratios,
low refractive indices and these make them attractive candidates for an array of
applications ranging from energy storage to drug delivery [89, 90]. Hollow

Fig. 10.5 Schematic describing the cation exchange of CdSe acting as both shape/morphology
template and crystallographic template. The product nanocrystals adopt the crystallographic phase
closely related to the starting lattice. Reprinted with permission Ref 83 (H. Li, M. Zanella, A.
Genovese, M. Povia, A. Falqui, C. Giannini and L. Manna, Nano Lett., 2011, 11, 4964–4970).
Copyright (2011) American Chemical Society
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nano-materials are generally prepared by template synthesis. The template could be
hard template such as anodic alumina membrane or soft template like polymers,
surfactants etc. In case of hard template synthesis, removal of template as well as
stability of template is difficult task. The template might not be stable in acidic/
alkaline medium or might have high solubility/reactivity. Similarly removal of
template at high temperature might lead to non-retention of desired morphology and
structure. Another technical barrier with the template method is that it is difficult to
produce particles with a smaller size because of the intrinsic size limit of the
template itself such as polystyrene or silica spheres. The ion exchange approach has
been demonstrated as a versatile and rather easier method to obtain hollow
nanostructures [91–93]. In order to obtain ZnO hollow microspheres,
Zn5(CO3)2(OH)6 microspheres possessing uniform size and morphology were
synthesized as the precursors for the subsequent ion exchange reaction. These were
then added to the KOH solution and subsequently aged for sometime (˞8 h) at room
temperature. Figure 10.6 displays the conversion of filled microspheres to corre-
sponding hollow ZnO microspheres. When Zn5(CO3)2(OH)6 microspheres were
calcined at 400 °C, these however, yielded ZnO with similar solid structure [93].
Sometimes these chemical conversions are also carried out by gas phase reactions.
For example, synthesis of hollow microspheres of CuO was obtained from CuS, by
first synthesizing CuS microspheres and then heating them at air at 700 °C [94].
Heating the precursor structures in air initially led to the formation of a layer of
copper oxide as a shell and oxygen continues to diffuse inside that causes incre-
ments oxidation. CuS has higher diffusion outwards as compared to inward diffu-
sion of CuO. That causes a cavity in the centre. In addition, the release of SO2

renders the shell porous. Hence, in the end the CuO microspheres with porous
shells are obtained. The as-prepared hollow structures makes available more
reactive sites by giving access to increased surface area and the better mechanical
stability makes them suitable for applications such as energy and catalysis. Various
other hollow structures such as polyhedra of various dimensions, nanotubes, sul-
phide hollow microspheres have also been reported by cation exchange process.

Nanoparticle synthesis by ion exchange is thus one of the advanced and favored
synthetic methods due to possibility that it offers in terms of synthesizing novel
nano-particles with complex structures such as segmented, core-shell, hollow
microstructures, etc. However, this still in the developing stage. This needs more
studies on bulk materials, their kinetics and thermodynamics to develop a complete
understanding of the mechanism and the process to generalize for preparation of
novel functional materials. As exemplified by many examples discussed here as
well as in literature, ion exchange is promising technique and has the potential to
become new paradigm for solid-state materials discovery.
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10.8 Conclusion

Ion exchange, as a technique, was documented more than hundred years ago and
has now become an integral part of new technical and industrial processes. It was
adopted as synthetic process to obtain myriad new compounds, both layered and
others, for various applications. With passage of times, it has been employed for
obtaining novel nano-materials with phases, previously not known, and complex
microstructures that are significant for device applications. This possibility of
obtaining various metastable phases with enhanced functionalities and pre-designed
microstructures through cation exchange has provided material scientists a very
vital tool in their synthesis kit. These metastable materials obtained from ion
exchange routes have wide applications in fields such as catalysis, energy, optical
materials, electronics, etc. The design of materials for various high-end applications
requires a wider understanding of the interfacial processes occurring at nanoscale
during the ion exchange process. With the advent of advanced characterization and
imaging techniques, such as high-resolution microscopy, especially in situ, there is

Fig. 10.6 SEM micrographs of the as-synthesized hollow ZnO microsphere obtained by the
room-temperature treatment of Zn5(CO3)2(OH)6 microspheres (A) product morphology; (B) and
(C) depict the detailed surface view of hollow ZnO microspheres; (D) micrograph of twin hollow
ZnO microspheres. Reprinted with permission from Ref 93 (C. Yan and D. Xue, J. Phys. Chem. B,
2006, 110, 11076). Copyright (2006) American Chemical Society
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a scope of revolutionizing mechanistic and fundamental understanding of
solid-state transformations on the nanoscale. Due to the boundless options that that
ion exchange synthesis has to offer, it has opened up a huge landscape for synthetic
chemists for rational design of useful functional materials.
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Chapter 11
Polyol Method for Synthesis
of Nanomaterials

Priyanka Ruz and V. Sudarsan

Abstract Polyol method is a widely used synthesis technique for the preparation of
large number of inorganic compounds ranging from metal nanoparticles to alloys,
oxides, sulphides, tellurides, fluorides, etc. Improved solubility of commonly
available starting materials is the prime reason for wide applicability of the method
for nanomaterials synthesis. Careful selection of precursors, relative amounts of
polyols, ligands, etc., provide wide tune-ability in sizes and physico-chemical
properties of synthesised materials. Morphologies such as spheres, nanorods, pla-
telets and flowers can be synthesised by this method. In this chapter, initially
different types of polyols and their physico-chemical properties are discussed
briefly. This is followed by the details of synthesis of metals, alloys, oxides, sul-
phides, selenides, tellurides and fluorides in nano-size dimensions. Finally, the
chapter ends with future scope and challenges in this method of synthesis.

Keywords Polyol method � Nanostructure � Size and shape � Capping agent

11.1 Introduction

The unique optical, catalytic and electronic properties of nanomaterials compared to
their bulk counterparts have created considerable interest in the area of both fun-
damental research and development of technologies. Nano-science and
nano-technology have evolved continuously over the past three decades and cur-
rently play pivotal roles in different industrial sectors such as electronics and
information technology, pharmaceuticals, petrochemicals, energy and environment.
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For the above-mentioned applications, it is absolutely necessary to have suitable
synthesis procedures for preparing nanomaterials in larger scales. Significant
interest has grown among researchers all over the world in the area of development
of facile synthetic methods for nanomaterials in different sizes and shapes [1].
Methodologies involved in the preparation of nanoparticles can be broadly classi-
fied into two categories, namely bottom-up and top-down approaches. Bottom-up
solution-based methodologies are very promising because of their inherent versa-
tility and user-friendliness. These synthesis methods allow excellent control over
the structure, morphology and chemical nature of the nanoparticles which in turn
tune their physico-chemical properties. Among different solution-based methods for
nanomaterials synthesis, the most widely used is the ‘‘polyol method’’. In this
method, nanoparticles/nanomaterials are formed in a medium of high boiling
poly-alcohol (polyol), and the polyol acts both as a solvent for synthesis and as a
stabilizing ligand on the nanoparticles to prevent particle aggregation. The simplest
member of polyol family is ethylene glycol. Among different types of polyols
(listed in Table 11.1), the most widely used ones for the synthesis of nanoparticles
are ethylene glycol (EG), glycerol (GLY) and n-butane diol (BD).

The term ‘polyol synthesis’ was first introduced in 1989 by Fiévet, Lagier and
Figlarz to assign the solution phase synthesis of small size metal particles starting
from their respective oxides, hydroxides or salts in polyols [2, 3]. Using this route,
they reduced ions of copper, cobalt, nickel and platinum to the zero-valent state and
the synthesized metal particles were in the micron size range. The lower degree of
agglomeration of such particles and tune-ability in their size and shape encouraged
researchers for using the process in the synthesis of other metal particles as well as
alloys and intermetallics [4–7].

Table 11.1 List of selected polyols along with their physico-chemical properties

Polyol Chemical formulae aB.P. (°C) bη (cP) cET

Ethylene Glycol (EG) HO–CH2–CH2–OH 197 16.1 0.79

Di-ethylene Glycol
(DEG)

HO–CH2–CH2–O–CH2–

CH2–OH
245 30.2 0.713

Triethylene Glycol
(TEG)

HO–(CH2–CH2–O)2–CH2–

CH2–OH
285 49.0 (20 °

C)
0.682

Tetra-ethylene Glycol
(TTEG)

HO–(CH2–CH2–O)3–CH2–

CH2–OH
327 44.9 0.664

1,3-propane diol
(PDO)

HO–CH2–CH2–CH2–OH 213 52 (20 °C) –

1,4-butane diol (BD) HO–CH2–CH2–CH2–CH2–

OH
228 65 –

1,5-pentane diol (PD) HO–CH2–CH2–CH2–CH2–

CH2–OH
242 128 (20 °

C)
–

Glycerol (GLY) HO–CH2–CH(OH)–CH2–

OH
290 934 0.812

aBoiling Point
bViscosity at 25 °C
cET: Normalized values of empirical parameter of solvent polarity
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Choice of polyol during metal nanoparticle synthesis is determined by the
reduction potential of metal and boiling point of poly-alcohol. For example,
nanoparticles of noble metals such as Pd, Pt can be prepared in EG (b.p. *197 °C),
whereas transition metal nanoparticles (Co, Ni and Fe) require higher temperature
for reduction and the polyol TEG (B.P. � 285 °C) appears to be a better choice
compared to EG. The polyol serves both as a solvent and as a reducing agent. Apart
from that, polyol process also provides several other advantages. First of all, polyols
are advantageous because of their water equivalent nature. From the tabulated
values of normalized empirical solvent polarity, it is clear that the polarity of these
polyols are lower than that of water (ET = 1). However, the lower polarity is taken
care of by the presence of OH groups giving rise to good coordinating properties to
these polyols and making them water equivalent solvent. Hence, inexpensive metal
salts such as halides, nitrates or sulphates can be used as starting materials in polyol
method. Coordination of polyol molecules with metal ions resulting in intermediate
metal complex formation and subsequent reduction to zero-valent metals has been
investigated by experimental as well as theoretical approaches [8]. For example,
intermediate cobalt complexes have been isolated from the reaction mixture during
polyol synthesis of Co nanoparticle [9], and the structures of the intermediates were
determined by X-ray diffraction technique (XRD) (Fig. 11.1).

The experimental observations and theoretical predictions match well in case of
Cu or Ni complexes formed during synthesis of copper or nickel nanoparticles
using EG or GLY [10, 11]. In order to have an idea about the mechanism of

(a)                                           (b) 

Fig. 11.1 Structure of Co complexes formed with (a) EG and (b) GLY. Spheres with different
colours represent different atoms; blue, red, dark grey and pale grey for Co, O, C and H,
respectively. H atoms attached to C and O atoms are omitted in (b). Reprinted with permission
from Ref. [9]. Copyright (2018) Royal Society of Chemistry
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reduction by polyol, some researchers have focused on theoretical modelling of
interaction of polyol with as-synthesized metal nanoparticles [12, 13].

High boiling points of the polyols are added advantage as it facilitates relatively
high temperature synthesis (200–320 °C) without applying high pressures. High
temperature used during polyol synthesis enhances the chance of obtaining
well-crystallized materials. It is worth mentioning here that the maximum tem-
perature that can be obtained during polyol synthesis is not only dependent on the
boiling point of the polyol but also restricted by its thermal stability. For most of the
polyols, thermal decomposition occurs *30–50 °C below the boiling point.

Chelating properties of the polyols control the nucleation, growth and extent of
agglomeration of as-synthesized particles. Highly viscous nature of polyols
(Table 11.1) compared to water (η = 0.89 cP) also influences nucleation and
growth rate of nanoparticles [14]. Polyol method is successful in producing
well-dispersed crystalline nanoparticles with controlled size and shape since it uses
the magic solvent poly-alcohol with exceptional properties such as high boiling
point, reducing and chelating nature as explained above. The experimental setup
needed for polyol synthesis can be easily fabricated due to its simple design.
Besides, polyols are less toxic compared to other conventional solvents and their
biocompatible and biodegradable properties are well established. Hence, polyols are
regarded as green solvent making them relevant for nanoparticle synthesis in
industrial scale. Just after the pioneering invention of polyol process by Fiévet,
Lagier and Figlarz, large-scale production of Co- and Ni-based particles were
carried out using polyol method by the Eurotungstene Company for manufacturing
cemented carbides [15]. The polyol method has high demand in electronic industry.
Silver nanoparticles prepared through polyol route show high electrical conduc-
tivity and oxidation resistance which make them most suitable raw material for
inkjets in electronics [16, 17].

In the following section of this chapter, details of synthesis of different types of
nanoparticles and nanomaterials using polyol method have been described.
Furthermore, modifications of conventional polyol process to extend synthesis
method for challenging nanostructures such as less noble metal nanoparticles with
controlled size and shape, water-soluble upconversion nanoparticles with proper
surface functionalization for bioimaging, etc., have been discussed. The chapter
comprises four main topics:

i. Polyol synthesis of metal nanoparticles
ii. Polyol synthesis of nanostructured metal oxides
iii. Polyol synthesis of nanostructured chalcogenides
iv. Polyol synthesis of metal fluoride nanoparticles.

Among the above-mentioned four topics, the first topic has been discussed under
different sub-headings depending on the nature of metals. For the other three topics,
specific examples have been selected for demonstrating the preparation of
nanoparticle with varying sizes and shapes.
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11.2 Polyol Synthesis of Monometallic Nanoparticles

Metal nanoparticles are the very first category of materials that were synthesized by
the polyol route. As already described, polyol-mediated synthesis has many
advantages over other solution based synthesis methods. In this method, simple
low-cost metal salts are usually used as the raw materials. Polyols are reductive in
nature at elevated temperature which helps in instantaneous reduction of dissolved
metal cations. As-synthesized metal nanoparticles are surface stabilized by
chelating polyols preventing particle agglomeration. Thus, polyol method can be
regarded as a one-pot synthesis route for synthesis of finely dispersed crystalline
nanoparticle with tailored morphologies. Different types of metal nanoparticles
have been synthesized by polyol route, and they have been categorized in two
classes, namely (i) noble nano-metals and (ii) less noble nano-metals.

11.2.1 Noble Nano-metals

Size- and shape-controlled noble metal nanoparticles are attracting the scientific
community due to their unique physiochemical properties and technological
importance. They have immense application in the areas of catalysis, fuel cell
technology, optoelectronics, sensors, oil refining, photodynamic therapy of
cancerous cells, etc. In recent years polyol synthesis method has been extensively
studied for the formation of nanoparticles of noble metals (M = Pt, Pd, Rh, Ru, Ir,
Au and Ag), and some of the examples are listed in Table 11.2.

Synthesis of sub-micrometer-sized Pd particles with uniform size and shape was
reported by Figlarz group using Pd(II) tetraammine complex as starting material in
ethylene glycol medium [36]. Pd particles with nano-size dimensions (<10 nm)
were synthesized by Bonet et al. who used PVP as a stabilizer to avoid particle
aggregation in EG [33]. Xia’s group suitably modified polyol process in order to get
efficient size and shape control during the synthesis of noble metal nanoparticles
[23, 28, 32]. This involved (i) using suitable capping agents, (ii) controlling the
reduction step and (iii) oxidative etching. Lee et al. [19] have obtained triangular
and hexagonal shaped Pd plates through a modified polyol route where glycerol
acted as reducing agent and PVP, a nonionic polymer, as surface capping agent.
PVP has a highly polar amide group in its pyrrolidone ring, and its alkyl backbone
is totally nonpolar. Thus, PVP has high solubility both in water and in nonpolar
solvents. The same stabilizer can be used to get Pt nanoparticles with narrow size
distribution by polyol method [33]. During the preparation of Pt nanoparticles by
polyol/modified polyol method hexachloroplatinic acid is preferentially used as
precursor material and the reaction temperature is kept above 100 °C (also men-
tioned in Table 11.2) [21, 23, 37–40]. A similar method has also been used for the
controlled synthesis of gold nanoparticles of different sizes and shapes. In
1995 Silvert et al. [41] have adopted polyol process to prepare monodisperse,
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micron-sized, quasi-spherical Au particles. The reaction was carried out in EG
medium with tetrachloroauric acid as starting material and PVP as stabilizing
ligand. The PVP/Au precursor ratio was kept high to ensure the formation of nearly
spherical Au nanoparticles by covering Au facets from all sides. For anisotropic
growth of Au nanoparticles, concentration of PVP has to be reduced. At a lower
ratio of PVP to Au precursor, PVP interacts selectively with different crystallo-
graphic planes and thereby modifying the growth rate along different planes leading
to deviation from spherical shape [24, 42, 43]. A modified polyol method, using
binary surfactants CTAB and PVP, was reported for the synthesis of hexagonal
gold nanoplates by Wan et al. [44]. They have also fabricated gold nanoparticles of
novel shapes such as star and shield by changing the temperature in the early stage
of crystal growth. Gold nanoparticles with smaller size (and of different shapes)
were obtained by Song et al. [45] by replacing EG with 1,5-pentanediol, adding
AgNO3 in very low concentration to the solution of tetrachloroauric acid and
PVP. Representative SEM images recorded from the samples are given in Fig. 11.2.

A variety of capping agents, namely poly(diallyldimethylammonium) chloride
(PDDA), polyvinylcaprolactam (PVCL), bovine serum albumin (BSA), etc., have
been tried in place of PVP to get nano-sized gold particles [25, 46, 47]. The polyol
method for silver nanoparticle synthesis was modified by Xia’s group for fine
control of morphology, and this was achieved by varying the types of surface
stabilizers, the relative concentration of Ag precursor/stabilizer and reaction tem-
perature [48–51]. The results have been summarized in a review article entitled
‘Shape-Controlled Synthesis of Metal Nanostructures: The Case of Silver’ [52].
Different techniques such as IR, Raman, and XPS have been used to study the
selective adsorption of PVP during Ag nanoparticle formation. During growth of
Ag nanoparticle, PVP is selectively adsorbed on the {100} facets thus forcing Ag
atoms to sit on {111} facets, and this favours the formation of Ag nanocubes [53].
Seed-mediated growth procedure has been applied to synthesize nanowires and
nanorods of Ag in EG solution in the presence of PVP [28]. Somorjai et al. [30]
obtained Rh nanocubes of size <10 nm by using TTAB (trimethyl(tetradecyl)am-
monium bromide) as surface stabilizing agent in EG solution as mentioned in
Table 11.2. In this method, bromide ions (Br−), slowly released from TTAB, sta-
bilized the {100} facets inducing formation of Rh nanoparticles with cubical shape.
Yan et al. reported that selection of polyol, reduction temperature and amount of
surface protecting agent played critical roles in controlling final size of the Ru
nanocrystals [See Table 11.2, ref. 34]. Ru nanoparticles with reduced size could be
obtained by changing the polyol from EG to DEG and TEG while using ruthenium
chloride as precursor and PVP as surface stabilizer. Apart from the addition of
surface stabilizer, polyol process may also be modified by oxidative etching (by O2

or other oxidant such as Fe/Cu salts) which helps to get well-controlled nanos-
tructure geometry specially by removal of twinned defects during early stage of NP
growth [54, 55]. Etching usually occurs at the sharp edges, corners, defect sites
which have higher surface energies and helps to remove structural anisotropy of the
nanoparticles.
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Experiments were carried out to prepare supported noble metal nanoparticles by
polyol method for different applications. For example, Banerjee et al. have syn-
thesized Pd-doped multi-walled carbon nanotubes (CNTs) by polyol method (PdCl2
as precursor and EG as reducing and capping agent) and found a drastic increase in
its hydrogen storage capacity when compared with the sample prepared by wet
impregnation method [56]. Polyol route resulted in Pd nanoparticles with smaller
sizes and better dispersion on CNTs which showed improved spillover of hydrogen
and thereby enhancing its hydrogen uptake.

(a)                                                   (b)

(c)                                      (d)

Fig. 11.2 Representative SEM images illustrating Au nanoparticles with different shapes formed
by modified polyol synthetic route: (a) octahedral, (b) cuboctahedra, (c) cubes and (d) higher
polygon. Adapted with permission from Ref. [45]. Copyright (2006) American Chemical Society
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11.2.2 Less Noble Nano-metals

Synthesis of less noble metal nanoparticles by polyol method faces a lot of chal-
lenges (mainly because of oxidation) which can be overcome by adding stronger
reducing agents such as sodium borohydride, hydrazine and sodium hypophosphite
than polyol [57, 58]. Engels et al. [59] have successfully prepared zero-valent Cu
NPs with size *10 nm by deploying sodium hypophosphite (NaH2PO2�H2O) as
co-reductant in the presence of PVP as anti-agglomerant in EG medium. The
nanoparticles thus prepared show resistance to oxidation for several months.
Kawasaki et al. [60] have reported formation of highly stable Cu particles (<3 nm)
via microwave-assisted polyol method without addition of any surface stabilizer in
EG solution. Under microwave irradiation, EG is converted into PEG which gets
adsorbed on as-prepared Cu nanoparticle surface and restrict further growth and
oxidation of Cu nanoparticles. In addition to use of co-reductant, citrate function-
alization was also attempted by Feldmann et al. [61] for the synthesis of Cu
nanoparticle. They used sodium citrate in DEG solution of cupric chloride to
convert it into copper citrate (Cu3(citrate)2) which is finally reduced to zero-valent
Cu nanoparticle upon NaBH4 addition. The citrate-functionalized Cu nanocrystals
show high oxidation resistance as well as colloidal stability. Similar strategy was
adopted for the synthesis of finely disperse indium (In) nanoparticle with high air
stability [62]. In another work, Feldmann et al. have reported formation of uniform
size In0 nanoparticle (10–15 nm) via a two-step synthesis route. At first low-cost
indium precursor (InCl3, 4H2O) is reduced to metallic indium by NaBH4 reduction
in DEG solution. However, the as-prepared In0 nanoparticles have tendency to get
agglomerated and oxidized in DEG solution. To avoid this, oleylamine-driven
phase transfer of In0 nanoparticles to dodecane was employed during the synthesis
[63] (Fig. 11.3).

It is well known that melting point of a metal decreases sharply when its particle
size is reduced to nano-size range. Bulk bismuth has low-melting point (271.4 °C),
and it is expected that NPs of Bi would have much lower melting point. Xia et al.
[64] prepared mono-dispersed liquid droplets of Bi metal with controlled diameter
over the range of 100–600 nm. Bismuth acetate was thermally reduced to metallic
Bi in boiling EG in the presence of PVP as surface capping agent. The as-prepared
Bi atoms nucleate and grow into monodisperse spherical particles as shown in
Fig. 11.4. The size of liquid and metallic Bi spherical colloids was controlled by
varying the precursor concentration.

Apart from thermal reduction method as mentioned above, photochemical
reduction was also used for the synthesis of Bi nanoparticles from BiCl3 precursor
[65]. Upon exposure to sunlight, transparent and colourless solution of BiCl3 in
DEG changes into black suspension due to photochemical reduction of Bi3+ to Bi0

accompanied by oxidation of DEG. An air contact of black suspension resulted in a
clear solution indicating reversible nature of the conversion.
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11.3 Synthesis of Multi-metallic Nanoparticles

11.3.1 Nanoalloys

The polyol synthesis process has been extended beyond metal nanoparticles, and
different nanoalloys have been prepared using this solution phase method. The
method is widely employed for the synthesis of polymetallic ferromagnetic

(a)                                                          (b) 

Fig. 11.3 (a) Polyol synthesis of indium (In0) nanoparticle assisted by NaBH4 and subsequent
phase transfer to dodecane medium. (b) XRD pattern of nanostructured In0 particles. Adapted with
permission from Ref. [63]. Copyright (2009) American Chemical Society

Fig. 11.4 SEM image of
spherical colloidal particles of
Bi prepared by modified
polyol method in EG medium.
The inset represents a closer
look into the colloidal Bi
spheres. Adapted with
permission from Ref. [64].
Copyright (2004) American
Chemical Society
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materials with improved magnetic properties. In 1996 Fievet et al. [7] succeeded in
preparing bimetallic Fe–Ni, Fe–Co and trimetallic Fe–Co–Ni compounds from their
mixed hydroxides through a modified polyol method where NaOH-polyol combi-
nation was used. A high NaOH concentration was maintained to ensure precipi-
tation of metallic Fe from Fe(OH)2 and suppress the formation of oxides. In the
course of the reaction, zero-valent nickel and cobalt were formed from Ni(II) and Co(II)
hydroxides by polyol and ultimately alloyed with Fe. XRD, EDS and electron
microscopic techniques were used to characterize these particles which revealed that
binary Fe–Ni particles were spherical in shape with sub-µm size range along with
narrow size distribution. Composition of the alloy was also found to be quite homo-
geneous. Unlike the single-phase Fe–Ni alloy sample, Fe–Co and Fe–Co–Ni powders
were found to be multiphasic. Jeyadevan et al. [66] modified the polyol process in such
a way that cubic Fe–Co nanoparticles were formed with Fe concentration varying from
20 to 90 mol% with size in the range 35–300 nm. Conventional polyol route is
unfavourable for the synthesis of single-phase Fe–Co particle due to the presence of
additional a-Co and ferrite phases which are formed during the course of reaction along
with Fe–Co. Fe–Co nanoparticles with different compositions were successfully syn-
thesized by reducing Fe and Co salt mixtures at a specified ratio in EG medium at
403 K for 1 h in the presence of NaOH (molar ratio of hydroxyl ion and metal was
kept around 40:1). At this temperature and high conc. of OH−, Fe0 was easily formed
from the iron precursor compared to Co0 from cobalt precursor. As soon as Fe0 is
formed, it acts as a catalyst and facilitates reduction of cobalt ions leading to Fe–Co
nanoalloy formation. Abbas et al. [67] obtained Fe–Co nanoparticle with size *10 nm
by reducing the solution containing both Fe(II) chloride and Co(II) acetate in PEG
medium in the presence of NaOH, at 300 °C. Recently, binary nanoalloys of Fe–Ni
with varying concentration of Fe were prepared by reduction of Fe(II) chloride and Ni
(II) chloride mixture with NaBH4 in EG medium [68]. FexNi1−x (x = 0.25, 0.50)
nanoparticles are found to exist in face-centred cubic (fcc) structure. Atomic force
microscopic (AFM) studies confirmed existence of particles with different size regimes:
the smaller particles with 10–20 nm size and relatively bigger particles with size in 30–
60 nm range, as shown in Fig. 11.5.

Extensive research has been carried out on the preparation of nanoalloys of
noble metals due to their immense applications in the field of heterogeneous
catalysis. Park et al. [69] reported glycerol-mediated polyol synthesis of Pd–Pt
nanoparticles of octahedral shape and dominantly exposed with {111} facets. The
bimetallic Pd–Pt nanoalloy showed excellent catalytic stability and superior
electro-catalytic performance for methanol oxidation reaction. Kusada et al. [70]
have reported hydrogen storage properties of Ag–Rh alloy though none of the
constituent element absorbs hydrogen. This unexpected property of Ag50Rh50 alloy
is explained in terms of electronic structure similarity between this alloy and Pd.
The neighbouring elements in the periodic table, Ag and Rh, have insignificant
miscibility even in molten state at very high temperature, and hence, the preparation
of Ag–Rh alloy is really challenging. However, through a modified polyol method,
Kusada et al. have synthesized Ag–Rh alloy stabilized by PVP at a much lower
temperature (<200 °C). The preparation procedure involves mixing equimolar
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aqueous solution of AgNO3 and Rh(CH3COO)3 in EG in presence of PVP at 170 °
C. Subsequently, metal ions were reduced to corresponding metals in zero-valent
state followed by atomic-level mixing leading to alloy formation. XRD and EDS
confirmed the formation of the alloy phase. Hydrogen uptake of Ag50Rh50 alloy is
almost half that of palladium. Pd-based bimetallic nanoalloy Pd–Rh was prepared
by a similar method at much lower temperature (*100 °C) using Pd(NO3)2 and
RhCl3 as the respective metal precursors in EG medium in the presence of capping
agent PVP. The alloy nanoparticles thus prepared was highly crystalline in nature
with mean diameter *3 nm and showed hydrogen uptake at ambient pressure
without phase separation.

11.3.2 Core–Shell Nanostructure

Nanoparticles of core–shell structure are of growing interest because of their unique
catalytic, optical, electronic or magnetic properties. In case of a metal–metal core–
shell nanostructure, the core, initially generated by polyol process, can act as a seed
for the growth of the metal shell over the core surface. Tsuji et al. [71] have
demonstrated a two-step polyol reduction method for preparing Au@Ag core–shell
nanostructures with different shapes. First, reduction of HAuCl4.4H2O in EG
containing PVP was carried out to prepare Au core having different shapes such as
triangular, octahedral, decahedral with {111} facets. Addition of a solution con-
taining silver precursor to the polyol solution of Au nanoparticles led to the for-
mation of a core–shell structure. The epitaxial growth of Ag on Au surface gave rise
to various shapes of Au@Ag nanocrystals. Similar type of shape evolution was
observed in Au@Ag core–shell nanostructures by Park et al. [72] who reported
gradual change in crystal shape from sphere to cuboctahedra to cubes with progress
in reaction. Same strategy was followed for the synthesis of Au@Cu core–shell
nanoparticles wherein Au and Cu have lattice mismatch unlike Ag–Au system [73].

Fig. 11.5 XRD (a) and AFM image (b) of Fe0.5Ni0.5 nanoalloy with corresponding histograms.
Adapted with permission from Ref. [68]. Copyright (2016) Elsevier
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11.4 Synthesis of Nanostructured Metal Oxides

Apart from metal and alloy nanoparticles, polyol synthesis has been established as a
suitable method for the synthesis of different metal oxides. Like metal nanoparti-
cles, oxide nano particles are of immense technological importance in areas such as
passive electronic components, catalysis and surface passivation in the form of
coating. All these applications require finely dispersed oxide nanoparticles free
from agglomeration and uniform size distribution. Oxide nanocrystals with these
properties can be obtained by polyol method without any thermal treatment for
post-sintering, in most of the cases. However, shape control of the oxide
nanoparticles requires prior knowledge regarding the acidic or basic character of
their surfaces. Sometimes, additional reagents or ligands need to be mixed in the
polyol solution for precise size and shape control of the nanoparticles. Selection of
polyol is very important for suppressing the formation of zero-valent metal while
preparing metal oxide nanoparticles. For some systems, both zero-valent metal and
metal oxide nanoparticles can be obtained as per requirement, just by playing with
the reaction temperature. In most of the cases, metal nanostructures are obtained at
higher temperatures (>180 °C) whereas nanoparticles of metal oxides are formed in
the temperature range of 100–180 °C [58, 74]. Aluminium-doped ZnO
(AZO) nanostructures were synthesized by microwave-assisted polyol method
using Zn(CH3COO)2�2H2O precursor in DEG together with AlCl3�6H2O [75].
Colloidal stability of AZO nanoparticles was found to be quite good. With the help
of NMR-technique, it is confirmed that fourfold coordinated Al3+ species exists
near the particle surface along with the expected sixfold coordination. The
improved electrical conductivity of AZO was supported by the presence of fourfold
aluminium environment. Unlike DEG, the use of glycerol as the reducing medium
does not support formation of ZnO nanoparticles [76]. In the presence of glycerol
(GLY), zinc glycerolate platelets of micron size were obtained at 160 °C. This
happened due to the formation of highly stable coordination complex between
de-protonated glycerol and Zn2+. The reaction temperature was not sufficient to
decompose zinc glycerolate complex into ZnO. However, the complex undergoes
conversion into porous ZnO platelets upon heat treatment at 500 °C by loss of
glycerol moiety. Ningthoujam et al. [77] prepared crystalline ZnO nanoparticles
doped with Li+ and Eu3+ by modified polyol method where EG was used along with
urea and the reaction temperature was maintained at 150 °C. At this temperature,
urea decomposes to NH4OH to act as a co-reductant whereas agglomeration of
as-synthesized nanoparticles is restricted by surface capping agent, EG. These
luminescent nanoparticles when incorporated in functional polymer matrix show
potential application in optical/electrical device fabrication. Same strategy was
followed for the synthesis of TiO2 particles with varying concentration of the
dopant europium ions [78]. Photoluminescence studies on as-prepared Eu-doped
TiO2 nanoparticles with anatase phase showed better luminescence intensity
compared to the samples heat treated beyond 500 °C.
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Iron oxide-based magnetic nanoparticles, dispersible in water, were successfully
prepared by Thanh et al. [79] based on polyol method at high pressure and tem-
perature. The size as well as morphology of the nanoparticles was tuned by varying
the relative concentrations of iron precursor Fe(acac)3, polyol and reaction time. To
increase the stability of the nanoparticles, post-synthesis tailoring of the particle
surface was done by ligand exchange process with two different ligands, namely
DHCA (3,4-dihydroxyhydrocinnamic acid) and tartaric acid. DHCA-treated iron
oxide nanoparticles showed very high colloidal stability and better relativity values
compared to commercially available magnetic resonance imaging (MRI) contrast
agents.

Polyol method is extensively used for the preparation of nanocrystalline metal
tungstates which are considered as inorganic functional materials of significant
importance in the field of catalysis, photocatalysis, scintillators, fluorescent mate-
rials, humidity sensors, etc. A simple polyol method was applied for the synthesis
of well-crystallized fluorescent ZnWO4 nanoparticles [80]. These nanoparticles,
without any doping, shows intense fluorescence upon excitation with near-UV LED
due to the presence of complex anion [WO4]

2−. Feldmann et al. [81] obtained
faceted microcrystals of b-SnWO4 by MW-assisted polyol synthesis in DEG with
SnCl2�2H2O and Na2WO4�2H2O as starting materials. b-SnWO4, thus prepared,
with a direct band gap of 2.7 eV shows good catalytic activity for the pho-
todegradation of rhodamine B dye.

Extensive studies were carried out on calcium tungstate (CaWO4)-based phos-
phor material which emits blue light due to the presence of WO4

2− groups.
Dispersible NPs of CaWO4, both lanthanide doped and undoped were prepared
using polyol synthesis method [82]. For the synthesis of undoped CaWO4, calcium
salt precursor, Ca(NO3)2�H2O was dissolved in EG with continuous stirring and
Na2WO4�2H2O was injected to this solution. After sometime, a white precipitate
appeared and the reaction was allowed to continue for two hours. The precipitate
was centrifuged and thoroughly washed with methanol and acetone for removal of
unreacted species. Lanthanide-doped CaWO4 was synthesized based on the same
procedure except that lanthanide precursor was added to calcium salt solution prior
to sodium tungstate addition. The NPs, thus prepared, were characterized by XRD
and transmission electron microscopy (TEM).

The XRD pattern of CaWO4 is shown in Fig. 11.6a which confirms the for-
mation of CaWO4 nanoparticles with scheelite structure. The crystallite size of
CaWO4 nanoparticles was evaluated based on Scherrer formula and found to be
around 7 nm. Uniform size distribution was observed for the CaWO4 nanoparticles
prepared by polyol method with particle size in the range of 5–10 nm as confirmed
by TEM image (Fig. 11.6b).

Upon excitation with 253 nm light, blue emission was observed from undoped
CaWO4 nanoparticles whereas Dy3+ doped CaWO4 NPs showed strong green
emission. (Fig. 11.7a, b). The emission band from undoped sample ranges from
325 to 600 nm with a peak maximum around 425 nm. The origin of this emission is
attributed to the charge transfer excitation followed by emission from WO4

2−

moiety, involving lower vibrational level of 1B (1T2) and
1A1 states of W

6+ species.
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Emission spectrum of Dy3+ doped CaWO4 consists of mainly three peaks at 478,
574, 665 nm which correspond to 4F9/2 ! 6H15/2,

4F9/2 ! 6H13/2 and
4F9/2 ! 6H9/2

transitions, respectively, of Dy3+ ions present in the CaWO4 lattice. The decay
curve corresponding to 1B (1T2) excited state of WO4

2 tetrahedra in undoped
CaWO4 is shown in Fig. 11.8a, b which represents the decay profile of

4F9/2 state of
Dy3+ ions from CaWO4:Dy NPs. For both the samples, decay profiles are
bi-exponential in nature with two lifetime components. The lifetime values, eval-
uated from the corresponding decay curves, are listed in Table 11.3.

Undoped and lanthanide ion-doped ZnGa2O4 are potential candidates for dif-
ferent types of display devices [83–85]. Undoped ZnGa2O4 emits blue light upon
UV or low-voltage electron excitation due to transition through a self-activation
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Fig. 11.6 XRD pattern (a) and TEM image (b) of CaWO4 nanoparticles
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centre involving GaO6 structural units [86]. Its luminescent properties can be tuned
by substituting Zn2+ with Cd2+/In3+. Preparation of doped/undoped ZnGa2O4

nanoparticles, highly dispersible in organic solvents, is required for incorporating
them in polymer matrix which in turn is indispensable part for the fabrication of
flexible display devices. In3+ and lanthanide-doped ZnGa2O4 nanoparticles were
prepared at a lower temperature of 120 °C by a modified polyol method using EG
solvent [82]. Initially, gallium (Ga) metal was dissolved using concentrated HCl
containing few drops of concentrated HNO3 and the excess acid was evaporated
repeatedly from the solution after adding water. This solution was added to zinc
acetate precursor in a double-necked RB flask followed by addition of EG-water
mixture. The solution was allowed to reach 100 °C when urea was added. The
temperature was subsequently increased to 120 °C to get a white-coloured pre-
cipitate. Relative amount of water and EG in the mixed solvent greatly influenced
average crystallite size of ZnGa2O4 nanostructures and can be seen from the XRD
patterns shown in Fig. 11.9.

Average crystallite size of the NPs increases with increase in water content in the
mixed solvent. The crystallite sizes of the nanoparticles prepared with varying
concentration of EG, and water are listed in Table 11.4. Gradual increase in
crystallite size is observed with increase in water volume which is mainly due to
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Fig. 11.8 Decay curves corresponding to (a) undoped and (b) Dy3+-doped CaWO4 nanoparticles

Table 11.3 Lifetime values
of 1B (1T2) excited state in
WO4

2− poly-anion of
undoped CaWO4

nanoparticles and 4F9/2
excited states of Dy3+ in
CaWO4:Dy nanoparticle

Sample 1B (1T2)
lifetime

4F9/2 lifetime

s1 s2 s1 s2
Undoped CaWO4 0.5 2.6 – –

Dy3+ doped CaWO4 – – 0.1 ms 0.36 ms
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two factors: (1) effective hydrolysis of urea and (2) less control over nanoparticle
growth arising from lack of stabilizing agent EG.

Precursor concentration also affects the particle size of ZnGa2O4 synthesized by
this method. At a particular ratio of water and EG in the mixed solvent (10 ml water
and 25 ml EG), concentrations of Zn and Ga precursors were varied systematically
and XRD patterns of as-prepared NPs are shown in Fig. 11.10. At very low con-
centration of Ga precursor (0.142 mmol), amorphous phase formation was
observed. With increase in precursor concentration, an increase in average crys-
tallite size was observed up to a certain concentration of 1.432 mmol of Ga pre-
cursor followed by a gradual decrease in crystallite size and finally loss of
crystallinity with further increase in reactant concentrations (22.954 mmol Ga
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Fig. 11.9 XRD patterns of
ZnGa2O4 nanoparticles
synthesized with varying
EG-H2O ratios

Table 11.4 Crystallite size of ZnGa2O4 nanostructures prepared in EG-H2O mixed solvents with
different ratios keeping relative concentrations of Zn and Ga intact (Zn: 1.432 mmol, Ga:
2.864 mmol)

S. No. Vol. of H2O (ml) Vol. of EG (ml) Crystallite size (nm)

1 35 0 9.5

2 15 20 6.9

3 5 30 1.2

4 0 35 –
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precursor). The calculated crystallite sizes using Scherrer formula are listed in
Table 11.5. The observed trend in particle sizes with increasing the concentrations
of reactants can be explained based on nucleation and growth of ZnGa2O4

nanoparticles. At lower concentrations of Zn and Ga precursors, both nucleation
and growth processes are slow due to lack of proximity among the reactant ions
leading to lower particle size. With increase in precursor concentrations, growth
becomes faster compared to nucleation resulting in bigger crystallite size. Above a
certain concentration, nucleation is much faster than the growth process and par-
ticles with smaller crystallite sizes are observed.
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Fig. 11.10 XRD patterns of
ZnGa2O4 particles prepared
with different precursors (of
Zn and Ga) concentrations

Table 11.5 Crystallite size of ZnGa2O4 nanoparticles with different precursor concentrations
keeping water–EG ratio fixed (10 ml water and 25 ml EG)

S.
No.

Concentration of Zn
precursor (mmol)

Concentration of Ga
precursor (mmol)

Crystalite
size (nm)

1 0.071 0.142 –

2 0.716 1.432 5.1

3 3.586 7.172 3.6

4 7.173 14.346 2.8

5 11.477 22.954 –

11 Polyol Method for Synthesis … 311



In3+-doped ZnGa2O4 nanoparticles with size *5 nm were prepared based on
the same polyol method. The nanoparticles showed strong blue emission with a
quantum yield of 10% upon excitation with 270 nm light. These nanoparticles can
be easily incorporated in polymethylmethacrylate (PMMA) matrix by in situ
polymerization of MMA below 100 °C, thus facilitating their use in the fabrication
of polymer-based devices.

Sahu et al. [87] have prepared Tb3+-doped GdPO4 nanorods sensitized with Ce
3+

by polyol technique. Gd2O3, Tb(NO3)3�6H2O and Ce(NO3)3�6H2O were dissolved
in hydrochloric acid, and excess acid was removed by repeated evaporation by
adding water. Finally, a transparent solution was obtained. (NH4)H2PO4 and EG
were added to that solution. Polymer-based films incorporated with nanocrystals of
GdPO4:Tb,Ce showed intense green emission under UV irradiation. Luminescence
switching (ON–OFF) performance of GdPO4:Tb,Ce nanorods was checked by
subsequent addition of potassium permanganate (oxidizing agent) and ascorbic acid
(reducing agent) through a redox (Ce3+/Ce4+) reaction. These nanoparticles showed
paramagnetic behaviour and are potential candidates for flexible display device and
MR imaging.

Recent studies have shown potential of lanthanide orthovanadates (LnVO4) as
materials for laser hosts, polarizers, catalysis, biological detection, etc. In this
respect, synthesis of size- and shape-controlled LnVO4 and study of their lumi-
nescence properties are of prime importance for material scientists. Okram et al.
[88] have synthesized nanocrystals of LaVO4:Eu

3+ co-doped with metal ions
(Mn+ = Li+/Sr2+/Bi3+) by a simple polyol method in EG medium at 140 °C. The
schematic diagram for the preparation of nanostructured LaVO4:Eu

3+ starting from
lanthanum oxide (La2O3) and europium oxide (Eu2O3) are depicted in Fig. 11.11.

Li+/Sr2+/Bi3+ co-doped LaVO4:Eu samples were prepared following the similar
strategy. All the synthesized samples were found to contain both tetragonal and
monoclinic phases of LaVO4. Relative ratio of tetragonal to monoclinic phases
increased upon increasing the dopant concentrations (Li+ and Sr2+) as shown in
Fig. 11.12. However, the reverse trend was observed for Bi3+ co-doped sample.
Upon Li+/Sr2+doping, the lattice of LaVO4:Eu

3+ expanded whereas lattice con-
traction occurred when co-doped with Bi3+. Irrespective of the crystal structure, the
authors found an increase in luminescence intensity by co-doping of Li+/Sr2+/Bi3+

in LaVO4:Eu
3+ matrix.

Polyol synthesis method was adopted for developing core–shell nanostructures
based on metal oxide systems. Core–shell nanostructures of Ag NP @ ZnO were
prepared by seed-mediated polyol method in two steps [89]. Initially, Ag
nanoparticles were prepared by polyol reduction of AgNO3 salt precursor in EG
solvent containing PVP at 160 °C. The as-prepared Ag nanoparticles were used as
seed for growing ZnO nanorods over the Ag surface. These core–shell nanos-
tructures with hedgehog-like morphology showed better photocatalytic perfor-
mance compared to ZnO mainly because of the roles played by Ag cores in
generating ZnO with higher specific surface area and hindering the recombination
of photogenerated electrons and holes.
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Fig. 11.11 Schematic diagram for the preparation of LaVO4:Eu
3+ nanophosphors in ethylene

glycol medium. Adapted with permission from Ref. [88]. Copyright (2014) American Chemical
Society

Fig. 11.12 Variation of
monoclinic to tetragonal
phases in LaVO4:Eu

3+ system
and in the LaVO4:Eu

3+

systems co-doped with Li+/
Sr2+/Bi3+. Adapted with
permission from Ref. [88].
Copyright (2014) American
Chemical Society
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11.5 Synthesis of Nanostructured Metal Chalcogenides

The polyol synthesis method is reported to be extensively used for preparing metal
sulphides with nanoscale dimensions. Shen et al. [90] designed a general polyol
technique for preparing various types of metal sulphide nanoparticles (Fe3S4, CunS,
NiS, In2S3, Ag2S, PbS). The metal sulphides were prepared by treating the corre-
sponding metal salt precursors with thiourea in polyol at appropriate reaction
conditions. Morphology and crystallinity of the NPs were studied by TEM and
powder XRD. Hexagonal NiS nanocrystals with particle size *35 nm, pseu-
docubic phase Cu1.8S nanoparticles with size *65 nm were obtained by this
method, whereas the size of cubic phase PbS nanostructures was in the range of 15–
120 nm. Apart from thiourea, other sulphide sources such as sulphur powder and
Na2S have also been tried successfully by different research groups for the
preparation of metal sulphides via polyol method [91, 92].

Datta et al. [93] reported synthesis of nearly monodisperse In2S3 nanoplatelets in
high yield by a simple polyol process. InCl3 was dissolved in anhydrous EG along
with 1-thioglycerol, and the reaction temperature was set at 70 °C, which was
maintained for half an hour with continuous stirring. After that, thiourea was added
to the solution and reaction temperature was raised to 140 °C. The reaction was
continued at this temperature for 1 h. Then, the reaction mixture was cooled down
to room temperature and precipitate was formed by addition of hexane/ethanol. The
nanoplatelets were formed in uniform size and shape which has been shown in
Fig. 11.13a, and the thickness of the nanoplates was *7 nm (Fig. 11.13b).
Quantum size confinement was proposed for these thin nanoplatelets as large shift
in the band gap was observed compared to bulk In2S3 in the optical absorption
spectrum. The In2S3 nanoplatelets prepared by this method were much thinner (*5
times) compared to the bulk In2S3 with a Bohr diameter of *33.8 nm. The In2S3
nanoplatelets were almost free from surface defects, and they showed steady
band-edge UV luminescence with a peak around 383 nm. Emission maximum
remained almost unchanged for these In2S3 nanoplatelets upon excitation with
different wavelengths indicating their narrow size distribution.

Antimony sulphide (Sb2S3) with flower-like structure was prepared via a polyol
reflux method by Zhu et al. [94]. Antimony trichloride and L-cysteine were added
to EG in the presence of ethylenediamine and refluxed at 175 °C for 50 min. The
reaction mixture was allowed to cool down to room temperature and was cen-
trifuged to collect the product. To understand the growth mechanism of
micro-flower, a series of experiments were performed by varying the reaction time
and keeping all other experimental conditions similar. Some experiments were also
tried without adding ethylenediamine in EG. XRD patterns confirmed formation of
Sb2S3 with orthorhombic stibnite structure. However, Sb2S3 crystals with several
micrometer sizes were obtained when the reaction was performed without
ethylenediamine. When ethylenediamine is present in reaction mixture, a chelate
compound of Sb is formed which controls the release of antimony ions, and thus, a
fine control over the crystal growth of Sb2S3 was obtained resulting in nanosheets
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of Sb2S3. When the reaction was continued for 10 min, nanosheets were accumu-
lated into bulk structures. Upon increasing the reaction time from 10 to 20 min,
nanosheets started self-assembling and fluffy spheres of Sb2S3 were formed. On
further increasing the reaction time beyond 40 min, micro-flower structure forma-
tion started by Ostwald ripening process. Scanning electron micrograph of the
Sb2S3 flowers revealed that they consisted of dozens of nanosheets with *50 nm
thickness. Stacking of such nanosheets leads to the formation of spherical
microflowers with 7–10 lm diameter with enough interspaces (Fig. 11.14).

The Brunauer–Emmett–Teller (BET) surface area of the microflowers was
measured and found to be 22.787 m2 g−1. The flower-like Sb2S3 showed improved
electrochemical behaviour when used as an anode material for Na-ion batteries due
to its unique structure which helped in efficient diffusion for Na+ and e−.

Transition metal sulphides have emerged as excellent materials for
high-performance supercapacitor applications. Ternary Ni–Co sulphides, with
varying Ni and Co contents, were prepared employing a one-pot polyol synthesis
method in EG medium [95]. Nickel (II) acetate and cobalt (II) acetate were used as
precursors of respective metals. The precursors dissolved in EG were transferred to
a stainless steel autoclave (Teflon-lined) and kept at 200 °C for 6 h to ensure
formation of the ternary sulphide. XRD peaks of Ni1.5Co1.5S4 matches well with
those of Co3S4 phase indicating that the Co3S4 phase is dominant in the mixed
sulphide with almost no or negligible fraction of NiS phase (Fig. 11.15a). Because
of similar radii of Ni and Co, cobalt ions are partially replaced by nickel ions
ultimately maintaining the Co3S4 phase in final Ni1.5Co1.5S4 compound. Elemental
mapping of the Ni, Co and S in Ni1.5Co1.5S4 sample is shown in Fig. 11.16 which

(a)                                 (b) 

Fig. 11.13 (a) TEM image of In2S3 nanoplatelets at lower magnification and (b) HRTEM image
recorded from the region highlighted as red square in (a). In the inset of (b), two parallel In2S3
nanoplatelets are shown with thickness *7 nm. Lattice fringe spacing was determined as 0.33 nm
indicating the presence of (109) plane of tetragonal In2S3. Adapted with permission from Ref. [93].
Copyright (2013) Royal Society of Chemistry
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confirmed uniform distribution of the elements in the sample. TEM image
demonstrated that the particles are loosely assembled in the sample resulting in
porous structure (Fig. 11.15b). It is clear from the TEM image at higher magnifi-
cation that the sample is composed of interconnected nanoparticles. The superca-
pacitance performance (pseudo) of bimetallic Ni–Co sulphide was proven to be
better compared to that of monometallic Ni and Co sulphides in terms of high
specific capacitance, superior rate capability and cyclic life. The relative ratio of Ni
and Co ions in the sample is crucial for improved pseudo-supercapacitive perfor-
mance. Ni1.5Co1.5S4 sample exhibited specific capacitance as high as 1093 F g−1 at
1 A g−1. Representative CV curves of Ni1.5Co1.5S4 sample after and before 2000

Fig. 11.14 FE-SEM images (a)–(d) showing flower-like structure of Sb2S3 and EDS profile of
representative Sb2S3 (e). Adapted with permission from Ref. [94]. Copyright (2015) Royal Society
of Chemistry
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charge–discharge cycles are shown in Fig. 11.17. There is negligible change in
redox peak positions, and both the curves are similar in shape indicating high cyclic
stability of Ni1.5Co1.5S4 sample.

Ternary metal sulphides have been demonstrated as potential candidate for
photocatalysis. Shang et al. [96] synthesized flower-like ZnIn2S4 microspheres by
polyol-mediated hot-injection technique. ZnCl2 and InCl3 were dissolved in DEG in
the presence of capping agent polyacrylic acid (PAA) and heated to 200 °C/220 °C
in inert atmosphere. A solution containing thiourea in DEG was injected to the hot
solution containing Zn and In precursors, and the temperature was maintained at
that value for 2–4 min. The reaction mixture was cooled down to ambient tem-
perature, and precipitate was formed upon addition of ethanol. Electron micro-
graphs of as-synthesized ZnIn2S4 samples confirmed formation of flower-like

(a) (b) 

Fig. 11.15 (a) XRD patterns of the binary NiS, Co3S4 and ternary Ni1.5Co1.5S4; (b) TEM image
of Ni1.5Co1.5S4 sample. Inset in (b) shows TEM image of the sample at higher magnification.
Adapted with permission from Ref. [95]. Copyright (2015) Royal Society of Chemistry

Fig. 11.16 Elemental mapping of Ni1.5Co1.5S4 sample. Adapted with permission from Ref. [95].
Copyright (2015) Royal Society of Chemistry
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superstructures at both the reaction temperatures as can be seen in Fig. 11.18. When
the reaction temperature was fixed at 220 °C, the average diameter of the spherical
ZnIn2S4 flowers was found to be *500 nm. However, with decrease in synthesis
temperature (200 °C), average diameter of the superstructures increased as clear
from the SEM image. At lower temperature, the number of nuclei was less leading
to relatively large-sized microspheres. The constituent nanosheets of the super-
structures are clearly visible from TEM images. The estimated thickness of the
nanosheets was *2–3 nm. Due to ultrathin nature of the nanosheets and its rea-
sonably high specific surface area, the material showed excellent photocatalytic
activity for visible light-driven H2 production.

Apart from sulphides, metal selenides are also interesting class of nanomaterial
because of their unique optical and electrical properties. Semiconductors based on
metal selenide nanoparticles are widely studied for different applications such as
thin film transistors and solar cells. Unlike large number of sulfur precursor
available for stable metal sulphide nanoparticle synthesis, precursors for selenium
are limited [97]. Liu et al. [98–101] have worked extensively towards the devel-
opment of synthesis strategies for mono/bi-metallic selenide nanoparticles at mild
experimental conditions with lower preparation cost. A mixed solvent of thiogly-
colic acid (TGA) and monoethanolamine (MEA) was used for dissolution of Se at
room temperature in air. The as-prepared Se solution was used as Se precursor for
the preparation of different metal selenide nanostructures such as CuSe nanoplates,
Sb2Se3 nanorods and CuInSe2 nanocrystals by polyol method using triethylene
glycol (TEG) in the presence of PVP at *180 °C. Selenium solution prepared in
(TGA + MEA) mixed solvent is highly stable even in presence of air. The disso-
lution of Se powder happens by reduction of Se via the thiol group of TGA
followed by complexing with the amine group of MEA. Single crystalline nature of

Fig. 11.17 CV curves of
Ni1.5Co1.5S4 recorded before
and after 2000 charge–
discharge cycles. Adapted
with permission from Ref.
[95]. Copyright (2015) Royal
Society of Chemistry
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all the selenide samples was confirmed from HRTEM images as shown in
Fig. 11.19.

All the samples, i.e. monometallic selenides CuSe and Sb2Se3 and bimetallic
selenides CuInSe2 prepared by this modified polyol route, were well dispersible,
and their morphologies were well controlled. The average diameter of Sb2Se3
nanorods was *80 nm with length ranging from 400 nm to 1.4 lm whereas the
average particle size of CuSe nanoplates was varying from 100 to 500 nm. CuInSe2
nanoparticles formed by this process were much smaller in size (*8 nm) as seen
from TEM images. Sizes are even smaller than the Bohr radius of CuInSe2
nanocrystals (10.6 nm). Hence, quantum size confinement was expected in this type
of CuInSe2 nanocrystal leading to an increase in its band gap. The CuInSe2
nanoparticles were utilized for preparing ethanol-based colloidal ink and deposited
as thin films by a dip-coating process followed by selenization at 550 °C. Selenized
CuInSe2 film was used to construct a solar cell with typical cell structure of Mo/
CuInSe2/CdS/i-ZnO/Al-ZnO, and its power conversion efficiency was determined
as 2.65% under AM 1.5 illumination (Fig. 11.20).

Fig. 11.18 SEM images of ZnIn2S4 samples prepared at (a) 220 °C and (b) 200 °C. TEM images
of ZnIn2S4 sample prepared at 220 °C with (c) low and (d) high magnifications. Adapted with
permission from Ref. [96]. Copyright (2013) Royal Society of Chemistry
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The CuInSe2 nanoparticles can also be obtained via microwave-assisted polyol
reduction method [102]. However, the particle size obtained by this method was
much bigger (*10 times) compared to the nanoparticles formed by previous
method.

Fig. 11.19 TEM and HRTEM images of Sb2Se3 (a), (b), CuSe (c), (d), and CuInSe2 (e), (f)
nanoparticles. Insets of (a) and (c) show the SAED patterns of Sb2Se3 nanorod and CuSe
nanoplate. Adapted with permission from Ref. [101]. Copyright (2016) Royal Society of
Chemistry
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Like sulphide and selenides, tellurides are also important class of chalcogenide
for alternate energy sources, other than fossil fuel. Energy conversion employing
thermoelectric materials are considered as one of the promising alternatives for
conversion of waste heat into electric energy. Bismuth telluride is a potential low
temperature thermoelectric material [103]. Its ternary analogue, bismuth antimony
telluride, Bi0.5Sb1.5Te3 is reported to exhibit better thermoelectric properties, when
synthesized in nanoform, compared to Bi2Te3 [104]. It is worth mentioning that the
thermoelectric performance of a material depends on its figure of merit ZT which is
expressed as ZT = S2rT/k, where S, r and T are Seebeck coefficient, electrical
conductivity and temperature, respectively, and k represents total thermal con-
ductivity. One of the important approaches to improve thermoelectric performance
is by lowering the dimension to nanoregime which can generate lots of grain
boundaries resulting in reduced thermal conductivities. In addition to that nanos-
tructuring is a good tool for fine-tuning the important parameters such as S, r and k
by controlling size and morphology of the nanomaterials. In most of the cases, bulk
production of thermoelectric nanomaterials is done either by traditional solid-state
method or by ball milling, sputtering, etc. Liquid-phase chemical method seems to
be an alternative method for preparation of thermoelectric nanomaterials with more
complex structure, but suffers from different issues related to scaling up. Transport
property measurement of the nanostructured thermoelectric material produced by
chemical route becomes difficult as it needs bigger sample size. Anderson et al.
[104] reported a modified and scalable polyol process for synthesis of nanostruc-
tured thermoelectric Bi0.5Sb1.5Te3 in bulk scale. Nanostructured Bi0.5Sb1.5Te3 was
prepared by reducing stoichiometric amounts of bismuth (III) nitrate pentahydrate,
antimony (III) chloride, sodium tellurate (VI) dihydrate in TEG using NaBH4 as
co-reductant. After addition of NaBH4 the reaction temperature was raised to 250 °
C and maintained at least for 1 h. In order to improve the crystallinity,
as-synthesized Bi0.5Sb1.5Te3 was annealed at 500 °C for 6 h. XRD patterns of
as-synthesized and annealed Bi0.5Sb1.5Te3 samples are shown in Fig. 11.21.

Fig. 11.20 I-V curve of
CuInSe2-based solar cell. In
the figure, VOC, ISC, FF, η
stand for open voltage, short
current density, filling factor
and efficiency, respectively.
Adapted with permission
from Ref. [101]. Copyright
(2016) Royal Society of
Chemistry
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The as-synthesized Bi0.5Sb1.5Te3 nano-powders are composed of aggregates of
loosely bound platelets, whereas the annealed sample is dense and sintered as can
be seen from the SEM image shown in Fig. 11.22. The overall platelet morphology
is maintained in the annealed sample.

The Seebeck coefficient (S) of sintered pellets of Bi0.5Sb1.5Te3 nano-powders
was measured in the temperature range of 300–500 K, and its temperature
dependence is presented in Fig. 11.23. The value of S increases with increase in
temperature and reaches S = + 200 µV K−1 at 500 K. The Seebeck coefficient of

Fig. 11.21 XRD patterns of
Bi0.5Sb1.5Te3 samples. Inset
shows photograph of sintered
pellet of nanostructured
Bi0.5Sb1.5Te3 (1 cm
diameter � 1 mm thick).
Adapted with permission
from Ref. [104]. Copyright
(2010) Royal Society of
Chemistry

(a) (b) 

Fig. 11.22 SEM image of Bi0.5Sb1.5Te3 nano-powders (a) as-synthesized and (b) annealed at
500 °C. Adapted with permission from Ref. [104]. Copyright (2010) Royal Society of Chemistry
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binary Bi2Te3, prepared by same polyol method remains almost constant over the
entire temperature range of 300–500 K and much lower than the S value of
Bi0.5Sb1.5Te3.

11.6 Synthesis of Metal Fluoride Nanoparticles

Nanostructured rare earth (RE) fluorides are very interesting class of materials for
novel applications such as lighting, telecommunication, bioimaging, solar cells and
scintillators. Two types of rare earth fluorides, namely binary REF3 and ternary
AREF4 (A = alkali metal), have been established as excellent luminescent host
materials for a variety of optically active lanthanides both for down-conversion and
for up-conversion processes. Due to relatively higher value of refractive index
coupled with low phonon energy for fluoride systems, the probability of
non-radiative decay is very low leading to exceptionally high luminescence
quantum yields compared to conventional oxide-based hosts. In this section of the
chapter, we mainly focus on the polyol synthesis of rare earth fluoride nanostruc-
tures with their probable applications. For example, CeF3, a RE-based luminescent
nanomaterial has potential application as laser host material. Wang et al. [105]
prepared this material along with CeF3:Tb

3+ and CeF:Tb3+/LaF3 (core/shell)
nanostructures using simple and facile polyol method in DEG medium. During
these synthesis processes, NH4F was used as the source of fluoride. Nanocrystals of
CeF3 and CeF3:Tb

3+ were obtained in a single step whereas the core/shell
nanoparticles were formed via two steps. CeF3:Tb

3+ core was prepared separately
by dissolving Ce(NO3)3.6H2O and Tb(NO3)3 in DEG at 100 °C followed by

Fig. 11.23 Seebeck
coefficient for Bi0.5Sb1.5Te3
and Bi2Te3 in temperature
range 300–500 K. Adapted
with permission from Ref.
[104]. Copyright (2010)
Royal Society of Chemistry
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addition of NH4F at an elevated temperature of 200 °C in argon atmosphere. To
ensure the formation of CeF3:Tb

3+, reaction temperature was maintained at 200 °C
for 1 h with vigorous stirring of the reaction mixture. To prepare the LaF3 shell, a
solution of La(NO3)3 dissolved in DEG at 100 °C was mixed with already prepared
CeF3:Tb

3+ core solution. The temperature of the reaction mixture was raised to
200 °C under Ar flow and NH4F was added. The solution was heated at 200 °C for
1 h to precipitate core/shell nanoparticles. XRD patterns revealed hexagonal
structure of CeF3, CeF3:Tb

3+ and CeF3:Tb
3+/LaF3 NPs with average crystallite

sizes of 8, 8.5 and 11.5 nm, respectively. The nanoparticles of CeF3 and CeF3:Tb
3+

were spherical with average diameter of *7 nm as illustrated from TEM images
(Fig. 11.24a). The mean size of CeF3:Tb

3+/LaF3 core–shell NPs was increased to
11 nm with broadening in particle size distribution. The nanocrystals were dis-
persed in ethanol, and transparent colloidal solutions were obtained for all the
samples. The solutions were irradiated under UV lamp (254 nm), and purple-blue
emission was obtained from the solution containing CeF3 nanoparticles, charac-
teristic of Ce3+ 5d-4f transition (320 nm). The other two solutions gave bright green
emission which was due to 5D4-

7F5 transition of Tb3+at 542 nm.
Wei et al. [106] have reported synthesis of upconversion luminescence

nanoparticles (UCNPs), namely NaYF4:Yb,Er/Tm with size 10–30 nm using a
simple polyol method. Oxides of yttrium, ytterbium, erbium and thulium were used
as sources of RE3+ which were converted into corresponding chlorides by dis-
solving in hydrochloric acid. During the synthesis, two types of fluorine source
were employed: NaF and NH4F. When NH4F was used, addition of NaCl was
mandatory to provide sodium ions. In case of NaF as fluoride source, sodium ions
came from NaF, restricting further addition of NaCl. Three types of polyols (glycol,
DEG and glycerol) with different boiling points were used as reaction medium as

(a)                                           (b)

Fig. 11.24 TEM image of CeF3 nanospheres (a) and photographs of colloidal dispersions of
CeF3, CeF3:Tb

3+ and CeF3:Tb
3+/LaF3 core–shell NPs upon UV irradiation at 254 nm (b). Adapted

with permission from Ref. [105]. Copyright (2006) American Chemical Society

324 P. Ruz and V. Sudarsan



well as surface capping agent to control particle growth and inhibit particle
agglomeration. The product obtained by polyol method, irrespective of the reaction
medium, was a- NaYF4:Yb,Er/Tm. It is well known that b form of NaYF4, also
known as hexagonal NaYF4, is a better host compared to cubic a- NaYF4. In order
to convert a-NaYF4 phase to b form, the products of polyol method were treated
solvothermally. Nanoparticles formed in DEG were smaller in size compared to
those prepared in glycol or glycerol, which was explained by the researchers in
terms of steric repulsion in polyol solution. DEG being bulkier polyol compared to
short-chain polyols (glycol/glycerol), it is expected to provide considerable steric
hindrance. As a result, the amount of reactants is reduced in the vicinity of initial
seeds leading to smaller particle size of the nanocrystal. Li and co-workers [107]
have developed a versatile one-pot polyol synthesis method for the preparation of
functional-surface tuneable UCNPs by using difunctional ligands containing a
carboxyl group, such as 11-aminoundecanoic acid (ADA), folic acid (FA) and poly
(ethylene glycol)bis (carboxymethyl)ether (PEGBA), as schematically depicted in
Fig. 11.25. This novel approach is based on exchange of surface ligand of
DEG-coated upconversion NPs with carboxylic ligands due to stronger complexing

Fig. 11.25 Schematic diagram for the one-pot polyol synthesis of surface-functionalized UCNPs.
Untreated UCNPs-DEG (hydrophilic) (a); amphiphilic UCNPs-OA: OA-functionalized UCNPs
(b1); UCNPs-ADA: NH2-functionalized UCNPs (b2); UCNPs-PEGBA: COOH-functionalized
UCNPs (b3); UCNPs-FA: FA-functionalized UCNPs (b4). Adapted with permission from Ref.
[107]. Copyright (2010) Royal Society of Chemistry
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ability of the -COOH group with lanthanide ions compared to the –OH group of
DEG.

After preparation of NaYF4-based nanoparticles in DEG medium at 200 °C, the
reaction temperature was reduced to 100 °C wherein a DEG solution containing
OA/ADA/PEGBA/FA was injected. The solution was heated at 200 °C for 1 h to
ensure formation of surface-functionalized UCNPs. The successful preparation of
surface-functionalized UCNPs via this one-pot polyol synthesis method was veri-
fied by FTIR and 1H NMR spectroscopy. As an example, the FTIR spectra of oleic
acid-functionalised (OA-functionalized) UCNPs and DEG-coated UCNPs are
shown in Fig. 11.26 which confirmed successful ligand exchange between DEG
and OA. The characteristic peak at 1063 cm−1 is due to C–O bond of DEG which is
absent in the FTIR spectrum of UCNPs-OA. Moreover, a new peak is observed at
3007 cm−1 in the FTIR spectrum of OA-functionalized UCNPs which is attributed
to the = C–H stretching vibration. Among the above-mentioned
surface-functionalized UCNPs, FA-functionalized UCNPs have been demon-
strated for targeting folate-receptors (FR) over expressing cancer cells with no
background fluorescence and can be considered as one of the promising lumines-
cent labels for bioimaging.

11.7 Conclusions and Future Scope

In this chapter, synthesis of a variety of nanostructured materials based on polyol
method has been described in detail. In addition to the role of polyol as a solvent
and a stabilizing ligand, polyol also acts as a reducing agent during the synthesis of
metal and alloy nanoparticles. For metal ions which require strong reducing agents
for conversion to zero-valent state, additional reagents can be employed during the
synthesis. In most of the cases, nanomaterials with narrower particle size

Fig. 11.26 FTIR spectra of
DEG coated UCNPs (a) and
OA-functionalized UCNPs
(b). Adapted with permission
from Ref. [107]. Copyright
(2010) Royal Society of
Chemistry
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distribution have been obtained by this method. The method can be used for the
preparation of nanomaterials with both hydrophobic and hydrophilic surfaces. The
examples mentioned in the chapter clearly establish the fact that the methodology
can be extended for the synthesis of wide range of inorganic compounds with large
extent of tunability in physico-chemical properties. However, a lot of improvements
are required to extend the scope of polyol synthesis to industrial scale. Based on
extensive literature survey, it is understood that the following aspects of polyol
synthesis need to be addressed:

(i) Research efforts should be made towards the establishment of formation
mechanism of nanoparticles by polyol method to avoid the choice of polyols
on empirical basis during synthesis. This seems to be a tedious job due to
wide range of polyols and metal precursors. Already, some theoretical
investigations have been carried out for fundamental understanding of the
polyol synthesis for some specific polyol-metal cases. However, in-depth
theoretical studies along with extensive experimental investigations specially
using in situ spectroscopic tools are required to make a reliable database so
that size and shape of the final product can be predicted based on the data.

(ii) Like the choice of polyol, in most of the polyol synthesis, capping agent is
also selected through an empirical approach due to the lack of proper
understanding of the factors that decide the morphology of the final product.
Hence, it is obvious that a lot of research scope is opened for the compre-
hensive understanding of the roles played by capping agent in controlling the
size and shape of nanoparticles.

(iii) Thermal decomposition of the polyols near the boiling point is a serious
problem which restricts the reaction temperature to a certain upper limit
using a particular polyol. Moreover, polyol synthesis faces big challenges of
solvent recyclability as far as scaling up is considered.

If the above-mentioned issues are solved, a revolutionary change is expected in
the field of polyol synthesis, and this synthetic method can be successfully applied
for developing various inorganic functional nanomaterials with different techno-
logical importance.
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Chapter 12
Synthesis of Nanostructured Materials
by Thermolysis

Bheeshma Pratap Singh, Ramaswamy Sandeep Perala,
Manas Srivastava, and Raghumani Singh Ningthoujam

Abstract The thermolysis synthesis for the different nanomaterials such as metal,
metal oxides, hollow nanostructures, bimetallic, metal organic frameworks, and
carbon dots is provided. Controlled shape and size engineering of particles has been
performed using appropriate polyols. The polyols such as ethylene glycol (EG),
polyethylene glycol (PEG), and glycerol are frequently used for the nanomaterial
processing. The microwave assisted synthesis gives advantages such as fast heating,
quick reaction rate, high yields of the product, and less reaction time as compared to
the conventional heating techniques. Hydro/solvothermal routes are employed to
obtain range of nanomaterials with controlled morphology and crystallinity com-
pared to the other wet-chemical techniques. Sonochemical as well as ultrasonic
spray pyrolysis approaches are also utilized for the synthesis of nanomaterials.
Ultrasonication produces acoustic cavitation. The cavitation process leads to the
formation of bubbles. During the collapse of bubbles, the tremendous amount of
energy/high temperature and high pressures are liberated in very short time, and this
can be used for synthesis of nanomaterials.
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Diethylene glycol DEG
Tri-ethylene glycol TEG
Butanediol BD
Glycerol GLY
Benzenehexa chloride Bhc
Tri-ethanol-amine TEA
Cetyl trimethyl ammonium bromide CTAB
Sodium dodecyl sulfate SDS
Polyethylenimine PEI
Metal Organic Framework MOF
Hollow Carbon Sphere HCS

12.1 Introduction

Nanomaterials are regarded as backbone of nanotechnology and have shown
promising applications in materials science, bio-physics, chemistry, biotechnology,
etc. Synthesis plays a vital role in obtaining desired nanostructured materials.
Moreover, synthesis of the nanomaterials with the environment friendly route, use
of less toxic and less explosive reactants, and less reaction processing time is highly
required. Precise control of shape and size of the nanoparticles (NPs) is necessary in
order to tailor electrical, optical, magnetic, and catalytic properties. Nanostructured
materials synthesized via thermolysis can provide the various shape and size of the
particles which exhibit the different properties as compared to their bulk counter-
parts, and thus, they are useful in many applications such as optoelectronic devices,
photocatalytic activity, data storage, bio-imaging, drug delivery, magnetic reso-
nance imaging (MRI), fuel cell, photovoltaics, photodetector, super capacitors and
hyperthermia, etc. [1–6].

Synthesis protocols play the pivotal role in controlling the morphology of the
NPs, which finally determines their properties. Herein, thermolysis approach is
presented for the synthesis of nanomaterials and their different applications.
Thermolysis is a process of synthesis of compounds above room temperature but
below the boiling points of the solvents. Generally, solvents used into thermolysis
routes should have high boiling point. It may also include the process such as
thermal decomposition, substitution, and addition of the ions or elements but we
consider the case for thermolysis only when there is an involvement of heating in
the presence of a solvent. The scope of thermolysis is very vast, and this can be also
used in the preparation of organic and inorganic compounds. However, in this
chapter, synthesis of inorganic materials such as metals, alloys, oxides, metal
organic frameworks, etc., will be presented. Figure 12.1 represents the schematic of
various routes of thermolysis, namely polyol, hydro/solvothermal, microwave
(MW), sonochemical, and their applications.
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12.1.1 Types of Solvents

On the basis of polarity, solvents can be categorized into two types—polar and
non-polar solvents. Generally, polar solvents can dissolve polar molecule, whereas
non-polar solvents can dissolve non-polar molecule. There are solvent molecules
such as dimethyl sulfoxide (an organosulfur compound with the formula
(CH3)2SO), N,N-dimethylformamide, which can dissolve polar or non-polar
molecules. In addition, there are solvent molecules such as surfactant (oleic
acid), which can dissolve polar molecule (water) and non-polar molecule (hexane,
oil) simultaneously. Here, water-oil is immiscible, but miscible in the presence of
oleic acid.

Fig. 12.1 Schematic representations depicting the various routes of thermolysis for synthesis of
nanoparticles and their applications
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12.1.2 Polar or Hydrophilic Solvents

The solvent molecule having polarity due to presence of a functional group such as
OH, which can mix with water molecule easily is considered as polar or hydrophilic
solvent. The general structure of the solvents can be expressed as R-OH. Generally,
this solvent has high boiling point; and in general, its boiling point increases with
increase of OH contents in a molecule. The polar solvents with their structural
formula and corresponding boiling points are represented in Table 12.1 [7].

12.1.3 Non-polar or Hydrophobic Solvents

Solvent molecule of non-polar character does not have static charges such as
positive and negative charge separation, and in general, it is immiscible with water,
and these are considered as non-polar or hydrophobic solvents. In this type of
solvents, homogenous distribution of charges results in small dielectric constant.
Moreover, non-polar solvents can dissolve non-polar substances such as oils, fats,
and grease. Examples of non-polar solvents are summarized in Table 12.2 [8].

Using the hydrophilic solvents during the thermolysis process, agglomerated
particles/compounds are prepared. Moreover, suitable use of capping agents such as
sodium dodecyl sulfate (SDS), poly vinyl alcohol (PVA) which can exhibit less
agglomeration, and nearly, monodispersed type compounds are prepared [9].
Moreover, in hydrophobic type solvents, octadecene, diethylether, and silicon oil
have been used. By using these solvents and hydrophobic surfactant such as oleic

Table 12.1 Polar solvents and their corresponding boiling points

Solvents (Polar) Chemical formula Boiling point (°C)

Ethylene glycol (EG) HO–C2H4–OH 197

Diethyleneglycol (DEG) HO–C2H4–O–C2H4–OH 244

Tri-ethyleneglycol (TrEG) HO–(C2H4–O)2–C2H4–OH 291

Tetraethyleneglycol (TEG) HO–(C2H4–O)3–C2H4OH 314

Polyethyleneglycol (PEG) HO–(C2H4–O)n–C2H4OH 350

Glycerol (GLY) C3H8O3 290

Butanediol (BD) C4H10O2 235

Pentanediol (PD) C5H12O2 242

Methanol CH3–OH 64.6

Ethanol CH3CH2–OH 78.5

n-Propanol C3H7–OH 97

Acetic acid CH3CO–OH 117.9

n-Butanol C4H9–OH 118

Water H–OH 100
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acid, nearly monodispersed nanoparticles are prepared. Using polar solvents during
the compound preparation, the thermolysis process can be categorized as (a) polyol,
(b) hydrothermal and/or solvothermal, (c) microwave (MW) assisted synthesis, and
(d) sonochemical synthesis.

12.2 Polyol Synthesis Route

Metal nanoparticles of Ag, Au, Pd, and Ni can be prepared by polyol route. Here,
EG, PEG, and GLY solvents are used as reaction medium as well as reducing
reagent. It restricts an extra addition of reducing agent. The presence of OH group
in solvent helps in reducing metal ions. The polyol synthesis exhibits a range of
features as compared to traditional sol–gel route such as it comprises high boiling
points solvents, reducing properties for the metal synthesis, high solubility of metal
salts comparable to water, and vast operating temperature choice. It also favors the
synchronizing behavior toward surface functionalization, colloids of highly stable
NPs, and vast range of flexibility of polyols ranging from low molecular weight EG
to high molecular weight PEGs. Furthermore, it is easier to detach the polyols from
the surface of NPs after synthesis by repeated washing with water, and thus, par-
ticles can be prepared at large scale. This route has been regarded as green,
bio-compatible, and viable solvents, which is also extremely applicable for
large-scale commercial synthesis of NPs [7].

12.2.1 Metal NPs

The solution processed polyol mediated synthesis has been emerged as the most
effective successful route to prepare the metallic NPs with less agglomeration. Zero
valent noble metals Au, Ag, Pd, Cu, and high electropositive Co and Ni metals are
prepared. Also, this approach is further extended for the metals and its alloys
comprised of particles with very less agglomeration, precise control over

Table 12.2 Non-polar solvents and their corresponding boiling points

Solvents (Non-polar) Chemical formula Boiling point (°C)

Hexane CH3(CH2)4CH3 69

Benzene C6H6 80.1

Diethyl ether CH3CH2OCH2CH3 118

Carbon tetrachloride CCl4 76.8

Diphenyl ether C6H5–O–C6H5 257

Octadecene CH3C15H30CH = CH2 315

Toluene C6H5CH3 111
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morphology, and narrow size arrangement [10]. The precise control over shape and
size shows tunability of opto-electronic, magnetic, catalytic, data storage capacities,
etc. Xia and co-workers have synthesized the single crystal of Ag NPs via polyol
mediated synthesis route. SilverNPs are prepared via reduction of silver nitrate salt
precursor in the presence of ethylene glycol at higher temperature at the manifes-
tation of polyvinyl pyrrolidone (PVP). Here, ethylene glycol acts as reaction
medium as well as reducing agent while PVP as a capping agent. It was observed
that addition of NaCl into the solution mixture increases the etching and oxidation
of the twinned particles promoting the formation of monodispersed single crystal of
Ag NPs [11]. In recent years, Pt NPs are extensively studied for their catalytic
properties [12]. Yang and his co-workers reported the monodispersed Pt NPs are
prepared via polyol route. It is reported that by mixing of AgNO3 to the polyol, the
morphology of Pt NPs changes. Here, nitrate anion significantly reduces the degree
of reduction of Pt(II) and Pt(IV) via ethylene glycol. Generally, PVP is used as
regulating and stabilizing agent for the selective growth of nanocrystal in
well-defined shape. It is reported that monodispersed Pt nanocrystals with different
shapes comprising of cubes, cuboctahedra, and octahedral can be prepared by
polyol method. In the synthesis process, AgNO3 solution containing Ag ion shows
a vital part for the controlled morphology of Pt NPs [13]. Xia and his co-workers
reported the uniform cuboctahedral PdNPs can be prepared by using simple polyol
synthesis route. In the typical synthesis of Pd NPs, Na2[PdCl4] metal precursor is
mixed thoroughly into EG heated at 100 °C in the presence of PVP [14]. The
reaction mixture is largely established by cuboctahedra composed with twinned
particles. The chloride as well as O2 anions are accountable for the oxidative
etching of twinned NPs. The twinned NPs are stable under Ar atmosphere.
Moreover, these twinned NPs are vanished by revealing the sample to air. Thus,
twinned NPs are more sensitive due to the higher concentration of surface defects as
compared to cuboctahedra. This demonstrates the occurrence of an oxidant in
reaction medium affording a way to control the formation of well-defined mor-
phology of PdNPs. Monodispersed gold nanoboxes with highly truncated cubic
shape have been synthesised employing silver nanocubes as a sacrificial template in
which silver nanocubes react with an aqueous HAuCl4 solution by following
reaction process:

3Ag sð Þ þ HAuCl4 aqð Þ ! � � �Au sð Þþ 3AgCl aqð Þ þHCl aqð Þ

These polyols mediated silver and gold NPs treasure their applications in diverse
zones of claims in photonics, catalysis, and surface enhanced Raman spectroscopy
(SERS)-based sensing [15]. For the comparatively less-noble metals, the reducing
capacity of the polyol reaches to its higher limit at elevated temperature (>230 °C).
Even though if reduction process continues to happen, quick thermal decomposition
of the polyol obstructs the nucleation of NPs and impedes their separation subse-
quent to synthesis. Moreover, by lowering the temperature, less-noble metals such
as Co0 and Ni0 can be deoxidized by the polyol. At elevated temperature (>150 °C)
reducing ability of polyol favors the reduction of these metallic ions to their
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zero-valence metal from Co2+/Ni2+ to Co0/Ni0. Meanwhile at the lower temperature
(<150 °C), the bonding of ions and molecules to metal ion stability of the polyols as
well as the existence of OH-groups entails the re-oxidation to Co2+/Ni2+ [16].

12.2.2 Metal Alloys

The bimetallic NPs show the better data storage capacity as compared to
monometallic counterparts. In the synthesis of FePt metal alloys, platinum and iron
acetyl-acetonates reduce in the presence of ethylene glycol. It has been suggested
that in presence of 1,2-hexadecanediol as the reducing reagent, great quality FePt
NPs are obtained via the reduction of C10H16FeO4 and C10H16O4Pt. The
monodispersed FePt NPs having fcc phase show disordered structure. Upon
annealing the sample at 650 °C under inert argon atmosphere, structural phase
change occurs via disordered fcc to ordered L10 phase. The elemental configuration
is precisely tuned via tailoring the comparative amounts of metal precursors of Fe
(II) and Pt(II) [17]. Also for the preparation of monodispersed FePd NPs, altered
polyol mediated synthesis has been implemented. Paladium acetyl acetonate Pd
(acac)2 is effortlessly dissolved in diphenyl ether. The 1,2-hexadecanediol is used as
a reducing agent, while oleic acid and oleylamine is used as stabilizer. The solution
mixture is heated below the boiling point of diphenyl ether and refluxed [18]. The
as-prepared FePdNPs are annealed for its structural ordering from disordered fcc
phase to L10 ordered phase in vacuum [18, 19]. Fievet et al. have also reported the
synthesis of various other metal alloys such as Ni1−xCox, FeNi, CoxCu1−x, and
FeCoNi [20]. Metal carbides such as Co3C, Co2C, Ni3C have been prepared and
they exhibit high coercivity in magnetic study. These carbides-based alloys have
shown promising applications in data storage [7].

12.2.3 Metal Oxides

This synthesis protocol is effectively extended to synthesize the metal oxides NPs.
Highly water-dispersible Fe3O4NPs are prepared via thermal decomposition of iron
acetylacetonate in the presence of PEG comprising PVP and polyethylenimine
(PEI). Fe3O4 NPs layered with PEG/PVP and/or PEG/PEI displayed an excellent
dispersion constancy in water. The surface of prepared Fe3O4NPs can be modified
by the use of suitable polymer additives [21]. Monodispersed magnetite Fe3O4NPs
are prepared using tri-ethylene glycol (TEG). TEG reduces Fe(acac)3, and finally,
magnetite is obtained [22]. Polyol mediated submicron-size monodispersed ZnO
NPs are prepared via hydrolysis of zinc acetate dehydrate and diethylene glycol
[23]. Feldman and Jungk have reported the highly crystalline monodispersed Cu2O,
TiO2 and Nb2O5NPs via polyol technique. Also Y2O3, Cr2O3, ZnCo2O4, ZnO:In

3+,
CeO2, Mn2O4 NPs have been successfully synthesized for their different aspect of
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applications [24]. Very vast ranges of oxide nano-materials have been prepared via
polyol for their various applications. Oxides such as MnO2, Mn3O4, Cu2O,
NiCo2O4 are used as catalysts, while photocatalytic properties have been reported
for ZnO, Cu2O and BiVO4 [7]. Also magnetic oxides NPs such as Fe2O3, Fe3O4,
Gd2O3, and spinel ferrites such as MgFe2O4, CoFe2O4, ZnFe2O4 are reported for
their biomedical applications. Dye sensitized photovoltaic cells for broad band-gap
diluted semiconductors, namely ZnO, TiO2 have reported. Also high-power bat-
teries applications of the oxides such as V2O5, MnO, Mn2O3, SnO2, CoMn2O4,
LiFePO4, and LiMnPO4 have been reported [25, 26]. The involvements of
hydrolysis and reduction reactions are major chemical reactions during the polyol
synthesis. The micron-size metal particles with tailored morphology are attained in
the deficiency of water, while water entails the reduction and increases the
hydrolysis which thus results information of metal oxides through polymerization.
Poul et al. have reported the layered hydroxide acetate structures of zinc, cobalt, and
nickel metals. Presence of high degree of water contents favors the hydrolysis and
condensation reaction for layered geometry formation. The use of acetate precursors
as compared to its chlorides and sulfates counterparts promotes to the precipitation
of metal, oxides, and hydroxides. The precipitation process majorly depends upon
hydrolysis ratio (water to metal molar ratio is termed as hydrolysis ratio) [27].
Furthermore, Prevot et al. have extended the polyol synthesis route for the synthesis
of layered double hydroxides [Ni2Al(OH)6]Ac∙nH2O‚ and [Co2Al(OH)6]Ac∙nH2O
using acetate precursors in polyol [28]. Molybdates and tungstates AMO4 (A = Ca,
Ba, Sr, Mg, M = Mo, W) derivative compounds are successfully synthesized via
polyol mediated route at ambient temperature. CaWO4 and CaMoO4 show the
intrinsic photoluminescence without any impurity ions doping in its bluish green
region (400–540 nm). After incorporating the Eu3+ and Sm3+ ions in these host
matrices, sharp characteristics f-f transitions of these activators (Eu3+ and Sm3+)
exhibit red color emission. MoO4

2− and WO4
2− act as efficient emission centers

which absorbs the UV light and transfer to the corresponding activator ions, and
strong emission in red region is observed due to energy transfer from MoO4

2− and
WO4

2− to Eu3+ and Sm3+ [29–32]. Highly crystalline and luminescent phosphates
and fluorides-based compound are obtained [33, 34].

Moreover, the polyol mediated synthesis technique is extensively employed for
synthesizing nanostructured chalcogenides. In chalcogenides system, more often
sulfide-based compounds are discussed. Usually, CH4N2S, hydrogen sulfide, or
soluble metal sulfides such as Na2S are utilized as precursors for the source of
sulfur. The polyol mediated synthesized metal chalcogenides have been activated in
contemporary years for its explicit assets and applications in vast domain. The
CuInSe2 and Cu2ZnSnS4 are used in photovoltaic, while In2S3 and SnS are used in
photo-detectors. Also, ZnIn2S4, Bi2Te3, and Sb2S3 are used as photocatalysts,
thermo-electrics, and in lithium-ion batteries, respectively [7].
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12.2.4 Core@Shell Nanomaterials

In polyol mediated synthesis of core-shell nanoparticles such as ferrimagnetic
CoFe2O4 as a core and antiferromagnetic CoO as shell with high degree of crys-
tallinity, giant exchange bias effect is observed. This exchange bias coupling is
impressively employed in memory and switching devices [35]. Two-step polyol
mediated synthesis under N2 gas bubbling is reported for core@shell Cu@Ag NPs.
Since oxidation of copper takes place in the existence of oxygen in the solution,
hence N2 gas is passed to suppress the oxidation of copper via core@shell for-
mation. Reduction of Ag+ is faster as compared to copper oxidation and its
reduction to Ag0 leads suppression of nucleation and growth of Ag NPs [36].
Nguyen et al. have reported the star shaped Fe3−xO4–Au core@shell structured
nanomaterials using polyol synthesis. Fe3O4 core comprised with gold shell has
been prepared via polyol method in which hydroquinone is used as reducing agent.
The prepared core@shell materials are utilized for the chemical sensors [37]. The
bi-functional behavior of highly luminescent core@shell CaMoO4:Eu@CaMoO4

and its hybrid formation with Fe3O4 for its hyperthermia and bio-imaging appli-
cations has been reported [38]. Highly luminescent b-NaY0.8Eu0.2F4@c-Fe2O3

core-satellites NPs are prepared for its dual mode magnetic resonance as well as
bio-imaging applications [39].

12.2.5 Carbon Dots

Recently, carbon dots have attracted a noticeable attention owing to their superior
high quantum yield, less toxicity, and high chemical stability. These properties may
be very useful in bio-imaging and optoelectronics application. Carbon dots may be
utilized in bio-imaging. Also, narrow emission band of red color with blue and
green component covers its utility in full color display. Feldman and his co-workers
reported the preparation of ultra-small carbon dots *3–5 nm via straightforward
and effective polyol route. The presence of MgCl2∙6H2O salts promotes the
nucleation of the carbon dots via thermal decomposition of glycerol, diethylene
glycol, and PEG 400. Further modification of prepared carbon dots with TbCl3/
EuCl3, an efficient Förster resonance energy transfer takes place via the carbon dots
to the lanthanide ions resulting the sharp characteristics emission of terbium ions
(green) and europium ions (red) with a very high quantum yields *85%. The
synthesis strategy and full color display for as-prepared carbon dots and modified
with Mg2+, Tb3+, and Eu3+ have been presented in Fig. 12.2. The highly efficient
multicolored C-dots prepared via polyol route can be very noteworthy for molecular
imaging and optoelectronics [40].
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12.3 Microwave Synthesis (MW) Route

Microwave (MW) synthesis approach is an emerging green chemistry route under
which materials can be prepared to an atomic level. MW route offers to prepare the
multifunctional nanomaterials which establish their profound applications in area of
energy production, nano-biomedicine, nano-electronics, etc. In this approach, the
choice of green solvents as well as energy efficiency is major parameters to control the
NPs growth. Also, MW heating is reflected as a more competent mode to regulate the
heating during reaction process since it requires less energy consumption as compared
to traditional routes. Furthermore, use of ionic liquids with solvent free as well as
nontoxic precursors approach promotes the lucrative green synthesis of NPs. The
synthesis process for the nanomaterials has been dependent on innumerable factors,
namely temperature, pressure, solvents, synthesis time, etc. Shape and sizes of particles
are precisely controlled by MW irradiation [41]. The microwave radiation refers to a
part of an electromagnetic spectrum which has radiation frequencies vary between
300 MHz and 300 GHz. The MW approach accelerates the reactions because polar
solvent molecules absorb MW energy and thus produce tremendous extent of thermal
energy via disturbing the alignment of the molecules with respect to the external field.

In the MW-assisted synthesis, heat up of the reaction mixture is considerably
quicker at ambient pressure as compared to convection-based orthodox heating process.
The chemical reactions, which are not feasible under the conventional heating, can be
executed under like conditions with the MW heating. The experimental findings could
not be well explained by the consequence of MW heating only, promoting the clari-
fication of the continuation of the non-thermal MW properties [42].

Fig. 12.2 Polyol-assisted synthesis of C-dots: a Protocol used for the synthesis; b T/PEG (kexc =
366 nm) exhibits blue color emission; c Mg2+/PEG; gives yellow color emission; d Tb3+/PEG;
provides green color emission and e Eu3+/PEG; reveals red color emission under blue-LED
excitation kmax = 465 nm). Reproduced with permission from RSC publisher [40]
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12.3.1 Principle Behind MW Heating

The MW heating includes two-fold key mechanisms, namely dipolar polarization as
well as ionic conduction. Generally, MW can produce heat to material with polar
molecules and through ionic conduction. During the MW heating, polar solvents
like water molecules attempt to orient with the fast changing alternating electric
field which leads to heat generation by the process of rotation, friction, and colli-
sion. This type of heat generation leads to dipolar polarization. Moreover, ionic
movement into the solution will be dependent on the alignment of the electric field.
The constant movement of ions into solution with changing directions leads to rise
in local temperature via friction and collision (Fig. 12.3b) [43]. In case of con-
ducting and semiconducting, nano-material heat generation takes place by forma-
tion of electric current with involvement of electrons and ions. Energy dissipation in
these systems is mainly because of resistance of the material, and this process is
governed via ionic conduction namely.

12.3.2 Conventional Versus MW Heating Process

Electric furnace and/or oil bath are frequently used in the traditional heating. Firstly,
reactor chambers are heated followed by subsequent heating of reactants via heat
convection and/or conduction mechanism. Reactor plays a mediator role, and it
transfers the thermal energy via outside heat resource to the solvent and finally on
the way to reactants. Sample core proceeds much higher time duration to reach the
set temperature value which causes inefficient and inhomogeneous reactions
(Fig. 12.3a). It may thus not much effective in mass production. Moreover, in MW
heating only target materials heating takes place and homogenous heating can be
done. In this type of heating, entire heating of furnace and oil bath does not takes
place, and thus, it saves time and energy [41].

12.3.3 MW Effect on Rate of Reaction

Specific reactant energy (ER) is required to initiate any molecular reaction between
A and B. For the proceedings of the reaction, the reactants must attain the activation
energy to acquire transition state (TS). Thus, activation energy is indicated by ETS-
ER, and this much energy is engaged by the reactants from the reaction sur-
roundings. Finally, formation of products with lower energy EP is obtained. Use of
MW irradiation does not modify the activation energy. It offers an excessive
impetus to complete the reaction more rapidly as compared to conventional heating.
Since the MW transfers the energy to the molecule in10−9s while the molecular
relaxation takes time in a period of 10−5s, rapid MW energy transfer as compared to
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(d)

Fig. 12.3 a Conventional and MW heating, b dipolar and ionic conduction mechanism, c effect of
MW on reaction medium, and d MW reactor for synthesis of nanomaterials. This is redrawn from
references [41–44]
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molecular relaxation leads to higher instantaneous temperature within the reaction
medium which finally speeds up the reaction rate (Fig. 12.3c) [42].

The un-interrupted flow-type reactor with appropriate pressure allows uniform
heating of the reaction. This reactor is required during this synthesis for its fast and
mass production synthesis of nanomaterials. The constant flow from MW reactor is
outfitted to a high-pressure connection. A uniform electromagnetic field alongside a
tube-shaped reactor is produced at the midpoint of a cylindrical MW cavity
(Fig. 12.3d). The applied MW reactor system comprised of a MW generator has
operating frequency and power 2.5 GHz ± 200 MHz and 100 W. The reactor
system automatically records the change in resonance frequency shift. A radiation
thermometer is employed for the temperature measurement of the reaction solution
via slit of cavity. The pressure to the reaction mixture is maintained via a pump and
guided toward the quartz reactor tube. The pressure regulator is applied to vary the
pressure required. The quartz reactor tube is linked with the sheath that provides the
necessary pressure to sustain *10 MPa and finally closed through a Kalrez O-ring
[44].

The role of solvent during synthesis shows a vital part in the synthesis of
nanomaterials for the green approach synthesis. Generally, MW heating ability
infers the capability of a solvent to change the MW energy into thermal energy at a
specified MW temperature and frequency. The heating ability has been generally
governed by dielectric loss tangent(tan d = e″/e′) where e′ and e″ are dielectric
constants (see in Table 12.3) [45].

The loss tangent mainly relies on the temperature and MW frequency. The
penetration depth profile is strongly dependent on temperature and frequency. The

Table 12.3 Solvents and
their corresponding loss
tangent at 20 °C

Solvents tan d

Ethylene glycol 1.349

Ethanol 0.939

2-propanol 0.800

Methanol 0.660

1,2-dichlorobenzene 0.279

N-methyl-2-pyrrolidone 0.280

1-butyl-3-methylimidazolium hexafluorophosphate 0.190

Acetic acid 0.172

N,N-dimethyl-formamide 0.159

1,2-dichloroethane 0.130

Water 0.119

Chlorobenzene 0.990

Acetone 0.053

Tetrahydrofuran 0.046

Dichloromethane 0.042

Toluene 0.04

Hexane 0.02
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penetration depth states to the point at which nanomaterials preserves 37% of the
primary irradiation source power. The penetration depth decreases as loss tangent
increases. The solvents with low loss tangent show high penetration depth, while
high loss tangent possess small penetration depth. The MW penetration depth
profile through a solvent is given as

Dp ¼ ko
2p

� � ffiffiffi
e0

p

e00

 !

ko is the wavelength of the MW radiation, and its value is observed to be
0.122 m at 2.45 GHz. H2O is frequently utilized solvent for the preparation of
nanomaterials via MW. The penetration depth values at 22 °C for water solvent at
2.45 GHz are 1.8, cm while its value is 0.34 cm at 5.79 GHz MW treatment [41].
Tangent loss for the different solvents used in the MW-assisted route at 2.45 GHz is
mentioned in Table 12.3 [46]. During the MW supported inorganic nanostructure
materials, H2O (tan d = 0.119) and alcohols are widely utilized for their good MW
heating. Polyol such as EG has loss tangent tan d = 1.349 and high boiling point
(*197.9 °C) with strong reducing capability, allow fairly elevated temperatures for
the synthesis of inorganic nanostructured materials. The dielectric behavior of
solvents generally alters considerably with respect to temperature. Solvent such as
ethanol exhibits decent MW absorbing property with loss tangent 0.94 at room
temperature. Moreover, loss tangent decreases from 0.27 to 0.08 as temperature
rises from *100 to 200 °C. Heating involved during MW synthesis using ethanol
solvent is mainly due to the dipolar polarization phenomena. The MW absorbing
property decreases as temperature increases. The rise in temperature decreases the
viscosity and frictions among the molecules [47].

In case of ionic liquids such as 1-butyl-3-methylimidazolium hexafluorophos-
phate, heating takes mainly due to the ionic conduction phenomena. The MW
absorbing property increases with rise in temperature in case of the ionic liquids [8].

12.3.4 Synthesis of Metal NPs

The metallic nanostructures with different morphologies, namely sphere, nanosh-
eets, nanorods, nanowires, nanotubes, and dendrites have been quickly synthesized
via MW heating. The morphology as well as dimension of metallic NPs might be
precisely organized by varying the reaction mixture condition such as precursors
concentration, proper selection of the solvent, surfactant, and reaction temperature
[48]. Green MW approach is employed for the synthesis of noble metals, namely
Au, Ag, Pd, and Pt, nano-particles using red wine and/or grape pomace extract
which play the role of green solvent source, reducing as well as stabilizing reagent
[49]. Reducing agent free MW-assisted Au NPs is prepared using HAuCl4 in
aqueous phase. Synthesized gold NPs show aggregation and uncontrolled growth
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[50]. MW-assisted hydrothermal approach is applied for the folic acid targeted Au
NPs using HAuCl4 and NaOH. The folic acid targeted Au nanoparticles is used for
detection of Hela Cells since tumor cells over express as the folate receptors to the
cancer cells [51]. Rapid MW supported approach is reported for the synthesis of
monodispersed Ag NPs. During the synthesis, basic amino acid like L-lysine or
L-arginine is used as a reducing reagent while starch is used as a shielding agent. In
a typical synthesis process, 0.4 mmol of soluble starch and 0.16 mmol of L-Lysine
or L-arginine are added to 4.0 mL of deionized water followed by addition of
20 mmol aqueous solution of AgNO3 and stirred. The temperature of reaction
mixture is kept at 150 °C under MW irradiation. Monodispersed Ag NPs are
obtained in a very short period of time *10 s [52].

Colloidal Pt NPs are prepared by an aqueous solution comprising H2PtCl6 and
3-thiophenemalonic acid under MW irradiation (power *300 W) for 8 min.
duration. NPs size has been organized through adjusting the molar ratio of the
reaction precursors [53]. Pt nanoclusters with a porous interconnected nanostructure
are attained via MW heating to an aqueous solution containing K2PtCl4 and 2-[4-
(2-hydroxyethyl)-1-piperazinyl]-ethane sulfonic acid for 12 s only. The Pd NPs
have been prepared under MW heating in quick time 20 s only, using PdCl2,
glucose, and PEG as a capping agent in aqueous solution [54]. MW-assisted single
crystal Cu nanowires at 120 °C for 2 h is prepared by using CuCl2, hexadecy-
lamine, ascorbic acid into water. Ascorbic acid as well as hexadecylamine play
significant role in controlling morphology and aspect ratio of Cu nanowires [55].
MW approach is further extended for the preparation of luminescent silicon QDs.
During synthesis of Si nano-wires, glutaric acid is used at 185 °C for 15 min.
Highly luminescent, dispersible and photo as well as pH stable Si quantum dots
show their potentiality for the relevance in cellular imaging [56].

12.3.5 Metal Oxides

Substantial work has been dedicated to MW-assisted synthesis of numerous metal
oxides owing to its remarkable properties, extraordinary constancy as well as
extensive applications in various arenas. MW-assisted syntheses of metal oxide
nanomaterials involve a water-soluble metal salt as the metal source, an alkaline
component and a surfactant to govern the morphology and dimension of the
nanomaterials. MW-assisted synthesized metal oxides such as ZnO, SnO, SnO2,

TiO2, Fe3O4, Co3O4, CuO, MnO2, ZrO2, WO3, MoO3, CeO2, Nd2O3, and Y2O3 are
reported [57–70]. Also metal tungstates such as AWO4 (A = Ca, Sr, Ba, Fe, Co, Ni,
Mn, Zn, Ag/In), gallate ZnGa2O4, spinel metal ferrites AFe2O4 (A = Mg, Zn, Ni,
Mn, Co), metal aluminates MAl2O4(M = Zn, Co), perovskites BiFeO3,
ATiO3(M = Ba, Sr, Pb), metal molybdates AMoO4 (M = Ba, Ca), and metal
vanadates MVO4 (M = Bi, Ce, Y, La) are also explored [41].

Fe3O4 is a significant magnetic functional material and has been found its
profound applications in diverse areas of research such as contrast agent in MRI,
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hyperthermia, gene separation, drug delivery, etc. [71, 72] Under MW irradiation,
Fe3O4 NPs have been generally prepared by means of Fe(III) salt and/or salts of Fe
(III) and Fe(II) dissolved in the water and a reducing agent present in an aqueous
phase [73]. Also, surfactant free Fe3O4 NPs are prepared using an oxidized iron foil
such as Fe2O3 into deionized water. During synthesis, no additive like alkali, acid,
or surfactant is used. Homemade MW oven at 700 W fixed operating powers for
30 min is applied during synthesis. The as-synthesized Fe3O4NPs exhibited mag-
netization of Ms * 51.29 emu g−1 [74]. The MW-assisted approach for prepara-
tion of Fe3O4NPs is reported by using an aqueous solution containing FeCl3,
FeSO4, and ammonia [73]. Also, iron oxide/oxyhydroxide NPs have been syn-
thesized under MW irradiation. The well-ordered growth as well as assembly of
NPs are commonly observed due to gentle reaction of the reactants (iron salt and
sodium hydroxide) [75].

12.3.6 Metal Chalocogenides

Functional metal sulfides nanomaterials have shown their significant uses in
optoelectronics and nanomedicines as a carrier drug, bio-imaging, etc. [76, 77].
MW approach assists the fast production of metal sulfide nanostructures and has
triggered a great deal of interest owing to its small processing time. Generally,
water-soluble metal precursors are used as sulfur source during MW-assisted sulfide
synthesis in aqueous phase. Surfactant is used to control the precise size and
morphology of particles. Nanostructured metal sulfides are prepared with different
shapes and sizes of particles via MW-assisted approach in aqueous solution such as
PbS, CuS, CdS, ZnS, Ag2S, Bi2S3, HgS, AgInS2, AgIn5S8, CuInS2, and CdIn2S4
[78–88]. The most common sulfur sources used during the metal sulfide synthesis
in aqueous solution comprised of Na2S, CS2, Na2S2O3, NH2CSNH2,
NH2NHCSNH2, CH3CSNH2, and 3-mercaptopropanoic acid [41]. The synthesis of
metal telluride nanomaterials is still tricky related to its metal selenides counter-
parts. CdTe is an important class of semiconductor material which has wide
application in solar cell and in infrared optical window. The p-n junction solar cell
is formed via sandwiching CdTe with CdS. The conventional aqueous solution way
to prepare the CdTe nanocrystals generally takes prolong time duration.
During MW synthesis, NaHTe is normally used as the source of tellurium.
High-quality nanocrystal of CdTe is reported via MW-assisted synthesis. An
aqueous solutions consisting of CdCl2, NaHTe, 3-mercaptopropionic acid, and
NaOH are used. During synthesis, high yield of the product is simply attained by
tuning the reaction time and temperature. This approach permits the fast synthesis
of CdTe nanocrystals with wide spectral range covering from green to NIR at lower
temperature ranges [89]. MW-assisted metal selenides nanostructured materials are
less reported as compared to nanostructured metal oxides and sulfides. It is perhaps
due to high cost metal precursors, a lesser amount of availability of selenide
sources, and difficulties in the synthesis. The quickness of MW-assisted route is
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more notable for metal selenides with considerably less reaction time period up to
minutes. MW synthesis of CdSe, PbSe, and Cu2Se NPs is reported by taking metal
acetates and/or sulfide precursors under refluxing conditions with Na2SeSO3 into
aqueous solution. Crystal structure of CdSe NPs is reliant on the reaction time
duration under MW irradiation. CdSe nanocrystal exhibits cubic phase for MW
heating of 10 min; while for prolong duration time of 30 min of MW irradiation,
hexagonal CdSe nano-crystal is obtained [90].

12.3.7 Core@Shell Structure

As for as controlled size and shape of particles, synthesis of nanomaterials and
tailoring their properties at nano-scale are concerned, and core-shell strategy has
been employed by simple coating of organic and/or inorganic nanomaterials.
Core@shell formation of the nanomaterials decreases the surface energy of the
arrangement. Outer shell coated over inner core materials exhibit significant role to
advance the reactivity and oxidation ability of the interior core manufacturing.
Core@shell anomaly comprises inner inorganic core covered by outer shell forms
the heterogeneous system [91]. Core@shell nanostructured materials are synthe-
sized via MW-assisted route in aqueous solution. Au@Pd and Au@Pt structures are
attained through the reduction of Au(III) complexes. The reduction of
chloro-complexes of Au and nano-powders of Pd and Pt takes place under
hydrothermal, and MW irradiation leads to the realization of bimetallic core@shell
structure [92]. Also Se@C core@shell nanostructure is obtained using starch and
H2SeO3into deionized water under MW-assisted hydrothermal process. The pre-
pared product comprised of Se nano-rod as the core and amorphous carbon as the
shell materials [93]. Pd@Pt core@shell nanostructures in aqueous solution are
synthesized using K2PtCl4, PdCl2, and CTAB under MW irradiation. Morphology
of the core@shell nanostructures is precisely organized by changing the Pt and Pd
molar ratio of precursors [94]. Rapid, modest, and one step MW supported
approach to formulate the gold coated with silica shell NPs(Au@SiO2) has been
reported. This approach circumvents the time wasting orthodox routes (Fig. 12.4).

The MW-assisted scheme deals with the uniform SiO2 coating over the colloidal
AuNPs, exploiting silane as the coupling reagent. Monodispersed AuNPs (particle
size *16 nm) are obtained by employing citrate reduction approach. The
tetra-ethoxysilane TEOS is used during the silica coating as coupling reagent under
the MW irradiations. Dynamic light scattering results the excellent dispersion of the
prepared NPs in aqueous medium. Additionally, surface functionalization of
silica-coated AuNPs (Au@SiO2) is perfumed via conjugation of different functional
assemblies as amine (–NH2), carboxylic (–COO) and alkyl groups [95].

12 Synthesis of Nanostructured Materials by Thermolysis 349



12.3.8 Hollow-Type Structure

In recent times, the hollow-archetype structures comprised of inorganic and/or
organic composites have fascinated a lot of attention owing to their low density,
enormous surface area, and induced large porosity in the sample surface. These
assets of hollow structured materials could find their powerful applications in
diverse research zones such as catalysis, super capacitors, sensors, drug delivery
and microcapsule reactors, etc. [96–99]. The conventional heating-based engi-
neering tactics are broadly introduced to synthesize the hollow-type designs of
inorganic nano-materials. Moreover, these routes involve precious metal precursors
and long duration reaction time. Thus, MW-assisted approach has been admitted for
the synthesis such hollow-types design due to its remarkable highlights such as
uniform volumetric heating, fast reaction rate, and energy consumption [100]. The
hollow porous carbon sphere is synthesized via MW-assisted method and possesses
the following such as amorphous phase of porous structure, uniform size, high pore
volume, and highly dispersed, which are used as anode materials in lithium-ion
batteries [101].

12.4 Hydro- and/or Solvothermal Approach

Hydro- and/or solvothermal process is a wet-chemical synthesis approach com-
monly implemented for preparing nanomaterials with precise particle size, shape,
and composition. During the synthesis, high vapor pressure is generated by the
consequence of heating of the reaction mixture in a sealed vessel above the ambient
temperature and pressure. The discrete feature of hydro and/or solvothermal

Fig. 12.4 TEM Micrographs of a Au NPs b–h Au@SiO2NPs with various silica shell thicknesses
with varying concentration of TEOS 1, 2, 3, 5, 10, 15, and 20 nm. Reproduced with permission
from Elsevier publisher [95]
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treatment is the deployment of capping ligands to control the growth of the particles
during synthesis and prevent the agglomeration of the nanomaterials in solutions.
The chelating ligands associated with surface of particles can provide versatile
functional groups for bio-conjugation. The limitation of the hydro- and/or
solvothermal method suffers scalability of the product preparations as well as
limiting operating temperature at 300 °C into a Teflon line autoclave (Table 12.4).

Nanomaterials production through hydrothermal/solvothermal approach in
aqueous solution involves crystal nucleation followed by growth. The nanomate-
rials can be prepared into desired shape, size, and morphology of particles by tuning
the reaction parameters such as temperature, pH, precursors concentrations, and
surfactants as additives. The mechanism governing the controlled shape, size, and
morphology of particles via varying the reaction conditions is large due to nucle-
ation and growth rates which rely on supersaturation. The term supersaturation is
distinct as the proportion of the real concentration to the saturated precursor con-
centration into the solution [103, 104].

When the solute precursor solubility exceeds its maximum value into the
solution, resulting solution becomes supersaturated thus promoting the nucleation.
The synthesis process is completely irreversible one in which precipitation of the
solute leads to the nucleation of macroscopic size crystals [105]. After nucleation,
the sequential growth of crystals takes place. The growth of crystals involves the
integration of growth units. The growth units correspond to the similar crystal
entities exhibiting the identical and/or dissimilar structure from the precursor
solution resulting in an increase in sizes. The schematic representation of the
involved mechanisms of crystal growth via hydrothermal/solvothermal methods has
been shown in Fig. 12.5. Since plentiful availability, less toxicity, and an elevated
dielectric constant are required, and water has been frequently utilized solvent in the
hydrothermal/solvothermal routes. In this technique, the values of critical temper-
ature and pressure of water are *374 °C and *22 MPa. The variation in tem-
perature and pressure infers the changes in the property of water. This change is
even more profound above its critical point value. At room temperature, the
dielectric constant value for water is 78. The high value of dielectric constant
promotes the dissolution of polar salts into it. In the critical zone, the dielectric
constant of water decreases (*10) via increase in temperature and decrease in

Table 12.4 Characteristics of usually employed solvents during hydrothermal and/or solvother-
mal approaches [102]

Solvent Formula Critical temperature (°C) Critical pressure (MPa)

Water H2O 374 22.09

Ethylenediamine H2N–C2H4–NH2 319.88 62.09

Methanol CH3OH 239.19 8.09

Ethanol C2H5OH 241.09 6.09

Toluene C7H8 320.59 4.19

Ethanolamine HO–C2H4–NH2 398.24 8
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pressure. The dielectric constant value drops considerably in the range *2 to 10
above its critical point [106]. The striking change in the dielectric constant results in
an extremely reduced solubility of solute resulting into supersaturation in the
solution and thus nucleation and growth of crystal takes place. The low dielectric
constant of water allows the dissolution of organic compounds in the supercritical
water. Similar tendency has been also observed for solvothermal systems.
Non-aqueous phase organic solvents have been extensively used in the solvother-
mal synthesis. The organic solvents such as methanol, 1, 4-butanediol, toluene, and
amines are usually used in the solvothermal route. The solvothermal synthesis can
be processed at comparatively lower temperature and pressure as compared to the
hydrothermal approach. Moreover, sensitive precursors to water can be easily
tackled into solvothermal route. However, morphology and crystal phase of the
prepared compound can be easily tailored through this route [107].

12.4.1 Synthesis of Nanomaterials via Hydrothermal and/
or Solvothermal Approaches

Nanomaterial with manageable morphology, size, crystallinity of particles, and easy
way of surface functionalization has attracted widespread research courtesy due to
their unique optoelectronic, magnetic, and thermo-mechanical properties.
Nanomaterials possess high surface to volume ratio in particles, and quantum
confinement effect in semiconductor mainly governs the properties of the nano-
materials. In quantum confinement effect, the particle sizes are squeezed below to
its Bohr radius. In order to synthesize the nanomaterials, the hydrothermal and/or

Fig. 12.5 Schematic representation of crystal growth mechanism for the hydro- and/or
solvothermal processes. This is redrawn from references [103–106]
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solvothermal synthetic routes are reflected as the most favorable tactics. In these
techniques, controlled shape and size of particles, and exceedingly crystalline with
high yield of nanomaterials at low cost is produced. Furthermore, these routes can
be interconnected with MW to get the high quality nanocrystals with enhanced
reproducibility.

12.4.2 Metal Oxides NPs

Metal oxide NPs are significantly useful materials due to their exceptional prop-
erties. These metal oxide NPs are typically utilized in a variety of research fields
such as in catalysis, ceramic, optoelectronics, and so forth. In solvothermal tech-
nique, smaller size metal oxide NPs are prepared at comparatively lower temper-
ature as compared to its hydrothermal approach [108]. Various metals oxides NPs
such as Al2O3, CuO, c-Fe2O3, CoFe2O4, CeO2, NiO, ZrO2, TiO2, BaTiO3, and
SrTiO3 are synthesized via hydro- and/or solvothermal approaches. Furthermore,
the hydrothermal and solvothermal approaches are employed for the synthesis of
ZnGa2O4, BaZrO3, and LiNbO3 [107, 109]. Persistent luminescence properties of
Cr doped ZnGa2O4 have been reported for the hydrothermally synthesized sub
10 nm particles [110]. TiO2 is widely studied metal oxide NPs for its photocatalytic
properties. The oxide NPs prepared via these routes exhibit high crystallinity,
precisely controlled particle shape, size which determines their advanced applica-
tions. Semiconductor metal chalcogenides nanomaterials are widely used in opto-
electronic devices and in photovoltaic. The chalcogenides nanometrials comprised
of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, CuInSe, Cu2−xSe, AgInS2, and AgGaS2 are
reported via hydrothermal approach [107]. Ultra-small (*4 nm) hexagonal ZnS
nanosphere has been synthesized using tetra-pyridine–di-thio-cyanato-zinc precur-
sor into ethylene glycol via solvothermal route. During the synthesis, the increase in
reaction temperature (160, 180, 200 °C) fetch bigger size ZnS nanospheres (200,
350, and 450 nm) [111]. Solvothermal synthesis of monodispersed Mn-doped ZnS
nanospheres is reported. During the synthesis, ZnCl2, MnCl2, and sulfur powders
are used as the precursors in oleic acid [112]. The hydro-solvothermal route has
been further extended to synthesize ZnSe nanocrystal in form of quantum dots,
nanorods, nanoplates, and in bulk form. ZnSe as well as ZnTe NPs are prepared
through a solvothermal technique. During the synthesis, less toxic metal precursors
are utilized as compared to the conventional chemical vapor deposition technique.
The metal precursors Zn(CH3COO)2, ZnSO4, and/or Zn powders, Se, Te powders
and/or Na2SeO3, and Na2TeO3 are used as Zn, Se, and Te sources during synthesis.
The frequent solvents used during the synthesis generally contain ammonia, tri-
ethylamine, ethylenediamine, and hydrazine as well. The pH of the reaction mixture
is maintained at *10 [107, 113]. Highly ordered CdS sphere is synthesized via
solvothermal route using Cd(NO3)2 as metal precursors, thiourea as S source, while
polyvinylpyrrolidone (PVP) functions as a capping agent. Surfactant PVP provides
the needed nucleation sites during nanocrystal growth. Higher concentration of PVP
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entails more accessible nucleation sites promotes the NPs growth and consequently
leads to small size NPs. This method has been also extended for the preparation of
other sulfides like HgS, Ag2S, and Bi2S3. During the hydrothermal and/or
solvothermal synthesis of CdS NPs, thioglycolic acid and dithioglycol have been
used as S sources [107, 114]. The compounds based on nitrides, arsenides, and
phosphide having direct band-gap semiconductors are extensively applied in light
emitting diodes, lasers, photo-detectors, optical amplifiers, etc. In light emitting
diode (LED) application, commercially available GaN chip is used for illumination
purpose [115]. Xie and his co-workers first reported the solvothermal synthesis of
GaN compound. Polycrystalline GaN has been synthesized via solvothermal route
using GaCl3 and Li3N precursors in benzene at 280 °C for 6–12 h. The absence of
quantum confinement in GaN is attributed to its large size (*32 nm) as compared
to its Bohr exciton radius (*11 nm). The innovative benzene solvent tactics has
been executed at relatively lower temperature than that of traditional routes [116].
Moreover, GaN NPs have been synthesized using anhydrous ammonia as a solvent.
Anhydrous ammonia has been condensed in a quartz tube containing the reactants
Ga metal, GaI2, and/or GaI3 as Ga sources while NH4I, NH4Cl, or NH4Br are added
to produce the GaN. During the ammonia thermal synthesis of GaN, temperature
plays a decisive role. Cubic phase amorphous GaN can be prepared when the
growth temperature is *300 °C. When growth temperature is kept at 440 °C,
hexagonal phase GaN is obtained [117]. Furthermore, other metal nitrides such as
NbN, ZrN, HfN, and Ta3N5 are synthesized using NbCl5, ZrCl4, HfCl4, and TaCl5
as the metal precursor along with LiNH2 as the nitriding reagent. By using benzene
solvothermal reaction, highly crystalline Ta3N5, ZrN, HfN, and NbNNPs of
changeable sizes can be synthesized [118].

12.4.3 Hydrothermal Treatment for Hollow Structures

Hollow structured nanomaterials such as hollow carbon sphere and mesoporous
carbon spheres are of prime interest and widely applied in catalysis, bio-imaging,
and drug delivery, lithium-ion batteries, fuel cells, sensors, etc. [119]. Low tem-
perature hydrothermal approach is further used for the preparation of carbonaceous
NPs. Highly biocompatible as well as economically viable precursors such as sugar,
glucose, cyclo-dextrins, fructose, sucrose, cellulose, and starch have been used
during hydrothermal synthesis of carbon NPs [120]. Generally, hydrothermally
synthesized carbon NPs are spherical in nature. Reaction temperature plays a
decisive factor in formation of carbon spheres. Carbon spheres of different diam-
eter *0.2, 0.5, 0.8, 1.1, and 1.5 lm are produced using 0.5 M glucose as the
carbon source and setting the reaction time and temperature of 2, 4, 6, 8, and 10 h
and 160 °C, respectively. Growths of these NPs are consequence of dehydration,
condensation, polymerization as well as aromatization processes. The reaction
temperature range generally occurs from 150 to 350 °C, while synthesis time is
generally set in between 4 and 24 h. Based on the precursors used during the
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synthesis, the diameters of the synthesized NPs may diverge from 100 nm to few
microns. The hollow carbon NPs have been synthesized using mesoporous or
nonporous silica templates. Ultimately, selective etching of carbon NPs deposited
onto mesoporous and/or nonporous silica templates promotes the formation of
hollow carbon spheres (shown in Fig. 12.6) [121].

Wet aptitude of the surface of templates plays an extremely vital role. When the
surface of the templates is not wetted by the precursor, then nonporous carbon NPs
is obtained. Likewise, this route is comprehensively used for the synthesis of
composite carbonaceous NPs. The composite carbonaceous NPs can be prepared
via simple mixing of the metal precursors such as Ag, Pd, Se, and/or metal oxides
as Fe3O4 and SnO2 with a carbon source [122]. Silicon and germanium are sig-
nificant semiconductor metals mainly due to their vast applications in optoelec-
tronic devices. In order to synthesize crystalline silicon and germanium NPs via

Fig. 12.6 (A) and (B) represent the schematic representation of the hydrothermal carbonization
process using silica templates with different polarities, resulting in the formation of various carbon
morphologies. This is redrawn from Refs. [120, 121]
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hydro- and/solvothermal approach, a very high reaction temperature is kept.
Solvothermal decomposition of tetra-ethyl germanium results the formation of the
reduced crystallinity of germanium NPs. The decomposition can be executed at
higher temperature in the presence or absence of surfactants into organic solvents
and/or super-fluidic solvents such as CO2. The surfactants involved during syn-
thesis lead the nucleation and crystal growth via reverse micelles formation. Also
surfactants permit not only the precise control over the morphology of the ger-
manium NPs, but also stabilize the synthesized NPs [123]. Germanium nanocubes
of 100 nm edge length via hexane solvothermal route have been prepared using
heptaethylene glycol monododecyl as a surfactant. The same molar ratio of GeCl4
and phenyl-GeCl3 is employed as germanium precursors. Herein, Na metal sprin-
kled in toluene is used as the reducing reagent. The reaction mixture has been
heated at 280 °C for 72 h in a hydrothermal reactor. Highly crystalline as-prepared
germanium nanocubes with diamond cubic structure is observed. The synthesized
germanium nanocubes consist of multi-slighter nanocubes that are linked to the
surface-adsorbed surfactant NPs [124]. When the surfactant is replaced by pen-
taethylene glycol ether, a combination of spherical, triangular, and hexagonal Ge
NPs is observed (diameters *15 to 70 nm). By adjusting the surfactant amount,
the shape of germanium NPs can be tailored. The germanium spheres with average
diameters of the range *6 to 35 nm have been obtained for the decreased volume
of surfactant *1.8 to 0.6 ml. The yield of the germanium NPs is mostly influenced
by the reaction time period. Prolong heating time during solvothermal treatment of
the reaction mixture *4 to 12 h increases the yield of the product. On the other
hand, the size and crystallinity of NPs does not depend on the reaction time. It is
due to the presence of the capping reagents into the reaction medium. In the similar
fashion, solvothermal approach is also employed for the synthesis of Si NPs [107].

12.4.4 Metal Nano-particles Synthesis via Hydro/
SolvoThermal Routes

Metallic NPs exhibit numerous fascinating properties, namely optical, electronic,
magnetic, etc. Using these unique properties, these NPs have been applied in
diverse area of research such as in catalysis, sensors, and memory devices. By using
wet chemistry routes, controlled shape-size synthesis of metal NPs is obtained via
suitable use of reducing and capping agents. Moreover, precise control over NPs
and crystallinity is poor. Hydrothermal and/or solvothermal routes assure superior
control over morphology and crystallinity as compared to wet-chemical routes.
Ultra-small *1.7 nm Pt NPs are prepared by employing an ethylene glycol
solvothermal route in basic medium. Here, ethylene glycol acts as solvent as well as
a reducing agent. H2PtCl6∙6H2O is used as Pt metal precursor during synthesis. The
reaction mixture temperature is kept at 160 °C for 3 h [125]. The EG solvothermal
route is further extended for the preparation of Ag NPs. In a typical synthesis of Ag
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NPs, AgNO3 is added into suitable amounts of toluene, EG, and dodecylthiol and
kept in the reactor at 160–170 °C. The prepared Ag NPs exhibit an ordered
spherical shape (average diameter *10 nm). Thiol used during the synthesis acts
as a complexing reagent, while ethylene glycol functions as reducing agent. By
adjusting ethylene glycol to thiol ratio *3 to 1.5, the morphology of the Ag NPs
shows remarkable change in the morphology. Ag NPs show spherical to rectangular
shape morphology with a somewhat decreased diameter *6 to 10 nm [126]. DMF
solvothermal approach has been employed to grow Ag and Au NPs. In addition to
EG and DMF, other reducing agents such as NaBH4, N2H4, NH2OH, and ethanol
have also been used to prepare metal NPs [127]. DMF solvothermal method has
been utilized for the synthesis of Pt-Ni alloy system. Platinum
(II) 2,4-pentanedionate and nickel (II) 2,4-pentanedionate are used as precursors for
Pt and Ni metals, respectively. During the synthesis, 30 mM Pt(acac)2 and 10 mM
Ni(acac)2 concentrations have been dissolved in DMF. The reaction mixture has
been placed in an electrical furnace at 200 °C for one day. Temperature below
200 °C, decomposition of Ni(acac)2 has not been completed, as-prepared
platinum-nickel alloy NPs show high crystallinity. The average diameter of alloy
NPs is *10–13 nm. By tuning the metal precursors ratio, different sizes NPs are
obtained for the bimetallic Pt–Ni alloy. The similar approach can be utilized for the
synthesis of Pt–Co and Pt–Fe bimetallic alloys NPs [107].

12.4.5 Metal Organic Framework (MOF) NPs

MOFs are promising functional nanomaterials which attracted a great deal of
attention owing to their potential applications in hydrogen storage, catalysis,
bio-imaging, drug delivery, sensors, etc., gas separation and proton exchange
membranes, etc. MOFs consist of a chain of hybrid nonporous crystalline nano-
materials comprised of metals and organic linkers with pore sizes of *0.4 to 6 nm
[128–131]. MOFs are usually prepared through hydrothermal and/or solvothermal
routes. Gentle temperature and pressure are used during MOF NP synthesis to keep
away from decomposition of organic ligands. MOF NPs for biomedical use are
highly demanding. The surfactant free MOFs NPs growth is performed via an easy
solvothermal route. Solvothermal synthesis of Fe(III) MOF NCs with an organic
framework Fe3-(l3-O)Cl(H2O)2(BDC)3 has been prepared via taking equal-molar
FeCl3 and BDC in DMF under MW heating at 150 °C [132]. The MW heating
promotes smaller NPs. The NPs thus obtained are highly crystalline octahedral with
an average diameter *200 nm. Furthermore, MOF NPs are targeted and func-
tionalized with dye molecules for cellular imaging. Also, these MOFs can be used
as anticancer pro-drugs for tumor therapies. Though these functionalized NPS are
not stable in a physiological atmosphere, post-synthesis coating of the MOF NPs
with silica layer resolves the stability issue. Surfactant-assisted hydrothermal syn-
thesis has been employed under the presence and absence of microwave heating to
synthesize the paramagnetic Gd(III) MOF NPs. As-synthesized MOF NPs show
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high crystallinity. When the reaction is carried out at room temperature, only
amorphous GdMOF NPs can be obtained because the nucleation rate is too rapid
and dominates the NP growth. The MOF NPs obtained under microwave heating
have a formula of [Gd2(bhc)(H2O)6] MOF NPs. The synthesized Gd(III) MOFs can
be applied to magnetic resonance imaging [133]. Similar hydrothermal approach
has been utilized to synthesize Tb (III), Eu (III), and Mn(II) MOF NPs. MW
heating, temperature of reaction mixture, and ratio of water to surfactant ratio
impart the noteworthy effects over morphology of the synthesized MOFNPs. Lower
synthesis temperature and a higher ratio of water to surfactant lead to the devel-
opment of nanorods, while greater temperature and MW heating promotes the
formation of shorter nanorods or octahedral NPs [107].

12.5 Sonochemical Synthesis

Nanostructured materials open a new realm of diverse applications such as opto-
electronics, catalysis, sensing, water splitting, and in medical diagnostics.
Nanomaterials exhibit distinct properties as compared to its bulk. The character-
istics of the nanostructured materials are heavily dependent on synthesis process by
which they have been prepared. Therefore, it induces an interest among the
materials scientists to develop the easily adaptable synthesis methodologies to
prepare the varieties of nanostructured materials. Among the various synthesis route
available such as photo and wet chemistry, hydrothermal and flame pyrolysis for
the materials synthesis, ultrasound-based nanomaterials gained a lot of attention for
its multi-dimensional applications [134]. Ultrasonic wave serves as an efficient
energy source for synthesis of organo-metallic and inorganic materials which found
their profound applications in organo-metallic chemistry and industrial manufac-
turing [135]. This synthesis approach provides high temperature as well as
high-pressure synthesis conditions. It covers a vast range of reaction condition
which is not feasible with other pre-existing techniques. Sonochemistry involves
the utilization of ultrasound energy with frequency (m) range *15 kHz to 10 MHz.
This approach provides unique pathways to prepare the compounds in a simple and
easily accessible at high temperature and pressure. Ultrasonic waves predominantly
cause cavitation in an aqueous medium followed by formation, evolution, and
breakdown of micro bubbles. An ultrasonic energy initiates the formation and
growth of bubbles to a solution containing chemical precursors followed by dif-
fusion of the precursor vapor. After reaching the bubble size to its critical limit, the
bubble collapses and generates shockwaves.

At specific conditions, overgrowth of a micro bubble can take place and later
breakdown which finally liberating the energy deposited in the bubble at a very
short time duration. The chemical reaction process takes place under fast heating
and cooling rate >1010 K s−1. The cavitational collapse leads to a very high tem-
perature (5000 K) and pressure (1000 bar). This collapse process is almost adia-
batic in its preceding stages which are mainly accountable for the extreme
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environments representative of sonochemistry [136]. Remarkably, such unusual
environments are not resulting straightway from ultrasound since acoustic wave-
lengths have far longer value as compared to the molecular sizes. Therefore, there is
an absence of any straight molecular-level interface between ultrasound and the
elementals pieces. The phenomenon of acoustic cavitation occurs via development,
evolution, and implosive breakdown of bubbles in liquid phase. The cavitation
process under highly intense ultrasound is accountable for the chemical effects of
ultrasound [137]. Under ultrasound irradiation, sinusoidal expansion and com-
pression of acoustic waves form the cavities and allow the bubble oscillation. The
oscillating bubbles collect the ultrasonic energy and finally grow to a critical size.
Under these thrilling environments, emission of light occurs. The emission of light
under sonochemical irradiation is termed as sono-luminescence [138]. The reaction
involved in ultrasonic system comprised of a power source, a piezoelectric trans-
ducer with electrodes, a Ti horn bearing stainless steel collar, reaction mixture
container, and a bath chamber. Highly intense ultrasonic titanium horn with
piezoelectric transducer is preferred for the lab-scale sonochemical reactions
(Fig. 12.7). Ultrasonic horn provides 10–100 W acoustic powers during sonication
to the liquid solution. The cavitation procedure happens over a wide spread range of
frequencies (10 Hz to 10 MHz). The common alternate to ultrasonic horn in the
synthesis set up into laboratory, and ultrasonic cleaning baths are used. The power
density of ultrasonic cleaning baths is governed by a small input power as com-
pared to power produced by an ultrasonic horn. Cleaning baths are frequently trivial
for many sonochemical reactions. Moreover, it can be helpful for the study of the
substantial effects of ultrasound on very reactive metals such as lithium or mag-
nesium producing emulsions which promotes the suspensions of solids and exfo-
liating layer structured nanomaterials.

Fig. 12.7 Typical high
intensity ultrasonic set up for
nanostructured synthesis. This
is redrawn from references
[136–138]
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Metal, metal oxide, sulfide, and alloy NPs are prepared by sonochemical syn-
thesis approach using aqueous and non-aqueous solutions. The structural, opto-
electronic, magnetic, and electrochemical assets of metallic NPs have the emphasis
of contemporary research accomplishments. Under sonochemical route synthesis,
particle undergoes to exhibit different morphologies such as spherical, rod, wires,
hollow, layered type structure 2D materials, etc. [139].

12.5.1 Metal NPs Synthesis via SonoChemical Route

In literature, sonochemical synthesis of nanostructured metallic noble NPs as Au,
Ag, Pt, and Pd is explored. The sonochemical reduction of noble metal salts has
advantages above other existing old-fashioned reduction methods such as sodium
boro-hydride, hydrogen, and alcohol, etc. In this synthesis, involvement of reducing
agent is not required. Hence, the reaction rates during the synthesis are rationally
fast which finally leads to the formation of metal NPs [140–142]. The water
molecules under sonolysis generate H∙ radicals which function as reductants.
Moreover, 2-propanol as organic additive is incorporated to generate a secondary
radical species. The secondary radical species can considerably endorse the
reduction rate. The detailed process of metal preparation via sonochemical route has
been demonstrated as [140]:

H2O ! H � þOH� ð12:1Þ

H � þ H� ! H2 ð12:2Þ

H � þOH� ! H2O ð12:3Þ

RHþ OH � or H�ð Þ ! R � þ H2O or H2ð Þ ð12:4Þ

OH � þOH� ! H2O2 ð12:5Þ

Au IIIð Þ; Ag Ið Þ; Pt IIIð Þ; Pd IIIð Þ þ H � or R� ! Au 0ð Þ; Ag 0ð Þ; Pt 0ð Þ; Pd 0ð Þ
ð12:6Þ

nM 0ð Þ ! Mn M ¼ Noble metalð Þ ð12:7Þ

The sonochemical reduction of noble metals involved tedious reduction process.
The consequence of several factors, namely time, concentration, and ultrasound
frequency, with diverse organic additives to control shape, and size of particles has
been reported. It is reported that particle size obtained during sonolysis is inversely
reliant on alcohol concentration as well as alkyl chain stretch. It has been thor-
oughly linked to the circumstance that alcohols adsorbed on the surface of metallic
NPs stabilizes and furthermore confine the nucleation rate [140]. Highly
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monodispersed gold nanodecahedra under ultrasonic irradiation with elevated yield
and markedly enlarged reproducibility is reported. Gold nanodecahedra is obtained
via sonochemical reduction of HAuCl4 over already synthesized gold seeds into
DMF solution. Unexpectedly, in the absence of ultrasound, inferior yield of gold
nanodecahedra by elevated polydispersity is observed via thermal reduction [143,
144].

An analogous synthesis method has utilized for the preparation of silver nano-
plates. The ultrasound-assisted Ostwald ripening procedure promotes the devel-
opment of silver nanoplates via silver NPs produced at an initial stage of reaction
[145]. The synthesis of Pd and Pt NPs via reduction of K2PdCl4 and H2PtCl6
precursors under sonochemical approach has been reported. The consequence of
inert atmosphere on the particle size of Pd and Pt NPs has been reported. Under the
Ar atmosphere, particle size of Pd is observed to be 3.5 nm, while its size is 2 nm in
presence of N2 atmosphere. Comparatively, narrower sizes of Pt NPs are obtained
under Xe atmosphere. This was mainly due to the acoustic cavitation leading to
formation of hot spot temperature [146]. Also, highly stable Pd NPs are prepared
via ultrasonic irradiation (frequency 50 kHz for three hours) to Pd(NO3)2 solution
into ethylene glycol and PVP. Ethylene glycol reduces Pd(II) to metal Pd while
co-ordination of Pd atom to the carbonyl functional group of PVP promotes the
steadiness of Pd NPs [147].

Fe3O4 magnetic NPs are synthesized by sonochemical route. Iron pentacarbonyl
and polyethylene glycol have taken together in hexadecane. The decomposition of
Fe(CO)5 occurs in the presence of polyethylene glycol, and monodispersed
ultra-small NPs *3 nm particles are obtained. The reaction was carried out in dark
condition. The presence of a black slurry in reaction vessel leads to Fe(CO)5
decomposition [148].

12.5.2 Metal Chalcogenides

Metal sulfide NPs show emerging character owing to their extensive use in mis-
cellaneous fields such as lasers, optoelectronic, thermoelectric devices, and in
infrared spectroscopy cells. The nano-crystalline metal chalcogenides exhibit
superior performance as compared to their bulk counterparts. Bismuth sulfide
nanorods are synthesized through a facile sonochemical method using bismuth
nitrate and sodium thiosulfate in an aqueous solution. Different complexing agents
such as triethanol amine, sodium tartrate, and ethylenediamine tetra-acatetic acid
are used during synthesis. These complexing agents promote the different diameter
and length of Bi2Se3 nanorods [149].

In another report, hexagonal phase cadmium sulfide and cadmium selenide NPs
are observed using cadmium acetate as metal precursor. The NPs have been
obtained under reduced atmosphere H2/Ar(5/95) via ultrasonication. The hydrogen
used during the reaction process acts as reducing agent, while high temperature is
attained via collapse of bubbles followed via reduction of precursor [150].
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Similarly, synthesis of PbSe and ZnSe NPs using sonochemical technique has been
reported by Gedanken and his co-workers [151].

Metal selenides demonstrate extensive applications in diverse field such as in
optical filters, optical recording materials, photovoltaic, sensors as well as laser
materials [152]. The CdSe semiconductor nanocrystal finds its profound application
in photoconductor. Hollow sphere of CdSe via sonochemical approach has been
reported. Uniform and regular spheres of CdSe nanocrystal with average diameter
of *120 nm are obtained [153]. Ultrasonically synthesized hexagonal CdSe
nanocrystals are reported using cadmium acetate and metal selenium in a reduced
atmosphere of H2/Ar. The precise experiments demonstrate that the hydrogen used
here functions as a reducing agent. An extremely extraordinary temperature is
attained through the bubble breakdown which accelerates the reduction of Se [154].
HgSe is an important semiconductor material which is utilized in photoconductors,
solar cell, IR detector, tunable lasers, etc. At room temperature, HgSe is prepared
under ultrasonic irradiation using mercury acetate and sodium selenosulfate in
aqueous phase. The HgSe NPs with various sizes are obtained using the com-
plexing agents such as ethylenediamine (EDA), ammonia, and tri-ethanolamine
(TEA). The high concentration of TEA promotes the growth of tiny particles [155].
A range of metal chalcogenides such as MoS2, Cu3Se2, Cu7Te4, Cu4Te3, AgBiS2,
etc., have been synthesized via sonochemical approach. During the typical ultra-
sonic synthesis, these metal chalcogenides necessitate the metal precursors into
aqueous solution, and a chalcogen source such as thiourea is used for sulfur, while
selenourea is used for Se sources. Under ultrasonic irradiation, in situ generation of
H2S or H2Se reacts with metal salt precursors in aqueous phase to generate metal
chalcogenide NPs [156–159].

12.5.3 Metal Carbides

Sonochemical approach has been further extended for the preparation of metal
carbides such as Fe3C, PdC, Mo2C. At room temperature, PdC NPs are synthesized
via the reduction of Na2PdCl4with interstitial carbon in aqueous solution. The
concentration of carbon in Pd particles has been optimized by altering the nature
and the concentration of organic additives. The PdC synthesis is composed of firstly
formation of Pd cluster growth during Pd nanoparticle formation. In second step,
organic additives have been adsorbed onto Pd cluster, and lastly, diffusion of carbon
atoms takes place into Pd metal lattice. Higher carbon chain such as hexanol,
ethanol, methanol, and precise concentration of isopropyl alcohol (IPA) promotes
the enormous number of C atoms in Pd metals [160]. Iron carbide NPs have been
prepared via sonochemical approach using Ferrocene Fe(C5H5)2 as a metal pre-
cursor. The absence of oxygen in the precursor prevents the formation of
Fe3O4NPs. Amorphous phase iron carbide is obtained via sonolysis of ferrocene in
diphenylmethane. The modifications of reaction parameters such as ultrasound
frequency, tip diameter, and immersion depth throughout the experiment promote
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the formation of monodispersed nanoparticles *6 to 12 nm [161]. For the
preparation of molybdenum carbide NPs, first slurry of molybdenum hexacarbonyl
is prepared through ultrasonication (operating frequency *20 kHz). Here, hex-
adecane is used as a solvent because it has small vapor pressure. The acquired
nanomaterial shows porous character with aggregate of 2 nm sized Mo2C NPs
[162].

12.5.4 Bimetallic NPs/Metal Alloys/Metal Composites

Sonochemical route has been implemented for the synthesis of colloidal bimetallic
NPs. Bimetallic NPs have shown the fruitful application as catalyst as well as in
optoelectronic device applications. Suslick and his co-workers for the first time
revealed the utilization of ultrasound to produce bimetallic NPs [163, 164].
Bimetallic NPs composed of gold and palladium is reported using sonochemical
synthesis. Ultrasonic irradiation promotes the reduction by sodium dodecyl sulfate
(SDS) of Au (III) and Pd (II) ions from NaAuCl4∙2H2O and Na2PdCl4 in an
aqueous medium. The surfactant SDS used here improves the reducing rate as well
as the stability of the nanomaterials. The obtained nanocrystals exhibit the spherical
shape particles with diameter *8 nm [165]. An outstanding soft magnetic property
has been reported for an amorphous phase ferromagnetic alloys comprised of Fe
and Co. The boosted magnetic behavior of alloys has been used in magnetic data
storage as well as in power transformers [166]. Furthermore, sonochemical
decomposition synthesis is employed for the preparation of amorphous phase alloy
of Co20Ni80 and Co50Ni50. The explosive organic metal precursors such as Co(NO)
(CO)3 and Ni(CO)4 in decalin are utilized at 273 K under argon pressure (100–
150 kPa). Synthesized alloys NPs exhibit superparamagnetic behavior [167]. Under
ultrasonic irradiation, the Fe/Co alloy is synthesized using Fe(CO)5 and Co(NO)
(CO)3 precursors in diphenylmethane solution in an inert argon atmosphere. The
NPs having a metal alloy core along with a coated shell are obtained. The alloy NPs
reveal exceptional storage constancy with magnetic performance [168]. Pt–Ru
bimetallic system has been extensively applied in catalysis as well as in fuel cells.
The colloidal synthesis of Pt–Ru bimetallic NPs in an aqueous phase has been
obtained via sonochemical reduction of Pt(II) and Ru(III). The synthesis is executed
at the ultrasound frequency *210 kHz, while temperature is set to 20 °C. By the
use of SDS as a stabilizing as well as capping agent, particle size of 5–10 nm NPs
is obtained. Furthermore, using PVP, ultra-small bimetallic NPs in the range
of *5 nm are obtained [169].
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12.5.5 Metal Oxide NPs

Metal oxides display a vigorous character in the arena of interdisciplinary branch of
sciences, namely physics, chemistry, and materials science. In the technological
point of view, these metal oxides exhibit profound applications such as in sensor,
fuel cells, piezoelectric devices, microprocessors and microelectronic circuits, etc.
Moreover, these metal oxides are employed in catalysis and as surface coating to
prevent the corrosion as well. Owing to their vast range applicability, the synthesis
of these metal oxide NPs has drawn much attention to the research community.
Mesoporous tin oxide SnO2NPs have been reported via sonochemical method using
tin ethoxide as a precursor and CTAB as surfactant which controls its structural
morphology [170]. The synthesis of lanthanide metal oxides such as Y2O3, Er2O3,

CeO2, Sm2O3 and La2O3, via sonochemical route has been also reported. These
metal oxides are synthesized via nitrate salts of the corresponding rare earth metal
ions as precursors, SDS as surfactants and urea as a precipitating reagent, respec-
tively. Molar ratio of rare earth metal ions, SDS, and urea (1:2:30) is maintained
during the synthesis [171]. Surfactant free zinc oxide nanoparticles are prepared via
sonochemical route using zinc acetate and 1,4-butanediol. During synthesis process,
1,4-butandiol functions both as solvent and capping agent. For desired product
formation, reaction is executed under ultrasonic irradiation [172]. The
shape-selective ZnO NPs synthesis via sonochemical route is reported. The pre-
pared ZnONPs exhibit different shapes such as nanorods, nanocups, nanodisks,
nanoflowers, and nanospheres. It is observed that precursor concentration, power
density of ultrasonic source, sonication time, kind of hydroxide anion mediators,
and the capping agent are crucial aspects in the shape-selective ZnO nanomaterial
preparation [173]. Furthermore, other metal oxides TiO2, CeO2, MoO3, V2O5,
In2O3, ZnFe2O4, PbWO4, BiPO4, and ZnAl2O4 have been successfully synthesized.
Sonochemically prepared titania nanoprticles show superior photocatalytic activity
to commercially available Degussa P25. The improved photocatalytic activity is
ascribed to the highly crystalline nature of titania generated by rapid hydrolysis via
ultrasound irradiation [174–181].

12.5.6 Sonochemical Preparation of Hollow and Layered
Structures

The deposition of inorganic NPs on solid substrates such as silica or carbon nan-
otubes via sonochemical approach is employed to obtain hollow nano-structures.
Hollow spheres of MoS2 and MoO3 have been reported via sonochemical technique
[182]. MoS2/SiO2 composite under ultrasonic irradiation is obtained using iso-
durene slurry of molybdenum hexacarbonyl, sulfur, and silica nanospheres under an
inert Ar atmosphere. Analogous process is carried out in the presence of air, and the
absence of sulfur promotes the formation of a MoO3/SiO2 nano-composite.
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Successive HF treatment leaches out the silica spheres which results in the for-
mation of MoS2 and MoO3 hollow spheres. (Fig. 12.8 a, b and c). Remarkably after
heat treatment, hollow MoO3 nanospheres exhibit hollow single crystal
(Fig. 12.8d).

Sonochemical synthesis of hollow hematite has been reported. During the syn-
thesis, carbons NPs are utilized as an instinctively detachable template. The
mechanism behind the formation of the hollow hematite formation is employed
in situ combustion of the carbon NPs. However, sonochemical decomposition of Fe
(CO)5 resulting an amorphous iron NPs which form shells in the vicinity of carbon
NPs. The fast oxidation of the high surface area iron shells under air exposure
ignites the interior carbon particles. The combustion of the carbon NPs produces
sufficient heat to crystallize the iron oxide shells consequently leads to hollow
a-Fe2O3 cores [183]. Sonochemical synthesis of porous Co3O4 nanotubes has been
reported. Carbon nanotubes (CNTs) have been utilized as a sacrificial template

Fig. 12.8 TEM images of sonochemically prepared hollow MoS2 nano-spheres a and b and
hollow MoO3 c after leaching of the silica template but before thermal annealing and d after
thermal annealing and formation of hollow single crystals (d). Reproduced with permission from
ACS publisher [182]
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during the synthesis leads to the formation of CoOx/CNTs composite. The
nano-composite is further calcined into air to be on fire which finally removes the
carbon nanotubes leads to porous nanotubes of CoOx in Co3O4. The synthesized
porous Co3O4 nanotubes act as an excellent electrode material employed in lithium
batteries [184]. Hollow FePt spheres are reported via sonochemical deposition
technique. Sonochemically synthesized FePt bimetallic particles are deposited on
polyelectrolyte layers modified silica spheres. Consequent HF curing yields hollow
FePt spheres. Fascinatingly, annealing of hollow FePt spheres exhibits magnetic
properties with modified character from soft to hard magnet [185]. Polymer spheres
such as polystyrene and poly-methyl-methacrylate are also used as a template
material to create hollow structured materials [186]. In this situation, polymer cores
are separated by either thermal pyrolysis or extraction with organic solvents from
composites.

Ultrasound is proved to be formidable means for the chemical preparation of
mono and multilayered graphene. The pristine graphite has been oxidized by
Hummer’s approach to synthesize the grapheme oxide. In grapheme oxide, inter-
layer distance is increased as compared to graphite which results in weaker Vander
Waals force. Subsequent to gentle sonication, single-layered graphene oxides have
been synthesized that can be further reduced to graphene. The direct liquid-phase
exfoliation of graphite via sonication gives the easy processing of graphene. In
order to attain high yields of exfoliated graphene from graphite, the surface energy
of the solvent must be equal to the surface energy of graphite (40–50 mJ m−2).
Sonication of graphite in appropriate solvents such as N-methyl-pyrrolidone
(NMP)) promotes the formation of single layer and few layer graphene [187].

Ultrasound is repeatedly used to separate single-walled CNTs, which typically
form bundles because of the presence of the Van der Waals force. This method-
ology has been utilized for the synthesis of other layered material such as MoSe2,
MoTe2, MoS2, WS2, TaSe2, NbSe2, NiTe2, BN and Bi2Te3. These materials have
been exfoliated in the liquid phase to prepare monolayer nanosheets [188].

12.5.7 Sonochemical Preparation of Protein and Polymer
Pano and Microstructures

Ultrasonic approach has been further transformed to synthesize biomaterial and
polymers as well. The sonochemical synthesis of protein microspheres is obtained
via sonication of a protein solution which contains serum albumins (Fig. 12.9).

Highly biocompatible and stable microspheres have meticulous attention in a
variety of biomedical applications applied as contrast agents for MRI, sonography,
optical coherence tomographym, and drug delivery carriers [189]. The collective
effort from emulsification termed as a physical effect and cavitation corresponding
to chemical effect consequently promotes the microsphere formation. The protein
microspheres produced via ultrasonic emulsification attain significantly enhanced
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stability via covalent disulfide cross-linking of cysteine. Hydroperoxyl radicals are
mainly generated, and these radicals are primarily accountable for this cross-linking
[190, 191]. Hydroperoxyl radicals HO2. generated during the sonolysis of water
promotes induce cross-linking of the disulfide bonds linking with cysteine amino
acid. The protein microspheres have been tailored via conjugation of selective
cancer-cell ligands such as folate, RGD peptides, and mercaptoethane sulfonate to
its surface [192].

12.5.8 Core @Shell Nanomaterials

An easy and effective sonochemical route has been employed for ZnO@CdS
core@shell synthesis. ZnO nanorods is synthesized via oxidation of ZnO/Zn par-
ticles in air at high temperature [193]. In a typical synthesis process under ultrasonic
irradiation, ZnO nanorods, cadmium chloride, and thiourea in an aqueous solution
result the ZnO nanorods/Cds NPs formation [194]. Synthesis of Fe3O4@SiO2

core@shell NPs via sonochemical route is reported [195]. It is observed that Fe(II)

Fig. 12.9 SEM images of sonochemically prepared protein microspheres before and after
nanoparticle functionalization by layer-by-layer adhesion: upper left, native microspheres
as-prepared by sonication of bovine serum albumin and upper right, close-up of the surface;
lower left, silica-coated microspheres using a RGD polylysinepeptide to reverse surface charge and
lower right, close-up of its surface. Reproduced with permission from ACS publisher [189]
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and Fe(III) metal precursors get precipitated under ultrasonic irradiation which
exhibit narrower Fe3O4 NPs size distribution as compared to precipitation obtained
via mechanical stirring. It is reported that an alkaline TEOS hydrolysis into water
alcohol mixture with Fe3O4 NPs increases the homogeneity and reduces the
agglomeration of Fe3O4@SiO2 NPs significantly. The thickness of silica shell is
easily tailored under ultrasound irradiation. Core/shell hetero structured
SnO2@CdS has been prepared using SnO2 nanobelt as a support. In the typical
preparation, first CdS NPs are deposited over SnO2 surface. The CdS NPs thus
formed during the synthesis are of spherical type, and their sizes are in the order of
10–20 nm. Single crystal SnO2 nanobelt having rutile structure is prepared via
thermal evaporation metallic tin powders at 800 °C. In a typical synthesis process,
SnO2 nanobelts, cadmium chloride, and thiourea are mixed into 100 ml deionized
water irradiated with ultrasound (100 W, 40 kHz) for 1–3 h [196]. Under ultra-
sound irradiation, the reduction of AuCl4

− ions to Au0 (gold metal) and AgNO3
+

ions to Ag0 (silver metal) takes place in the presence of alcohols at room tem-
perature [197]. Under ultrasound irradiation, cavitation takes place which generates
primary and secondary radicals which reduces the gold chloride and silver nitrates
into their respective metal ions. The presence of hydrogen atom along with alcohol
radicals reduces the gold and silver ions to produce Au–Ag bimetallic core@shell
NPs. It is also reported that in the presence of polymer, reaction of primary radicals
with the polymer promotes the formation of polymeric radicals. It assists in
reduction of the analogous metal ions to produce metal NPs [198, 199].

12.5.9 Ultrasonic Pyrolysis (USP)

Ultrasound produces chemical reactions in sonochemical synthesis. Moreover, in
USP (ultrasonic pyrolysis), an ultrasound has not engaged directly during synthesis.
Ultrasound acts as phase separator into one micro-droplet reactor to other. In
sonochemical route, highly intense low-frequency ultrasound *20 kHz has been
generally used; whereas in USP, high frequency *2 MHz with low intensity
ultrasound is employed. Ultrasound is employed for nebulising the precursor
solution which assist to generate micron-sized droplets during USP synthesis.
Droplets thus generated by ultrasonic nebulisation have been heated under a gas
flow before dispensed to chemical reaction. Large-scale production of ultrafine
particles finds its utility in industry. Also, this technique is quite useful in film
deposition. During this technique, creation of aerosols under ultrasonic nebulizer
followed by thermal decomposition occurs [199, 200]. As compared to traditional
techniques, USP has shown many merits such as easy and continuous operation,
high purity reaction products, etc. This technique is equally applicable for small-
and large-scale mass production with high reliability as well as reproducibility.
Spherical NPs are prepared via the USP route. Liquid droplet formation takes place
under ultrasonic nebulisation in USP route. In the USP process, firstly generated
liquid droplets are subjected to the heated zone having Ar, N2 and O2 as carrier
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gases followed by evaporation of solvents at droplet surface. The droplets rapidly
contract and attain supersaturation after heating. The precipitation of solute takes
place at droplet surface. Moreover, thermal decomposition can generate interme-
diate compounds in the form of porous or hollow structured particles [173]. In a
typical USP experimental set up, a vessel having transducer at the base fixed with a
mist connected to the tubular furnace. The collector chambers have been positioned
at the furnace outlet (Fig. 12.10). The USP procedure requires droplet creation,
diffusion of the solutes, evaporation of solvents, and precipitation followed by
decomposition and densification (Fig. 12.10b). For the film deposition, silicon and
glass substrates have been positioned inside the furnace.

USP technique is established as a multifaceted approach for the synthesis of fine
powders of metals, metal alloys, and ceramic materials. For the synthesis of the
metals NPs such as Ag, Pd, Au, Cu, Ni, Co, and their alloys as Ag–Pd, USP
technique is extensively utilized. In order to prepare metal or alloys particles,
generally it engages the USP decomposition of metal salt precursor solution in an

(a)

(b)

Fig. 12.10 Schematic illustration of a typical USP apparatus and b a schematic diagram of
simplified USP process. This is redrawn from references [173, 199, 200]

12 Synthesis of Nanostructured Materials by Thermolysis 369



inert atmosphere (N2 or Ar flow) [201–206]. Highly crystalline nanowires of Zn,
Cd, Co, and Pb nanowires are produced by USP route using methanolic solutions of
corresponding metal acetates [207]. Micron-sized metal oxides and chalcogenides
synthesis are reported via USP technique. During metal oxides synthesis, precursors
of metal nitrates, chlorates, and acetates have been engaged; while for the prepa-
ration of metal chalcogenide, chalcogen sources are mixed into the precursor
solution [140]. Suslick and Skrabalak employed silica as a sacrificial module to
synthesize porous MoS2 structure by USP approach. Silica NPs are tightly packed
into an evaporating droplet and can afford an in situ nanostructure scaffold [208].

The exploitation of a silica template is more utilized for the preparation of metal
oxides NPs. The USP preparation of diverse shapes of titania nanostructures,
comprising porous, hollow, and ball-in-ball architectures has been reported.
Silica-titania composite porous titania as well as silica-titania composite covered
with cobalt oxide NPs are reported by employing the USP synthesis route.
Under USP process, an aqueous solution containing silica NPs and titanium
complexes forms silica-titania nano-composite. A porous titania microsphere is
obtained after etching of the silica-titania composite using HF. At initial stage of
etching fetches a ball-in-ball structure consists of silica core covered with porous
titania shell. Moreover, complete etching result in the vanishing of silica core and,
finally, porous spherical shells of titania is obtained [209].

The formation of porous carbon under the USP technique has been reported. In
this context, this technique is applied for the synthesis of several carbon nanos-
tructures which occurs by alkali halocarboxylate decomposition (Fig. 12.11) [210].

As compared to tiresome multistep conventional approaches for porous carbon
preparation, one step USP approach removes the issue of use of high cost template
materials. Based on the variety of alkali halo-carboxylates such as lithium
chloroacetate, sodium chloroacetate, potassium chloroacetate, lithium dichloroac-
etate, sodium dichloroacetate, and potassium dichloroacetate, a miscellaneous range
of nanostructures has been synthesized via USP process [210].

12.6 Conclusions and Future Prospects

In summary, thermolysis (i.e., polyol, hydro/solvothermal, MW and sonochemical)
approaches for the nanomaterial synthesis have been briefly described. Since pre-
cise control over shape, size, and dimension greatly alter the physiochemical
properties. Therefore, the prepared nanomaterials encounter diverse area of interests
into materials research community for the range of applications such as photo-
conductors, bio-imaging, laser materials, photocatalysis, biosensors, supercapaci-
tors, etc. Polyol synthesis has unquestionably turned out to be a handy synthesis
approach which assures the preparation of great quality nanomaterials. Ethylene
glycol, diethylene glycol, glycerol, and butanediol are extensively applied as polyol
solvents for the preparation of nanomaterials. Currently, a variety of nanomaterials
such as elemental metals, metal oxides, and metal chalcogenides have been
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synthesized via polyol mediated approach. Highly water dispersible and chelating
properties of the polyols are extremely beneficial. During the synthesis, polyol act
as solvent, reducing agent as well as capping agent which lead to surface func-
tionalization as well as high colloidal stability of the NPs. Consequently, NPs with
regular size distribution with less extent of agglomeration have been obtained.
During the metal NPs synthesis in the polyol medium, the reductive character of the
polyols is an added advantage which permits a straight reduction via heating of
metal precursors. Also, higher boiling point of polyols fetches highly crystalline
compounds during the synthesis. Due to these merits, polyol synthesis is broadly
employed to attain materials with a range of applications as photocatalysis, MRI,
sensing, photovoltaic, batteries, thin film, diluted transparent semiconductor, pig-
ments, bio-imaging, and in drug delivery, etc. The polyol synthesis entails the
preparation of heterostructured nanomaterials. Also, PEG exhibits control of the
nucleation and growth of particles and particles coated with PEG show high
bio-compatibility which permits the best possible cellular uptake of the pegylated
NPs. However, there are also obvious restrictions to polyol synthesis. The fast
thermal decomposition close to the boiling point of the polyols limits the avail-
ability of temperature choice of reactions.

Fig. 12.11 SEM images of USP porous carbons. Reaction conditions: 1.5 M solutions, 700 °C,
Ar at 1.0 slpm. Product from (A) lithium chloroacetate, (B) sodium chloroacetate, (C) potassium
chloroacetate, (D) lithium dichloroacetate, (E) sodium dichloroacetate, and (F) potassium
dichloroacetate. Reproduced with permission from ACS publisher [210]
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The striking features of the MW-assisted synthesis exhibits rapid and uniform
heating, fast reaction rate, higher yields, and shorter reaction time as compared to
the usual heating techniques. Rapid synthesis of inorganic materials in aqueous
phase under MW heating is observed. This unique approach leads to its cost
effectiveness, energy saving, and a high product yield. Furthermore, the MW
reactors with accurate power, temperature, and pressure controlled probes have
been used for nanomaterials synthesis. However, detailed mechanism involved into
MW synthesis and its consequence on reaction rate, nucleation, and growth in
aqueous phase has been still matter of debate, and future research will be focussed
in this direction. Precisely designed MW reactors will give an idea about the
non-thermal heating issues involved under MW synthesis.

Hydrothermal and/or solvothermal routes are extensively utilized for the
preparation of inorganic nanomaterials comprising metals, metal oxides, meal
chalcogenides, and transition metals. These techniques are further extended for the
synthesis of metal ions and linking organic ligands for metal organic framework
(MOF)NPs.

The miscellaneous range of applications of ultrasound irradiation has been
investigated in the synthesis of nanostructured materials. Sonochemical as well as
ultrasonic spray pyrolysis techniques are used during the nanomaterials synthesis.
Ultrasonic irradiation leads to acoustic cavitation. Bubbles are generated during
cavitation, which can efficiently gather the ultrasound energy. After collapse of
bubbles, massive amount of energy is released leading to localized hot spots with
extremely high temperatures and pressures which are mainly responsible for
chemical effects of ultrasound. By employing this route, elemental metals, metal
alloys, metal oxides, metal sulfides, and metal carbides are synthesized. This
synthesis approach is subsequently utilized for the synthesis of carbons, polymers
and biomaterials, etc. During the synthesis of nano-composites, template-based
strategy is used to obtain hollow structured materials via subsequent removal of
template. Scale-up of materials and energy efficiency is the prime hindrance of
sonochemical synthesis. Moreover, laboratory apparatus for sonochemical reactors
is commercially available even though large scale apparatus remains quite rare.
Future study will be to design precisely controlled sonochemical reactors for the
large-scale production of the nanomaterials under ultrasonication.

In USP route, the ultrasound acts to nebulize the precursor solutions resulting
production of micron-size droplets to facilitate the chemical reactions inside the
reactor. The micro-reactors permit the simplistic control over elemental structure at
the micron-size gauge. USP synthesis route is explored for the preparation of
hetero-structure and/or composite materials. The synthesis of nanomaterials via
USP generated nano-composites is vigorous as well as proficient. Moreover, pro-
cessing of metal oxides via USP route is still inadequate mainly owing to the
deficiency of appropriate precursors for metal oxides and uncontrolled fast sol-gel
reactions. In view of the present restrictions, systematic development of new metal
oxide precursors and precise control over the reaction parameters will be prime
focus of the future study for the further advancement in USP technique.
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Chapter 13
Hot Injection Method for Nanoparticle
Synthesis: Basic Concepts, Examples
and Applications

Abhishek Kumar Soni, Rashmi Joshi,
and Raghumani Singh Ningthoujam

Abstract Highly monodispersed nanoparticles produced by the hot injection
method are discussed. The hot injection synthesized nanoparticles are remarkable
materials with size-dependent properties leading to advanced developments in
nanoscience and nanotechnology. The basic classical theory, nucleation and growth
of the nanocrystals are discussed in the framework of hot injection method. Kinetics
of the hot injection method has been explored with the help of Ostwald ripening
process and crystal growth mechanism. A comparison of hot injection synthesis
method with other methods has been explored. A detailed description of
monodispersed nanocrystals has been given by taking various important examples
such as Co, Ag, Au, CdSe, PbSe, PbS, SnS2, FeS2, CuInS2, Cu2ZnSnS4,
Cu2NiSnS4 and ferrites, nanomaterials. Applications of the hot injection synthe-
sized nanoparticles in different areas and their uses in device fabrication have also
been specified. This chapter suggests the utility of the hot injection method in the
formation of size and shape-dependent colloidal nanoparticles with desirable
optical, electrical and magnetic properties.

Keywords Hot injection method � Nanoparticles � Nucleation and growth �
Monodisperse � Nanocrystals � Quantum dots
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CQDs Carbon quantum dots
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Eg Band gap
FTO Fluorine doped tin oxide
Hc Coercivity
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
Mr Retentivity
MSCs Magic size clusters
OA Oleic acid
OAM Oleylamine
ODE 1-Octadecene
PVP Polyvinylpyrrolidone
QDs Quantum dots
SAM Self-assembly monolayer
SDS Sodium lauryl sulfate
SERS Surface enhanced Raman scattering
SLBL Successive layer by layer
TOP Trioctylphosphine
TOPO Trioctylphosphine oxide
TREG Triethylene glycol

13.1 Introduction

Nanoscience and nanotechnology are related to study and application of extremely
small particles (1–100 nm in one of dimensions). This links chemistry, biology,
physics, materials science and engineering. The size and shape of the nanoparticles
can tune the optical, electrical, thermal, catalytic and magnetic properties. Thus, the
application of these size-dependent nanoparticles in various fields viz. medical,
energy science, optoelectronics, display and photonic, optics, biomedical sciences,
chemical industries, space industry and sensing opens new hope and challenge to
fabricate these nanoparticles in large scale with desired properties [1–8]. The main
aim is to develop the nanoparticles via suitable synthesis techniques, which can
efficiently control monodispersity, particle sizes and shapes for the desired appli-
cations. Colloidal synthesis of the nanocrystals swiftly preserves extensive era in
the development of size-dependent optical active nanomaterial. Nowadays, the
current challenge for nanocrystal growth and nucleation in nanoparticle synthesis is
to understand the influence of reaction parameters, precursor used as raw materials
and their concentration, temperature and types of the ligand. The nucleation is an
initial phase of the nanoparticle synthesis which involved basically self-gathering
or/association process. Nucleation is a stochastic process because it may differ for
two identical systems occurring at different time [9]. The size of nanoparticles and
their uniformities are strongly related to the chemical and physical properties in an
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ensemble of nanocrystals. For the colloidal synthesis, burst nucleation and
diffusion-controlled growth are the two significant factors to control the size dis-
tribution of the nanoparticles. Hot injection and heat up (or thermolysis) methods
involve the decomposition of organometallic compounds/complex at higher tem-
perature in the presence of long-chain fatty acids (acting as surface passivation over
nanoparticles) and high-boiling point solvents. These two methods are the two main
strategies for the synthesis of uniform nanocrystals of various materials including
metals, alloys, oxides, selenides, tellurites, phosphides, sulfides, core-shell as well
as composites. Heat up method suffers some disadvantage such as laborious cooling
process, volatile solvent removal, controlling thickness(layers) of shell coating and
anisotropy in shape as well [10–12]. The benefit of the hot injection synthesis
method is that it requires one-pot synthesis which allows successive layer-by-layer
(SLBL) synthesis of multi-shell nanoparticles. Hot injection synthesis of inorganic
nanoparticles deals through molding with the role of the precursor and next to
renovation in the product development. First, Murray et al. have reported a general
method for the synthesis of cadmium chalcogenide nanocrystals in 1993, which
later named as the “hot injection” method [10]. The method was practically enable
to make CdSe nanocrystals with moderate size uniformity in which mean size was
controllable from 2 to 12 nm. Many reports have been carried out in the earlier
years, which were showing size-dependent tuning of the band gap as well as the
progress of the band-edge structures. This can be done via quantum dots or
quantum confinement effect of semiconductor nanocrystals produced by hot
injection method [13–15]. The size of particles in nanometer range changes mag-
netic, optical and catalytic properties as compared to bulk [16, 17]. The phe-
nomenon of the quantum dots (quantum crystallites) is related to the band structure
formation with changing the crystallite size. Classical model for uniform
microparticles delivers a useful basis for the systematic understanding of
nanocrystal sizes and reaction conditions in which burst nucleation, diffusion
controlled growth and Ostwald ripening are the important processes for the
nanocrystal realizations. LaMer and Dinegar have studied the condition for
nucleation and growth of sulfur sols for dilute and concentrated solutions of pre-
cursors [18]. In hot injection method, a cold stock solution containing the precur-
sors is injected quickly into the hot solution containing surfactant and high-boiling
point solvent. The kinetics of the hot injection method is such that there is no or
little induction time between injection and precipitation. This is an essential step in
the hot injection synthesis process which characteristically determines the formation
of the monodispersed nanocrystals. Understanding about monitoring and handling
of the size-dependent nanoparticles and kinetics of their growth in the hot injection
method is very interesting. Peng et al. have reported the colloidal semiconductor
nanocrystals growth via “Focusing” of size distributions in which concentration of
the monomer can change size distribution [19]. Here, monomer is a minimal
building unit of a crystal. These monomers in solution can be dissolved or form
crystal particles. The supersaturation occurs when concentration of monomers ([M])
is more than that of equilibrium monomers concentration of the bulk solid ([M]0).
Monomers can either form crystal particles or dissolve back into the solution. For
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higher monomer concentration, the rate of growth of smaller nanocrystals is faster
than that of the larger nanocrystals, and thus the size distribution is focussed down
to one that is nearly monodisperse. For lower monomer concentration (below the
critical threshold), smaller nanocrystals are exhausted and larger nanocrystals grow.
Therefore, the distribution broadens or defocusing was achieved in this case which
may promote the Ostwald ripening process. Control in the nucleation rate by
generating intermediate nuclei through the modified hot injection and
cation-exchange process for PbSe quasi seeds has been reported by Kovalenko et al.
[20]. Figure 13.1 shows the cation-exchange mediated nucleation of CB
nanocrystals. Here, seed AB nanocrystals are already formed. After injection of C
precursor, C exchanges with A to form CB nanocrystals. With increase of time of
reaction or temperature, chance of growth of particles is enhanced. The nucleation
and growth can be separated by quenching process [21]. Here, cold precursor(s) are
injected into the coordinating solvent at high temperature. Within a second to few
seconds, nucleation starts. Further growth of particles can be stopped by pouring
hot solution into cold ethanol (20 °C), which causes quenching.

In this chapter, basic concepts encountered for understanding various nanopar-
ticles prepared by the hot injection method are mentioned. This includes following
concepts such as kinetics of nucleation and growth of nanoparticles, Oswald
ripening process, quantum dots, quantum confinement, role of surfactants, differ-
ence between the hot injection method and other methods to prepare monodispersed
nanoparticles. The advantages and disadvantages of the hot injection method are
provided. Many examples of nanomaterials prepared by hot injection and heat up
methods are mentioned. Applications of nanomaterials prepared by hot injection
method in various areas such as solar cells, high-density storage devices, laser
devices and biomaterials are provided.

13.2 Basic Concepts

In the classical nucleation theory, homogeneous nuclei can be formed with the help
of thermodynamics via understanding the total free energy of the nanoparticles [22].
Total free energy (ΔG) of the nanoparticle is defined as the sum of surface free

Fig. 13.1 Formation of cation-exchange mediated CB nanocrystals and growth
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energy (ΔGs = 4pr2c) under consideration of spherical particles and bulk free
energy (DGb ¼ 4

3 pr
3DGm) and can be written as,

DG ¼ DGs þDGb

DG ¼ 4pr2cþ 4
3
pr3DGm

where DGm ¼ �kbT ln Sð Þ
m is a crystal free energy, kB is Boltzmann’s constant, S is the

supersaturation of the solution, v is its molar volume, c is surface energy, and r is
the radius of spherical particle. The value of ΔGm is temperature dependent. Critical
free energy can be calculated by differentiating DG with respect to r and setting it to
zero value, which can be represented as,

dDG
dr

¼ 0

The critical radius (rcri) for minimum size at which a particle can exist in a
solution without actuality redissolved which can be obtained by utilizing the above
equation [22].

rcri ¼ 2cm
kbT ln Sð Þ ¼

�2c
DGm

Figure 13.2 shows the total free energy plot with contribution of ΔGs and ΔGb as
a function of particle size for an arbitrary system. When r < rcri, system tries to get
lower free energy by sacrificing monomers or smaller size particles [22, 23]. This
can happen by deposition of monomers or smaller sized particles over particles
already present in solution, leading to larger-sized particles [22, 23]. The nucleation
occurs when concentration of monomers becomes supersaturated (S), which is
defined as ratio between the monomer concentration and the monomer concentra-
tion in equilibrium with solubility of the bulk solid phase. The rate of nucleation
and type of precursor used during the reaction can determine the shape of particles
[20].

Rempel et al. reported the formation of the small nanocrystals having narrow
size distributions via either modulating temperature or by targeted introduction of
additives with the help of the precursor activation chemistry [24]. The impurity
atoms present in the system may produce a heterogeneous nucleation at a particular
nucleation sites via displacements, vessel surfaces and imperfections. The hetero-
geneous nucleation depends on the contact angle of the nucleus with respect to the
substrate, and hence, these nanoparticles are not in spherical shapes. The value of
rcri is identical for both the nucleation processes, but the critical volume of nucleus
for heterogeneous nucleation is smaller than that of the homogeneous nucleation.
Additionally, the total free energy essential for heterogeneous nucleation in the
nanoparticle growth process is equivalent to the product of homogeneous
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nucleation and a function of contact angle (h), which can be precisely represented as
follows [9, 24],

DGtðHeterogeneousÞ ¼ f ðhÞDGtðHomogeneousÞ

13.2.1 Kinetics of the Hot Injection Method

The hot injection method is a rapid technique for the preparation of monodispersed
nanocrystals of metals, alloys, core-shell, composites, etc. The synthesized
nanoparticles with tunable size and shape can be fabricated for a particular system
or application. The kinetics of reaction can be controlled by changing the reaction
parameters such as injection temperature, waiting time, use of seed or catalytic sites,
reducing or oxidizing agent or reaction atmosphere, and hence, growth of the
nanocrystals can be controlled. In the further sections, some kinetics of the hot
injection method with Ostwald ripening process and growth mechanism of the
nanoparticles will be described.

Fig. 13.2 Total free energy plot with contribution of ΔGs and ΔGb as a function of particle size
for an arbitrary system
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13.2.2 Ostwald Ripening Process

Ostwald ripening is an important phenomenon in solid or liquid which explain the
evolution of an inhomogeneous structure growth over time. This phenomenon can
affect the nanoparticles growth and nucleation in the hot injection synthesis. The
Wilhelm Ostwald in 1896 has described this phenomenon to understand the
mechanism of the nanoparticle growth process. In chemistry, Ostwald ripening
explains the process such as smaller particle having higher surface energy than
larger particle which can provide higher solubility due to higher total Gibbs energy.
This leads to formation of energetically favorable larger particles. The system tends
to lower its overall energy thus molecules on the surface of small particles tend to
detach from the particle and simultaneously defuse in the solution. Thus, an
increment in the free particle concentration can be achieved in this process. The free
molecules have a tendency to condense on the surface of the larger particles due to
the supersaturation of the free molecules in solution. Thus, smaller particles
decrease and larger particles parallel grow, and hence, the overall particle size will
increase effectively. The solubility of the molecules or nanocrystals is very sensitive
to the size of nanocrystal, and it motivates Ostwald ripening process in the solution.
If the size distribution is primarily quite extensive, the size uniformity can be
enhanced via Ostwald ripening phenomenon as the lesser particles dissolve away to
a certain step. Ostwald ripening is a slow process compared to size focusing. Size
focussing produces narrow size distributions, which require the maintenance of a
high supersaturation of monomers during particle growth [25]. For example, NaAF4
(A = rare earth atom) nanocrystals can be prepared using metal trifluoro acetates as
thermally labile precursors for F− and Na+/A3+ ions. Here, rate of productions of
monomers NaYF4 is high. This is a requirement of size focusing. In case of
Oswald’s ripening, high concentration of monomers is not required. Particle growth
is due to depletion of small size particles.

13.2.3 Growth Mechanism

Growth of the crystal particles (particularly spherical particles) can take place
through two steps processes. In the first step, transport of the monomers from the
bulk solution onto the crystal surface is happened and could be described by the
Fick’s law of diffusion [22],

j ¼ �D
d M½ �
dx

where j is the monomer flux, D is the diffusion constant, and M and x are the
monomer concentration and the radial distance from the center of the spherical
particle, respectively. The second step are the reaction of the monomers at the
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surface. The concentration gradient around the surface with diffusion layer and their
schematic of the particle was sketched in Fig. 13.3. Diffusion layer structure near
the surface of a nanocrystal (left) and plot for the monomer concentration as a
function of distance x (right) is shown in Fig. 13.3. The graph shows the monomer
concentration [M]s at the surface of the crystal (x = r). At the point (x = r +d), the
concentration reaches the value equal to bulk concentration of the solution, i.e.,
[M]b. The total flux of the monomer is equal to the monomer consumption rate by
the surface reaction of the particle. With the help of growth of the particle, the
consumption rate of monomer can be obtained and is equal to total flux of the
monomer due to the mass balance. The monomer consumption rate can be written
as following equation [26–28],

J ¼ 4pr2k M½ �s� M½ �r
� �

where k and [M]r are the reaction constant and solubility of the spherical particle of
radius, respectively. The growth rate can be expressed as following equation [26,
29],

dr
dt

¼ DVm M½ �b� M½ �rð Þ
r � D=k

where Vm is the molar volume of the monomer in crystal, and another term has their
common meanings. A schematic profile of size distribution and nucleation process
with growth periods was depicted in Fig. 13.4. In the lower part of Fig. 13.4, the
relative standard deviation of the size distribution rr (size) was shown. The general
growth rate equation for a spherical particle can be expressed as follows [30],

dr�

ds
¼ S� exp 1=r�ð Þ

r� þK exp a=r�ð Þ

Fig. 13.3 Schematic illustration of diffusion layer structure near the surface of a nanocrystal (left)
and plot for the monomer concentration as a function of distance x (right). Redrawn from Ref. [22].
The shaded area indicates the diffusion layer
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where r* and s are the dimensionless particle radius and time, respectively. K is the
dimensionless parameter describing the processes involved in the reaction. S and a
are the oversaturation of the monomer in solution and transfer coefficient,
respectively.

The chemical potential of a particle and its radius can be related to each other
with the help of the Gibbs–Thomson relation. Chemical potentials of the monomers
in the solution and the particle with the radius `̀ r'' can be taken as lb and l(r),

Fig. 13.4 Schematic illustration of the size distribution control process. The thick vertical line
(shaded) indicates the point in time at which the nucleation process is terminated, dividing the
nucleation and growth periods. In the lower part of the figure, the time evolution of the number of
particles and the relative standard deviation of the size distribution, rr(size), are shown. Redrawn
from Ref. [26]
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respectively. The difference between these two chemical potentials of monomers in
particle and solution can be written as follows,

Dl ¼ 2cVm

r

The equation clearly shows that the chemical potential is dependent on the radius
of the particle. Strictly, smaller particles have a higher chemical potential.
Figure 13.5 shows the schematics of chemical potential versus reaction coordinate
for particles of three different sizes (r1, r2 and r3). The radius of the particles is taken
as increasing order (r3 > r2 > r1). For the particles of small radius, the chemical
potential of its monomers is more than that of the monomers in the solution.
Therefore, for smaller particles, dissolution in reaction is foremost. Furthermore, for
the particles of larger radius, the precipitation reaction will be dominant on the
surface since chemical potential of its monomers is less that of the monomers in the
solution.

Fig. 13.5 Schematics of chemical potential versus reaction coordinate for NaCl particles of three
different sizes (r1, r2 and r3, where r3 > r2 > r1)
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13.2.4 Quantum Dots and Quantum Confinement

Quantum dots are the semiconductor particles of spherical nanometer sizes; whose
sizes are less than the exciton Bohr’s radius [31]. Since size is so small, one
quantum dot acts as H-like atom where a positive nucleus is surrounded by a
negative electron with radius (R). They obey a principle of quantum confinement.
They are considered as 0 (zero) dimensional particles. Thus, movement of electrons
in all three x-, y- and z- dimensions are confined. Their band gap (Eg) between the
lowest energy level (valence band) and the highest energy level (conduction band)
is more than the bulk value (Eg(R!∞)). Also, they show the many discrete
absorption bands. The relation between Eg and Eg(R!∞) is given below:

Eg ¼ EgðR!1Þ þ h2

8R2

1
m�

e
þ 1

m�
h

� �

where me
* and mh

* are the effective masses of electron and hole, respectively. For
example, bulk PbSe has a large exciton Bohr’s radius of 46 nm with band gap of
0.26 eV [32]. When particle size is less than 46 nm, it shows quantum confinement
effect, and those particles are considered as quantum dots (QDs). These can show
the sharp absorption and emission peaks. Depending on particle size, emission peak
can vary from 900 to 4100 nm range. The luminescence quantum yields can be
achieved up to 90%. Interestingly, QDs have one emission peak, but have many
discrete absorption peaks (Fig. 13.6) [32].

When particle changes the shape from spherical to wire, plane, confinement
effect decreases even though one of its dimensions is of nanometer scale. They are
considered as 1- and 2-dimensional particles. Instead, the polarizability factor along
axis and plane arise in those 1- and 2-dimensional particles. Such particles show the

Fig. 13.6 Absorption and emission spectra of the PbSe QDs along with their energy level
diagram (inset). Wavelength of excitation is 633 nm (He–Ne Laser)
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unusual optical and electronic properties. Generally, spherical particles show the
isotropic effect, whereas wire- or plane-typed particles can have anisotropic effect.
The development of the quantum dots, wires and rods with various sizes and shapes
can be obtained via surface engineering. By changing dielectric medium, the
quantum confinement effect can be generated. Particle prepared in ligand free or
liquid medium free (say solid state synthesis) may not be able to show the quantum
confinement effect since size is more than bulk exciton Bohr’s radius, but in dif-
ferent dielectric medium, it can show it [31]. For example, bulk SnO2 is n-type
semiconductor with the Bohr’s radius of 2.7 nm and band gap of 3.6 eV. SnO2

nanoparticles with size 2.3–3.1 nm show the blue shift in band gap by 0.27 eV.
They are considered as the QDs [33]. When size of SnO2 is 5 nm, it does not show
the formation of exciton. The particle sizes of SnO2 in 5–50 nm are not considered
as QDs even though they belong to nanomaterials. In such particles, surface-related
properties can be observed. However, when SnO2 particles are dispersed in a
medium A = TiO2 or SiO2 or Y2O3 matrix [34–37], it can generate the exciton even
though particle size is about 5 nm. This was shown by Ningthoujam and his group
[34–37]. It means that exciton (e-h pair) can be confined in the SnO2: A
nanostructures/nanohybrids/core-shell.

The absorption and generated emissions within QDs are dependent on the size of
particles. QDs have high absorption coefficient and zero dimensions which can
produce the sharper density of states than the higher dimensional particles [38].
Each quantum dot has a capability to convert incoming light (excitation light) into
the light which can have small or larger Stokes shift. The dispersion capability of
the quantum dots is very high in different solvents (hexane, silicone-based poly-
meric fluids, iodide and other polar medium) [39–41]. The applicability of the
colloidal quantum dots in many fields such as light-emitting diodes, display and
solid-state lighting technologies, bioimaging and drug delivery has been reported in
the various literatures [42–44]. In this study, hot injection method was used to
achieve the monodispersible quantum dots with tailoring optical properties. The
various quantum dots, viz. CdSe, PbSe, PbS, AgInS2/ZnS, Zn-In-S:Ag, perovskite
CsPbBr3, CdTe, CZTS (Cu2ZnSnS4), etc., were synthesized by using the hot
injection and thermolysis techniques [45–48].

13.2.5 Use of the Surfactants for Nanoparticle Synthesis

The surfactant can reduce the surface tension between two liquids or between a
liquid and a solid during the synthesis process. The surfactant used in the synthesis
of nanoparticles prevents agglomeration of the nanoparticles by acting as a capping
regent. The surfactant plays an important role in the colloidal chemical synthesis of
the nanocrystals. In the hot injection synthesis method, the surfactant provides the
uniform colloidal stability in the liquid for the nanoparticles so that monodispersed
nanosized particles can stay for a long time. Generally, polar group of the surfac-
tants is used in the reaction medium to bind the surface of the nanocrystals. For
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CdSe nanoparticles synthesis, the prominent surfactants, namely tri-n-octylpho-
sphine oxide (TOPO), tri-n-octylphosphine (TOP), fatty acids, hexadecylamine and
phosphonic acids, have been used [19, 48, 49]. In hot injection method, the sur-
factants comprising functionalities (e.g., alcohols, acids, amines and thiols) can
interact with the surface of the particles to stabilize growth of the particles and also
to protect the particles from the sedimentation, agglomeration or losing their surface
properties. For Ag nanoparticles in different synthesis techniques, surfactants such
as starch, glucose, polysaccharides, b-D-glucose and citrate ions have been used
[50–54]. Poly (vinyl alcohol), poly (vinylpyrrolidone), poly (ethylene glycol), poly
(methacrylic acid) and polymethylmethacrylate as a polymeric compound were
reported as a protective agent in the fabrication of the nanoparticles.

The biopolymer chitosan has been used to attach metal or magnetic nanoparti-
cles due to its eco-friendliness [55, 56]. However, its stability is poor in many
solvents. It needs to cross-link between chitosan polymers. Since chitosan molecule
has functional group of amine (–NH2), it can have a positive charge on –NH3 group
in acidic medium. However, cross-linker (sodium tri-polyphosphate) can be used to
bridge between –NH3 group (+ve) of chitosan and –O (−ve) of sodium
tri-polyphosphate.

13.2.6 Difference Between Hot Injection and Other Methods
to Prepare Monodispersed Nanoparticles

To prepare monodispersed nanoparticles, the following methods can be adopted.

A Electrostatic repulsion method
B Reverse micelle formation method
C Thermolysis method
D Hot injection method

A Electrostatic repulsion method

In electrostatic repulsion method, small size particles (a few nanometers 2–10 nm)
have the same charge (−ve or +ve) and are able to stabilize in a liquid (closed
system) for a few hours to months (preferably in the absence of UV-light or
radiation or other) [57]. Like charge particles are able to disperse in a medium
(liquid). Usually, the stable colloidal particles have a large value of surface charge
potential (zeta potential, f � −30 or +30 mV). Particles with very small sizes as
well as high zeta potential can repulse each other. In such condition, they are
considered as monodispersed particles. Even ligand-free particles can be stable.
When size of particles increases, the particles are tending to settle to the bottom of
container/beaker. This is because of gravitational forces, which dominate the
repulsion forces among like charged particles. Then, agglomeration or aggregation
follows.
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In agglomeration, individual particles can be separated by external forces such as
ultrasonication or addition of long-chain amphiphilic molecules. Some kind of van
der Waals forces exists between particles. On other hand, it is difficult to separate
individual particles in the case of aggregation. Here, some kind of dipolar inter-
actions (magnetic or electric poles) is present in particles, e.g., Au/Ag/Cu (2–
10 nm) and Fe3O4 (10 nm) [57, 58]. Rate of nanoparticles settlement is dependent
on type of metal ions present in a liquid medium and pH of medium in a fixed
temperature [58]. Figure 13.7 shows the schematic diagrams of (a) formation of
dispersed particles in a liquid, (b) settlement of larger particles in a liquid, (c) ag-
glomeration of particles and (d) aggregation of particles.

B Reverse micelle formation method

In reverse micelle formation method, three phases such as water, oil (hexane,
benzene, cyclohexane) and surfactant (amphiphilic molecules such as oleic acid
(OA), oleylamine (OAM), cetyltrimethylammonium bromide (CTAB), sodium
lauryl sulfate (SDS)) are required, and this mixture acts as a medium for the
formation of nanoparticles [59, 60]. Sometime, co-surfactants such as a long-chain
hydrocarbon alcohol are added to reduce surface tension of medium. Surfactant acts
as interface between water and oil layers. In reverse micelle formation, amount of
water is very less than oil or surfactant, i.e., droplets of water molecules in oil
medium. Water droplet or aqueous region is surrounded by hydrophilic head group
of surfactant molecules (Fig. 13.8a), and hydrophobic tail of surfactant molecules is
away and free to interact with oil medium. This is called water to oil (W/O)
microemulsion. In this, nanoparticles in the form of metals, alloys, semiconductors,
insulators or composites can be formed (Fig. 13.8a, b). Thus, water droplet region
is also considered as nanoreactor. As ratio of water to surfactant molecules
increases, size of nanoparticles can be increased.

Examples:

(i) Formation of metal nanoparticles (Ag, Au, Pd, Pt, Ni, Cu)
(ii) Formation of alloys nanoparticles (FePd, FePt)
(iii) Formation of metal oxides/sulfides/selenides/telulides (Fe3O4, SnO2, TiO2,

PbS, PbSe, PbTe)
(iv) Formation of composites (Ag/Fe3O4, Au/Ferrites).

Usually, smaller size particles (2–5 nm) can be stable and monodispersed.
Particles are in dynamic state or Brownian motion. With increase of size of parti-
cles, the stability of particles in the oil medium decreases. It results in agglomer-
ation of particles. This is due to the following possible mechanism: the formation of
fusion among micelles, attraction among particles and acceleration due to gravi-
tation. Since it contains aqueous medium, stability of particles in chemical or
thermal terms decreases with times (days to months).
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C Thermolysis method

Thermolysis means the decomposition of precursors in a liquid medium at the
elevated temperature [60, 61]. To break a chemical bond of metal–ligand, it requires
energy, which can be provided by external heating. After decomposition, it remains
as metals, alloys, oxides, sulfides, telullides or sulfides, etc. However, water

(d)

(a)

(b)

(c)

Fig. 13.7 Schematic diagrams of a formation of dispersed particles in a liquid, b settlement of
larger particles in a liquid, c agglomeration of particles and d aggregation of particles
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(a)

(b)

(c)

Fig. 13.8 a Reverse micelle formation, b formation of metal nanoparticles and c formation of
metal oxides
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medium cannot be used in high-temperature decomposition reaction. In such
condition, high-boiling point organic solvents are necessary. To reduce agglom-
eration among particles after the preparation of particles, the following arrangement
is required:

(i) A liquid medium having a high boiling point as well as long-chain
hydrocarbons

(ii) Complexing agents
(iii) Additives (if requires)
(iv) Inert atmosphere
(v) Precursors for the formation of particles

Examples of a liquid medium having a long-chain hydrocarbon as well as a high
boiling points are 1-octadecence (CH3–(CH2)15CH=CH2; b.p. 315 °C), dipheny-
lether ((C5H5)2O; b.p. 258 °C), dibenzylether ((C6H5–CH2)2O; b.p. 298 °C), etc.
This liquid medium may or may not be taking part during the formation of
nanoparticles. Since this has high boiling point, size and shape of particles can be
engineered by changing temperature and duration of heating time.

Examples of complexing agents are oleic acid (b.p. 360 °C), olylamine (b.
p. 364 °C), trioctylphosphine (TOP, b.p. 290 °C), trioctylphosphine oxide (TOPO,
b.p. 408 °C), etc. They can make complexation with s, p, d block elements
(Fig. 13.9).

Examples of additives are a long-chain hydrocarbon with one or more functional
groups (1,2-hexadecanediol, 1,2-hexanediol, tris(diethylamino)phosphine, etc.)
which can act as reducing or oxidizing agent or catalyst to change size/shape of
particles during the reaction. It may take part in heat transfer process.

In this process of reaction, water has to be removed. In order to remove water,
system needs to be heated at elevated temperature 120–150 °C for a few hours. In
case, if water is present, agglomeration is associated. Round-bottom flask (RB flask
with 100–200 ml capacity) is taken. The precursors (metal salt, complexing agent,
additive (if required), liquid medium) are taken into RB flask. Here, complexing
agent (about 5 ml or g) and metal salt (1 g) are approximately molar ratio of (10–
100):1. Amount of additive depends on the purpose of reaction. Liquid medium
(solvent + complexing agent) will have 20–50 ml. However, amount of precursors
can be increased. It is to be noted that higher amount of precursors may not get
uniform heating, and it results in the formation of polydispersed particles. RB flask
should have option for two or more connectors, which can provide inlet of gas flow
or removing of gases, water during the reaction. The inlet gas will be argon. First,
the reaction system is pumped to remove unwanted gases (water, methanol, ethanol,
HCl, HNO3, etc.) at 120–150 °C. After removing gases (2–4 h duration at 120–
150 °C), the Ar gas is passed. The heating temperature increases slowly to reach
the desired reaction temperature (200–300 °C) for the formation of unform size
particles. In this way, monodispersed particles can be formed, and also higher
stability in term of thermal or chemical as compared to that of electrostatic repul-
sion or reverse micelle formation method is observed.
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Examples

(i) Formation of metal nanoparticles (Ag, Au, Pd, Pt, Ni, Cu)
(ii) Formation of alloys nanoparticles (FePd, FePt)
(iii) Formation of metal oxides/sulfides/selenides/telulides (Fe3O4, SnO2, TiO2,

PbS, PbSe, PbTe)
(iv) Formation of composites (Ag/Fe3O4, Au/Ferrites).

D Hot injection method

In hot injection method, nucleation takes place instantaneously at a particular
temperature higher than room temperature or sometimes higher than 100 °C [63].
The requirements in the hot injection are similar to thermolysis [62]. The synthesis

Fig. 13.9 Possible ways of interaction between dipositive and unipositive cations with a Oleate
ion, b Oleylamine, c TOPO and d TOP
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procedures for the formation of different types of nanoparticles using hot injection
technique are given below:

(a) A-type single species (metal nanoparticles Ag, Au, Pd, Pt, Cu): A complexing
agent and additives (if required) are heated at 120–150 °C in a liquid medium.
Initially, evacuation of gases from RB flask takes place to make system free
from residual gases/moisture, followed by passing Ar gas. To perform this,
Schlenk lines (Fig. 13.10) are used, and this has option for use of vacuum line
as well as gas line in alternate way. In this way, moisture and unwanted gases
will be removed through vacuum line at initial stage. Meanwhile, a cold
solution of metal-complexing ligand will be kept ready, and the solution will be
prepared in inert environment which may need glove box. At a particular
temperature, a few ml of metal-complex solution will be injected instanta-
neously. Injection time will be 1 s or less. In such way, instantaneous nucle-
ation occurs. These nuclei can be frozen instantaneously by pouring hot
particles/mixture into ethanol (which was kept in 20–22 °C). In this way,
nucleation can be separated from the growth of particles. The surface of par-
ticles is passivated by surfactant molecules (say oleic acid), which controls
further surface oxidation or reduction. After sometimes (waiting time or delay
time after injection of metal-complex solution in RB flask), growth of particles
will start if heating is continuing. Depending on waiting time, reaction injection
temperature as well as additives, the different sizes and shapes can be prepared.

Fig. 13.10 Typical apparatus of the Schlenk lines
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(b) AB-type single species (alloys such as AgAu, optical materials such as PbSe,
CdTe, PbS): In this, metal ions (say Au, Pb or Cd) with lower reduction
potential will make complexation with surfactant ligand. If required, the
additives will be added. Initially, vacuum line will be operated at elevated
temperatures (120 °C) for a few hours and followed by passing inert gas. Then,
the temperature will be rising to higher or lower. Then, another species (say Ag,
Se, Te, S) complexed with ligand will be injected into metal ion complexation
system instantaneously. In this way, AuAg, PdSe, PbTe, PbS nanoparticles will
be formed. Depending on thermodynamic stability of the system, different sizes
and shapes will be formed.

(c) Pseudo type (A1−xBxC): A few examples are PbSe1−xTex, PbSe1−xSx, etc. This
can be prepared by a similar method as mentioned above.

(d) Core-shell type (PbSe@CdTe): In this, core particles will be formed, and then,
precursors of shell will be added into system. With increase of time (at a
particular temperature) or temperature, shell will be deposited over core par-
ticles. Thus, core-shell type can be formed.

(e) Seed-mediated A type: Here, seed will act as catalyst for the formation of A
type species. In this way, the different sizes and shapes of the particles of A
type can be prepared. Usually, seeds are noble metals, which can enhance shape
anisotropy as well as reduce reaction temperature. In some cases, alumina
micronsize particles are used as catalyst in preparation of magnetic nanopar-
ticles. They can be separated each other by magnet.

(f) See mediated AB type: Here, seed will act as catalyst for the formation of
AB-type species. Examples: Noble nanoparticles of Ag, Au, Pd are used as
seed for the formation PbSe with different sizes and shapes [64].

Notably, metal nanoparticles such as Co, Ni, Pt, Pd prepared by hot injection
method need a longer duration (a few minutes) for nucleation as compared to
optical materials such as PbSe, ZnTe, PbS (a few seconds). In some cases, metal
precursors are injected into a solvent or another metal solution at higher temperature
(T1) and followed by heat treatment at high temperature (T2) for the formation of
particles. This is similar to combination of hot injection and thermolysis methods.
Thus, FePt, FePd, CoPt, CoPd were usually prepared by combination method.
Figure 13.11 shows the various steps involved in the (a) thermolysis, (b) hot
injection and (c) combination of the thermolysis and hot injection approaches.

13.3 Advantages and Disadvantages of Hot Injection
Method

The preparation of nanoparticles prepared by the hot injection method has the
following advantages:
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A Separation of nucleation and growth stages of particles
B Narrow size distribution
C Good control of particle size and shape
D High-temperature reaction leads to the formation of highly crystalline com-

pounds or materials of the desired phase
E The preparation of core-shell particles (layer by layer)
F The formation of superlattices from nanoparticles

However, the hot injection method also has the following disadvantages:

A Expensive and often use of toxic or harmful chemicals
B Difficult to scale-up for the commercial production
C Set up the vacuum lines and inert gas atmosphere

Fig. 13.11 Various steps involved in a the thermolysis, b hot injection and c combination of the
thermolysis and hot injection
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13.4 Nanoparticles Synthesized by the Hot Injection
Method

The nanoparticles have been synthesized using various methods and can be used in
various applications [65–69]. One way to synthesize nanoparticles in controlled
manner (with respect to size and shape) is the hot injection method. Nanoparticles
prepared by the hot injection method on the basis of physical properties can be
grouped in the following ways: metallic, magnetic, optical and multifunctional
nanoparticles.

13.4.1 Metallic Nanoparticles

13.4.1.1 Silver (Ag) Nanoparticles

The hot injection method is well-known approach for the synthesis of the Ag
nanoparticles. Among all the metals, Ag has the highest thermal and electrical
conductivity with good optical reflectivity. Ag can be used as antibacterial agent on
both gram-negative and gram-positive bacteria. Recently, strong effort has been
made to bind the Ag nanoparticles to the DNA of bacterial cells [70–72]. The
synthesis of the Ag nanoparticles under various conditions was first studied by
Rothenberg and his group [73]. The Ag nanoparticles have been synthesized by
different synthesis techniques such as photochemical, laser ablation, electron irra-
diation, gamma irradiation, chemical reduction, biological synthetic and microwave
methods. For practical application of the nanoparticles, the study of transformation
of the metals in the physicochemical environment is needed [74]. Kim et al. have
reported that for rapid nucleation, the injection rate and the reaction temperature are
important factors in terms of tuning particle size and attaining monodispersity [75].
A detailed mechanism of Ag nucleation and growth produced from c-irradiation of
silver perchlorate was studied by Henglein and Giersig [76]. Growth of the Ag
nanoparticles for monodispersity occurs during surface reduction through electron
transfer. The electron transfer can reduce Ag+ ions onto the particle surface
available in the solutions [22].

Agþ þ e� ! Ag0

The Ag+ ion reduction has a positive standard reduction potential (E°) of around
+0.799 V in water. The Ag+ ion reduction into metallic Ag0 in the solution can be
carried out by using reliable reducing agent. The sodium borohydride (E
° = −0.481 V) and sodium citrate (E° = −0.180 V) are able to reduce Ag+ ion to
metallic Ag0 [77]. Seed-mediated Ag nanoparticles (size about *10 nm) have been
synthesized on a nanosized solid pre-synthesized CaCO3 (size about *52 nm)
through hot injection approach [78]. Figure 13.12 shows the scheme for the
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different phases of formation of Ag@CaCO3 composite nanocrystals (In situ
modification of the CaCO3 nanocrystal). Figure 13.12 (i–iii) shows synthesis and
in situ modification of CaCO3 nanocrystals; (iv) re-dispersion of the
oleate-modified CaCO3 nanocrystals (in water/ethanol = 4:1 v/v) containing triso-
dium citrate; (v) stabilization of the CaCO3 nanocrystals by adsorption of the citrate
molecules on the nanocrystals surface; (vi) hot injection of the CaCO3 dispersion
into hot AgNO3 solution and the formation of the tiny Ag nanocrystals on CaCO3

nanocrystals. The purpose of the oleate ions is such that it can stabilize the CaCO3

nanocrystals and provide dispersion with clustering, nucleation and growth as well
as controlling the surface properties of the CaCO3 nanocrystals. Different steps in
the seed-mediated formation of tiny Ag nanocrystals on the CaCO3 surface have
been represented through scheme (not to scale) presentation view (Fig. 13.13).
Stabilization by oleate ions and reduction on the surface of CaCO3 by using citrate
is the two important phases in this scheme.

Nanobars and nanocubes shape formation of Ag were prepared via poly (vinyl
pyrrolidone) (PVP) and Br− ions which can selectively bind to {100} facets of Ag
and slowdown their growth rate to favor the formation of shaped particles [79].
Bharti et al. have reported in situ approach to synthesize noble plasmonic Ag
nanoparticles from aqueous PVP solution of metal salt using radiolysis of water via
synchrotron monochromatic X-ray irradiation without any chemical reducing agent
[80]. Ag nanoparticles prepared by the reverse micellar system exhibited a wide
collection of shapes and depend strongly on the reaction temperature [81]. The
effect of the localized surface plasmon resonance is such that the peak wavelength

Fig. 13.12 Scheme for the different phases of the formation of Ag@CaCO3 composite
nanocrystals (In situ modification of the CaCO3 nanocrystal). Reproduced with permission from
ACS Publications [78]
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increases with an increase in the mean diameter of Ag nanoparticles. The growth of
the Ag nanoparticles beyond the critical radius (rcri) is accompanied by a shift of the
plasmon resonance toward longer wavelengths. It is observed that the mean
diameter of Ag nanoparticles was dependent upon the average esterification degree
of sucrose fatty acid esters forming reverse micelles [77]. Nanoparticle shapes and
specific adsorption sites are important for surface plasmon resonance enhancement,
and the surface-enhanced Raman scattering (SERS) performance is a dominant
factor in the particle size observation [82].

13.4.1.2 Gold (Au) Nanoparticles

Au nanoparticles in the range 9–27 nm were prepared by injecting
HAuCl4 � 3H2O-surfactant (Oleylamine or PVP, 1-octadecanethiol) in solvent
(toluene or ethylene glycol) at 120 or 170 °C for 2 h [83]. The nanoparticles show
surface plasmon resonance peak in 530–560 nm and can be dispersed/grown over
silicon substrate.

Fig. 13.13 Scheme showing the different steps in the seed-mediated formation of tiny Ag
nanocrystals on the CaCO3 surface. i homogeneous clusters formation; the complexation and
redox reaction of Ag+ and citrate ions in the solution induces the homogeneous formation of tiny
clusters (Agx

y+) stabilized by citrate ions; ii adsorption/desorption of Agx
y+ clusters on the

CaCO3nanocrystal surface; iii heterogeneous formation of Agx
y+ clusters on the

CaCO3nanocrystals surface, possibly facilitated by the citrate monolayer adsorbed on the
CaCO3nanocrystals surface; further citrate electron transfer reduction of Ag+ to metallic silver Ag0

on the surface; iv heterogeneous nucleation; densification and formation of stable amorphous Ag0

nuclei on the CaCO3 surface; and v growth and crystallization of the amorphous Ag0 nuclei to
form spherical nanocrystals. Reproduced with permission from ACS Publications [78]
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13.4.2 Magnetic Nanoparticles

13.4.2.1 Cobalt (Co) Particles

Timonen et al. have reported the preparation of magnetic cobalt nanoparticles by
injecting [Co2(CO)8] dissolved in ortho-dichlorobenzene(o-DCB, b.p. 180 °C) into
a solution of TOPO and oleic acid in o-DCB at 180 °C temperature under N2

atmosphere [61]. After the injection, it was found that the temperature was drop-
ped to 143 °C, which is a characteristic observance of hot injection method. Cobalt
is a ferromagnetic metal and exhibits size-dependent properties at the nano level. It
has been observed that the number of nuclei measured in the hot injection synthesis
of cobalt nanoparticles depends on temperature kinetics after the injection than on
the injection itself. The injection provides the direct supersaturation which is not
sufficient high to cause burst nucleation. Therefore, the nucleation is hindered until
adequate monomers are produced from the precursor. Temperature kinetic modi-
fication can be used to control the number of nuclei formed in the delayed nucle-
ation. The kinetically controllable nucleation led to a technologically relevant
synthesis of the monodispersed cobalt nanoparticles. Cobalt nanoparticles have also
been prepared with different shapes and sizes such as nanorods and nanotubes
which depend on preparation condition [84]. The synthesis parameters viz. injection
temperature and time metal to surfactant ratio and reaction time can impact in mean
and median particle diameter of the cobalt nanoparticle [85].

13.4.2.2 FePt and FePd Nanoparticles

The important materials in terms of high–density magnetic data storage and elec-
trical conductivity were prepared by combination of hot injection and thermolysis
methods. Examples are FePt and FePd nanomaterials [86–89]. Initially, A = Pt or
Pd acetyl acetonate is reduced to Pt or Pd nanoclusteres in the presence of oleic acid
and high-boiling point organic solvent. Then, at higher temperature 100–140 °C, [B
(CO)5] (B = Fe or Co) solution is injected to Pt or Pd clusters/seed (Fig. 13.11).
When temperature rises to 250–300 °C, nanocrystals of AB with size of about 3–
10 nm are formed. During the synthesis, some of B(CO)5 is lost due to evaporation.
In order to reduce loss, the cold condenser can be provided. At room temperature,
as prepared sample FePd with size 3–4 nm shows cubic phase with super param-
agnetic nature. With further annealing at 600 °C, it shows tetragonal phase with
high ferromagnetic nature. The coercivity (Hc), retentivity (Mr) and saturation
magnetization at 300 °C are found to be 1300 Oe, 34 emu/g and 94 emu/g,
respectively.
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13.4.2.3 Ferrite (AB2O4) Nanoparticles

Cobalt-antimony and ferrite nanoparticles (CoSb2 and CoFe2O4) have also been
taken a keen attention among the researchers [90, 91]. The CoSb2 nanoparticles
were synthesized via combination of hot injection and thermolysis methods in
which non-hydrated Sb-oleate dissolved in 1-octadecene is directly injected into a
hot solution of the hydrated Co-oleate in 1-octadecene at a specified temperature
[90]. Also, the highly monodispersible water soluble cobalt ferrite (CoFe2O4) and
manganese ferrite (MnFe2O4) nanoparticles were synthesized by combination of the
hot injection and thermolysis processes of pivalate clusters as single-source pre-
cursors [91]. The pre-synthesized precursors [Fe2CoO(O2C

tBu)6(HO2C
tBu)3] and

[Fe2MnO(O2C
tBu)6(HO2C

tBu)3] were decomposed in the mixture of
polyvinylpyrrolidone (PVP) (used as a capping agent) and triethylene glycol
(TREG) (solvent) at 285 °C temperature to prepare CoFe2O4 and MnFe2O4

nanoparticles, respectively.

13.4.3 Optical Nanoparticles

13.4.3.1 CdSe Nanoparticles

The typical synthesis of CdSe nanoparticles via hot injection involved injection of
room temperature (cold) solution of the precursor molecules into the solution at
about 300 °C (hot) of apolar coordinating solvent trioctylphosphine oxide (TOPO)
[10]. The solution of precursor contains CdMe2(Me = methyl) and Se in trioctyl
phosphine (TOP) [10]. As advanced method, cadmium acetate [Cd(Ac)2] and CdO
were used alternatively as cadmium compounds/precursor, because (Me)2Cd is
extremely toxic and pyrophoric. Upon addition of the precursor via injection, an
instantaneous formation of nuclei of CdSe nanoparticles is resulted. CdSe is a
compound of II–VI semiconductor composed of Cd2+ and Se2− ions. Rapid hot
injection method for the synthesis of CdSe quantum dots was prepared by varying
the Cd:Se molar ratio [92]. The work suggested that the Cd:Se molar ratio can affect
the nanoparticle size and quantum yield. Experimental study shows that Cd:Se
molar ratio can enhance the photoluminescence properties. The particle formed at
highest stabilizer concentration exhibits low photoluminescence peak intensity. The
CdSe nanocrystals prepared with the wurtzite structure have been found highly
anisotropic in nature [93]. The growth rate is fast along the c-axis which results a
rod-like faceted shape along the c-axis. The wurtzite crystal structure is favored
toward the minimum surface energy. Figure 13.14 shows the TEM images of
quantum rods of the different CdSe samples, (a–c) low-resolution TEM images of
three quantum-rod samples with different sizes and aspect ratios and (d–g)
high-resolution TEM images of four representative quantum rods. Figure 13.15
shows the three-dimensional orientation of CdSe quantum rods observed by TEM
images. The capability to control shape of the nanoparticles further provides a good
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chance to further study in the quantum confinement process. The CdSe quantum
dots prepared by the thiol capped ligands can act as hole-acceptor for improvement
in the fluorescence intensity [94]. The highly luminescent (quantum efficiency of
29%) and defect-free CdSe nanoparticles by using a combination of the reverse
micelle method and post-growth annealing processes were reported by Kim et al.
[95]. They reported that the annealing temperature can control the radius of the
CdSe nanoparticles. The band-edge emission shifts to longer wavelength with
increase of annealing temperature, and this suggests that size of quantum dots
increases with annealing. The shift in the absorbance spectra toward relative to the
bare sample has been reported. Also, emission intensity increases with annealing
indicating decrease in defect or trap levels in CdSe quantum dot [29].

In each unit cell of the CdSe (Eg = 1.74 eV), the single-electron molecular
orbitals in the nanocrystals are formed from the highest occupied molecular orbital

Fig. 13.14 TEM images of quantum rods of the different CdSe samples. a–c low-resolution TEM
images of three quantum-rod samples with different sizes and aspect ratios, d–g high-resolution
TEM images of four representative quantum rods, d and e are taken from the sample shown in a;
f and g are taken from the sample shown in c. Reproduced with permission from Nature Publishing
Group [93]
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(HOMO) and lowest unoccupied molecular orbital (LUMO) [96]. The particle in
sphere model is an easy model for the electronic structure of CdSe nanocrystals.
The carriers are confined by a potential which is infinite at the interface. The energy
levels of CdSe quantum dots attached to an Au (111) substrate, via a rigid
sulfur-terminated oligo (cyclohexylidene) self-assembly monolayer (SAM) have
been studied by Bakkers et al. [97]. They described the individual energy levels of
nano-crystalline quantum dots with the help of resonance tunneling spectroscopy.
They used scanning tunneling spectroscopy in finding the single-particle electron
levels and Coulomb repulsion energies in a colloidal CdSe quantum dot having

Fig. 13.15 Three-dimensional orientation of CdSe quantum rods observed by TEM. Reproduced
with permission from Nature Publishing Group [93]
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diameter of about 4.3 ± 0.4 nm. The advantage of the preparation of different size
CdSe nanocrystals in the luminescence is such that it can emit the wavelength of
about 450–650 nm, which nearly covers the visible color spectrum [98]. The sur-
face ligands can affect the hot carrier thermalization. The crystal structure of the
CdSe:0.5en (en = ethylenediamine) has been demonstrated in 2003 by Deng et al.
[99]. Figure 13.16 shows a close view of the CdSe structure as a three-dimensional
(3D) network with 2D CdSe monolayers connected via bidentate ethylenediamine
molecules. It was observed that Cd and Se atoms were associated, and their fair
positions in the inorganic layers of CdSe:0.5en precursor were nearly the similar as
the atoms of the wurtzite CdSe crystal. The photoluminescence study was per-
formed in the colloidal CdSe nanocrystals prepared by the hot injection method in
liquid paraffin [100]. The photoluminescence spectra were carried out at room
temperature (295 K) as well as low temperature (15 K), and the emission peak
behavior was monitored. The shifting in the peak at higher energy range with
decreasing the nanocrystal size shows a characteristic observation of quantum size
effect. The Raman spectra of the CdSe nanocrystals were found to be same as the
bulk CdSe. The Raman peak shift at lower frequency was observed due to the size
dependence and could be related with the phonon quantum confinement effect
[100].

13.4.3.2 PbSe and PbS Nanoparticles

Lead selenide (PbSe) nanoparticles (diameter 3–13 nm) have been synthesized by
hot injection method. Here PbO, oleic acid and 1-octadecene (ODE) were heated at
150 °C to get colorless solution in vacuum to remove unwanted water and other
gases, and it was further heated at 180 °C [101]. Then Ar gas is passed into reaction
medium or solution. The selenium-trioctylphosphine solution was injected into the
hot solution. After only 10 s of injection at a temperature of 150 °C, monodispersed
nanocrystals of about 3.5 nm size were achieved. With further longer-time treat-
ments for 800 s, it produced 100% chemical yields with 9.0 nm size of
nanocrystals. They reported that the as prepared PbSe exhibited narrow size dis-
tribution without any post synthetic size selection. The luminescence quantum
yields with various sizes of particles are in the range of 35–89%. Chalcogenide
nanocrystals (such as PbS, PbSe, PbTe) have been fabricated in many reports [102–
106]. PbSe is a compound of IV–VI semiconductors, which is a direct band gap
semiconductor with band gap about 0.28 eV. PbSe nanocrystals show the extreme
quantum confinement in which the electron, hole and exciton have large Bohr radii
of around *23, *23, *46 nm, respectively [107]. Initially, lead chalcogenide
semiconductor nanocrystals were reported inside polymer and oxide glass hosts
[108]. A heteroepitaxial growth of mondispersed PbS nanocrystals onto the surface
of TiO2 nanoparticles via hot injection method was done by Acharya et al. [109].
They observed a size-dependent alignment of the energy levels within the PbS/TiO2

system. In this approach, a photoinduced electron transfer across PbS/TiO2 has
been detected when the nanocrystal size is below 7 nm. But, when the diameter of
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Fig. 13.16 Structural views of CdSe.0.5en down the b (top, left), c (top, right) and a (bottom)
axes of the orthorhombic cell. Red, cyan, blue and black balls correspond to Cd, Se, N and C
atoms, respectively. Hydrogen atoms are omitted for clarity. Here `̀ en'' stands for ethylene
diamine. Reproduced with permission from ACS Publications [99]
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the nanocrystal is greater than 7 nm, the PbS/TiO2 exhibits an alignment of the
conduction and valence band and also the excited carriers remain within the PbS
material. Figure 13.17 shows the energy level diagram with relative alignment of
the conduction and valence band edges in the PbS/TiO2 heterostructures.
A photoinduced electron transfer from PbS to TiO2 domain is allowed only when
the size is less than 7 nm, which may induce an interesting optoelectronic properties
in the prepared PbS/TiO2 nanocrystals for solar cell application. Zhang et al. have
reported thin film fabricated by using PbS quantum dots film photovoltaic appli-
cations [110]. They have studied the effect of halide treatment on PbS quantum dots
thin film. Depending on size of QDs, the emission can be observed in the wide

Fig. 13.17 Energy level diagram showing the relative alignment of the conduction and valence
band edges in the PbS/TiO2 hetrostructures. Reproduced with permission from ACS Publications
[109]
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region of the electromagnetic spectrum. PbS and PbSe nanocrystals show strong
electrons-holes quantum confinement which can enhance the photo-conversion
efficiency of solar cells due to the multiple exciton generation [111, 112]. A relation
between concentration of ligand (oleic acid, gOA) and the lowest energy excitation
peak position (wavelength of the 1S exciton, k1S) of the PbSe quantum dot at
various hot injection temperature has been studied by Zhang et al. [113]. They
studied PbSe quantum dot for solar cell fabrication by the same size PbSe quantum
dots at four different injection temperatures (95, 120, 150 and 185 °C).
Figure 13.18a shows the absorption spectra of the hot injection synthesized PbS
quantum dot at different injection temperatures with different oleic acid amounts.
From Fig. 13.18b, it is clearly seen that the lowest energy exciton peak position and
the oleic acid amount display a linear relationship whose slope depends on Tinj
(Fig. 13.18b). The larger quantum dots can be obtained by the higher Tinj which
indicates steeper slope values. Thus, a general relation was developed with the help
of this experimental conclusion which has represented by the following equation,

k1S ¼ 935 nmþm Tinj
� � � gOA

Fig. 13.18 a Absorption spectra of PbS quantum dots synthesized at different injection
temperatures with various oleic acid (OA) amounts. Red traces are for synthesis with 2 g of
OA, green traces are for 8 g, blue traces are for 14 g, and purple traces are for 20 g oleic acid. The
injection temperature was varied from 95 to 185 °C (the different injection temperatures have
faded colors). b The peak of the 1S exciton as a function of grams of oleic acid. The traces are a
best-fit linear function, and the slope is plotted versus temperature in panel c. d Particle
concentration as a function of the amount of oleic acid added. e Size dispersion (%) synthesized at
various conditions. Reproduced with permission from ACS Publications [113]
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where m(Tinj) = 5.9 + 0.0026 � Tinj2 is the temperature-dependent slope value as
given in Fig. 13.18c. Particle concentration decreases with increase of amount of
oleic acid at a particular injection temperature (Fig. 13.18d). Also, particle con-
centration decreases with increase of injection temperature at a particular concen-
tration of oleic acid. Narrower size dispersion was achieved with lower Tinj and
higher oleic acid.

Ningthoujam et al. have separated magic size clusters (MSCs) of PbSe from their
counterpart QDs using oleylamine as reducing agent employing hot injection
method [32]. Otherwise, it is difficult to remove MSCs from QDs while using
commonly used synthesis method. The absorption and emission peaks of MSCs are
assigned to 600 and 780 nm, respectively, and these values do not change when
size of particles is less than 1.6 nm. In case of QDs, absorption peak shifts from 940
to 2400 nm with increase of size from 2.8 to 10 nm. Peak varies with change in
decimal value of particle size. The luminescence quantum yield is found to be 80%
when size of particle is 4.1 nm. Their lifetime values are found to be in the range of
1.0–1.3 ls. It is to be noted that most QDs (e.g., TiO2, SnO2) compounds show the
lifetimes in a few ns.

13.4.3.3 CuSe Nanoparticles

Copper selenide (CuSe) is a p-type semiconductor and always play a good part in
the solar cell fabrication, ionic conductor and gas sensor [86, 114, 115]. CuSe and
Cu2−xSe crystals were synthesized via hot injection method using copper and
selenium–triethylene glycol (TEG) solution and triethylenetetramine (TETA) as the
reducing agent and polyvinylpyrrolidone (PVP) as the capping agent at 230 °C
temperature [87]. Figure 13.19 shows the SEM images of copper selenide powders
(a) CuSe and (b) Cu2−xSe. The SEM micro-images reflect that the formed particles

Fig. 13.19 SEM images of copper selenide powders synthesized using the thermal decomposition
(hot injection) process a CuSe, b Cu2−xSe. Reproduced with permission from Elsevier Publishers
[87]
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are big in size and lie in the micro-meter range. The observed morphology for the
synthesized particles is of hexagonal flakes type with the size about 0.90–0.88 lm
and thickness of about 0.3 lm. CuSe2 was obtained when the TETA amount is low
up to 0.4 ml in the copper selenide. However, on increasing the TETA amount of
about 0.7 ml in the reaction medium, the CuSe was achieved. Some co-existence of
the crystalline phase has also been reported on increasing the TETA content.

13.4.3.4 SnS2 Nanoparticles

SnS2 is an n-type semiconductor having optical band gap around 2.2–2.4 eV [116,
117]. The electronic, chemical and physical properties of the SnS2 are remarkable
which makes the material to be useful in different technology-based applications.
The facile hot injection method has been used to synthesize the tin disulfide [118].
For this, the SnO was added into the oleic acid and heated at 320 °C temperature to
get the tin precursor. The sulfur precursor was prepared by mixing thioacetamide
with oleyamine at 280 °C. The Sn precursor was injected quickly into the S pre-
cursor at 280 °C, and it was kept for 30 min under Ar atmosphere. The obtained
precipitate was washed and collected by centrifugation to get final product.
Figure 13.20 shows the synthesis of SnS/SnS2 at 280 °C for (a) 10 min, (b) 30 min
and SnS2 for (c) 60 min as reaction time. Figure 13.20d shows schematic diagram
of growth mechanism of SnS2 crystals. The layered-like structure can be seen in the
TEM images for 10 min which shows the existence of the amorphous phase of the

Fig. 13.20 Synthesized of SnS/SnS2 at 280 °C for a 10 min, b 30 min, and SnS2 for c 60 min as
reaction time. d Schematic diagram of growth mechanism of SnS2 crystals. Reproduced with
permission from Elsevier Publications [118]
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SnS/SnS2. On increasing time, the amorphous phase gradually changes into the
square (SnS) and hexagonal (SnS2)-shaped crystals. It was observed that the
amorphous phase disappears when the time increases up to 30 min. At the end of
60 min, complete formation of hexagonal shaped particles is reported with a size
and thickness of about 460–530 nm and 22 nm, respectively. The observed for-
mation mechanism demonstrates development of layer-by-layer growth of SnS2
along (001) due to Ostwald ripening process.

13.4.3.5 FeS2 Nanoparticles

FeS2 nanocrystals of cuboid and spherical shapes (size about 80 and 30 nm,
respectively) were obtained using trioctylamine (TOA) and oleylamine (OLA) as
solvents to dissolve sulfur via hot injection method [119]. Here, Fe precursor was
prepared by mixing of FeCl2 � 4H2O, octadecylamine (ODA) and TOA in a
three-necked flask at temperature around 150 °C. To form spherical shaped-
nanoparticles of FeS2, the S precursor prepared from elemental sulfur in OLA was
injected into the hot solution of Fe precursor. In case of the formation of
cuboid-shaped nanoparticles of FeS2, the S precursor prepared from elemental
sulfur in TOA at 70 °C was injected into the hot solution of Fe precursor. This was
further heated up to 220 °C under N2 atmosphere to complete the growth of the iron
pyrite nanocrystals. The cooling was done at normal room temperature, and when
the temperature reaches up to 100 °C, a small amount of the chloroform was added.
Then after, the iron pyrite nanocrystal was purified by mixed solvent precipitation
using chloroform and methanol. Nanocrystals were stored in the chloroform. The
mechanism proposed for the formation of FeS2 can be achieved by using the
following reaction,

Fe complexð Þ2! FeS in the presence of the 1=8 S8ð Þ
RCH2NH2 ! RCSNH2 þH2S in the presence of the 1=4 S8ð Þ
3 FeSþRCSNH2 þH2S ! Fe3S4 þRCH2NH2 þ S

Fe3S4 þRCSNH2 þH2S ! 3FeS2 þRCH2NH2

As per the reaction given above, FeS phase can be obtained, when the S source
solution was injected rapidly into the iron source solution. The second reaction can
be possible for formation of the hydrogen sulfide and amide which are the active
sulfur sources compared to the elemental sulfur. The third and fourth reaction can
be happened which may transform the FeS into the FeS2 phase through the Fe3S4 in
the presence of amide and hydrogen sulfide. Figure 13.21 shows the TEM images
of the growth process of cuboid and spherical FeS2 nanocrystals for different
durations. The formation of the nanocubes and edged nanospherical FeS2
nanocrystals can be obtained in this synthesis process. For cube growth mechanism,
TOA was adopted which is combined with elemental sulfur. After injection,
reaction between S and ODA (primary amine) takes place. This is a slow reaction
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and actively formed sulfur source occurs. Low nuclei concentration was generated,
and hence, bigger seeds can be produced (Fig. 13.21a). Afterward, the process is
happened in such a way that sulfur was combined with OLA as S source. This can
be formed as active sulfur source. This also may create a high nuclei concentration
which resulted in a fast growth with overall smaller seed development
(Fig. 13.21b).

13.4.3.6 CuInS2 Nanocrystals

Copper-indium sulfide chalcopyrite (CuInS2) ternary compound was synthesized by
hot injection method where thiourea solution was injected into a hot copper-indium
solution [120]. In a typical synthesis for CuInS2, the precursors CuCl and InCl3
were dissolved in oleylamine and oleic acid in a three-neck flask under air atmo-
sphere. The solution temperature was increased to 150–240 °C under Ar atmo-
sphere until a clear solution was formed. At the same time, thiourea (CH4N2S) was
separately dissolved in oleylamine keeping temperature around 50–150 °C. The
thiourea solution was injected in the solution, and temperature was kept at 300 °C
for 2–4 h. The reaction was cooled down at normal room temperature, and ethanol
was added to the solution for precipitating CuInS2 nanoparticles. Pan et al. have
reported the synthesis of Cu-In-S ternary nanocrystals with tunable structure and
composition using hot injection method [121]. They have described a hot injection
method based on Cu(dedc)2 and In(dedc)3 precursors, where dedc represents
diethyldithiocarbamate. Oleylamine as the activation agent and oleic acid or
dodecanthiol as the capping agent. The nearly monodisperse Cu-In-S particles were
prepared, and these particles can be potential material for low-cost, high-efficiency
solar cell device fabrication.

Fig. 13.21 TEM images of the growth process of a cubic and b spherical FeS2 nanocrystals for
different durations. Reproduced with permission from Elsevier Publications [119]

418 A. K. Soni et al.



13.4.3.7 Cu2SnSe3 Nanoparticles

The Cu2SnSe3 was prepared by hot injection method in which the selenium pre-
cursor was injected into a hot solution at a given reaction temperature [122].
Initially, the stock solution was prepared by taking CuCl2, SnCl2, OLA and
dodecanethiol (DDT) in three-neck flask and stirred by alternate arrangement of
vacuum and N2 gas passing at room temperature. Subsequently, the mixed solution
was retained at 60 °C under vacuum for 30 min and then heated to 180 °C. The
color of the solution changed from blue to milky at 60 °C and to brown at the
temperature of over 150 °C. Another stock solution was made by taking OLA,
DDT and Se powder into a three-neck flask at room temperature, cycled between
vacuum and N2 three times to eliminate O2 in the flask and then stirred under a N2

atmosphere for dissolving Se powder to get stock solution. The second stock
solution was quickly injected into the reaction medium of the first stock solution.
The color of the solution changed instantly from light brown to dark brown, which
indicates the progress of nucleation and subsequent growth of CTSe nanostructures.
The reaction was allowed for heating at 180 °C for 30 min and then allowed to cool
at room temperature. The obtained brown–black product was centrifuged and
collected. The upper unwanted yellow color solution was discarded, and the
remaining products were washed with chloroform and ethanol.

13.4.3.8 Cu2ZnSnS4 � (CZTS) Nanocrystals

A novel quaternary semiconductor CZTS nanocrystal with average size *4 to
9 nm was fabricated by using the hot injection method [88]. Oleylamine (OLA) is
used for CZTS preparation both as a solvent and the stabilizer. CuCl2, ZnCl2 and
SnCl4 and oleylamine were mixed in a three-neck round-bottom flask, stirred and
heated to 170 °C for 1 h under inert atmosphere of argon. At 120 °C temperature,
the color of the mixture slowly transformed from dark blue to a brown-yellow.
Then the brown-yellow solution was heated up to 230 °C, and the pre-prepared
thioacetamide-oleylamine solution was rapidly injected. The CZTS nanoparticles
were precipitated and dispersed in ethanol to form the ink solution. CZTS is a direct
band gap semiconductor with about 1.4–1.6 eV. The band gap of the CZTS is
favorable for solar cell application and can be used as photovoltaic material [89,
123]. Colloidal CZTS nanoparticles were synthesized via hot injection method by
many researchers [88, 123–126]. CZTS can be found in the kesterite or stannite as
well as wurtzite phase via monitoring the preparation strategy [88, 127]. In a typical
synthesis of the wurtzite, CZTS nanocrystals can be obtained via hot injection
method reported by Lu et al. [124]. Firstly, CuCl2, ZnCl2 and SnCl4 were dissolved
in dodecanethiol (DDT) at 120 °C to produce a homogenous precursor solution of
metal thiolates. Afterward, the hot solution was injected into DDT and oleylamine
or oleic acid in a three-neck flask at 240 °C. The mixture color became brownish
and was preserved for 1 h to permit the progress of CZTS nanocrystals formation.
Finally, the products were precipitated by ethanol and re-dispersed in cyclohexane.
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CZTS compound has some advantages over other compound such as used as
material for solar radiation due to suitable optical band gap, non-toxic, large
absorption coefficient and large abundance ratio of elements, which make the CZTS
derived thin film for solar cell application [128]. The colloidal CZTS nanocrystals
were synthesized in oleylamine through hot injection method, and then, the films on
glass substrates were fabricated by Zhou et al. [128]. The schematic illustration for
the same has been shown in Fig. 13.22. A mixture of Cu(AcAc)2, Zn(OAc)2, SnCl2
and oleylamine (OLA) was added into a three-neck round-bottom reaction flask
connected to a N2 gas cylinder. After being heated at 130 °C temperature for
30 min, the solution becomes brownish. The brownish solution was injected with
sulfur–OLA solution and then heated at the reaction temperature 240–280 °C for
1 h. A color change from dark brownish into blackish was found, and the mixture
solution was cooled down to room temperature. Then, precipitates of nanoparticles
were collected by centrifugation and washing with ethanol. After that, the precip-
itate was dispersed in toluene. CZTS films were deposited on soda-lime glass slides
by drop-casting, from the CZTS dispersed nanoparticles.

13.4.3.9 Cu2NiSnS4 Nanoparticles

Kamble et al. have reported for the first time quaternary chalcopyrite Cu2NiSnS4
(CNTS) nanoparticles synthesized by hot injection method [129]. For typical
modified synthesis of the nanoparticles, the stoichiometric amounts of CuCl2,
SnCl2and Ni(NO3)2 were mixed with oleylamine in a four-neck flask at 220 °C in
N2 atmosphere. In a separate pot, sulfur was added to OLA, and this mixture was
kept stirring to get orange-red solution. When the temperature was reached 120 °C,

Fig. 13.22 Schematic flow diagram of colloidal CZTS synthesis and film preparation
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the sulfur solution was added to the flask, and temperature was maintained at 240 °
C for 1 h. Afterward, the solution was cooled down to room temperature, and the
precipitate was dispersed in acetone. The solution was washed and centrifuged, and
this process was repeated several times to eliminate all the impurities. The obtained
precipitate was dried in vacuum oven at 600 °C to get CNTS nanoparticles powder.
After that, the CNTS nanoparticle powder was dispersed in toluene. The films were
grown by coating over fluorine doped tin oxide (FTO) substrate using doctor blade
technique. The prepared CNTS films were further annealed at 450 °C in Ar
atmosphere for 1 h. They reported the optical band gap of the CNTS nanoparticles
at around 1.38 eV, which are in the anticipated range (1.1–1.5 eV) for solar cell
application.

13.5 Applications of the Hot Injection Synthesized
Nanoparticles

13.5.1 Solar Cells

Ningthoujam et al. have performed photoconductivity study of PbSe QDs with size
of 5 nm prepared by hot injection method [32]. The device architectures of solar
cells with active layers have been shown in Fig. 13.23. Since PbSe is of n-type
semiconductor, p-type semiconductor-MEHPPV (2-Methoxy-5-(2/-
ethyl-hexyloxy)-1,4-phenylene vinylene) was interfaced with PbSe to form p-
n junction. MEHPPV:PbSe QDs mixture was deposited over transparent indium tin
oxide (ITO) film. A possible mechanism for photoconductivity in a hybrid of
MEH-PPV and PbSe was explained via using energy level diagram (Fig. 13.23c).
On back side, aluminum film was deposited. It makes solar cells with area of
0.06 cm2. Pure MEHPPV does not show the conductivity in the dark. On other hand,
MEHPPV:PbSe shows the conductivity in dark indicating absorption of near
infrared light from sun, and conductivity is enhanced significantly in the presence of
visible light indicating absorption of light in both regions of visible as well as NIR.

Bucherl et al. have reported the nucleation and growth of chalcogenide semi-
conductor nanocrystals by using hot injection method and shown their use in device
fabrication for solar cell application [130]. They focus to develop the device by
using substrate-based film followed by making of hot injection synthesized ink
solution. Figure 13.24 shows the schematic overview of sintered nanocrystals for
hot injection synthesized ink solution-based solar cell fabrication. (a) Nanocrystals
are synthesized via hot injection. (b) Nanocrystals are re-dispersed in an organic
solvent to formulate an ink solution. (c) Inks are deposited onto a metal-coated
substrate. (d) As deposited nanocrystals films are then annealed in an inert atmo-
sphere with chalcogen vapor to form a dense crystalline p-type absorber layer. The
device can be completed by depositing an n-type buffer layer monitored by a
window layer and a grid of conductive top contacts.
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Heteroepitaxial growth of monodispersed PbS nanocrystals onto the surface of
TiO2 nanoparticles via hot injection method can be used as a photovoltaic response
medium with the help two-electrode cell filled with polysulfide electrolyte [109].
Solar cells fabricated from the same size PbS quantum dots synthesized at different
conditions demonstrate similar power conversion efficiency (small fluctuation
between � 4.7 and � 5%) [107]. CZTS thin film (prepared by hot injection CZTS

Fig. 13.23 Device architectures of solar cells with active layers: a plain MEH-PPV and b blend of
MEH-PPV and PbSe QDs using olylamine (OAM). c A possible mechanism for photoconductivity
in a hybrid of MEH-PPV and PbSe. The size of PbSe QDs is 5 nm. d J–V characteristics of ITO/
MEHPPV/Al and ITO/MEHPPV:PbSe QDs/Al devices in the dark and under illumination of white
light of 2.5 mW cm−2. e Spectrum of torch light used to provide white light on the solar cells.
Reproduced with permission from RSC Publications [32]
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nanoparticles) formation exhibited enhanced conductivity under light irradiation in
the current potential (I-V) graph under an illumination intensity of 100 mW cm−2

(Xenon Lamp) [124]. It was observed that the electrical conductivity of the CZTS
thin film under light irradiation is nearly double as that of the CZTS film in
darkness. The conductivity of the thin film enhances due to the illumination which
provides an excitation of electrons in the valence band to the conduction band, and
hence, holes are created in the CZTS. The excitation of the electron in CZTS
enhances the conductivity of the thin film, which further generates photocurrent.
The production of photocurrent can be used in the solar energy conversion systems
(solar cell) of the wurtzite CZTS materials [124].

The Co0.85Se nanocrystals were synthesized through the hot injection method
using oleylamine as solvent [131]. The photo response behavior of the prepared
Co0.85Se nanocrystals was studied by making thin film prepared by drop-casted
nano-ink on soda-lime glass. I–V performance was investigated for Co0.85Se film
using a Keithley 2400 source meter under simulated 100 mW cm−2 power obtained
by Xenon lamp source and in the dark condition. Figure 13.25 shows the current–
potential characteristics of theCo0.85Se nanocrystals film under the dark (black) and

Fig. 13.24 Schematic overview of sintered nanocrystal ink solar cell fabrication. Reproduced
with permission from Elsevier Publications [130]
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illumination (red) conditions. The performance of the developed Co0.85Se thin film
device shows an increment in the current about 1.35 times under illumination
compared to the dark state and exhibits wide prospective in photo-electrical con-
version application. The photoconductivity response is observed because incident
light excites electron and hole pair ions in the film which increases the conductivity
[131].

13.5.2 High-Density Data Storage Devices

The ordered face-centered tetragonal (fct, L10) phase of CoPt, FePt, FePd, CoPd
nanoparticles (3–10 nm) and their composites with Cr, Ag, Au, Cu, C in the form of
films have been used as extremely high-density magnetic recording (EHDR) media.
It can store data of 1 Tb/in2 [132]. The coercivity (Hc) of 24 kOe, saturation
magnetization (Ms) of 750 emu/cm3, remanence (Mr) of 510 emu/cm3 and mag-
netic anisotropy constant (Ku) of 1.2 � 107 erg/cm3 can be achieved.

Fig. 13.25 Current–potential characteristics of the Co0.85Se nanocrystals film under dark (black)
and illumination conditions (100 mW cm−2) (red). Reproduced with permission from Elsevier
Publications [131]
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13.5.3 Laser Devices and Optical Telecommunications

The QDs and quantum wells can change absorption and emission wavelength
depending on particle size and shapes and have high absorption or emission cross
section. Their emitted light can be wave guided using proper matrix and can be used
as laser [133–135]. QDs are used in the data storage/transport in computer in short
time. In optical telecommunications, QDs having laser action in 1.33–1.55 lm are
used, where loss of energy is very less and interference from overtones of water is
also very less [136, 137]. The data exchange with 100 Gbit/s has been reported.
Some of QDs examples are PbSe, PbS, InP/AlGaInP, InGaAs/AlGaAs, etc.

13.5.4 Photodetectors

QDs have found applications in the detection of photons from visible to IR region
[138, 139]. Sensitivity of QDs at different temperatures varies as compared to the
bulk and it gives the better sensitivity per amount of light absorption. Some of the
examples are PbSe, HgCdTe, InGaAs, GaAs/AlGaAs, InAs/GaAs and other
composites.

13.5.5 Biomaterials

The bright color, Ag@CaCO3, has been developed by using hot injection method
treated with the viscose fibers, which exhibit good UV protection properties and
admirable antibacterial activity against Escherichia coli (Gram-negative gamma
proteobacterium), and consequentially shows potential multifunctional materials for
biomedical applications [78]. Enzyme immunoassay method for the detection of
protein using biocatalytic Ag nanoparticles as an enhanced substrate based for
SERS was reported by Chen et al. [82]. They suggested the use of the
SERS-enhanced biocatalytic production of Ag nanoparticles in sensitive
immunoassay. Ferrite nanoparticles prepared by the hot injection method have
always being considered a good choice in many fields such as drug delivery,
hyperthermia and magnetic resonance imaging [91, 140–143]. In this regards,
highly monodispersed and water soluble nanoparticles based on the cobalt, iron and
ferrite nanoparticles were reported by many researchers [90, 91]. On the other hand,
metal nanoparticles such as Au are used in therapy of cancer through photothermal
heating, contrast agent, drug and gene delivery systems [144–147]. Au has high
atomic mass as compared to soft tissue cells. Because of this, Au nanoparticles can
absorb X-ray radiation significantly as compared to soft tissues. This can give the
enhanced contrast during radiation dose provided in tumors.
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13.5.6 Imaging, Labeling and Sensing

QDs conjugated with suitable molecules/ligands are used in imaging, labeling and
sensing of DNA, proteins and biomolecules, etc. [148, 149]. These have been tested
in in vitro and in vivo conditions. QDs have many advantages over dyes because of
possession of large absorption cross section and sharp emission peak, high lumi-
nescence quantum yield and tuneable emission peaks from visible to NIR. Their
energy transfer process from QDs to biomolecules/acceptor or vice versa can be
used in sensing of biomolecules. Deep tissue imaging can be performed using
suitable QDs. Many nanoparticles (particularly Gold) are used extensively as
contrast agent in radiation dose therapy, drug and gene delivery systems [148, 149].

13.5.7 Catalysis

Sono-chemical synthesis study of colloidal Ag catalysts for reduction of com-
plexing Ag in diffusion transfer reversal (DTR) system shows that the precursor
AgNO3 is better than Ag(S2O3)2

3− [150].

13.5.8 Thermoelectric Devices

Song et al. have reported the hot injection synthesis and characterization of
monodispersed ternary Cu2SnSe3 nanocrystals of small size with an average
diameter of 5 nm for thermoelectric applications [151].

13.6 Conclusions

This chapter includes introduction of nanoparticles, basic concepts of hot injection
method, kinetics and growth mechanism for the formation of monodispersed par-
ticles. High-quality quantum dots are prepared by hot injection method, and many
examples are provided. The roles of surfactant, solvent, additives, temperature and
duration of heat treatment are important to control the shape and size of nanopar-
ticles for a particular study. In addition, many synthesis methods through electro-
static repulsion, reverse micelle and thermolysis are mentioned to get
monodispersed particles. Their merits and demerits are discussed in detail. Many
examples of metal, alloys, composites, magnetic materials and quantum dots
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(semiconducting nanoparticles) are mentioned. Their applications in various areas
of solar cells, high-density data storage devices, laser devices, optical telecom-
munications, photodetectors, biomaterials, imaging, labeling, sensing, catalysis and
thermoelectric devices are highlighted.
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Chapter 14
Synthesis of Advanced Materials
by Electrochemical Methods

Manoj Kumar Sharma

Abstract Electrochemical synthesis or electro-synthesis is a method to synthesize
chemical compounds using electrochemical techniques that involves either appli-
cation of potentials or currents. The setup for electrochemical synthesis is simple
consisting of a potentiostat or a galvanostat and an electrochemical cell with
electrodes, solvents, supporting electrolytes, precursor chemicals. The advantages
of electrochemical synthesis over other synthesis methods are (1) non-requirement
of chemical reductants or oxidants as the precursor chemicals in solution undergo
electron transfer directly on the electrode surface, (2) large redox potential range of
several volts is easily accessible by selecting appropriate combination of electrode
materials, solvents and supporting electrolytes. Such a large potential range of
several volts involves very high energy either comparable or more than the most of
chemical bonds and activation energy involved in chemical reactions, leading to a
controlled generation of highly energetic intermediates under mild experimental
conditions, (3) higher selectivity and percentage yield because of a very precise
control over potential and current, (4) evade the much-needed separation and waste
treatment of redundant end products from the desired product, thus, helping in an
effectual control over environmental pollution, (5) understanding of the reaction
mechanisms/kinetics gained by the analysis of the electrochemical parameters
like current and potential measured during the electrochemical synthesis.
Electrochemical methods are used to synthesize a large number of organic and
inorganic compounds with many applications in almost all disciplines of science
and technology. Shape, size, and dimensions of the material can be easily controlled
by using either template-assisted or template-free electrochemical methods.
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14.1 Introduction

Though the development of the electrostatic generator and scientific understanding
of theories governing the electricity began around sixteenth century, but the
application of electric current to drive the chemical reaction began in early nine-
teenth century when English chemist William Nicholson and German chemist
Johann Wilhelm Ritter carry out the electrolysis of water to produce hydrogen and
oxygen molecules [1]. Figure 14.1 shows the Ritter’s electrochemical cell used for
electrolysis of water.

Concurrently, Alessandro Volta invented the first battery to produces electric
current from the redox chemical reaction [1]. The voltaic pile invented by Volta is
shown in Fig. 14.2.

The redox chemical reactions in the two half-cells drive the flow of electric
current between them. This phenomenon leads to an idea among the researchers
that the desired chemical reactions can be carried out by the flow of electrical
current in the half-cells. The advent of new sophisticated advance instruments and
the improved understanding of the theories governing the thermodynamics and
kinetics of the electrochemical reactions lead to the development of numerous
electrochemical synthesis schemes for the manufacturing/production of many
materials of interest.

In 1807, Humphry Davy produced metallic potassium by carrying out the
electrolysis of molten caustic potash (KOH) and potassium became the first element
to be discovered by electrolysis. Later, Davy used the electrolysis to isolate and
produce sodium metal. Davy proposed in his lectures ‘On Some Chemical Agencies

Fig. 14.1 Ritter’s
electrochemical cell for
electrolysis of water
[reproduced with permission
of Elsevier (Ref. [1]a,
Hydrogen from Water
Electrolysis in Storing
Energy, 2016)]
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of Electricity’ that passage of the electric currents through chemicals can lead to
decomposition of many chemical compounds into their basic elements. For his
contribution to electrolysis, Institut de France awarded him the Napoleon Prize in
1807. Davy also isolated some of the alkaline earth metals from their salts using
electrolysis.

In the beginning, the attempts to improve the purification/production of elements
by electrochemical techniques often lead to the discoveries of new elements.
Elements like iridium, osmium, palladium, and rhodium were discovered by

Fig. 14.2 A Voltaic Pile
[reproduced with the
permission of American
Physical Society (Ref. [1]b,
APS News, March 2006, vol.
15, No. 3)]
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William Hyde Wollaston and Smithson Tennant while designing an efficient
electrochemical synthesis route for the production of very pure platinum metal.

Discovery and isolation of new elements were not the only initial application of
electrolysis, but the first telegraph, developed by Samuel Thomas von Soemmering
in 1809, used the principle of electrolysis. The device used by him had 26 wires
(each wire representing one letter of German alphabet) which terminated in a
container of acid and the passage of the current through these wires caused the acid
in the containers to decompose chemically leading to formation of bubbles. The
message was read by monitoring the wire’s terminal, in receiving station, at which
bubble formation took place. The messages were sent communicating one letter at a
time.

Michael Faraday too studied the effect of passage of electric current through the
chemical compounds and found that the major effect was either electrochemical
decomposition or deposition. Faraday discovered that the amount of the
decomposed/deposited substance was directly proportional to the amount of elec-
tricity passing through the solution (Faraday’s first law). These findings led to the
development of Faraday’s two laws of electrochemistry:

• The amount of a substance deposited/produced on each electrode of an elec-
trolytic cell is directly proportional to the amount of electricity passing through
the cell.

• The quantities of different elements deposited/produced by a given amount of
electricity are in the ratio of their chemical equivalent weights.

Chemical manufacturers, material scientists, and associated researchers always wish
to come up with new advance technologies to improve the efficiency of the
chemical processes and their wish list include the increased selectivity, decreased
energy consumption, no or minimum production of toxic chemical as by-products,
either no or easy separation steps in case of formation of chemical by-products,
minimize the drainage of valuable chemicals in industrial waste stream, etc. Very
often, many synthesis routes and technologies are available with their own
advantages and disadvantages, but still there is always a scope of little R&D to
either improve the existing technology or come up with new innovative synthesis
schemes. Electrochemical synthesis can be considered as an innovative method
because it has the capability to cover many of the agendas in the wish list of the
chemical manufactures/material scientists. The advantages of electrochemical
synthesis over other synthesis methods are (1) non-requirement of chemical
reductants or oxidants as the precursor chemicals in solution undergo electron
transfer directly on the electrode surface, (2) large redox potential range of several
volts is easily accessible by selecting appropriate combination of electrode mate-
rials, solvents and supporting electrolytes. Such a large potential range of several
volts involves very high energy either comparable or more than most of chemical
bonds and activation energy involved in chemical reactions, leading to a controlled
generation of highly energetic intermediates under mild experimental conditions,
(3) higher selectivity and percentage yield because of a very precise control over
potential and current, (4) evade the much-needed separation and waste treatment of
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redundant end products from the desired product, thus, helping in an effectual
control over environmental pollution, (5) understanding of the reaction
mechanisms/kinetics gained by the analysis of the electrochemical parameters like
current and potential measured during the electrochemical synthesis. However, little
or no knowledge of electrochemical methods among chemical manufactures,
organic chemists, inorganic chemists, and material scientists prevents the induction
of electrochemical synthesis and associated R&D in the large-scale production of
smart functional material. This chapter will present how the electrochemistry can be
used to synthesize a large number of organic and inorganic compounds with
innumerable applications in all disciplines of science and technology. Shape, size
and dimensions of the material can be easily controlled by using either
template-assisted or template-free electrochemical methods. Since like other syn-
thesis methods, electrochemical methods have their own limitations, therefore, this
chapter will also talk about the factors to be taken under consideration prior to
carrying out electrochemical synthesis.

Commercial applications of electrochemical methods are diverse and include
chlor-alkali industry, metal extraction, separation and purification, pulp and paper
industry, water and effluent treatment for destruction of toxic chemicals in domestic
& industrial waste stream, air pollution control by either electrocatalytic production
of oxygen or electrochemical conversion of toxic pollutants to non-toxic chemicals,
pollution monitoring, groundwater remediation, etc.

Researchers have been attempting to synthesize new low cost advanced func-
tional and smart materials for innumerable applications such as sensors, catalysts,
electrochemical energy storage, actuators, molecular electronic devices, elec-
trochromic displays, photo electrodes for solar cells, imaging and photothermal
therapeutic agents, biomaterials, etc. The large-scale synthesis of these materials at
low cost is very essential if researchers wish to transfer the benefits from lab to
society. These advanced functional and smart materials include conducting poly-
mers (polyaniline, polypyrrole, polythiophene, etc.) and their composites, metal
nanoparticles (Au, Pt, Pd, Ag, etc.), semiconductors (TiO2, ZnS, CdS, PbS, CdSe,
etc.), intermetallic (Pt–Pd, Au–Ag, Pt–Au, etc.), nanostructured carbonaceous
materials (graphene, graphene oxide, etc.), metal-organic frameworks (MOFs),
porous template membranes (porous anodic alumina) etc. Numerous synthesis
methods/schemes are available in literatures; chemical, electrochemical, physical
vapor deposition, chemical vapor deposition, plasma techniques, ultrasonication,
molecular beam epitaxy, photochemical, hydrothermal, radiation-induced,
microwave-assisted, microbe-assisted, etc. These different methods and techniques
have their own advantages and disadvantages. Reducing the size of a material to
nanometer-scale will lead to evolution of unique chemical and physical properties
which are not only distinct from the bulk material but also superior to bulk materials
[2]. The shape and size of nanomaterials influence their properties [3]. Therefore,
the syntheses of shape- and size-controlled nanomaterials still allure researchers.
Both template-assisted (track-etched membranes, porous anodic alumina, surfac-
tants, emulsions, etc.) and template-free methods of synthesis are available to
control the size, shape of the product. Track-etched membranes and porous anodic
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alumina membranes of various pore sizes & pore lengths are commercially avail-
able templates and frequently used to synthesize nanowires, nanorods, nanotubes of
conducting polymers, metals, alloys, semiconductors, etc. by electrochemical route.
Theoretical predictions and experimental results show that one-dimension (1D)
nanomaterials have superior properties [4]. Porous anodic alumina membranes of
various pore sizes & pore lengths are effortlessly prepared by electrochemical
methods. The template-assisted synthesis often requires the additional steps of
removing the template from the synthesized materials, thus, the non-template
methods are preferred over the template methods [5]. Fabrication of
nano-dimension materials also helps in miniaturization of devices.

Many electrochemical (potentiostatic, galvanostatic, potentiodynamic) and
combined electrochemical-chemical methods are used to synthesize a variety of
advanced materials with size ranging from nanometers to bulk in various geome-
tries in solution as well as on solid electrodes for wide range of applications.
Various solid conducting substrates are used as the working electrodes. The elec-
trochemical synthesis of nanostructured advanced material on the solid conducting
substrates is also desired for the development of miniaturized device. It has been
observed that the performance of the deposited material may get influenced by the
properties of the substrates, therefore, deposition of advanced material on different
solid supports is probed to achieve the desired performance of the deposited
materials, as observed in case of many catalysts [6]. The material synthesized by
chemical routes is either uniformly dispersed in the solution or get precipitated as
solid powder in the solution. Extreme experimental conditions like high tempera-
ture, either very high or low (near vacuum) pressure as required in some of the
synthesis methods are not very often required during electrochemical synthesis. The
materials electrodeposited on the substrate are mostly pure and does not require
extraction/separation from the initial mixture solution of monomers, oxidants,
solvents, etc. Electrochemical method can be easily coupled with various charac-
terization techniques such as visible, IR, Raman, NMR, EPR, ellipsometry, AFM,
XRD, EXAFS, etc. for in situ characterization of the intermediate and final products
during the electrochemical synthesis process [7].

Electrochemical synthesis/electrolysis involves the transfer of electron from
electrode to the chemical compounds in the solution or vice versa across the
electrode/solution interface to bring the chemical changes. Either the current or the
voltage applied to the working electrode drive the flow of electron across the
electrode/solution interface. The electrochemical setup is simple consisting of a
potentiostat or a galvanostat and a glass cell with either two or three-electrode
configuration, solvents, supporting electrolytes, precursor chemicals. Schematic
diagram of an electrochemical cell in Fig. 14.3 shows counter, working and ref-
erence electrodes dipped in an electrolyte solution.

The choice of two-electrodes and three-electrodes configuration depends on
whether the applied potential on the working electrode needs to be controlled or
not. The third electrode in three-electrode configuration is a reference electrode, and
the potential on the working electrode is controlled and measured with respect to
the reference electrode. The salient feature of a reference electrode is well-defined
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stable electrochemical potential at constant temperature. Though controlling current
of the working electrode is much easier and required less sophisticated instruments,
but the control of the working electrode’s potential provides enhanced selectivity
over the redox reaction. A vast choice of materials for working, counter and ref-
erence electrodes as well as a vast choice of solvents (aqueous and non-aqueous,
protic and aprotic) and supporting electrolytes are available in the arsenal of an
electrochemist. The overall aim is to obtain as much possible wider electrochemical
window (the potential range between which solvents, supporting electrolytes,
electrodes are neither oxidized nor reduced) by proper selection of electrodes’
material and supporting electrolytes-solvents system. Influence of electrolyte,
electrode material, and solvent is illustrated in Fig. 14.4.

The width of the electrochemical window is very often restricted by either
oxidation or reduction of supporting electrolyte and solvent. The working electrode
itself may undergo oxidative dissolution at anodic potential or hydrogen evolution
occurs in aqueous solution at cathodic potential, thus, further restricting the width
of the electrochemical window. The metals, semiconductor oxides (indium tin
oxide, titanium oxide), graphite, glassy carbon, highly-oriented pyrolytic graphite
(HOPG), carbon-paste electrodes, mercury, etc. have been conventionally used
working electrodes, but in recent years chemically-modified electrodes using
nanostructured materials of metals, semiconductors, conducting polymers, carbon
nanotubes, graphene, fullerene, metal-organic frameworks. These chemically-
modified electrodes have higher heterogeneous electron transfer rate constant value,
higher sensitivity, higher selectivity, and many a time wider electrochemical win-
dows than the conventional electrodes. The boron-doped diamond electrode has the
largest electrochemical window of about 4 V in aqueous solution. Platinum wires
and coils, glassy carbon rods, graphite rods are normally used as counter electrodes,
and sometimes are confined in glass tube with vycor frit to prevent the counter

Fig. 14.3 Schematic
representation of an
electrochemical cell
[Reproduced with the
permission of American
Chemical Society (Ref. [8]b,
J. Chem. Edu., 95 (2018)
197–206), https://pubs.acs.
org/doi/10.1021/acs.
jchemed.7b00361; further
permissions related to the
material excerpted should be
directed to the ACS]
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redox reaction (specially in case of bulk electrolysis) at its surface. The reference
electrode can be categorized as aqueous and non-aqueous reference electrodes
based on the solvent used in the electrochemical cell. Since the absolute standard
for electrochemical potential measurement is unavailable, the standard hydrogen
electrode (SHE) is chosen as the reference electrode and its potential is defined as
0 V at unit H+ ion activity and 1 bar pressure of hydrogen gas. The most commonly
used reference electrodes in aqueous solutions are silver/silver chloride in saturated
KCl, saturated calomel electrode (Hg/Hg2Cl2 in saturated KCl). In non-aqueous
solution, either Ag wire dipped in AgNO3 solution or double-junction Ag/AgCl
electrode is used as reference electrode. Many times, a Pt wire dipped in the
non-aqueous solution along with a ferrocene-ferricinium redox couple as an internal
reference is also used as non-reference electrode. The more detailed information
about the working, counter, reference electrodes, and electrochemical cells are
available in the literatures [8]. To obtain the best results, electrochemical parameters
(applied voltage, current, time, etc.), cell design (electrodes’ materials, electrodes’
dimension, electrodes’ separation, etc.), choice of chemical reagents (solvents,
supporting electrolytes, etc.,) need to be optimized.

Fig. 14.4 Influence of
electrolyte, electrode material,
and solvent on
electrochemical window
[Reproduced with the
permission of American
Chemical Society (Ref. [8]b,
J. Chem. Edu., 95 (2018)
197–206), https://pubs.acs.
org/doi/10.1021/acs.jchemed.
7b00361; further permissions
related to the material
excerpted should be directed
to the ACS]
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Though organic solvents have more wider electrochemical windows than the
aqueous solvents, but the disadvantages like low vapor pressure, high flammability,
toxicity, etc. of organic solvents discourage their uses. However, new solvents like
room temperature ionic liquids (RTILs) and deep eutectic solvents (DES) have
wider electrochemical windows of about 4–5 V similar to that of organic solvents,
but at the same time do not suffer from the disadvantages like low vapor pressure,
high flammability, toxicity, etc. [9]. The wider electrochemical window is not only
the prerequisite, but the higher value of heterogeneous electron transfer rate con-
stant for a redox process is another factor which too decides the choice of the
working electrode and supporting electrolytes-solvents system. The heterogeneous
electron transfer reactions at noble metal electrodes (Pt, Au) generally show higher
rate constant than that of the carbonaceous electrodes like graphite and glassy
carbon electrodes. However, carbonaceous materials like carbon nanotubes (CNTs)
and graphene modified electrodes show much-enhanced rate of electron transfer
than graphite, glassy carbon [10]. A large electrochemical window of 4–5 V can be
easily achieved by judicious selection of the electrode materials and supporting
electrolytes-solvents system. A wider electrochemical window encompassing large
potential ranges in both cathodic and anodic regions is preferred as it provides a
large workable potential for electrolysis with 100% current efficiency.

Since a large category of materials viz. metallic, intermetallic, semiconductors,
conducting polymers, metal-conducting polymer composites, organic compounds,
metal hexacyanometallates based metal-organic frameworks (MOFs), graphene,
graphene oxide, metal oxides, biomaterials, ceramics, optical materials, etc. can be
synthesized by electrochemical methods in size ranging from bulk to nanometers
and in different shapes (nanowires, nanorods, nanotubes, and nanometer thick films
of large dimension). Very often a single material finds multiple applications, for
e.g., conducting polymers can find applications as catalyst, sensors, biosensors,
electrochromic devices, electrochemical energy storage devices, biomaterials for
tissue engineering, etc. [11]. Therefore, it is not an exaggeration if it is said that the
electrochemical methods can be used by researchers for synthesizing advanced
materials with innumerable applications in almost all disciplines of science and
technology.

However, in this chapter, the main focus will be on synthesis of conducting
polymers, semiconductors, metal nanoparticles, graphene, porous anodic alumina
templates, and metal hexacyanometallates based metal-organic frameworks (MOFs)
by electrochemical methods, as these materials with numerous technological
applications draw huge attentions of the scientific communities. The electrore-
duction of CO2 to synthesize organic compounds is also discussed briefly. Though
the electrochemical techniques are also used in synthesis of ceramics, biomaterials,
magnetic materials, treatment of organic/inorganic pollutants in water, but their
synthesis will be not be discussed keeping consideration of space.
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14.2 Electrochemical Synthesis of Conducting Polymers

Conducting polymers (polypyrrole, polyaniline, polythiophene, etc.) are organic
polymers capable of conducting electricity and are known for their controllable
electrical conductivity and electrochromic properties associated with multiple redox
states [12]. The dependence of electrical conductivity of polyaniline (PANI) base
on molar fraction of doped camphorsulfonic and picric acid is shown in Fig. 14.5.
Conducting polymers find lots of interest among researchers for their applications
in catalysis, molecular electronic devices, gas sensors, biosensors, electrochemical
energy storage devices, electrochromic displays, actuators, electrochemical sepa-
ration, biomaterials for tissue engineering, etc. [13].

Conductive polymers are prepared by oxidative polymerization of monomers
[14]. A large number of methods for synthesising conducting polymers are reported
in literature, but chemical [15] and electrochemical methods [16] are the most
preferred one for synthesis. Hybrid electrochemical/chemical approach of synthe-
sizing conducting polymers is also reported [17]. The chemical method involves
addition of chemical oxidant to monomers solution under continuous stirring. The
precipitated polymers are filtered and washed. Potassium dichromate, ammonium
persulfate or peroxydisulfate, ceric nitrate, hydrogen peroxide, ceric sulfate, etc. are

Fig. 14.5 Electrical conductivity, r, of the PANI base blended in the solid-state with
camphorsulfonic acid (full symbols) and picric acid (open symbols) in dependence on molar
fraction of acid, xA, for acid in deficit (case I, xA < 0.5, circles) and acid in excess (case II,
xA > 0.5, triangles) [Reproduced with the permission of American Chemical Society (Ref. [19]a,
Macromolecules, 31 (1998) 2218–2222)]
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commonly used oxidants. The physical and chemical properties of the prepared
conducting polymer depends on the concentration of monomer, nature of oxidants,
oxidant to monomer ratio, counter-ion concentration, stirring rate, solution tem-
perature, acidity of the solution, etc. [18]. Polymers prepared by chemical methods
are often contaminated by chemicals used in the synthesis, thus, purity of the
polymer is a major concern. The doped chemical impurities severely affect the
properties and performance of the synthesized conducting polymer. Another major
apprehension during the chemical synthesis is the coagulation/precipitation of the
nanostructured conducting polymer in solution. The stabilizing/protecting agents
prevent the coagulation/precipitation and also act as templates for nanoparticles
formation in solution, but they can again severely affect the properties of the
synthesized polymers [19]. Chemical synthesis of nanostructured conducting
polymers of various shapes (nanotubes, nanowires, nanospheres, nanocubes, etc.)
and sizes in solution is possible using templates-free, template assisted and
sometimes combination of both, but removal of template is always an additional
indispensable and inevitable step [20].

Electrochemical methods involve anodic oxidation of monomer on a working
electrode surface which are inert conducting substrate like platinum, gold, carbon
(graphite, glassy carbon, pyrolytic, vitreous), stainless steel, copper, lead, palla-
dium, semiconductors, optically transparent (ITO, FTO, metal wire mesh) etc. by
applying either suitable anodic potential or anodic current [21]. Optically trans-
parent electrodes (OTEs) are prepared by (i) coating a thin film of either indium tin
oxide (ITO) or fluoride-doped tin oxide (FTO) on transparent glass (ii) fabricating
very fine mesh of metal wire with greater than 80% of transparency. Since the
conducting polymers are electrochromic, the electrochemical synthesis of con-
ducting polymers on OTE has the additional advantage of coupling with spectro-
scopic techniques for in situ optical characterization that helps in understanding the
synthesis mechanism and various properties of the conducting polymer.
Electrochemical synthesis of conducting polymers involves galvanostatic (constant
current), potentiostatic (constant potential), and potentiodynamic (potential scan)
methods [22]. Electrochemical formation of polymer film can be carried out either
in dynamic (convection-controlled) or static (diffusion-controlled) solution, unlike
chemical methods where continuous stirring is always required for mixing the
monomers, oxidants, and other additives. Galvanostatic method involves applica-
tion of constant anodic current on the working electrode to carry out the oxidative
polymerization of monomers in solution leading to the formation of conducting
polymer film on the working electrode surface. Thickness and morphology of the
conducting polymer film can be controlled by optimizing current density, time for
which current is applied (pulse time), monomer concentration in the solution, etc.
Either a single or multiple current pulse(s) can be used for polymer synthesis, and
the numbers of current pulse determine film thickness and morphology. In poten-
tiostatic method, either a single or multiple pulses of anodic potential is applied on
working electrode to oxidize the monomer. Thickness and morphology of the
conducting polymer film can be controlled by optimizing applied potential, time for
which potential is applied (pulse time), numbers of pulse monomer concentration in
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the solution, etc. Potentiodynamic method involves the scanning of potential on
working electrode between cathodic and anodic limits of the chosen electrochem-
ical windows, as shown in Fig. 14.6, to prepare conducting polymer film on the
working electrode surface. At anodic potentials, monomers in the solution undergo
oxidation leading to polymer formation. During the potential scanning polymer film
growth (at anodic potentials) as well as continuous reversible reduction and oxi-
dation of polymer film take place on the working electrode surface. Thickness and
morphology of the conducting polymer film can be controlled by optimizing
numbers of cyclic voltammetry scan, potential scan rate, monomer concentration in
the solution, choice of anodic and cathodic potential limits, etc.

Temperature of the solution also influences the rate of oxidation of monomer.
Since the conducting polymer is synthesized on the substrate/working electrode, its
separation from the solution is easy and mostly the conducting polymer is of high
purity as the monomers and other chemical additives remains in solution. Stable
nanometre thick polymer film of any dimension can be easily synthesized on
conducting substrate by electrochemical methods.

Electrochemical synthesis of one-dimensional (1D) nanostructures of conducting
polymers (nanowires, nanorods, and nanotubes) has been carried out using either
template-free method (Fig. 14.7) or nanoporous templates like porous anodic alu-
mina, track-etched membranes, etc. (Fig. 14.8) [23]. The optimized ion-diffusion
paths in one-dimensional conducting polymers enhance the conductivity.

The electrodeposition into nanoporous template membrane is simple, econom-
ical, and can be easily carried out at ambient temperature-pressure conditions
without any requirement for special sophisticated instrumentation and experimental
setup, thus, offering many advantages over other techniques (physical vapor
deposition, chemical vapor deposition, atomic layer deposition, etc.). The steps
involved in the electrochemical synthesis of one-dimensional (1D) nanostructures
in template membrane are: (i) one side of the insulating template membrane is

Fig. 14.6 CV for
electropolymerization of
0.1 M aniline in 0.1 M H2S04
solution at Pt [Reproduced
with the permission of
American Chemical Society
(Ref. [22]h, Macromolecules,
20 (1987) 1793–1796)]
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coated with a 500 nm to 1 µm thick conducting metal layer using sputter deposition
technique and the coated metal layer serves as conducting substrate for electrode-
position. To ensure the complete uniform metal deposition on the template mem-
brane surface, the thickness of the coated metal layer is sometimes further increased
by electrodeposition after the sputtering, (ii) the metal-coated template membrane is
fixed on the Au or Cu plate to prepare working electrode/cathode and immersed in
the monomer solution, (iii) oxidative polymerization of the monomer to synthesize
polymers is carried out by choosing any of the electrochemical techniques viz.
galvanostatic, potentiostatic and potentiodynamic. The nanowires grown in the
template membrane are attached to the coated metal layer, and protrude like the
bristles of brush even after the template dissolution. The free-standing nanowires

Fig. 14.7 Polypyrrole
nanowires synthesized
without using template via.
potentiostatic deposition
[Reproduced with the
permission of Elsevier (Ref.
[23]h, Electrochem.
Commun., 11 (2009)
298–301)]

Fig. 14.8 Electrochemically
grown polypyrrole fibrils in
Nucleopore membrane (pore
diameter is 1 µm)
[Reproduced with the
permission of The
Electrochemical Society (Ref.
[20]e, J. Electrochem. Soc.,
133 (1986) 2206–2207)]
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are obtained after detaching them from coated metal film. The nanowires of dif-
ferent radii and length are prepared by using nanoporous template membranes with
different pore dimension as well as by varying the electrodeposition time. The
influence of deposition time on nanowires’ length synthesized by potentiostatic
method is shown in Fig. 14.9.

The choice of the electrochemical method of synthesis viz. galvanostatic,
potentiostatic, and potentiodynamic can influence the properties of conducting
polymers. The properties of the polyaniline (PANI) film synthesized on stainless
steel substrate by potentiostatic, galvanostatic, and potentiodynamic methods have
been compared by electrochemical impedance spectroscopy (EIS) [24]. The EIS
spectra of galvanostatically and potentiostatically prepared PANI films were similar
in shape. The resistance of aqueous pore (Raq) due to ionic doping–dedoping
process is greater than the resistance (Rp) of electronic charge transfer on polymer
chain. The magnitudes of Raq and Rp increase with thickness of PANI. In case of
potentiodynamically grown PANI, Raq � Rp and the impedance parameters
depend on the scan rate applied during electrosynthesis. The Rp decreases in
magnitude with an increase in thickness of PANI.

Apart from chemical and electrochemical synthesis, other synthesis techniques
viz. photochemical, metathesis, concentrated emulsion, plasma, pyrolysis, etc. are

Fig. 14.9 Influence of polarisation time on nanowires length synthesized via. potentiostatic
deposition [Reproduced with the permission of Elsevier (Ref. [23]h, Electrochem. Commun., 11
(2009) 298–301)]

448 M. K. Sharma



reported in the literature [25]. The advantage of plasma process is non-requirement
of both oxidant and solvent for polymerization leading to formation of conducting
polymer which is extremely pure, non-doped, and does not require separation. The
polymer can also be synthesized on non-conducting substrates, unlike electro-
chemical methods. However, very high temperature of plasma often leads to the
degradation of conducting polymer and also doping is required later to make the
polymer conducting. Cost-effective photochemical synthesis of conducting poly-
mers requires simpler equipments, but it requires that either the monomers itself
work as photosensitizer or a photosensitizer, such as ruthenium complexes or
organometallic complexes, is required. Another disadvantage of the photochemical
method is that the complete polymerization takes longer time.

Metal nanoparticles are incorporated into the polymer matrix to form
metal-polymer nanocomposites having superior properties and performance com-
pared to metal nanoparticles and polymer alone. Incorporation of metal nanopar-
ticles into polymer matrix improves their physical and chemical properties [26]. In
case of conducting polymers, incorporation of metal nanoparticles not only
improves the physical and chemical properties, but the electronic properties also
improve many fold. Many reports show that incorporation of metal nanoparticles in
conducting polymer matrix leads to a significant improvement in its electrocatalytic
and sensing properties. Therefore, metal-polymer composites find more widespread
applications in catalysis, sensing, electronics, etc. than either polymer or metal
nanoparticles alone as the blending of polymer with metal nanoparticles often gives
rise to a new set of properties. A numerous approach for synthesis of metal-polymer
composites either in solution or solid-support are available: (i) first preparation of
metal nanoparticles by reducing metal ions followed by the oxidative polymer-
ization of monomers in the same solution, (ii) reduction of metal ions by monomer
which undergoes simultaneous oxidative polymerization, (iii) formation of polymer
followed by metal ion reduction in the same solution. To get maximum homo-
geneity, those methods are preferred where polymerization and nanoparticles for-
mation occur simultaneously. Though many synthesis methods (chemical, vapor
deposition, electrochemical, c-radiolysis, UV-radiation, etc.) are reported in the
literature [27], electrochemical methods offer some additional advantages over
other reported methods. Polymer-metal nanocomposites of various dimensions can
be easily formed on the substrate of any shape and size by in situ and ex situ
electrochemical routes.

14.3 Electrochemical Synthesis of Metal Nanoparticles

Nanostructures (nanoparticles, nanowires, nanorods, nanotubules, nanocubes,
nanoprisms, etc.) of metals, very often noble metals, have found numerous appli-
cations encompassing almost every discipline of science and technology. They are
used as catalyst, electrocatalyst, chemical sensor, biosensors, imaging and pho-
tothermal therapeutic agents in health care, photonics, magnetic materials etc. [28].
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Metal nanoparticles are synthesized in either aqueous solution or non-aqueous
solution or sometimes at the interface of both by reducing metal ions [29]. Various
methods for reduction of metal ions are reported in the literature viz. chemical,
electrochemical, microbial, ultrasonication, physical vapor deposition,
radiation-assisted (UV light, electron beam, c-radiation), galvanic replacement, etc.
[30]. Thermolysis of organometallic precursor in presence of stabilizer can also be
used to synthesize metal nanoparticles [31]. Synthesis of thin films of metal
nanoparticles immobilized on substrates like metal, metal oxide, carbonaceous
electrodes, semiconductors, polymers, etc. have also been reported, and immobi-
lized metal nanoparticles show very good catalytic activity depending on the nature
of the support [32]. Physical methods like molecular beam epitaxy (MBE), physical
vapor deposition (PVD), chemical vapor deposition (CVD), etc. and electrochem-
ical deposition are widely used to prepare supported nanoparticles [33].
Electrochemical reduction of metal ions in solution is carried out at the working
electrode/cathode in an electrochemical cell with either three-electrode or
two-electrode configuration using numerous techniques, viz. (i) galvanostatic
method that involves application of constant cathodic current for time duration
varying from microseconds to a few tens of seconds, (ii) potentiostatic method that
involves application of constant cathodic potential for time duration varying from
microseconds to a few tens of seconds, (iii) potentiodynamic method that involves
cycling potential between cathodic and anodic potential limits for number of cycles.
Electrochemical deposition is a promising technique to synthesize and immobilize
the metal nanoparticles onto the conducting substrate surface with easy control of
particle size and shape by optimizing the electrochemical parameters like applied
current and potential, time duration, number of current and potential pulses, number
of cycles, cathodic and anodic potential limits. The template-assisted electro-
chemical preparation of metal nanoparticles with desired shape and size is also
reported in the literature. Electrodeposition of noble metals nanoparticles on con-
ducting substrates, like graphite, glassy carbon, indium tin oxide, etc. reduces the
loading of precious noble metals and finds great potential applications in sensing,
catalysis, and interface-electrochemistry [34].

The electrochemical synthesis of 1D metal nanostructure (nanowires, nanorods,
nanotubes) with desired lengths, diameters, and composition in nanoporous tem-
plate materials like porous anodic alumina and track-etched membranes is
well-established method [35] and is already discussed for electrochemical growth of
1D nanostructures of conducting polymers. Some of the limitation encountered
while electrodeposition of 1D nanostructures of metals in porous template mem-
branes are (1) the electrochemical growth of free-standing 1D metal nanostructures
in track-etched membrane is impossible due to the growth of the metal nanowires
on the sputter-deposited metal layer (2) sputter deposited metal layer closes the
opening of the pores on one surface and the availability of open pores on the other
surface depends on electrodeposition time. Figure 14.10a shows the three different
stages of the growth of 1D nanostructure and reduction current as a function of
deposition time during the potentiostatic deposition. Figure 14.10b shows the SEM
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image of potentiostatically deposited Ni nanowires obtained after dissolution of the
porous template membrane.

If the electrodeposition time is less, then pores are incompletely filled leading to
the availability of a large number of pores with open mouth on the surface of the
template membrane. The incomplete filled cylindrical pores with open mouth can
be used for encapsulating the materials by functionalizing the 1D metal nanos-
tructures grown within the pores [36].

The use of removable liquid mercury as conducting substrate eliminates the
requirement of sputter deposition of a metal coating onto one surface of the tem-
plate membrane [37]. The experimental set-up (see Fig. 14.11) comprises a
two-compartment electrochemical cell and a track-etched membrane that is placed
between the two compartments separating mercury from the aqueous solution of
HAuCl4. Liquid mercury in contact with one of the surfaces of the track-etched
membrane serves as cathode for the electrodeposition of gold in the nanopores. The
gold nanorods are not attached to any conducting substrate, therefore, this method
synthesizes free-standing gold nanorods encapsulated in a malleable track-etched

Fig. 14.10 a Electrochemical reduction current I as a function of time t for the potentiostatic
deposition. The schematic display three different stages of the growth process. b SEM image of the
Ni nanowires after dissolution of polycarbonate membrane [Reproduced with the permission of
American Chemical Society (Ref. [35]a, J. Phys. Chem. B, 101 (1997) 5497–5505)]

Fig. 14.11 Schematic of
electrochemical cell with
liquid mercury as working
electrode/cathode for
synthesis of gold nanorods
[Reproduced with the
permission of Springer (Ref.
[37], J. Nanopart. Res., 14
(2012). https://doi.org/10.
1007/s11051-012-1094-z)]
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membrane. The gold nanorods are freed from the template membrane after the
dissolution in dichloromethane.

This new approach is simple, cost-effective, and saves time. The shape of the
electrodeposited nanowires and nanotubes is the replica of the internal architecture
of the pores; therefore, to prepare good-quality nanorods, a template porous
membrane with well-defined cylindrical pores should be selected. The metal
nanowires containing track-etched membrane can be used as smart surfaces/
materials for catalytic and optical applications. The nanowires in the
incomplete-filled cylindrical pores can be functionalized to encapsulate desired
chemical or biochemical species to develop sensors based on the detection of
analyte by surface-enhanced Raman scattering (SERS) technique.

Self-assemblies of surfactants and polymers have been also used as template and
protecting agent for preparing nanoparticles of various shapes and sizes [38].
Template-free electrochemical methods for preparing metal nanoparticles are too
reported and are preferred over template-assisted methods [39]. Simultaneous
reduction of two different metals ions lead to formation of metal alloy (Au–Ag, Au–
Pt, etc.) and alloys have properties superior to individual metals, for example,
lowered activation barrier for a specific chemical reaction, enhanced selectivity, and
better resistance against contamination and poisoning [40]. The controlled depo-
sition of one metal on the surface of other metal is used to synthesize the core-shell
metal nanoparticles are synthesized by depositing one metal on the surface of other
metal [41]. As discussed earlier, nanocomposites of metals with polymer can be
prepared by incorporation of metal nanoparticles into the polymer matrix.

14.4 Electrochemical Synthesis of Semiconductors

Semiconductors find numerous technological applications viz. light emitting diode,
photocatalyst, the gain medium in semiconductor lasers etc. [42]. Numerous
methods for synthesis of semiconductors of various shapes and size are available,
but technological application of these semiconductors requires their immobilization
on conducting support. The chemically synthesized semiconductors nanoparticles
can be transferred from solution to the substrate to prepare thin film, but their loose
adherence to substrate restricts their applications in development of device. Though
molecular beam epitaxy and chemical vapor deposition methods are well explored
for single-step synthesis of semiconductor nanoparticles and thin films on support,
but the control over the average diameter of nanocrystals is difficult due to its
dependence on factors intrinsic to the interface obtained upon deposition such as the
lattice mismatch between the substrate and the deposited material [43].

Electrodeposition techniques are used for synthesis of semiconductors. The
epitaxial electrodeposition of semiconductor nanocrystallites (wurtzite CdSe) on Au
(111) surface by galvanostatic method was reported by Hodes and co-workers for
the first time [44]. The epitaxially oriented size-selective semiconductor
nanocrystals of luminescent CdS, CuI, ZnO, and optically intrinsic thin films of
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ZnO are prepared either in solution or on some support (graphite, etc.) using hybrid
electrochemical/chemical (E/C) method [45].

The E/C synthesis (schematic shown in Fig. 14.12) involves the following steps:
(1) electrochemical reduction of Mn+ ions from dilute Mn+ plating solution to
deposit metal nanoparticles on the graphite basal plane surface (2) electrochemical
or chemical oxidation of deposited metal nanocrystals at appropriate pH to either M
(OH)n or metal oxide nanocrystals; (3) displacement of oxygen or OH− with an
anion by immersing in an aqueous solution of anion to obtain the desired semi-
conductor nanocrystals of interest.

Nanowires, nanotubes, nanorods of semiconductors with desired diameters and
lengths are synthesized in porous anodic alumina and track-etched membranes by
electrochemical methods similar to that used for metal nanowires and nanotubes
[46]. Self-assemblies of surfactants have been also used as templates and protecting
agents for electrochemical synthesis of semiconductor nanoparticles either in
solution or on conducting substrate. Template-free electrochemical methods for
preparing semiconductor nanoparticles are too reported [47].

14.5 Electrochemical Synthesis of Graphene-Based
Materials

As mentioned earlier that the carbonaceous electrodes like graphite and glassy
carbon electrodes have smaller value of heterogeneous electron transfer rate con-
stant compared to noble metal electrodes. However, carbonaceous materials like
carbon nanotubes (CNTs) and graphene modified electrodes show much enhanced
heterogeneous electron transfer rate than glassy carbon and graphite due to their
extraordinary electronic transport properties. Graphene is two-dimensional
one-atom-thick single layer of sp2 hybridized carbon atoms arranged in hexago-
nal lattice and finds potential application in electrocatalysis, sensing, composite

Fig. 14.12 Schematic diagram of the hybrid electrochemical/chemical (E/C) method employed
for the synthesis of semiconductor nanocrystals
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materials, electrochemical energy storage device, next-generation electronic devi-
ces, biological devices, nanomedicines, etc. due to its fascinating electrical,
mechanical, and chemical properties [48]. However, these vast potential applica-
tions of graphene cannot be successfully delivered from lab to society unless a
simple method for low-cost mass production of high quality, solution-processable,
structurally coherent graphene is developed. Several methods for synthesis of
graphene are reported in the literature, but suffer from some or the other limitations,
thus, keeping the quest alive for developing a simple method to synthesize
low-cost, high-quality graphene in bulk quantities. High-quality graphene can be
synthesized by mechanical exfoliation and epitaxial growth methods, but, in small
quantities [49]. Chemical vapour deposition (CVD) technique is used to synthesize
large-area high-quality graphene using catalytic metal substrates, but requirement of
sacrificial metal, high temperature, and multistep transfer processes onto the sub-
strates increases the production cost [50]. Hummers and modified-Hummers
methods are frequently used for bulk production of graphene oxide (GO) by
oxidative exfoliation of graphite in an aqueous solution consisting of concentrated
sulphuric acid, sodium nitrate, and potassium permanganate [51]. The GO can be
reduced by thermal, photocatalytic, chemical, or electrochemical procedures to
produce reduced graphene oxide, thus, partially restoring the electronic properties
of graphene [52].

Electrochemical exfoliation of graphite to synthesize graphene does not need
harsh chemical oxidants for carrying out intercalation/exfoliation; therefore, it has
attracted huge attention of the researchers for bulk synthesis due to its fast, easy,
fast and environmentally friendly process [53]. Electrochemical exfoliation
involves application of either anodic or cathodic potential on the graphite working
electrode in electrolyte solution (schematic shown in Fig. 14.13).

Depending on the polarity of the applied potential, either bulky anions or cations
along with other species like water intercalates into the interlayer spacing between
graphene sheets leading to expansion of graphite. The subsequent exfoliation of the
graphene sheets from the expanded graphite electrode occurs through either
expanding gases, produced by electrolysis of intercalated species, between the
graphene sheets or mechanical exfoliation (e.g. sonication). Electrochemical exfo-
liation of graphite has been carried out in aqueous acidic solution (H2SO4, H3PO4),
ionic liquids and neutral pH aqueous solution of inorganic salts such as sodium
sulfate, ammonium sulfate, and potassium sulfate [54]. The electrochemical exfo-
liation of graphite in ionic liquids produce low yield of small lateral size graphene
which is often functionalized with ionic liquids resulting in its poor electronic
properties. Higher yield of large size high-quality graphene is produced on exfo-
liation of graphite in aqueous acidic solution, but the overoxidation of graphite
produce graphene with considerable fraction of oxygen-containing functional
groups resulting in the poor properties of graphene. Electrochemical exfoliation of
graphite in aqueous solution of inorganic salts prevents the overoxidation of gra-
phite resulting in formation of graphene with lower oxygen content (C/O ratio of
17.2). The large-scale synthesis of graphene oxide sheets is reported via chemical
oxidation of electrochemically exfoliated graphene sheet.
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The electrochemical setup used for exfoliation of graphite is normally a
three-electrode cell consisting of a graphite (powder, rod, flakes, sheets, foils,
highly orientated pyrolytic graphite) as working electrode, Pt or graphite counter
electrode, reference electrode, electrolyte, and either electrochemical workstation or
power supply. All the electrodes are immersed into electrolyte with an adequate
spacing between them and the constant voltage is applied on the graphite working
electrode. Electrochemical exfoliation of graphite can be classified into anodic
graphite exfoliation and cathodic graphite exfoliation depending on the positive
(anodic), and negative (cathodic) potential, respectively, applied to the working
electrodes [55].

The mechanism of graphene synthesis via anodic graphite exfoliation involves
oxidation of graphite working electrode by anodic potential which creates positive
charge on graphite, followed by the intercalation of bulky anions in the interlayer
spacing between the graphene sheets in graphite. The intercalation of bulky anions
increases the interlayer spacing leading to subsequent exfoliation of the graphene
sheets. In cathodic exfoliation, the negative charge on the graphite favors the
intercalation of bulky cations in the interlayer spacing between the graphene sheets
in graphite. The intercalation of bulky cations increases the interlayer spacing and
helps in subsequent exfoliation of the graphene sheets.

Fig. 14.13 Schematic illustration of the mechanism of electrochemical exfoliation of graphite
[Reproduced with the permission of American Chemical Society (Ref. [49]e, J. Am. Chem. Soc.,
136 (2014) 6083–6091)]
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14.6 Electrochemical Synthesis of Highly Ordered
Nanoporous Anodic Aluminium Oxide
(AAO) Templates

As we have discussed earlier that one-dimension nanomaterials (nanowires,
nanorods, nanotubes) of conducting polymers, metals, alloys, semiconductors, etc.
very often shows better chemical, physical, electronic properties, thus finding more
extensive applications in sensors, catalysis, optical devices, microelectronics,
electrochemical energy storage, memory devices and many more. Sometimes new
unique properties are observed in one-dimensional nanomaterials which can be
exploited for new kind of applications. Gold nanorods/nanowires are used for
non-invasive light-activated photothermolysis therapy (optical hyperthermia),
which involves nonradioactive decay of the absorbed light into heat [56]. The
conductivity of polypyrrole nanowires with very small diameter (10–50 nm) is very
high compared to that of polypyrrole fibrils with large diameters [57].
One-dimension nanomaterials can be easily prepared in porous templates mem-
branes. As mentioned earlier, that the shape of the electrodeposited 1D nanos-
tructure is the replica of the internal architecture of the pores, therefore, to prepare
good-quality 1D nanostructure, a template porous membrane with well-defined
cylindrical pores should be selected. Therefore, preparation of porous template
membrane with vertically aligned and highly ordered nanopores is a very essential
prerequisite for synthesizing high-quality nanowires with narrow homogeneous
distribution of pore radius and length. Electrochemical technique is widely used for
synthesizing porous anodic aluminum oxide (AAO) membrane template with
vertically aligned and highly ordered array of nanopores [58]. Electrochemical
method involves an easy, inexpensive process of oxidizing high purity aluminum
metal foil in strong acid solution to produce AAO membrane with perfectly ordered
and size-controlled nanopores. The formation of nanopores does not require any
lithography or templating. The electrochemical oxidation of aluminum can lead to
formation of either a barrier-type non-porous anodic aluminum oxide film or porous
anodic aluminum oxide film depending on the nature of an electrolyte, pH of an
electrolyte, and anodizing time (schematic diagram shown in Fig. 14.14).

The strong acid solutions used are sulphuric acid, oxalic acid, phosphoric acid,
and chromic acid [59]. The localized dissolution of oxide during the AAO film
growth results in pore formation. The pore geometry (pore diameter and density) is
tunable over wide ranges and can be easily controlled by proper choice of elec-
trolytes, electrolyte concentration, electrolyte pH, anodizing potential/current,
anodizing time, and number of anodization steps. Thus, electrochemical oxidation
of aluminum at high current efficiency in largely near-neutral electrolytes at ambient
temperatures produces compact barrier-type AAO films which are highly uniform
in thickness (Fig. 14.14a). Recent studies show the development of the barrier films
at current efficiencies of approximately 60% or above. The development of
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relatively high field across the alumina leads to Al3+ egress and O2− or OH− ingress
through the anodic film. In acid electrolytes, or selected alkaline electrolytes, the
relatively compact barrier-type AAO films are not produced on aluminum due to
anodic polarization. Characterization of the AAO films reveals that the cylindrical
pores are normal to the macroscopic aluminum surface and are separated from
aluminum surface by a relatively compact barrier layer of scalloped shape. The
selective incorporation of electrolyte species in AAO films by anodisation under
specific experimental conditions is possible to produce tailor-made AAO films for
particular applications. The anodization at high voltage in phosphoric acid produces
AAO films with relatively large diameter pores, while AAO films with fine pores
are produced by anodizing in sulphuric acid.

The electrochemical setup used for oxidation of aluminium is normally consisted
of either electrochemical workstation or power supply connected to a two-electrode
electrochemical cell consisting of a high purity aluminium metal as working/anodic
electrode and Pt as counter (cathodic) electrode immersed in electrolyte solution.
The oxidation is carried out by applying a constant anodic voltage to the aluminium
working electrode.

Fig. 14.14 Two different
types of AAO film formed by
anodization of Al a barrier
type AAO b porous-type
AAO along with their current
(j)-time (t) transients under
potentiostatic conditions
[Reproduced with the
permission of American
Chemical Society (Ref. [58]c,
Chem. Rev., 114 (2014)
7487–7556)]
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14.7 Electrochemical Synthesis of Transition Metal
Hexacyanometallates Based Metal-Organic
Frameworks (MOFs)

The transition metal hexacyanometallates based metal-organic frameworks (MOFs)
are a type of mixed valence compound with the general formula Mx

y[Mz(CN)6]
where My and Mz are transitional metals with different oxidation numbers. The
water molecules and ions other than the transition metals may also be present in
these mixed valence compounds. Prussian blue (PB) is the oldest reported transition
metal hexacyanometallates, and PB along with its analogues have gained lot of
interest among researchers for multiple applications such as electrocatalyst, elec-
trochromic devices, ion-exchangers, ion-sensors, electrochemical energy storage
devices, magnetic and photomagnetic devices [60]. PB and its analogues are gen-
erally synthesized by either chemical or electrochemical method from a solution
containing transition metal ions (My) and transition metal cyanides [Mz(CN)6]

n−

ions [61]. Nanostructured compound of transition metal hexacyanometallates with
desired geometries (shape, size, and thickness) can be easily synthesized on con-
ducting substrates by choosing any of the electrochemical methods viz. potentio-
static, galvanostatic or potentiodynamic technique. The desired geometry is easily
obtained by optimizing the current density, deposition potential, deposition time,
etc. [62]. The oxidation states of transition metal ions in electrochemically
deposited compound can be easily altered to obtain desired functional properties
(for e.g., electrochromism, ion-exchange) by application of suitable electrical
potential.

14.8 Electrochemical Synthesis Organic Compounds
from CO2 by Electroreduction of CO2

Carbon dioxide is abundantly present in the atmosphere and the concentration of
CO2 in atmosphere has been increasing at alarming rate in a last few decades due to
continuously increasing consumption of fossil fuels (coal, petroleum products,
woods, etc.). The CO2 is a green-house gas and alarmingly high levels of CO2 in
atmosphere have raised the concern among the environmentalist because of global
warming and associated climate change. Therefore, the low-cost conversion of CO2

into useful organic compounds is an interesting option drawing the attention of
many researchers around the world to deal with the global warming and associated
climate change. Literature shows that CO2 can be electrochemically reduced to
many organic compounds, viz. ethanol, methane, ethylene, etc. Ethanol is used in
direct ethanol fuel cells (DEFCs) to generate electrical energy, therefore, elec-
troreduction of CO2 into hydrocarbons and alcohols is a process to synthesize
energy storage material [63]. The organic compounds produced by electroreduction
of CO2 and their distribution depends on the working electrode materials,
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pretreatment of the electrode surface, the electrode potential, temperature, and the
electrolyte [64]. Electroreduction of CO2 at copper electrode produces a wide
variety of hydrocarbons and alcohols.

14.9 Concluding Remarks

From the above discussion, we can conclude that electrochemical tools are being
increasingly used by researcher for synthesizing different type of bulk and nanos-
tructured materials viz. conducting polymers, metal, alloys, semiconductors, tem-
plate membranes, mixed valence compounds for numerous applications
encompassing almost all disciplines of science and technology. The electrochemical
methods are also available for conversion of toxic, environment unfriendly carbon
dioxide gas into useful organic compounds (hydrocarbon and alcohols) from which
energy can be generated later on. Ethanol is used in direct ethanol fuel cells
(DEFCs) to generate electrical energy. The electrochemically prepared nanoporous
anodic alumina templates can be used for synthesizing one-dimensional nanoma-
terials. Organic and inorganic pollutants in waste water can also be electrochemi-
cally converted to non-toxic compounds.
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Chapter 15
Synthesis of Advanced Inorganic
Materials Through Molecular
Precursors

G. Kedarnath

Abstract Requirement in various arenas of technologies for sophistication and
miniature of devices augmented the quest for novel advanced materials of versatile
nature. To meet these demands, there has always been a need to explore and
develop new ways of synthesis of advanced materials. Of these synthetic methods,
molecular precursor route has an edge over other preparative methods due to the
distinct advantages of easy processability and better control over size, shape and
quality of the resulting materials by tuning the reactivity of the molecular reactants.
Molecular precursor approach can either be multiple or single-source precursor
depending on the number of precursor being used for the synthesis of required
material. This chapter will give a brief introduction of molecular precursor-based
synthesis followed by a discussion on preparation of various advanced material
through molecular precursor approach and its comparison with other conventional
methods. The subsequent discussion includes characterization, property evaluation
and applications of these materials. At the end, the chapter will be concluded with a
brief note on future prospective of the molecular precursor route.

Keywords Molecular precursor � Single source molecular precursor � Metal
chalcogenide � Hot injection � Criteria � Reaction pathways � Metal nano � Metal
oxide � AACVD � Characterization techniques � Advanced materials

15.1 Introduction

Technological demands for the benefits of humankind have always been in a
dynamic state and have created insatiable quest for new and advanced inorganic
materials with tailor made multifunctional properties. The materials with such
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exotic properties are possible due to their size and shape tuneable properties at
nanoscale level and find various applications in different arenas [1–8]. Therefore, a
need to explore and develop new ways of synthesis of advanced materials is
inevitable. Accordingly, a wide range of methods for the synthesis of advanced
materials have been devolved over the years which may be broadly categorized as
physical (top-down or fabrication approach), chemical (bottom-up or synthesis
strategy) or hybrid methods and have been reviewed in the literature [9]. Of these
synthetic methods, chemical or bottom-up approach has advantages of low pro-
duction cost, easy processability and phase purity. The important objective of the
approach is to connect organic moieties to inorganic structures for synthesizing
materials which are difficult to prepare through thermodynamically controlled
chemical syntheses. In general, the approach is a kinetically controlled process for
deriving inorganic solids with specific properties from molecular precursors.
Among chemical methods, molecular precursor route has an edge over other
preparative routes for obvious reasons [10]. In view of this, synthesis of advanced
inorganic materials will be discussed in detail in the following sections.

15.2 Advanced Materials Through Molecular Precursor
Route

Over the years, several chemical methods have been evolved for the synthesis and
deposition of inorganic materials. Of these, molecular precursor approach is ver-
satile in nature and has distinct benefits of easy processability and better-quality
control over size, shape and phase purity of the resulting materials by tuning the
reactivity of the molecular reactants. Other advantages are the mild decomposition
conditions which enable better control over the formation of material while clean
decomposition avoids the surface contamination of unreacted reactants when the
synthetic procedure involves metal salts or oxides, etc. The term molecular pre-
cursor route comes from the molecular form of reactant or precursors being used for
the synthesis of nanomaterials. This route uses molecular precursors as the reactants
and converts them to the required material by applying suitable reaction conditions.
By definition, molecule is a group of atoms bonded together chemically. However,
in the synthesis or deposition of materials, the term “molecular” has not been used
strictly. Therefore molecular route in general may be referred to a synthetic
approach where one of the precursor/reactants required to obtain the target material
is metalloorganic or organometallic complex. Molecular precursors can be used as
reactants in precipitation/reduction at room temperature, micro-emulsion, sonica-
tion, microwave, solvo-/hydro-thermal and thermolysis methods for the synthesis of
materials. Although molecular precursors are associated with these thermal or
non-thermal-based methods, in general, many reports in the literature consider
thermal decomposition of molecular precursors either in high boiling coordinating
or non-coordinating or a mixture of the solvents as the molecular precursor method.

468 G. Kedarnath



Since these reactions are performed at relatively moderate temperatures, the
nanoparticles produced are crystalline in nature. Molecular precursor approach can
either be single- or multiple-source molecular precursor depending whether all the
elements required in the final product are in a single or more than one molecule. Of
these molecules, at least one should be organometallic or metalloorganic. However,
many reports correlate the advent of molecular precursor approach with the method
for the preparation of semiconductor nanocrystallites described by Murray, Norris,
and Bawendi [11]. The investigation describes the synthesis of high quality CdSe
nanocrystals by injecting solutions of (CH3)2Cd and tri-n-octylphosphine selenide
(TOPSe) into hot tri-n-octylphosphine oxide (TOPO) in the temperature range 120–
300 °C.

15.2.1 Multiple Source Molecular Precursor (MSMP)
Method

The method can be defined as a molecular approach where one or more reactants of
the synthesis are organometallic or metalloorganic complexes. For instance, in case
of a multiple source precursor method for binary materials, metal complex
(organometallic or metalloorganic) where metal is bonded to a donor/acceptor atom
of an organic moiety can be a metal source and an organic ligand containing
chalcogen acts as a chalcogen source. However, in case of ternary materials, the
precursors can be either two different single-source molecular precursors (SSMPs)
for binary materials or it can be a SSMP for binary material with another metal
source. For example, ternary materials like CuInSe2 can either be prepared by
thermolysis of [Cu{SeC5H3(3-Me)N}]4 and [In{SeC5H3(3-Me)N}3] [12] or [Cu
{SeC5H3(3-Me)N}]4 and an indium source (e.g. InCl3, In(OAc)3, etc.) or [In
{SeC5H3(3-Me)N}3] and a copper source (e.g. CuCl, Cu(OAc)2, etc.). In case of
utilizing two different SSMPs for binary materials, the SSMPs can consist of dif-
ferent metals with same chalcogen as in the above case or same metal with different
chalcogen like in the case of preparation of CdSSe by thermolysis of cadmium
thiolate and a cadmium selenolate complexes.

15.2.1.1 Criteria for the Reactants

In MSMP method, at least one of the reactants acting as metal carrier/source should
be organometallic or metalloorganic in nature. The reactants should be sufficiently
volatile and reactive in order to obtain materials of good quality. The ideal pre-
cursors should be less- or non-toxic, thermodynamically stable but kinetically labile
in order to release metal or chalcogen depending whether the precursor is metal or
chalcogen source. The precursors should be cheap.
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15.2.1.2 Role and Criteria for Surfactants / Passivating Agents

Nanoparticles are not thermodynamically stable due to their higher surface energy
owing to larger surface to volume ratio compared to their bulk counterparts. In
order to produce stable nanoparticles, the particle growth must be arrested by
passivating their surface by adding surface passivating agents during the reaction
which avoids the particles to come together.

The surfactants/passivating/stabilizing agents in general are high boiling coor-
dinating solvents with a coordinating head consisting of a donor atom which
coordinates to the surface of the nanoparticles and a hydrophobic long alkyl chain.
However, in some cases, long chain alkenes like 1-octadecene also passivate the
surface of the nanoparticles through their alkene bond and behave similar to that of
coordinating agents [13]. The passivating agents prevent agglomeration of the
particles by avoiding neighbouring particles coming together during the synthesis
of nanoparticles due to steric repulsion of long alkyl chains. This leads to colloidal
stability of the nanoparticles in organic solvents for a long time depending on how
strongly these passivating agents are coordinated to the surface of the particles.
Adsorption and desorption of the passivating agents from the surface of the par-
ticles during the growth phase of the particle and the affinity of the donor atom to a
specific or selective crystal face facilitate control over size, shape and distribution of
the particles.

The passivating agents used in the reaction should have sufficiently high boiling
point and better chemical, thermal stability under the reaction conditions. They
should be cheap and easily available. They should be less or non-toxic and should
not increase the toxicity of the nanoparticles once they bind to their surface.

15.2.2 Single Source Molecular Precursor (SSMP) Method

Single Source Molecular Precursor (SSMP) is defined as a single molecule con-
taining all the desired elements required for the formation of final requisite material
either through a synthetic approach or a deposition method. Ideally, the structure of
the precursor is designed in such a way that core resembles that of the desired
material as much as possible.

15.2.2.1 Criteria for Selection of SSMP

Criteria for selecting a SSMP are (i) the precursor molecule should be synthesized
easily in high yields with long shelf life, (ii) the molecule should be readily
available at lower cost with good quality and quantity, (iii) the molecule should be
air-stable and non-toxic, (iv) the precursor should have good solubility in common
organic solvent so that it is easy to purify the precursor, (v) the molecule should
decompose cleanly and controllably, (vi) should decompose at moderately lower
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temperatures to yield volatile and non-toxic by-products, (vii) should yield stable
by-products which can be removed or separated easily from the required product.

15.2.2.2 Design and Synthesis of Single Source Molecular Precursor

To meet these criteria, various types of ligands have been designed, synthesized and
utilized for the synthesis of SSMP. For instance, sterically hindered ligands [14]
have been used for the preparation of SSMP with an intention to reduce the
molecular aggregation leading to the formation of monomeric complexes which can
be obtained in the pure form and to increase the volatility of the precursor. The
usage of bulky ligands however resulted in the incorporation of more carbon
impurity into required materials necessitated a search for alternate ligands which
include saturation of coordination sphere of metal centre with neutral donor ligands,
use of internally functionalized ligands [15] and labile carbon-chalcogen bonds as
in chalcogenocarboxylic acids [16].

15.2.2.3 Reaction Pathways for the Decomposition of SSMP

Single source molecular precursor in general consists of M-E (M=metal or E=donor
atom) linkage which is required in the final material as the core of the molecule,
with different ligands surrounding the metal atom through the coordination of donor
atom to metal [17]. Typically, the reaction pathway involves decomposition of the
precursor without breaking the M-E linkage but with the removal of ligands,
resulting in the final desired material. However, sometimes SSMP may not have
M-E bond but still afford M-E linkage in the final product as in the case of some
metal adducts with organochalcogen ligands which decomposes to the material with
M-E bond in the final product.

The use of SSMP for the preparation of material can be categorized into three
different cases with respect to the reaction control over the final products [18]. In
the first case, the required elements and their stoichiometric ratio in the SSMP
matches with the ratio essential in the final target material while there is no control
over the side products of the reaction.

In case of [R′mM(ER)n] (R′ and ER are ligands) as a SSMP for the preparation of
binary oxide/chalcogenide material where one of the component is a metal and
other is a chalcogen (E=O, S, Se or Te), a reaction pathway can be illustrated as
shown in Eq. 15.1. Here, the stoichiometric ratio of M and E (1:n) fixed in the
SSMP is same as which is required in the material M-En and the side products are R
and R′.

½R0
mM ERð Þn� ! MEn þ nRþmR0 ð15:1Þ
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In case of ternary system like binary metal oxide, where there are two metal
components (M and M′) and two ligands (OR, L), the ligands may be freed as it is
or in a modified way as given below in Eq. 15.2. Both the ligands may split further.

MM 0 ORð Þn Lð Þm! MM 0On þ nRþmL ð15:2Þ

In the second scenario, not only the elemental composition of the SSMP have the
excess (Eq. 15.4) or required (Eq. 15.3) stoichiometry but also the ligands are
designed or selected in such a way that the decomposition of the precursor happens
at relatively low temperatures in order to minimize the contamination of the final
product with the unwanted side products. In both the cases, the volatile by-product
is thermodynamically stable which will be easily removed from the final product.
The moderate temperature also helps in obtaining the smaller particles owing to
slow down of particle growth. In case of [M(ER)n] as SSMP for the preparation of
binary material, following reactions may be illustrated the path.

M ERð Þn! MEn þRn ð15:3Þ

M ERð Þn! MEþRnEn�1 ð15:4Þ

In case of binary metal oxide, where there are two metal components (M and M′)
and two ligands (OR, L), the volatile or gaseous ligands are released without any
further decomposition.

MM 0
n ORð ÞL ! MM0

nOþR� L ð15:5Þ

For example, in Eq. 15.6, volatile H2 and isobutylene are evolved leaving
behind pure product [8].

Mg HCð Þ3C � O
� �

2AlH2
� �

2
! 4H2 þ 4H2C ¼ C CH3ð Þ2 þMgAl2O4 ð15:6Þ

In the third situation, the SSMP disintegrates into multi-phase materials with
perfect stoichiometry and structure [18]. In such type of cases, multiple phases
formed have molecular level interpenetration. Being originated from the same
molecule, distribution and the grain sizes of the phases can be easily controlled by
parameters such as temperature and pressure (Eq. 15.7).

2R0
2M ERð Þ2! ME2 þMþ 2R2Eþ 2R0

2 ð15:7Þ

In case of ternary materials like binary metal oxides, following reaction
(Eq. 15.8) represents third case.

MM0
n ORð Þm! MM

0
n=2Om=2 þ n=2M

0 þm=2HORþm=2 R� Hð Þ ð15:8Þ
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For example, in the following reaction (Eq. 15.9) tin(II) disproportionate into tin
(IV) and tin(0) with the loss of iso-butylene and tert-butanol [19].

BaSn2 OC CH3ð Þ3
� �

6! 3HOC CH3ð Þ3 þ 3H2C ¼ C CH3ð Þ2 þ SnþBaSnO3

ð15:9Þ

In addition to the above case, reductive elimination of metal can occur in heavy
metal complexes leaving behind the heavy metal (M) and ligand (RE) as in
Eq. 15.10.

M ERð Þn! Mþ REð Þn ð15:10Þ

15.3 Classification of Molecular Precursor Method Based
on Mode of Synthesis

15.3.1 Hot Injection and Heat-Up Method

Both the single or multiple source precursor method, further may be categorized as
hot-injection [11, 20] or heat-up [21] depending on the heating procedure.
Hot-injection is a versatile synthetic route for the preparation of various highly
uniform nanocrystals with tunable size, shape, and surface passivation having
general applicability. In hot-injection method, a stock solution containing reactive
precursors (metal and non-metal sources in case of MSMP method and a
single-source molecular precursor in SSMP method) is rapidly injected into a
pre-heated high boiling coordinating solvent inducing a high level of supersatura-
tion in the reaction mixture resulting in immediate formation of nanocrystals. In
general, the reaction temperatures are near 200 °C or higher [22]. Reaction
parameters such as temperature and time can be tuned for steady growth of the
particles formed. Hot injection method uses non-ionic precursors in high-boiling
coordinating solvents which allow relatively slow growth of nanoparticles at high
temperature resulting defect-free nanocrystals. The former approach also lets the
separation of the nucleation and growth phases which helps in achieving
monodispersed nanocrystals without any size-selection process.

Besides hot-injection, heat-up method [21] is one of the important approaches
which yield highly uniform nanocrystals with narrow size distribution. In this
method, the reaction mixture prepared at a lower temperature is heated gradually to
the reaction temperature at which nanocrystals are formed. The difference between
hot injection and heat-up methods is that both the methods have different reaction
pathways such as thermal treatment given to the reaction mixture for obtaining
nanoparticles. In heat-up method, the reaction of the precursors takes place slowly
during the heating process in contrast to the hot-injection method.
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15.3.2 Hot-Injection Mechanism

The classical model for the formation of uniform microparticles affords a useful
basis for understanding of nanocrystal formation. The basic concepts of the former
model such as burst nucleation, diffusion controlled growth, and Ostwald ripening,
can be extended to explain the mechanism of nanocrystal formation.

In general, the formation of nanocrystals is comprised of two steps, viz.
nucleation and growth phase. The graphical and pictorial representations of the
same have been shown in Figs. 15.1 and 15.2 [23, 24] (where Cm, Cmin and Cmax

are concentration of monomer, minimum concentration of monomer for nucleation
and maximum concentration of monomer for supersaturation, respectively).
Nanoparticle synthesis by thermolysis of precursors is a type of precipitation
reaction. Precipitation involves the formation of sparingly soluble species under
supersaturation condition which dictate nucleation followed by growth processes
that affect the size, morphology, and properties of the products. The required
supersaturation conditions can be achieved by altering varying parameters related to
solubility, temperature and concentration. For instance, supersaturation can be
attained by dissolving the solute at higher temperature followed by cooling to low
temperatures or by adding the excess reactant during the reaction.

In general there are three types of nucleation processes, viz. homogeneous,
heterogeneous and secondary nucleation processes. Homogeneous nucleation is a
process in which crystallization is induced with the nuclei generated within the

Fig. 15.1 Schematic illustration of the nucleation and growth process of nanocrystals in solution:
precursors are initially dissolved in solvents to form monomers, followed by the generation of
nuclei and the growth of nanocrystals via the aggregation of nuclei (Reproduced with the
permission from American Chemical Society publishers [23])
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solution. In the former type of process, the system consists of a single liquid phase
initially and the nucleation takes place spontaneously [25]. The former reaction has
very high energy barrier and requires high supersaturation level for the initiation of
nucleation process in the solution. However, the supersaturation level is relaxed
after the formation of nuclei followed by their growth. As a result, the nucleation
process ceases once the concentration is below the critical level. This type of
nucleation occurs only for a short time while the supersaturation level remains very
high. The thermodynamical driving force for such type of nucleation is the
relieving of excess free energy of the monomers in the supersaturated solution.

According to the classical theory of nucleation, the overall free energy of a
spherical nucleus (DGT(r)) is the sum of the new energy due to the formation of a
new volume, i.e., bulk contribution ((DGB(r)) and the free energy due to the new
surface created, i.e., surface contribution ((DGS(r)) which is expressed as follow
(Eq. 15.11) [21].

DGT rð Þ ¼ DGB rð ÞþDGS rð Þ ð15:11Þ

DGT rð Þ ¼ 4
3
pr3DGV þ 4pr2c ð15:12Þ

where c is the surface free energy per unit area and DGV is the free energy per unit
volume of a crystal which is equal to � RT ln S

Vm
. In the above equation, until S > 1, the

molar volume of the monomer in the crystal (Vm) drives the formation of crystals to

Fig. 15.2 Schematic illustration of hot-injection mechanism involving injection of precursors into
surface passivating agents, nucleation followed by reaction cooling leading to the growth phase.
(Reproduced with the permission from ACS publishers [24])
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ease the excess free energy of the monomers in the supersaturated solution.
However, the extra free energy required for the formation of nuclei due to the
surface term causes the nuclei smaller than critical radius (rc) to dissolve back into
the solution due to decrease in the free energy while nuclei larger than rc will grow
to form stable particles because of decreases free energy for growth.

The critical radius (rc) can be obtained by making dG/dr = 0

rc ¼ 2cVm

RT ln S
ð15:13Þ

The reaction rate for the formation of nuclei in the Arrhenius form and the
formation energy of nuclei, DGN, is equal to DG(rc).

dN
dt

¼ Aexp
�DGN

kBT

� �
¼ Aexp

�16pc3V2
m

3k3BT3N2
A ln Sð Þ2

" #
ð15:14Þ

where N, A, kB, NA and T are the number of nuclei, the pre-exponential factor, the
Boltzmann constant, Avogadro’s number and temperature, respectively.

The growth of spherical crystal particles in the solution takes place in two steps,
viz. the transport of the monomers from the solution onto the crystal surface fol-
lowed by the reaction of the monomers on the surface [22]. Applying Fick’s law of
diffusion to these two processes, the total flux of the monomer onto the surface of
the particle (Eq. 15.15) and the monomer consumption rate by the growth of the
particles (Eq. 15.16) can be expressed as:

JI ¼ 4pDrð M½ �b� M½ �sÞ ð15:15Þ

JII ¼ 4pr2kð M½ �s� M½ �rÞ ð15:16Þ

where D is the diffusion rate and k is the reaction constant, [Ms], [Mb] are monomer
concentrations at the surface and bulk, respectively, and [Mr] is the concentration of
the spherical particle of radius r. For ensuring mass balance, JI should be equal to
JII. Therefore, equating Eqs. 15.15 and 15.16, [Ms] can be expressed as:

M½ �s¼
D M½ �b þ k M½ �r

Dþ kr
ð15:17Þ

The monomer consumption is related to rate of the particle volume change as
follows:

J ¼ 4pr2

Vm

dr
dt

ð15:18Þ
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By substituting [M]s from Eq. 15.17 into Eq. 15.15 and using Eq. 15.18, growth
rate for particle can be expressed as:

dr
dt

¼ DVm M½ �b� M½ �r
� 	
r � D=k

ð15:19Þ

According to Gibbs–Thomson relation, a spherical particle with radius r in
nanometre scale has extra chemical potential, Dµ equal to 2cVm/r where c is the
interfacial tension. The relationship between monomer concentration of particle size
r ([Mr]) and crystal size is established by the Gibbs–Thomson equation which can
be expressed as:

M½ �r¼ M½ ��exp 2cVm

rRT


 �
ð15:20Þ

M½ �rffi M½ �1 1þ 2cVm

rRT


 �
ð15:21Þ

where [M]∞ is a constant.
By substituting Eq. 15.20 into Eq. 15.19, the growth rate equation for spherical

particles is given as follow:

dr�

ds
¼ S�exp 1

r�
� 	

r� þK
ð15:22Þ

where

r� ¼ RT
2cVm

r ð15:23Þ

s ¼ R2T2D M½ ��
4c2Vm

t ð15:24Þ

K ¼ RT
2cVm

D
k

ð15:25Þ

2cVm/RT and K are capillary length and Damköhler number (Da), respectively.
The former is a measure of size effect on the chemical potential of a particle and Da
shows whether the diffusion rate (D) or reaction rate (k) govern the growth reaction
[26].

The growth process can be either diffusion-limited or reaction-limited. When K/
r* < < 1, the growth rate equation is written as
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dr
dt

¼ DVm

r
M½ �b� M½ �r

� 	 ð15:26Þ

This type of growth is called diffusion controlled growth which is also experi-
mentally verified in precipitation reactions.

Both the hot-injection and heat-up methods follow different reaction pathways,
such as thermal decomposition reactions, nonhydrolytic sol–gel reactions, and
reductions for producing uniform nanocrystals of metals to metal chalcogenides.
This indicates that both the methods have common mechanism independent of the
specific reaction conditions.

15.3.3 Molecular Approach

A complementary to the classical nucleation theory is the molecular approach,
which considers nucleation and growth of nanoparticles as the reactions between
the monomers/precursors and their clusters [27–31] which has been proven both
experimentally and numerical simulations. The reaction for the particle formation
can be given as below:

MþMn �Mnþ 1 ð15:27Þ

where M and Mn are a monomer and a cluster of n monomers, respectively, and kf
and kd are the formation and dissolution reaction rate constants for cluster Mn,
respectively. At equilibrium, the concentration of cluster Mn in terms of the cluster
formation energy, D G(Mn) can be given as below.

Mn½ � ¼ M½ �exp �DG Mnð Þ
kBT

� �
ð15:28Þ

Let Mc be a cluster of critical size with critical radius rc, then, the nucleation rate
is equal to the formation rate of Mc. For this reaction, M + Mc−1 ! Mc, the
reaction rate is proportional to [M][Mc−1].

From this relation, we obtain the nucleation-rate equation as [27]

dN
dt

¼ K M½ �2oSexp
�DG Mc�1ð Þ

kBT

� �
ð15:29Þ

The above equation derived from the molecular approach is comparable to that
derived from the classical nucleation theory. The only exception is that the expo-
nential term is multiplied by the supersaturation level(S) which indicates that
irrespective of the argument, starting from the same molecular model, similar
results can be obtained [28, 29]. However, S factor does not lead to a substantial
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deviation from the classical nucleation theory as the change of the exponential term
exp[−G/kBT] has significantly larger effect on the dependence of the nucleation rate
on the supersaturation level compared to multiplication by S.

15.3.4 Heat-Up Mechanism

Mechanism for the formation of nanoparticles using molecular precursors in a
heat-up method has been explained using a simulation model [22]. The model is
based on experimental evidence that the formation of nanoparticles utilizing
molecular precursors is a two-step process which is observed in a synthesis of iron
oxide nanocrystal formation from the iron–oleate complex (Fig. 15.3) [32]. The
first step involves the thermal decomposition of molecular precursor generating an
intermediate species which act as the monomer for the formation of nanocrystals in
the second step. The simulation model considers the production of nanoparticles
from a molecular precursor in three stages. In the first step, the monomer M is
formed from the thermal decomposition of molecular precursor, P (Eq. 15.30). The
second step is the nucleation process where ‘n’ number of monomers generates a
nanocrystal Nn (Eq. 15.31). In third stage, the nanocrystal Nn grows by acquiring
more number of monomers from the solution (Eq. 15.32)

P ! M ð15:30Þ

nM ! Nn ð15:31Þ

Nn þmM ! Nnþm ð15:32Þ

Fig. 15.3 Mechanism of the formation of iron oxide nanocrystals obtained from the
solution-phase thermal decomposition of iron − oleate complex via the “heating-up” process
(Reproduced with the permission from American Chemical Society publishers [32])
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The rate of homogeneous nucleation and the growth rate of the nanocrystals in
steps 2 and 3 can be calculated using Eq. 15.14 and Eqs. 15.22–15.25, respectively.
This model is an extension of the previous hot-injection model with different
approach for supplying monomer. In hot-injection method, the precursors are
injected externally at the beginning of the synthesis which either convert swiftly
into the monomers or themselves act as the monomers. To describe hot-injection
method in the present model, the first step can be viewed as an instantaneous
process or considering both the precursor and monomer to be identical. In contrast
to hot injection method, the monomers in heat-up method are produced from the
precursors during heating.

15.4 Preparation of Advanced Materials Through
Molecular Precursor Method

The molecular precursor route both in hot injection and heat-up methods has been
adopted for the preparation of unitary (metals), binary (metal oxides, metal
chalcogenides), ternary and quaternary materials. A clear distinction between
MSMP and SSMP methods appears in the preparation of bimetallic, binary-,
ternary- metal chalcogenides and ternary metal oxides through molecular precursor
route. This is because; synthesis of unitary metal- and metal oxide-nanostructures
through molecular precursor approach involves only one molecular precursor which
can only be categorized under SSMPs. Therefore, a discussion of both MSMPs and
SSMPs included in both bimetallic and metal chalcogenide nanostructures.

15.4.1 Preparation of Metal Nanoparticles

Solution-based approaches for synthesis of metal nanoparticles and their applica-
tions have been subject of matter of many reviews [9, 33]. Way back from the
pioneering work of Faraday in 1857, the reduction of metal salts in the presence of
stabilizing agents to generate zerovalent metal colloids in aqueous or non-aqueous
medium is one of the most traditional approaches for synthesis of metal nanopar-
ticles. The reduction of metal salts to the zerovalent metallic form is an effective and
a single step strategy to produce a variety of metal nanostructures. A typical
reduction reaction of a metal cation (Eq. 15.33), is given below:

Mnþ þ ne� ! Mo ð15:33Þ

The route has been adopted for the synthesis of noble and group 11 metals such
as Cu, Ag and Au. Other than this traditional approach, a molecular precursor route
involving either reduction or thermal decomposition or a combination of both of
them or a reductive elimination (in case of heavy metals) of organometallic/
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metalloorganic precursors is an attractive route for the preparation of metal
nanoparticles. Metal nanoparticles have been prepared by thermolysis of labile
organometallic compounds either by hot-injection or by heat-up method. Although
this route is little expensive due to the involved synthesis of organometallic pre-
cursors, the advantages associated with the route make it promising for the
somewhat large-scale synthesis. The particle size, its distribution and surface states
are controlled in a better way than that are synthesized by reduction of metal salts.

Synthesis of metal nanoparticles by the decomposition of metalloorganic pre-
cursors as metal source was first introduced by Chaudret in 1990s. The decom-
position can be achieved by mild conditions of solution chemistry. The
decomposition step involves either reduction or ligand displacement from the metal
coordination sphere in the presence of a stabilizer. However, the ease of decom-
position depends on the strength of M-C in organometallic complexes and M-X
(where X is a main group element such as N, P or O) in metalloorganic complexes
[34]. The strength and reactivity of the bond in turn depend on the oxidation state of
the metal M. Initial synthetic method for the synthesis of metal nanomaterials using
molecular precursors involves thermal decomposition of zero valent metal carbonyl
complexes. Carbonyl complexes in general eliminate CO upon heating, sonication
or photolysis. This strategy has been adopted by Sulick et. al. [35, 36] and Sun and
Alivisatos [37] for the preparation of iron and cobalt nanoparticles using [Fe(CO)5]
and [Co2(CO)8], respectively. However, CO being a p acceptor and a r donor
ligand, it is difficult to remove of all CO ligands present in the complex as it
requires high temperature or ultrasonication. Adoption of such conditions leads to
an uncontrolled growth of nanoparticles. To circumvent these problems, hydro-
genation of olefin complexes has been adopted which react readily at room tem-
perature with H2 resulting in the formation of metal nanoparticles which are suitable
capped by stabilizers. The main advantages of this procedure are synthesis of
monodispersed nanoparticles due to better control over nucleation step achieved
under mild conditions and tuning of kinetics of the nucleation step by changing
temperature and the pressure of the reducing gas. For instance, [Ru(COD)(COT)]
(COD = 1,5-cyclooctadiene; COT = 1,3,5-cyclooctatriene), is a suitable precursor
for the preparation of ruthenium nanoparticles where one of the double bonds of the
COD ligand can be easily displaced by H2 leading to a rapid reaction resulting in
nascent Ru(0) nanoparticles [38] which are immediately capped by stabilizers like
alcohols. Chaudret and co-workers utilized [Co(η3-C8H13)(η

4-C8H12)] [39], [Ni
(COD)2] [40], [Ru(COD)(COT)] [38] [Rh(C3H5)3] [41], [Pd2(dba)3] [35], [Pt
(dba)x][42] (dba=dibenzylideneacetone) for the synthesis of respective metal
nanoparticles. The olefin complexes are rather limited to only a few metal
nanoparticles. For example, bis(cyclooctatetraene)iron (0) complex [Fe(C8H8)2] is
the only suitable precursor for the synthesis of Fe nanoparticles which were
obtained by the decomposition of the former under H2 at 90 °C [43]. Other than
olefin complexes, homoleptic metal alkyl/aryl derivatives containing M-C r bonds
have also been used for the preparation of coinage metal nanoparticles. For
instance, mesityl derivatives of copper, [Cu(C9H11)] has been used for the synthesis
of copper nanoparticles [44] while [Pt(CH3)2(COD)] containing both M-C r and
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olefin linkage has been utilized for growing truncated cubes or arrows [45]. Allyl
complexes having the formal oxidation state higher than that of olefinic complexes,
[Rh(η3-C3H5)3] [46] and [Co(η

3-C8H13)(η
4-C8H12)] [47] where allyl ligand is easily

displaced by H2 to yield respective metal nanoparticles stabilized by
polyvinylpyrrolidone (PVP). For copper and other main group elements like
indium, precursors such as [CpCu(tBuNC)] [48] and [In(η5-C5H5)] [49] have been
used for the preparation of copper and indium nanoparticles in the presence of PPh3
and PVP, respectively. In addition to organometallic complexes, metalloorganic
complexes (MOCs) containing amide ligands have also been used for the prepa-
ration of metal nanoparticles. These MOCs readily react with H2 even at room
temperature and decompose to respective metal nanoparticles along with amines.
The amines released during the reaction in turn weakly cap the surface of
the particles and control their shape. This strategy has been used to synthesize
transition and main group metal nanoparticles by homoleptic amide derivatives
of these metals. For example, {Fe[N(SiMe3)2]2}2 [50], {Co[N(SiMe3)2]2} [51],
{Cu[N(SiMe3)2]2} [52] have been employed for the synthesis of monodispersed
metal nanoparticles. Amidinate derivatives are another class of precursors which
react with dihydrogen to undergo decomposition accompanied by hydrogenolysis
of amidinate to amine to yield metal nanoparticles [52, 53].

15.4.2 Preparation of Bimetallic Nanostructures

Traditionally, bimetallic alloy nanostructures can be prepared by chemical methods
such as chemical reduction or physical process such as microwave synthesis [54,
55]. For instance, bimetallic nanostructures have been synthesized by reduction or
disproportionation of inorganic compounds in liquid polyols [56]. Bimetallic
nanostructures using molecular precursor method have been achieved by thermal
decomposition of two molecular precursors together in one pot. The main advan-
tage of this method is to synthesize metal alloys, whose reduction potentials are
different. The chemical composition of bimetallic nanostructures can be adjusted by
taking suitable ratio of precursors being used in the synthesis. However, the dif-
ferent reactivities of the molecular precursors lead tonon-homogeneous chemical
distribution of the metals in bimetallic nanostructures due to different kinetic
decomposition. For instance, the co-decomposition of [Ru(COD)(COT)] and
[Pt(CH3)2(COD)] in the presence of dppb (1,4-bis(diphenylphosphinobutane))
gives nanoparticles of Ru rich core and a disordered shell of both Ru and Pt, instead
of an alloy or a core–shell structure [57]. In contrast, homogeneous PtRu
nanoparticles have been prepared by hydrogenation of a mixture of [Ru(COD)
(COT)] and Pt2dba3(dba=dibenzylideneacetone) in the presence of PVP
(polyvinylpyrrolidone) [58]. For the first time, homogeneous FePt nanocrystals
were prepared by reducing platinum acetylacetonate with a long chain diol and
decomposing [Fe(CO)5] in the presence of oleic acid and a long chain amine [59].
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This successful synthesis of FePt nanocrystals using a combination of reduction and
thermal decomposition steps has been adopted for the synthesis of CoPt, FePd,
CoPt3 alloy nanoparticles [60, 61].

15.4.3 Preparation of Metal Oxide Nanostructures

Metal oxides have distinctive functionalities that are not known in other solid
materials. Nanostructures of the former form an important category of functional
materials exhibiting unique properties due to their size and a high density of corner
or edge surface sites with potential applications in gas sensors [62], photovoltaics
[63], fuel cells [64], lithium-ion batteries [65], hydrogen production by water
splitting and its storage [66, 67], water and air purification [68, 69]. In all of these
arenas, metal oxide nanostructures are playing a critical role by either improving the
efficiency of the storage devices or conversion processes or by ameliorating the
design and performance of device. Therefore, the synthesis and application of metal
oxide nanostructures with uniform size and morphology have been a subject of
matter in nanoscience and nanotechnology.

Over the years, either a number of synthetic approaches have emerged or
adapted for the synthesis of metal oxide nanostructures which may be broadly
categorized as aqueous or non-aqueous methods. Both the methods adopt either
metal salts or molecular precursors containing M–O/M-C/M–N bonds as the
starting materials for the production of the metal oxides. In this section, the focus
will be on methods using molecular precursors for the synthesis of metal oxide
nanostructures. In general, transition metals like Ti, V, Mn, Fe, Co, Ni, Y, Mo, W,
Cu, Zn; the f-block elements such as Ce, Nd, Sm and Gd) and main group elements
(e.g. In, Sn, Pb and Bi) form solid-state alkoxides. Of these, transition metals with
partially-filled d-/f-orbitals containing extra electrons easily coordinate with
hydroxyl groups of alcohols to form alkoxides. In contrast, Group I and II metal
alkoxides are difficult to prepare due to poor coordination ability while alkoxides of
noble metals are not easy to synthesize as these metal ions have tendency to get
reduced back to respective metal particles.

Aqueous methods using molecular precursors for metal oxide synthesis either
involves the hydrolysis of metal alkoxides followed by condensation [70] or the
reaction of M-C/M–N bonds of reactive molecular precursors such as alkyl or
amido complexes with water in an exothermic fashion which induce the formation
of metal oxide nanostructures at room temperature through the condensation of the
transient hydroxides. For instance, luminescent ZnO nanoparticles have been
synthesized at room temperature by the oxidation of [Zn(c-C6H11)2] in the presence
of long chain amine ligands [71]. The size in the range of 3–10 nm and shape in the
form of nanodiscs and nanorods have been controlled varying the nature and
quantity of additional ligands. The reactive complex, [Fe(N(SiMe3)2)2] has been
used for the production of iron oxide nanoparticles soluble in organic solvents [72].
However, the rapid hydrolysis and condensation steps involved in aqueous methods
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lead to the loss of control over the size and morphology of the metal oxides, often
results in amorphous product. Furthermore, the control over the composition and
the homogeneity becomes difficult in case of multi component oxides due to the
different reactivity of the metal alkoxides.

To overcome the drawbacks of aqueous methods, an effective and alternate
method the form of non-aqueous solution has been evolved. The latter method
offers crystalline materials at low temperatures with a better control over size and
morphology of the product. The method also provides increased reaction variables
such as temperature, time, and nature of surfactant. Furthermore, the non-aqueous
method adapts the organic chemistry principles involving O-C bond for better
designing and synthesis of materials. Non-aqueous method can be either surfactant-
or solvent- controlled approach. The synthesis of metal oxides in both the
approaches involves the injection of molecular precursors either in hot and high
boiling surfactant (e.g. oleylamine (OLA), hexadecylamine (HDA), tri-n-octyl-
phosphineoxide (TOPO), etc.) or organic solvents (e.g. ether, alcohols, etc.) pro-
viding the oxygen for the metal oxide. These surfactants and organic solvents
control the size, shape and other functionalities of the material. Both the approaches
have their advantages and limitations.

Non-aqueous method for metal oxide synthesis started way back in 1928 with
the investigation on alkyl orthosilicates involving the reaction of silicon tetra-
chloride with alcohols by Dearing and Reid [73]; however, the method gained
momentum only in the 1990s with a focus on metal oxide gels [74, 75] and powders
for catalysis [76].

Non-aqueous method for metal oxide nanocrystals using thermal decomposition
at high temperatures produces materials with striking properties due to altered
defect structure and nature of the surface. Surfactant-controlled route involves the
conversion of the molecular precursor into its corresponding metal oxide in the
presence of a surfactant using a hot injection method. In the latter method, the
precursors are injected into hot surfactant maintained at a required temperature
leading to the formation of target material. Surfactants are typically high boiling
coordinating solvents with long alkyl chain which prevent agglomeration of
nanoparticles through passivation of their surface.

A variety of transition metal oxide and main group metal oxide nanostructures
have been prepared either by thermal or solvo-/hydro-thermal decomposition of
metal alkoxides. Of them, most studied metal oxide nanostructures with respect to
synthesis are ZnO [77, 78] and TiO2 [79, 80] which have been reviewed in detail by
many authors. For example, spherical ZnO nanoparticles have been prepared by
thermolysis of zincethylhexanoate in diphenylether and amines [81]. Thermal
treatment of zinc glycolates [82] and glycerolate [83] has also been used for the
synthesis of various ZnO nanorods, octahedrons and hierarchical structures.

TiO2 nanomaterials have potential application in various fields [63, 84].
Titanium alkoxides such as titanium glycolate [3] and titanium glycerolate [85]
have been used as molecular precursors to prepare TiO2 nanomaterials. A number
of other transition metal oxides have been synthesized by adopting this approach.
For instance, Rockenberger et al. [86] have demonstrated the preparation of c-
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Fe2O3, Cu2O and Mn3O4 nanocrystals by injecting the solutions of their respective
metal cupferron complexes, MxCupx (M=Metal ion; Cup=N-nitrosophenylhy-
droxylamine, C6H5N(NO)O

−) in octylamine into long chain amines at 250–300 °C.
Similarly, nanocrystals of CdO have been prepared by the decomposition of the
metal cupferron complexes in tri-n-octylphosphineoxide (TOPO) under solvother-
mal conditions [87].

A number of relatively cheaper metal oleates have also been used for the syn-
thesis of monodisperse metal oxide nanocrystals such as ZnO, Fe3O4, MnO, CoO
and NiO nanocrystals using 1-octadecene (ODE), octyl ether, oleyl amine
(OLA) and trioctylamine (TOA) have been used as solvents. Pyramidal ZnO
nanocrystals have been obtained by the thermolysis of the Zn-oleate complex [88].
Ultra large-scale synthesis of monodispersed iron oxide nanostructures have been
obtained by thermolysis of iron-oleate complex in ODE [89]. MnO multipods have
been synthesized by thermal decomposition of a manganese oleate complex in oleic
acid and OLA at 320 °C [90]. The preparation of NiO and CoO nanoparticles was
reported. The dot-like NiO and flower-like CoO nanoparticles have been prepared
via thermal decomposition of their respective metal oleates [91].

Main group metal oxides like SnO2 spherical nanoparticles have also been
prepared by thermolysis of tinethylhexanoate in diphenyl ether and amines in the
range of 230–250 °C [81]. In addition to above molecular precursors, metal dike-
tonates and reactive metal alkyls have also been used for the synthesis of metal
oxide nanostructures using molecular precursor approach.

15.4.4 Preparation of Metal Chalcogenides Nanostructures

Metal chalcogenide structures are of considerable interest due to their applications
in optoelectronics [92], IR- detectors [93], solar cells [94], thermoelectrics [95],
lithium-ion batteries [96] and bio-imaging, etc. In view of this, synthesis of high
quality metal chalcogenide nanostructures with uniform size and morphology is of
considerable interest in miniaturization of devices. Although a number of methods
have been reported for the synthesis of metal chalcogenide nanostructures,
molecular precursor approach is one of the versatile methods for the preparation of
high quality nanomaterials.

Synthesis of monodispersed nanocrystals through molecular precursor approach
is pioneered by Bawendi et al. [11]. The method involves one pot synthesis of CdSe
nanocrystals by hot injection of (CH3)2Cd and tri-n-octylphosphine selenide
(TOPSe) into hot tri-n-octylphosphine oxide (TOPO). This synthetic route is one of
the most accepted non-aqueous chemical methods for monodispersed metal oxide,
chalcogenide, phosphide nanocrystals, etc. The use of TOPSe and (CH3)2Cd
motivated by the investigations of Steigerwald et al. [97] where organometallic
precursors were used for the preparation of CdSe clusters in an inverse micelles
method. The method has been developed later by Alivisatos and co-workers [98].
A number of adaptions to Bawendis’ method were reported in the literature. These
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modifications comprise the use of co-surfactants, ligand exchange after synthesis to
alter the properties, inorganic passivating shells, alternate metal and chalcogen
sources as precursors. For instance, co-surfactant like hexadecylamine (HDA) along
with TOPO to increase the quantum yield of CdSe QDs [99] while CdTe QDs
recapped with thiols showed improved quantum yield and solubility [100]. Further,
these surfactants can also be removed completely and shell of another inorganic
material can be grown uncapped nanocrystals to prepare core–shell nanocrystals
with enhanced luminescence and quantum yields [101–103].

Unlike group II-VI materials, III-VI materials show great diversity and a variety
of stoichiometries in their binary compounds. However, their polytypism, the
variety of stoichiometries and limited availability of group III elements, especially
indium are a problem as compared to the II-VI materials [104]. Synthesis of group
III metal chalcogenides, involves reaction of group III metal salts, metalloorganic,
metal complexes as metal sources and (NH4)2E, (NH2)2CE, TOPE, OLA-E (E=S,
Se or Te), etc. as chalcogen sources in various coordinating- and non-coordinating
solvents under various conditions.

Group IV-VI materials are narrow band-gap semiconductors and have attracted
considerable interest due to their potential applications in photovoltaics [105],
thermoelectrics [95] and infrared detectors [106], etc. Both hot injection and
heat-up methods have been used for their synthesis using multiple source precursor
method. Most of these methods use OLA as a passivating ligand, while group IV
metal- oxide, -acetate, -nitrate, -oleates, bis[bis(trimethylsilyl)amino]M(II)(M=Sn,
Ge or Pb) and (TMS)2E (E=S or Se), elemental sulphur/R3PE (E=Se or Te) used as
metal and chalcogen source for the synthesis of group IV metal chalcogenide
nanomaterials. OLA is used as passivating ligand due to its strong affinity for group
IV metals.

The intrinsic problems related to the use of toxic and volatile compounds in
multiple source molecular precursor method at elevated temperatures underpin the
development of SSMP method as alternative routes to synthesize quality
nanoparticles. The mechanism for producing these nanoparticles involves the
decomposition of the precursor which drives the formation of nanoparticles while
growth of the particles stops when supply of the precursor is depleted. A number of
thiolate [107], dithiolate (xanthate [108], dithiocarbamate [109], dithiocarboxylate
[110], dithiophosphate [111]), thiobiuret [112], didimethylaminoalkylselenolate
[113], thiosemicarbazide [114], diselenocarbamate [115], dichalcogenophosphinato
[116], dichalcogenoimidodiphosphinato [117], pyridylchalcogenolate [118, 119],
pyrimidylchalcogenolate [120], arylchalcogenolate [121], arylchalcogenocarboxy-
late [16] complexes of group- I, -II, -III, -IV, -V have been prepared using various
ligands and have been used as SSMPs for the preparation of metal chalcogenides.

To mention a few, thermolysis of [Cu{SeC5H3(Me-3)N}]4 in TOPO or HDA/
TOPO affords copper selenide nanoparticles of different shape and size while [Cu
{TeC5H3(R-3)N}]4 (R=Me or H) decomposes in TOPO at 150 °C gives spherical
copper telluride nanoparticles [122]. Highly luminescent CdSe quantum dots
(Fig. 15.4) have been prepared by thermolysis of [Cd(SeCH2CH2NMe2)2] in HDA/
TOPO [113]. Both the absorption and emission maxima were red shifted with the
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increasing reaction duration. Emission spectra for the smaller reaction durations (4
and 6 min) showed both the band edge and trapped state emission whereas the
emission spectrum of quantum dots isolated at a reaction duration of 30 min dis-
played only a band edge emission indicating absence of trapped states. High quality
SnSe hexagons (Fig. 15.5) with an average thickness of 80 nm have been syn-
thesized by thermolysis of [Et2Sn{2-SeC5H3(Me-3)N}2] in OLA [123].

Other than synthesis of nanoparticles, SSMPs have also been used for the
deposition of nanostructures in the form thin films using aerosol assisted chemical
vapour deposition (AACVD) (Fig. 15.6). Such films deposited on suitable sub-
strates with little processing can directly be used as devices. Recently, a number of
metal chalcogenide nanostructured thin films have been deposited using SSMPs.
For instance, [Cu{SeC5H3(3-Me)N}]4 and [Cu{TeC5H3(Me-3)N}]4 have been used
for the deposition of Cu5Se4 and Cu1.85Te, thin films respectively [122]. Similarly,

Fig. 15.4 Absorption and emission spectra of CdSe nanoparticles obtained by thermolysis of [Cd
(SeCH2CH2NMe2)2] at 187 °C in HDA/TOPO, at a 4 b 6 c 30 min of preparation (Reproduced
with the permission from Elsevier publishers [113])

Fig. 15.5 SEM images of
SnSe obtained by thermolysis
of [Et2Sn{2-SeC5H3(Me-3)
N}2] in oleylamine at 215 °C
(Reproduced with the
permission from RSC
publishers [123])
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thin films containing of Sb2Se3 or BiSe nano-wires and nano-ribbons have been
deposited by AACVD employing [M{Se-C5H3(R-3)N}3] (M=Sb or Bi) as SSMPs
[124].

15.5 Merits and Demerits of Molecular Precursor Method

Over the years, a number of researchers are advocating the use of molecular pre-
cursors for the synthesis of nanocrystals and the deposition of thin films [10, 18].
The main advantage of the molecular method over other methods in thermolysis
mode is the separation of the nucleation and growth in a controlled fashion. As a
consequence, an excellent control over the crystallite size and shape of the
nanocrystals is achieved resulting in monodispersed colloids. However, all the
multiple source molecular precursors may not be suitable for the deposition of thin
films for various reasons. This problem has been overcome by the advent of
single-source molecular precursors (SSMPs) which can be used for both the syn-
thesis of nanocrystals and the deposition of thin films using aerosol assisted
chemical vapour deposition (AACVD) technique.

The merits of the single-source precursor approach are manifold. Most of the
single-source precursors are also air-stable, less toxic and are therefore easy to
handle, purify and characterize. The molecular level mixing and the predetermined
stoichiometry of the elements in the precursors allow compositional purity or sto-
ichiometric delivery of the materials at low crystallization temperatures. Designing
of the SSMPs by proper selection of ligands are highly useful in achieving lower
and cleaner decomposition of the precursors leading to good quality nanomaterials
and thin films. The existence of preformed bonds in the single-source molecular
precursors affords material with lower defects which are prerequisites for device

Fig. 15.6 Schematic representation of the AACVD process (Reproduced with the permission
from RSC publishers [125])
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fabrication. The use of SSPs reduced the environmental impact of material pro-
cessing. Furthermore, in some cluster-based precursors, the phase of the produced
material can be controlled by the core of the molecular precursor.

Other than synthesis of nanocrystals, molecular precursor route can also be used
for thin film deposition by AACVD of SSMPs. AACVD through SSMPs has
several advantages over conventional chemical vapour deposition (CVD).
Traditional CVD requires volatile precursors with moderate vapour pressure for
thin film deposition; however, the use of SSMPs by AACVD has helped to over-
come this rigid condition. The temperature and flow conditions become simpler
with the help of SSMPs using AACVD. SSMPs made it possible to deposit thin
films with relatively simple deposition setup due to easy precursor delivery. SSMP
allows good control of the composition up to the deposition zone and a simplifi-
cation of the reactor design and processing conditions. Better homogeneity of the
thin films is achieved due to molecular level premixing of the desired elements in
SSMPs. Thus, proper designing of single-source precursors can afford a simple and
clean route to advanced materials, reduce the need of multiple precursors which are
toxic, highly volatile pyrophoric and expensive in nature. Such precursors are not
only difficult to handle but also create lot of complications during the gas-phase
reactions resulting in the formation of non-stoichiometric films [10, 17].

Despite numerous advantages of MSMPs and SSMPs, there are also several
demerits of using these precursors [126]. For instance, volatile molecular precursors
used for the synthesis of nanomaterials afford non-stoichiometric and impure
materials as these precursors may escape from the reaction flask even before par-
ticipating in the reaction. MSMPs employed for the deposition of thin films may
decompose or loss their identity before reaching the substrate and leads to incor-
poration of impurities in the thin films. Designing single-source precursors with a
moderate vapour pressure for thin film deposition by traditional CVD is a difficult
task. Many SSMPs often have low vapour pressures leading to the contamination of
the thin films due to incomplete decomposition of the precursors on the substrate. In
such cases, increasing the substrate temperatures can result in stoichiometric defi-
cient cleaner films which may have different properties compared to the films with
compositional purity. However, techniques such as AACVD and spray pyrolysis
for the deposition of thin films using SSMPs have overcome these issues.
Compared to conventional CVD, the AACVD involves the production of aerosol
droplets of precursors which will be transported with the help of inert carrier gases.
AACVD can also be used for involatile or thermally unstable precursors making
volatility is no longer a crucial condition for the selection of precursors for depo-
sition of thin films.

A major drawback of the method is the relatively high cost of the molecular
precursors as compared to the co precipitation method in the aqueous phase.
However, using relatively cheap metal precursors such as metal oleates for metal
oxide synthesis may solve the problem. The advantages of SSMP are lost if the
thermal decomposition temperature is too high or else strength of the chemical bond
between the core elements of single-source molecule are similar or weaker than
those between the core and the organic ligands, leading to adopt a non-preferred
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decomposition path by the precursor. For instance, preparation of nitrides using
tetrakis(dialky1-amido) complexes needs an extra NH3 is added to attain the correct
stoichiometry. Another important drawback of SSMP is the carbon incorporation in
the films if the decomposition pathway of the precursor leads to any non-volatile
by-products due to improper cleavage or due to the use of bulkier ligands. Such
type of situation arises due to the improper design of precursors. Furthermore, it is
difficult to deposit materials with specific non-stoichiometry.

15.6 Applications of Advanced Materials Prepared
Through Molecular Precursor Method

Nanoparticles are unique in nature for two important reasons. The first reason
being, increase in the surface to volume ratio with the decrease in size of
nanoparticles. This results in the increase in the ratio of number of atoms on the
surface compared to those in the interior of the particles. For instance, in quantum
dots more than a third of all atoms reside on the surface. Electronic properties of
nanoparticles, especially semimetal and semiconductor nanoparticles change with
size and shape of the particles. For instance, band gap of the quantum dots increases
with the decrease in the size and shape of the nanoparticles.

It is envisaged that these exceptional properties make these nanoparticles as
building blocks in advanced electronic, medical and catalytic applications. The full
potential of high quality (shape and phase pure monodispersed nanoparticles)
nanoparticles prepared by molecular precursors route is yet to be recognized. These
high quality nanoparticles have the potential impact on many future technologies
spanning over disciplines like chemistry, biology, physics, material science, envi-
ronmental science, medicine, and electrical engineering.

15.6.1 Optoelectronic and Optical Applications

The advances made in the preparation of size and shape tunable semiconductor
nanoparticles using molecular precursor route led to a number of potential opto-
electronics applications such as light-emitting diodes [127], low-threshold lasers
[128], single-electron devices [129], and quantum computing. Especially, tunability
of band gap of semiconductor nanoparticles by varying size and shape opened up
applications in tunable diodes and lasers. The degree of control over the size and
shape led to another interesting application in the form single electron transistors
where a single nanoparticle is placed between two gold electrodes by dithiols [129].
These single-electron nanoparticle devices form the building blocks for emitters
enabling quantum encryption.

490 G. Kedarnath



In addition to optoelectronic applications, defects within the particle due to
various reasons act as traps for the carriers which give rise to nonlinear optic effects
[130]. Such type of defects may arise due to the large surface area of nanocrystals,
the surrounding medium and nature of the capping agent. The nanoparticles also
have potential applications in optical amplifiers for telecommunications [131].

15.6.2 Biological and Health Care Applications

The progress made in the preparation of highly luminescent, nearly monodispersed
nanocrystals with good reproducibility and easy manipulation of organically pas-
sivated quantum dots opened up many applications in biology and biomedicine.
They have been used as fluorescent probes for the optical tagging of chemical and
biological entities [132] and luminescent probes in combinatorial chemistry and
biological screening applications.

15.6.3 Catalysis and Chemical Sensors

The larger surface to volume ratio of the nanoparticles relative to bulk materials,
along with size and shape-dependent tunability of band gap makes semiconductor
nanoparticles better candidates for sensitizers and catalysts in photochemical
reactions [133–135]. For instance, nano-aluminium is highly reactive compared to
its bulk counterpart due to increased surface area. Therefore former is used as
solid-fuel in rocket propulsion while the latter is used in utensils [136]. The size
quantization also affects the redox levels of the conduction and valence bands as the
charge carriers migrate to the surface of the particles for oxidation/reduction pro-
cesses to occur. For example, ZnS nanoparticles have been used for the oxidation of
alcohols and the reduction of CO2 to formic acid [137].

15.6.4 Energy Conversion and Storage

The applications of monodispersed and phase pure colloidal nanoparticles prepared
through molecular precursor route in photovoltaic devices are well documented in
the literature [24, 138, 139]. Especially, metal oxide and metal chalcogenide
nanoparticles have been used in various types of solar cells such as dye-sensitized
[140], quantum dot-sensitized solar cells [141], heterojunction quantum dot solar
cells [142] and quantum dot solar cells [143], etc.

Taking account of the progress made in several areas with such as faster rate, it
may be expected that the impact of nanoscience and nanotechnology on our lives
will rise remarkably in the near future.
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15.7 Characterization Techniques

The quality of the materials to be used in various applications is very important as
they are based on a particular property of the material which in turn is dependent on
the synthetic method adopted for the preparation of these materials. Therefore, the
proper characterization of a precursor and the materials with respect to their purity
is of critical importance to realize the applications of the advanced materials
obtained by these precursors. Especially, the purity of a required material generally
depends on the purity and decomposition pathway of the molecular precursor under
particular conditions. A number of techniques to characterize the materials have
been discussed in various chapters of this book. Therefore, in the present section,
some of the techniques for evaluating the purity of the molecular precursors and
their decomposition pathway will be discussed.

15.7.1 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is an important analytical
technique to determine the purity and molecular structure of compounds. In some
cases, it can also be used for quantitative measurements. NMR can also be used to
infer the basic structure of unknown compounds.

The basic principle of NMR involves two important sequential steps. The first
step involves the splitting of nuclear spin energy levels of nuclear spin active nuclei
in the presence of an external magnetic field owing to alignment of nuclear spins
either in the same or opposite direction of the applied field. In the second step, the
nuclei to be analysed are swapped with radio frequency, transition of spins in lower
energy state to a higher energy state takes place through energy transfer. If the spins
in higher energy state return to it lower energy state, energy/radiation is emitted in
the radio frequency region. The signal corresponding to this energy transfer mea-
sured in number of ways and processed to yield an NMR spectrum for the nucleus
to be analysed.

The resonant frequency of the energy transition is dependent on the effective
magnetic field at the nucleus in the focus which is affected by electron shielding
around the nuclei. The latter is in turn dependent on the chemical environment. The
resonant frequency gives the information of chemical environment around the
nucleus.

15.7.2 Single Crystal X-ray Diffraction (SCXD)

X-ray diffraction has various applications in the chemical, biochemical, physical
and material sciences. Single crystal X-ray diffraction is a technique to determine
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the molecular structure of organometallic complexes, proteins, and polymers, etc.
unambiguously under the proper conditions. The XRD technique is based on
Bragg’s law. Three important basic steps of single crystal X-ray crystallography
are, (i) selection of a crystal with insignificant imperfections and optimum size
(approximately larger than 0.1 mm in all directions), (ii) collection of reflections
from various planes of the crystal in the presence of monochromatic X-rays and
(iii) the collected data with the help of computational technique and chemical
information is used to generate and refine a model of the arrangement of atoms
within the crystal. The ultimately refined model called the crystal structure of a
molecule is deposited with the Cambridge Crystallographic Data Centre (CCDC)
which is included in the Cambridge Structural Database (CSD). The mean chemical
bond lengths and angles can be determined using X-ray diffraction data. This
technique is helpful in predicting tailor made material by assessing the core of the
molecular structure. For instance, in a particular molecular structure when the bonds
between the elements of the core must be stronger than those between the core and
the organic ligands, clean removal of organic groups can be carried out by selective
bond breaking. This leads to a tailor made material from the structural unit repre-
sented by the core. Such an approach has been adopted in growing a metastable
cubic GaS phase using gallium chalcogenide cubane [(tBu)GaS]4 [144].

15.7.3 Thermogravimetry

Thermogravimetric analysis (TGA) is a thermal analytical method which measures
the amount of weight change of a material, either as a function of increasing
temperature, or as a function of time at a constant temperature, under a flow of
nitrogen, helium, air, other gas, or in vacuum. The technique is useful in deter-
mining the decomposition temperature, thermal behaviour and decomposition path
of the molecular precursor. These details are helpful in the synthesis of nanoma-
terials and deposition of thin films using molecular precursors. The weight loss
details along with XRD pattern of the residue obtained by the decomposition of
molecular precursor can be used to determine the composition and phase of the
material formed after the decomposition.

15.7.4 Massspectrometry

Mass spectrometry is one of the important tools to determine both the structure and
decomposition of pathway of a molecule. This technique is especially useful for
predicting the plausible molecular structure of a molecule whose single crystal is
difficult to grow for single crystal X-ray diffraction analysis.
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15.8 Conclusions and Future Prospective

The quest for novel advanced materials gathered momentum due to technological
innovations in various fields. For obtaining these materials a number of synthetic
methods have been explored. Among these methods, molecular precursor route has
been both versatile as well as easily processing method for scaling up the synthesis
of high quality materials in terms of size, shape and phase. Both multiple and
single-source molecular precursors in hot injection and heat-up mode can be used
for nanomaterial synthesis depending on the final product required. This chapter
provides some of the basic and advanced information about molecular precursor
method and its advantages over other methods. Although there are various
advantages of molecular precursor method, the challenges associated with this
method for scaling up from lab to commercial scale are being addressed with
continuous development in fundamental and engineering level.

Future developments in this method of synthesis for advanced materials should
be focussed on precursor chemistry, controlling the reactivities of reagents, heat
treatment and management, reproducibility during scale-up. These advances will
make sure that the synthetic procedures are not limited to batch methods but pro-
gress towards scale-independent processes.
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Chapter 16
Synthesis of Metal Organic Frameworks
(MOF) and Covalent Organic
Frameworks (COF)

Adish Tyagi and Siddhartha Kolay

Abstract Since the very beginning, nature has demonstrated its ability to create
complex systems with advance functions from atomic-level assembly. Gaining
inspiration from nature, an enormous progress has been achieved in constructing
crystalline porous material frameworks like metal organic framework (MOF) and
covalent organic framework (COF) with predetermined topologies, large surface
areas, tunable pore sizes and functionalities. They provide many key features
required in industrial applications, like high surface area, uniform nanoporosity,
interconnected pore/channel system, accessible pore volume, high adsorption
capacity and shape/size selectivity. These features make them an ideal material for
gas storage and separation (such as H2, CH4, CO2). In fact, having superior crys-
tallinity, porosity and stability relative to other porous materials, MOFs and COFs
affirm their candidature for a wide range of applications. This chapter gives a brief
background of porous materials and their classification, followed by a discussion on
MOFs, COFs and their properties. The subsequent section includes design and
synthesis strategies followed by a detailed discussion related to their applications in
various frontline areas.
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Acronyms used in the chapter

Organic linker

MOF Metal organic framework

COF Covalent organic framework

ZSM-5 NanAlnSi96-nO192.16H2O (0 < n < 7)

SBU Structural building unit

DCC Dynamic covalent chemistry

POP Porous polymeric framework

MOF-5 [Zn4O(C8O4H4)3] 1,4-benzenedicarboxylate

MOF-74 Framework of M2+ with
2,5-dihydroxybenzene-1,4-dicarboxylate

2,5-dihydroxybenzene-1,4-dicarboxylate

MOF-177 [Zn4O(C27H15O6)3] 1, 3, 5-tris(4-carboxyphenyl)benzene or
benzene tri benzoic acid

HKUST-1 Cu3O12C18H6 1,3,5-benzene tricarboxylic acid

ZIF 8 ZnN4C8H10 2-methylimidazole

COF-5 C9H4BO2

IRMOF Metal Organic Framework. with
1,4-benzodicarboxylic acid

IRMOF-3 [Zn4O(C8H5NO4)3] 2-aminobenzene-1, 4 dicarboxylic acid

IRMOF-11 [Zn4O(C18H12O4)3] 4, 5, 9, 10-tetrahydropyrene-2, 7-
dicarboxylic acid

MIL Materials Institute Lavoisier

IRMOF-20 [Zn4O(C8H2O4S2)3] Thieno[3, 2-b]thiophene-2,
5-dicarboxylic acid

MIL-53(Fe) 3D-[M(l4-bdc)(l-OH)]

Mn-BTC Mn-MOF with benzene-1,3,5-tricarboxylic
acid

DAAQ-TFP COF from 2,6-diaminoanthraquinone
(DAAQ) and 1,3,5-triformylphloroglucinol
(TFP)

2,6-diaminoanthraquinone and
1,3,5-triformylphloroglucinol

MIL-100
(Cr)

[M 3O(H 2O) 2F 0.8(OH) 0.2){C 6H 3(CO
2)3} 2 H2O ()]

MIL-101
(Cr)

3D-[Cr3(O)(bdc)3(F)-( H2O)2]

MCM-41 Mobil Composition of Matter No. 41

COF-320 Synthesized from tetra-(4-anilyl)methane
and 4,4′-biphenyldialdehyde

tetra-(4-anilyl)methane and 4,4′-
biphenyldialdehyde

16.1 Introduction

Meeting ever-growing energy needs for the over growing population demands an
enormous amount of sustainable energy source and their storage medium [1].
Moreover, the power generation through burning of fossil fuels causes significant
damage to the environment due to the release of a large amount of CO2 and SO2
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gases in the burning process. This has led to extensive work not only in searching
an alternative non-emissive renewable energy sources like solar, wind and wave or
other energy production sources like nuclear power, hydrogen power and electro-
chemical but also focussing on the storage of the energy for their effective use [2–
6]. Porous materials have emerged as the material of choice in the area of energy
storage since they already find relevance in the field of gas storage for clean energy
production like (H2, CH4, etc.), water purification, photocatalysis and heteroge-
neous catalysis [7, 8]. Porous materials are defined as open framework solids. They
are also called molecularly engineered materials since their structures can be tuned
at molecular level making them adaptable for a wide variety of applications. They
are of great technological significance because of their high surface area, tunable
pore size and ability to interact with reactants (atoms, ions and molecules) at their
surface and bulk. Researchers have designed novel porous materials by gaining
insight from nature. Honeycombs with hexagonal pores, hollow bamboo, alveoli in
lungs, bones, etc., are few examples of porous structures found in nature. Some
common examples of porous materials designed by researchers include activated
carbon, mesoporous silica, zeolites, metal organic frameworks, covalent organic
frameworks [9–11].

The first porous material ever used by the mankind was porous carbon (activated
charcoal). It had great significance since ancient times due to its miraculous ability
to cleanse and detoxify. Its actual discovery is likely to be long before its first
recorded use *3750 BC for melting and combining metals in ancient Egypt.
Around 400 BC, first written record of antibacterial and water purification use of
activated charcoal was found. Apart from this, people have also used the decol-
orizing property of activated charcoal [12]. With the progress of time, new porous
materials were discovered and utilized for the benefit of human mankind like
porous hydraulic cements, used as an important building material in Roman
antiquity [13].

Next big thing in the field of porous materials was the discovery of zeolites
minerals (stilbite) by the Swedish mineralogist Axel Fredrik Cronstedt in 1756,
which he described as the “boiling stones” that is why the word zeolite originates
from the Greek words “zeo (to boil)” and “lithos (stone)” [14]. Zeolites are “tec-
tosilicate” minerals, constructed from interconnected TO4 tetrahedra (where T
stands for Si, Al or B) through corner sharing, to produce three-dimensional
frameworks [15]. Nanopores of zeolites have been used for many decades in
applications ranging from catalysis to gas separation to ion exchange [16].
Realizing the importance of natural zeolites, researchers put significant efforts to
synthesize zeolites in laboratory, with first artificial zeolite synthesized in 1950 by
Milton and Breck by reactive gel crystallization method [17]. In 1972, the mirac-
ulous ZSM-5, a high-silica zeolite was developed by Argauer and Landolt which
found enormous applications in the field of catalysis, [18]. Following this, various
other porous silicates and phosphates were discovered and got utilized in various
industrial applications. However, the difficulty in pre-designing the structure and
pre- and post-functionalization of pore channels, to perform highly specific and
cooperative functions limited their sophisticated use and further led to search for
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new ultra-porous materials [19]. Also, the need to achieve uniform pore size, shape
and volume has been realized over the years as it can lead to superior properties.
For instance, a distribution of pore sizes would severely limit the ability of the
porous solid to separate molecules of differing sizes leading to poor selectivity [20].

Design and synthesis of porous materials with ordered tunable pore size having
specific functionality are one of the main challenges for improving their perfor-
mance in the area of gas storage, energy storage, electronic properties, etc. [21].
With untiring efforts of the scientific community worldwide, the understanding
about the structure of ordered porous materials and how to control and adjust them
has increased considerably. In the ongoing quest, researchers prepare porous solids
which involve the coordination of metal ion centre with the organic linkers. In fact,
these inorganic–organic porous materials were known since very long time. Early
examples include metal cyanide complexes (Hofmann-type clathrates, Prussian
blue-type structures) Werner complexes and open diamond-like framework con-
structed from copper nitrate complexes. During 1990s, metal–organic porous
materials gained renewed interest but their inability to maintain permanent porosity
and avoid collapse of frameworks upon guest removal or guest exchange were
major drawbacks which limits the application of this class of materials.

These shortcomings were overcome by the pioneering work of Omar M. Yaghi
and co-workers [22] employing reticular chemistry which led to the discovery of a
new type of inorganic–organic hybrid porous materials with permanent porosity in
1998 and were classified as metal organic frameworks (MOF). The hybrid material
consists of Zn2+ ions, and 1,4-benzene dicarboxylates [22] were termed as MOF-5.
MOFs can be defined as a class of hybrid framework solid materials comprised of
organized organic linkers and metal cations. On a fundamental level, MOFs epit-
omize the beauty of chemical structures obtained by combining organic and inor-
ganic chemistry, two disciplines often regarded as dissimilar. Due to the ultra-high
uniform porosity, adjustable pore size, MOFs exhibit improved performance in the
areas of catalysis, adsorption and separation [9, 23]. However, their inadequate
chemical and thermal stability due to reversible nature of the coordinate bond
generated during synthesis were few shortcomings needs to be overcome. The
thermo-chemical stability of porous materials can be improved by replacing the
weak coordinate bonds with strong covalent bond. However, building crystalline
organic framework structure by linking organic building blocks through strong
covalent bonds is a challenging task as they often result in the formation of
amorphous cross-linked polymer [24].

O. M. Yaghi and co-workers [25] were able to solve this long standing problem
by synthesizing the first crystalline covalent organic framework (COF) in 2005
using basic principles of dynamic covalent chemistry (DCC). COFs have received
considerable interest in recent times, due to their ability to merge the advantages of
both porous materials and polymers. COFs exhibit well-defined porosity, easy
processability so much so that some of the COFs can be dissolved in solvent and
then processed using solution based techniques without destroying porosity. Lastly,
the availability of various synthetic routes for COFs enables to fine tune multiple
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functionalities into the porous frameworks or at the porous surface [26–29]. Before
proceeding further, it will be essential to classify the porous materials on the basis
of pore size and depending upon the building blocks.

16.1.1 Classification of Porous Materials

16.1.1.1 Depending upon the Pore Size

Porous solids are classified by IUPAC into three categories on the basis of their
pore sizes: (a) Microporous materials—pore diameter in the range of 2 nm and
below, e.g. MOFs, (b) Mesoporous materials—pore diameter in the range of 2–
50 nm; e.g. Mesoporous silica and alumina and (c) Macroporous materials having
pore diameter more than 50 nm, e.g. metal foams (Fig. 16.1) [20].

16.1.1.2 Depending upon the Building Block Framework

Porous materials can also be classified as (i) purely inorganic, (ii) inorganic–organic
hybrid and (iii) purely organic on the basis of the constituted framework material
type (Fig. 16.2).

Fig. 16.1 Classification of porous materials on the basis of pore size
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(a) Inorganic porous frameworks
This class of materials includes zeolites, aluminophosphates, metallosilicates
(titanosilicates, germanosilicates) and metal phosphates. Zeolites are crystalline
aluminosilicates which consist of interconnected TO4 tetrahedra (T = Si, Al) via
corner sharing with a general formula Mx/n[(AlO2)x(SiO2)y]�wH2O (M = Na, Li,
K, Ca and Mg), where m is the valency of the metal ion which balances the
negative charges on aluminosilicates. The presence of these cations in the
frameworks leads to exchange characteristics in zeolites. Generally, zeolites are
bronsted acids and their framework contains pore having diameter in the range
from 3 to 15 Å [30a]. Variety of materials having different chemical function-
ality can be realized by substituting Si and Al which are substituted with dif-
ferent elements like P or Fe. However, from applications point of view,
high-silica materials are most important due to their exceptionally high thermal
and hydrothermal stability under process conditions [30b, c].
Another important material of this class is aluminophosphates (AlPOs)
obtained by the replacement of the silicon atoms in zeolites with aluminium and
phosphorus. Aluminophosphates are usually formed as neutral, due to the
presence of octahedral aluminium sites in the framework. Due to low pro-
duction costs, high chemical and thermal stability, materials of this class were
widely employed as industrial adsorbents and catalyst [20, 31].

(b) Inorganic–organic hybrid porous frameworks
Lack of functionalization and control over the structural integrity of inorganic
materials (activated carbons and zeolites) limits their ability to carry out spe-
cialized functions. The development of inorganic–organic hybrid porous
frameworks leads to the discovery of novel unprecedented structures which
allows the tailoring the functionality of both pores and surface by judicious
choice of inorganic and organic parts. The common example of this class
includes metal organic frameworks (MOFs). Developed by the
three-dimensional crystalline assembly of metal containing units (secondary
building blocks (SBUs)) and organic ligands, MOFs possess flexible structure
of well-defined pore sizes, surfaces areas [32]. The metallic units are present at
the node separated by organic spacers. The metal ions employed in the

Fig. 16.2 Classification of
porous materials on the basis
of building block framework
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construction of MOFs include metals from alkaline earth metals, transition
metals, p-block elements, rare earth elements (RE = Ln, Y, Sc), actinides and
even mix metals [33–35]. Since MOFs structure and in turn its property
depends on the choice of metal ions and organic spacer, a variety of organic
ligands of different shape and size have been utilized in the synthesis of MOFs.
The commonly used organic ligands are carboxylates, Schiff bases, imidazolate,
phosphates, pyrazine and bipyridine.
Construction of MOFs follows the basic rules of reticular synthesis where there
is direct correlation between the structure of reactants (building block), the
structure of frameworks and porosity. In principle, reticular synthesis can be
considered as a process where judiciously designed primary building blocks are
stitched together to form secondary building blocks (SBUs), held together by
strong bonding interactions leading to a predetermined ordered structure [36] as
shown in Fig. 16.3.
The amazing thing about primary building blocks used in the reticular synthesis
to generate MOFs is that they maintain their structural integrity throughout the
construction process unlike traditional solid-state method where reactants do
not maintain their structure during synthesis leading to poor or no correlation
between reactants and final frameworks.
The topology of the structures constructed by assembling the SBUs through
reticular chemistry can be described by a net, assigned by a three-letter symbol
such as pts, rht and soc. The details of nets can be obtained from Reticular
Chemistry Structure Database (RCSR) [37] or a computer program TOPOS
[38] while new nets can be identified by a mathematical program called
SYSTRE [39].

It is important to note that reticular synthesis is different from retro-synthesis as well
as from supra-molecular assembly. Unlike retro-synthesis, structural integrity of
building block used in reticular synthesis remains intact throughout the process and

Fig. 16.3 Schematic
representation of construction
of MOF through primary
building blocks

16 Synthesis of Metal Organic Frameworks … 509



in contrast to weak interactions responsible for the supra-molecular assemblies,
building blocks in reticular synthesis are linked through strong bonds throughout
the crystalline network [36, 40, 41]. MOFs can be classified as (i) first generation,
(ii) second generation and (iii) third generation depending upon the stability and
flexibility of frameworks [42]. The description of different generations of MOFs is
discussed in Fig. 16.4. The details of underlying principles involved in the design
and synthesis of MOFs are discussed in a separate section.

Due to open framework nature, porosity and tunable functionalities, MOFs find
extensive use in gas storage, separation, catalysis, energy storage and various other
important applications which will be discussed in a separate section.

Despite the exciting properties, MOFs also suffer from few but serious disad-
vantages which are as follows:

(i) MOFs lack sufficient thermal and chemical stability, since they are held by
relatively weak coordinate bond [43].

(ii) Most of the MOFs are sensitive towards the presence of water [44].
(iii) The porosity of MOFs is difficult to extend to mesoporous region, thus

making it inefficient for certain application like storage of bigger sized
molecules (e.g. bio-molecules) [44].

Fig. 16.4 Classification of MOFs depending upon the nature of framework
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(c) Organic porous frameworks
Porous materials which are completely built out of organic building blocks
have always attracted the scientific community. Organic porous materials are
exclusively prepared from organic building blocks linked through strong
covalent bond. Materials of this class possess some unique advantages like:

(i) Organic frameworks show high thermal and chemical stability, since they
are prepared by connecting organic building blocks through strong
covalent bonds.

(ii) Unlike other frameworks, organic framework materials are made up of
only lightweight elements (C, B, O, H, etc.) which appreciably reduce
their density and make them suitable for gas storage purpose.

Depending upon the crystallinity of framework, organic framework materials are
classified as:

(i) Porous polymeric framework (POPs): These are class of heavily cross linked
microporous polymers synthesized by irreversible C–C coupling reaction like
Sonogashira–Hagihara coupling, Suzuki coupling, Friedel–Crafts reaction,
acetyl cyclotrimerization, oxidative coupling reaction and phenazine ring
fusion reaction [45–49]. POPs are amorphous in nature due to irreversible
nature of bond formation mechanism (Fig. 16.5). These materials possess high
thermal and chemical stability with high surface area. Examples of this class
include CMP-5 and CMP-0 with surface area in the range from 512 to 1018
m2g−1 as reported by Cooper and co-workers [50].

(ii) Covalent organic frameworks (COFs): Covalent organic frameworks are rel-
atively new class of crystalline organic porous materials generated through
reticular chemistry. In simple words, COFs can be explained as the geometric

Fig. 16.5 Schematic representations of POPs and COFs by irreversible and reversible reactions,
respectively
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constructs of molecules which are positioned in a specific spatial orientation to
enclose space into which reactivity of the atom and molecules are expressed in
ways not possible in discrete molecules [51].

G. N. Lewis, a pioneer in the field of chemical bonding, had beautifully
explained how atoms combine to form molecules via strong covalent bonds. With
advances in the field of synthetic chemistry, researchers have developed
“Retro-synthesis” which discusses the principles to synthesize pre-designed mole-
cules from readily available small molecules. With untiring efforts, researchers
learnt how to link the small organic molecules by covalent bonds to form macro
molecular structures (polymers). Researchers were able to generate well-defined 2D
and 3D supra-molecular structures through self-assembly of building blocks which
are held together by weak interactions like van der Waals forces, intra- and
inter-molecular hydrogen bonding and C���H interactions. However, any modifi-
cations in supra-molecular assemblies without destroying the structure are difficult
to achieve because [51]:

(i) Any modification of the constituent building blocks will alter the interaction
leading to formation of different assemblies.

(ii) Any chemistry operation on these assemblies can destroy their structural
integrity.

Moreover, supra-molecular assemblies have poor thermo-chemical robustness as
constituent building blocks are held by weak chemical interactions. Thus, it was
considered essential to develop strategies that assemble molecular building blocks
through strong covalent interactions instead of weak interactions. In 2005, Yaghi
et al. have successfully demonstrated the formation of organic crystalline frame-
works by linking the organic molecules in a precise manner through covalent bonds
while maintaining their molecular integrity. They named these frameworks as
covalent organic frameworks (COFs) [25]. COFs are mainly constructed by organic
reactions which are reversible in nature. The reversible bond formation in COFs
synthesis provides error checking and proof reading characteristic to the system.
This creates an auto repair mechanism through multiple reversible bond formation
cycles leading to the formation of stable COFs as final product [52]. The general
approach for the synthesis of COFs can be described in following steps [51]:

(i) Target network topology is identified which is subsequently deconstructed
into its fundamental units.

(ii) Evaluation of these units according to their connectivity and geometry (e.g.
tetrahedral vs square-planar for the connectivity of four).

(iii) Identification of organic molecules (linkers) called building blocks equiva-
lent to these geometric units.

(iv) Construction of COF by the formation of strong covalent bonds between the
building blocks using the principle of reticular chemistry.
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The widely used reactions for COFs synthesis were:

(i) Boronic acid trimerization [25]
(ii) Boronate ester formation [52]
(iii) Nitrile group trimerisation [26, 53]
(iv) Schiff base reaction [53].

It is worth mentioning that any attempt to synthesize COFs using irreversible
reactions always leads to the formation of amorphous porous polymeric frameworks
(POPs) because formation of amorphous material using irreversible reaction is
thermodynamically favourable. Thus, reversibility during bond formation is an
essential criterion for the formation of extended crystalline COFs. Microscopic
reversibility can be achieved by controlling the concentration of the by-product
(generally water) and pressure.

COFs exhibit high physico-chemical stability and low density due to presence of
strong covalent bonds and lightweight constituent atoms. COFs can be pre-designed
and modified without destruction of structure. Moreover, their pores can be func-
tionalized and the size can be tuned through proper selection of the building blocks.
As a result, COFs open up a new dimension in the material chemistry and are used
in the various fields like gas storage, separation, catalysis, photo-conducting
materials and sensors.

COFs can be realized in two dimensions (2D) or three dimensions (3D)
depending upon the symmetric combinations of organic molecules used for the
preparation. 3D COFs are rather rare due to scarcity of higher symmetric organic
building units, and most of the COFs reported so far possess 2D structure [25, 53,
54]. In 2D COFs, the covalently bound framework proceeds in horizontal direction
and thus exhibits homogeneous porosity in their extended 2D sheets. Stacking of
these 2D sheets occurs via p-p interaction in eclipsed conformation which results in
the formation of ordered columnar channels. Such channels in 2D COFs could
facilitate charge carrier transport within the column, which implies that 2D COFs
have potential for wide range of applications in fields such as sensing, separation,
storage and catalysis. In contrast, 3D COFs possess extended three-dimensional
framework which could led to high specific surface areas comparable to MOFs and
are likely ideal candidates for gas storage and separation applications.

Despite such promising properties, real-life applications of COFs are yet to be
realized due to the issues related to their chemical stability and scalability.
Moreover, in the presence of moisture COFs generally get hydrolyzed to the
starting materials. This is because COFs are generally formed by condensation
reaction where water is excluded as by-product and its presence leads to reversible
back reaction causing hydrolysis of COFs.

The following sections will discuss the design and synthesis strategy, synthetic
protocols and applications of MOFs and COFs.
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16.2 Design and Synthesis Strategy

The performance of the porous materials depends to a great extent on the proper
design and synthesis of the materials with well-defined pore size and controlled
functionality. In a broader view, MOFs may be considered as a combination of two
central components: connectors and linkers [55, 56]. These two components are
considered as starting reagents with which the principle framework of the MOFs is
constructed. Apart from them, there are other auxiliary components, such as
blocking ligands, counter anions, and non-bonding guests or template molecules.
Figures 16.7 and 16.8 give an overview of the different types of connectors and
linkers and their combination in the formation of different geometries of the MOFs.

The stability of the frameworks plays a very important role in the successful
synthesis of frameworks. The coordination numbers as well as the coordination
geometries of the metal ions are two very crucial parameters in deciding the sta-
bility of the framework. The nature of the metal ions and its oxidation state has a
strong influence on the shape of the pore. Thus, depending on the nature of metal
ions and its oxidation state various geometries like linear, T-shaped, Y-shaped,
tetrahedral, square-planar, square-pyramidal, trigonal–bipyramidal, octahedral,
trigonal-prismatic, and pentagonal-bipyramidal (Fig. 16.6) are possible.

Transition metal ions are commonly used as versatile connectors in the con-
struction of MOFs. Linkers afford a wide variety of linking sites with tuned binding
strength and directionality. The role of connectors and linkers in the formation of
stable framework is well-explained by Kitagawa et al. [55] and Zhou et al. [56].

Depending upon the charge on the linker molecules, linkers are broadly clas-
sified into four categories: (a) inorganic ligands (e.g. halides, CN−, SCN−,
cyanometallate ([M(CN)x]

n−), (b) neutral organic ligands like pyridine (py), 4,4  -
bipyridine (bpy), (c) anionic organic ligands like various carboxylates with suitable
spacer and (d) cationic organic ligands like poly pyridinium ions. Figure 16.7 gives
a schematic representation of the various types of linkers. The suitable combination
of connector(s) and linker(s) gave different structural motif.

The nature of bonding and overall charge plays a very important role in deciding
the stability of frameworks [55]. Overall framework has to be neutral. Since in
MOFs, most of the connectors are cationic metal ions, the positive charge of the
metal ions got balanced by negatively charged linkers such as carboxylates. Though
the above-mentioned four types of linkers are used in metal–organic framework
synthesis, it has been observed that organic ligands with carboxylate functional
groups with suitable spacer (type C) are most commonly used in MOFs synthesis. It
is also seen that apart from the anionic linkers some inorganic anions, like BF4

−,
NO3

−, PF6
−, SiF6

− and N3
−, are also used in MOFs synthesis as a counter-anion of

the metal salts, and these inorganic anions exist either as free guests or as
counter-ions mostly to neutralize the cationic connector. Besides charge neutral-
ization they also help in increasing the stability of the frameworks and modify the
channel shape through hydrogen bonding with their O and F atoms.
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In general, the bonding interaction in MOFs can be divided into three classes
(Fig. 16.8), namely (a) coordination bond (CB) where a pure coordination bonding
interaction takes place between the connectors and the linkers with donation of
electron pair from linker to the connector, (b) combination of coordination bond
and hydrogen bond (CB + HB): both coordinate and H-bonding are present in the
framework. The presence of H-bonding in addition to coordination bonds imparts
additional stability in the framework compare to coordinate bonding only, (c) co-
ordination bonding along with other interaction like dp-pp, dp-dp or d-bonding.

Sometimes, the mutual orientation of the two aromatic rings may undergo p-p
interaction or the p-cloud of one aromatic ring interacts with CH-moieties of other
unit. It has been observed that 1D and 2D motifs often aggregate through these

Fig. 16.6 Different
geometries of connectors and
linkers and their combination
forming different MOFs [56]
[Copyright: Royal Society of
Chemistry]
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Fig. 16.7 Different types of linkers used in MOFs synthesis
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additional weak bonds to give 3D frameworks. This type of weak interaction plays
a very important role in the interaction of the guest molecules with the motifs.

Unlike MOFs, in covalent organic frameworks (COFs) the symmetry of the
building blocks governs the topological structures of the pores [26]. For example,
COFs with hexagonal pores can be generated by the combination of a
C3-symmetrical building blocks or a C3- and C2-symmetrical building block, while
the combination of C4- and C2- or C6- and C2-symmetrical building blocks results
tetragonal and trigonal pores, respectively. Figure 16.9 represents the formation of
various topological structures of the pores in combination of various building blocks.

In COFs, there are no metal ions, and hence, the possibility of frameworks
extension via the coordination bonding of the organic ligands with the metal ions
which is one of the main modes of interaction in MOFs is not possible [52]. Thus, in
COFs the extension of the frameworks takes place via various condensation reac-
tions. Depending upon the type of functional groups present in the building blocks,
various condensation reactions such as boronic acid trimerization, boronate ester
formation, Schiff base reaction and nitrile trimerization are reported for the con-
struction of COFs (Figs. 16.10 and 16.11).

Most of the afore-mentioned chemical reactions, being kinetically irreversible in
nature lead to the formation of polymeric compound instead of crystalline frame-
work material [25, 26]. COFs are highly porous crystalline and stable materials
which can be prepared by reversible cross-linking of rigid organic building blocks.
In this aspect, concept of dynamic covalent chemistry (DCC) pertaining to reversible
bond formation (reticular chemistry) find relevance for the synthesis of crystalline
COFs. Contrary to conventional covalent bond formation, DCC regulates the ther-
modynamic equilibrium during bond formation via self-correction and thus leading
to the formation of the most thermodynamically stable crystalline structures.
Figure 16.12, gives the various steps involved in the formation of crystalline COFs.

However, reversibility is not the sole factor that can assure the long range
ordering. The topology of the building blocks has important role to play in deciding
the crystallinity of COFs. The symmetry of building blocks meets the requirement
of constructing the regular pores while DCC accounts for the reversible formation

Fig. 16.8 Types of interactions in porous framework structure
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Fig. 16.9 Fusion of building blocks with different geometries to design COFs [26]
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Fig. 16.10 Various linkages amendable for the preparation of COFs [52]

Fig. 16.11 Schematic representation of the reactions for the preparation of COFs [52]
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of covalent bonds through self-correction. Thus, choice of building block should be
in accordance with the reactivity of the functional group that triggers dynamic
covalent bond formation. In addition, different types of organic linkers on basis of
symmetry should be selected so that the topology of the pore of the framework
materials can be controlled. For instance, Schiff base condensation reaction is the
more profuse chemistry used for the synthesis of imine-based COFs. This is
attributed to the control provided over bond formation, breaking and reformation of
bond which ultimately facilitate crystallization process in COFs formation [57].

Apart from DCC strategy and topology of building blocks, several other factors
such as reaction conditions, temperature, amount of the reactants, water and catalyst
amount influence the reaction. These important parameters needed to be concerned
during synthesis of thermodynamically stable highly porous and crystalline COFs.
Moreover, the solvent combination is also vital parameter to control the porosity
and crystallinity of the COFs. To sum up, there are handful reversible reactions
available that fulfils the criteria for the formation of thermodynamically stable
crystalline architectures.

16.2.1 Synthetic Methods

As already mentioned, the important as well as the crucial step in MOFs/COFs
synthesis is to find out the suitable conditions that lead to the formation of building
blocks without decomposition of the organic linker. Shape and size of the channel
of the frameworks depend to a large extent on the synthetic methods employed.
Figure 16.13 gives an overview of the different synthetic methods conventionally
used for MOFs synthesis.

The parameters affecting the framework synthesis can be divided mainly into
two categories: compositional parameters (molar ratios of starting materials, pH,
solvent, etc.) and process parameters (reaction time, temperature, pressure, etc.).
Temperature is one of the main parameters in the preparation of porous frame-
works. Various synthetic routes like solvothermal, non-solvothermal, microwave
heating, electrochemistry, mechanochemical and sonochemistry (Fig. 16.14) are
frequently used. A brief knowledge about the various synthetic routs is mentioned
below.

Fig. 16.12 Schematic
representation of steps in
dynamic covalent chemistry
[58]
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Fig. 16.13 Overview of MOF synthesis under different conditions leading to different product

Fig. 16.14 Combination of favourable and unfavourable conditions for mechanochemical
reactivity
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16.2.1.1 Solvothermal Synthesis

This is one of the highly popular and commonly used techniques for the synthesis of
porous crystalline frameworks. Here the reaction takes place in close vessels under
autogeneous pressure above the boiling point of the solvent. Generally, this is a
comparatively low temperature and high pressure reaction and the reaction is carried
out in auto-clave. The method involves mixing of the reactants in a single solvent or
combination of solvents in different ratios. The solvent or mixture of solvents of
different polarity has been identified as one of the important parameters directly
related to induce crystallinity in the frameworks [59–61]. The organic precursor
employed is usually soluble in organic solvents which are one of the reasons to make
this method quite popular in synthesis of highly porous crystalline frameworks. This
synthetic route is widely used in the synthesis of porous MOFs and COFs. Since
COFs are mainly prepared by condensation reactions, water is generated as side
product and occupies the space above the reaction mixture. The water further cools
down and again mixed with the organic solvent which the system can utilize during
the process of self-healing and thus governs the reversibility of the reaction. Though
the technique is most widely used one, the major drawbacks are long reaction time
(several hours), temperature and solvent selection.

16.2.1.2 Non-solvothermal Synthesis

The non-solvothermal reaction can further be classified in two categories: (1) taking
place at room temperature and (2) taking place at elevated temperatures. The syn-
thesis at low temperature takes place either by precipitation followed by recrystal-
lization or by slow evaporation of the solvent. The methods are well known to grow
simple molecular or ionic crystals because of the possibility of tuning the reaction
conditions and hence the nucleation rate and crystal growth. For crystal growth,
concentration of reactants plays an important role. Reactants concentration has to be
optimized such that it should not exceed critical nucleation concentration, and it can
be done by varying temperature or more commonly by slow evaporation of solvent.
Other methods routinely employed to obtain crystalline MOFs are layering of
solutions or slow diffusion of reactants. Some prominent MOFs obtained at room
temperature by just mixing the starting materials are MOF-5, MOF-74, MOF-177,
HKUST-1 or ZIF-8. There is also an increasing interest in creating protocols for
COFs synthesis under mild conditions such as room temperature and hence improve
COFs processability on surfaces which is necessary for their use in practical
applications. Bein et al. [62] have synthesized thin films of COF-5 and BTD-COF
via vapour-assisted conversion method. This method involves the drop casting of the
boronic acid precursors on glass slide, followed by incubation in a desiccators
containing mesitylene–dioxane solvent mixture (1:1) in a separate glass vials. With
time, the solvent vapours diffuse out slowly from the glass vials. As a result, the
solvent molecule gets in contact with the reactant molecules drop casted over the
glass substrate and COF thin films get formed on the glass slide. Due to slow
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diffusion kinetics of the solvent vapours, the COF crystallite formation reaction was
complete in 72 h. Top view scanning electron microscopy (SEM) reveals continuous
coverage of inter-grown particles on the substrate. Surface area of the synthesized
COF thin film is commensurate to that of its solvothermal counterpart. On a similar
ground, Ballesté et al. [63] have established micro-fluid-based synthetic method
where the reaction between constituent building blocks leading to imine-based COFs
takes place under controlled diffusion conditions at room temperature. This method
involves the mixing of droplets of reactants and acetic acid injected through the
separate nozzles inside the channel. COFs will get formed within few seconds and
can be collected simultaneously from the outlet. Material obtained using this method
is observed to have crystalline fibre like morphology. The dynamic nature of the
protocol allows the direct printing of the COFs onto the surfaces. Variation of the
reaction temperature has a strong influence on the product formation, crystallinity,
reaction rates as well as morphology of crystals. A prolonged reaction time may lead
to degradation of the framework.

16.2.1.3 Microwave-Assisted Synthesis

Microwaves (MW) are also used in the synthesis of porous frameworks [64]. This
route is considered as more efficient than other conventional routes for small-scale
synthesis because of less reaction time, clean products and high yield. When a
sample (solid/polar solvent) is subjected to microwave, an electric current is gen-
erated due to the mobile electron or ions. In solid sample, this electric current leads to
the heating of the sample due to the resistance of the solid sample. In case of solution,
the presence of polar solvent and hence the polar molecules orient themselves
according to the electromagnetic field. Since under microwave an oscillating field is
produced, the molecules change their orientation accordingly. Thus by applying
suitable frequency, collision between the molecules takes place. As a result, the
kinetic energy of the molecule and hence the temperature of the sample increase. Due
to the direct interaction of the radiation with the sample, MW-heating presents a very
high energy-efficient method of heating. Cooper et al. [65] have first introduced the
microwave heating method for rapid synthesis of crystalline porous frameworks, and
the framework was purified easily with few washing steps only. At present, different
synthetic protocols are under development for utilizing the microwave heating for
synthesis of framework materials on bulk scale. The bottle neck of this technique is
the choice of appropriate solvents and selective energy input.

16.2.1.4 Mechanochemical Synthesis

Mechanical grinding has been identified as another efficient methodology where
mechanical force is used for the preparation of frameworks at room temperature [66].
Mechanical force helps in breaking the intra-molecular bonds and forming new chemical
bonds. The method can be used in a solvent free condition and hence is environment
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friendly and is taking place at room temperature. The first example of such synthesis
was reported in 2006 [67] where three-dimensional microporous [Cu(INA)2]
(INA = isonicotinic acid) was obtained by grinding mixture of copper acetate and
isonicotinic acid for 10 min. In contrast to conventional synthesis, here metal salts can
be replaced by metal oxides as starting material and in that case water is formed as the
only side product. One such example is the synthesis of pillared-layered MOFs using
ZnO. The success of the technique depends on various parameters like counterpart of the
metal ions, ligands basicity and ligands melting points. Figure 16.14 gives an overview
of the various favourable conditions for this approach.

From Fig. 16.14, it is seen that ligands having low melting point and metal salt
with basic counterpart like acetate, combination of reactants where internal solvent
like acetic acid, water of crystallization will be released during the course of the
reaction favour the success of the technique. Ligand with high melting point and
metal ions with less basic counter-ions like nitrate and the combination of ligand
and metal system where no solvent will be released during the milling, the chance
of the reaction decreases. The technique is also used for the synthesis of COFs. In a
typical synthesis, the reactants are mixed and ground in mortar–pestle in the
presence of very small amount of solvent, typically water. The paste so obtained is
further subjected to high temperature (90–120 °C) typically for 12–24 h followed
by several washing with suitable solvent in order to obtain highly porous and
crystalline framework materials. The use of mechanical force for the synthesis of
highly crystalline and porous imine-based COFs was reported by Banerjee et al.
[66]. Further, they have demonstrated the synthesis of COFs in bulk scale as well as
the processability of COFs in different shape and size without compromising the
porosity and crystallinity of the materials. One of the major limitations with this
methodology is the exfoliation of the frameworks into sheets during the grinding
process which ultimately affect the porosity and crystallinity of the frameworks.

16.2.1.5 Sonochemical Synthesis

Sonochemical technique is also used for the synthesis of MOFs. This is a fast,
energy-efficient, environment friendly, room temperature method. A fundamental
principle of sonochemistry and its use for the synthesis of nanomaterials is
well-documented in the literatures [68, 69]. Here a high energy ultrasound with a
frequency between 20 kHz and 10 MHz is applied to the reaction mixture.

16.2.1.6 Electrochemical Synthesis

This is also well-established and extensively used technique for the synthesis of
MOFs with the exclusion of anions, such as nitrate, perchlorate or chloride. In this
process rather than using metal salts, metal ions are continuously introduced
through anodic dissolution to the reaction medium containing dissolved linker
molecules and a conducting salt. This technique was successfully utilized in the
synthesis of Zn2

+ , Cu2
+ and Al3

+-based MOFs by Gascon et al. [70].

524 A. Tyagi and S. Kolay



16.2.1.7 Ionothermal Synthesis

In this method, the ionic liquids simultaneously serve the purpose of both solvent
and template or structure directing agent in the formation of solids [71]. This
strategy is well known to prepare COFs containing triazine core with high
porosities and surface areas by trimerization reaction of simple, cheap and abundant
aromatic nitriles [72]. The triazine-based materials synthesized by this methodology
are often observed to have nearly same properties as that of zeolites and metal
organic framework (MOFs). Typically, it is high-temperature reaction where solid
reactant mixed with ZnCl2 was taken in a quartz tube followed by heating at 400 °C
to afford the COFs. The molten ZnCl2 acts as a catalyst for trimerization reaction
which is otherwise reversible at this temperature. Aromatic nitriles show good
solubility in this ionic melt due to strong Lewis acid base interactions. The
trimerization reaction can be monitored simply by recording FTIR spectra of the
reaction mixture at different reaction times and temperature. The disappearance of
strong absorption of carbonitrile band at 2218 cm−1 and appearance of intense band
at 1352 cm−1 corresponding to the formation of triazine ring are indicative of
completion of trimerization reaction.

16.2.1.8 Synthesis of Mono Layers on Surface

Owing to their robust structures, accessible functionalization sites, tunable optical
and electronic properties, the thin layer of self-organized molecular networks (2D)
is ideally suited for many high end applications [54, 61(a),73]. However, the
growth of thin film on desirable substrate is highly challenging task as the
frameworks are inherently insoluble and thus inhibit the processability. Being
unprocessable powders, the porous frameworks cannot be interfaced to electrodes
or fabricated into device form unless there is a way of synthesis of oriented 2D
layered framework on desirable surface. The thin layer of the porous framework
could provide better opportunity of understanding the structural details. Porte et al.
[74] have reported the first example of surface covalent organic frameworks
(SCOFs) by growing SCOF-1 (dehydration of 1,4-benzenediboronic acid (BDBA)
with boronic acid) and SCOF-2 (condensation of BDBA with
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)) on the clean Ag(111) surface.
Later, Dichtel et al. [74c] have demonstrated a simple solvothermal condensation
method where oriented COFs thin films were directly grown over single layer
graphene (SLG) supported over various substrates. The thickness, crystallinity and
morphology of the film were controlled with the reaction time. In due course, Wan
et al. [75] have emerged with an innovative idea where highly ordered surface
COFs layer was fabricated over 2D materials. To achieve this, they introduced a
small amount of CuSO4.5H2O as a water regulator which further acts as an equi-
librium manipulating agent in a dehydration reaction of BDBA into a closed sys-
tem. The product obtained was highly ordered molecular network which otherwise
known to form disordered network at high temperature [74a, 76]. The reversible
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release of water from CuSO4.5H2O during the heating cooling cycles controls the
reversibility of the reaction, thus improving the crystallinity of surface covalent
organic framework (SCOFs) drastically.

16.2.1.9 Interfacial Synthesis

Interfacial growth of COFs thin-film methodology is a unique approach. Adopting
this methodology, a self-standing 2D COFs membrane can be easily produced. The
idea behind this interfacial synthesis is reaction at the interface formed by two
different immiscible solvent containing respective reactants. Likewise other meth-
ods, the thin films obtained are not defect-free but this limitation can be minimized
through varying the different parameters such as concentration of the reactants and
temperature. Recently, Dey et al. [77] have demonstrated the synthesis of highly
crystalline and porous thin films of COFs via interfacial synthetic method.

Synthesis via Precursor Approach

Apart from the above-mentioned various techniques, precursor approach is also
extensively used for MOFs preparation. In this approach, pre-built polynuclear
coordination complexes having structure and functions similar to or identical with
the inorganic bricks are used and the ligands were substituted with new ligands to
form the desired frameworks. The steps involved in the process may well be
understood with the below-mentioned example (Fig. 16.15), where [Zr6]
methacrylate oxocluster was used as the precursor and the new framework was

Fig. 16.15 Synthesis of Zirconium dicarboxylate from [Zr6] methacrylate oxocluster [78]
[Copyright: Royal Society of Chemistry]
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synthesized by replacing monocarboxylate by dicarboxylate [78]. Another way of
such synthesis is the replacement of coordinating solvent with linker.
[Cu2(CDC)2(DMA)(EtOH)]6(CDC = 9H-carbazole-3,6-dicarboxylate; DMA = N,
N-dimethyl acetamide) has two axial ethanol molecule per copper centre. This axial
ethanol molecule may be replaced by some other linkers. Figure 16.16 represents
one such example where new MOFs are formed by replacing the axial ethanol [79].
The direct syntheses of these MOFs are rather difficult.

Fig. 16.16 Synthesis of MOFs by substituting the axial solvent molecules [79] [Copyright:
American Chemical Society]
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16.2.2 Methods for Post-Synthetic Functionalization
of MOFs

In general, the presence of functional group dictates the application of the frame-
work. The direct synthesis of MOFs with functionalized organic linkers is limited
because of the direct coordination of the functional group with the metal centre and
hence prevents the formation of the frameworks. Moreover, MOFs contain organic
linkers, the frameworks can be functionalized even after their formation, and the
method is known as post-synthetic modification (PSM). There are a variety of ways
by which the framework can be functionalized. Based on the nature of the bond
formed or broken during PSM, the process is broadly classified into three cate-
gories, namely (A) covalent modification; (B) dative modification and
(C) post-synthetic de-protection as discussed below.

In covalent modification, a new covalent bond is formed (Fig. 16.17). This
method of PSM is the most powerful and versatile ways to introduce a large number
of functional group. One such example is schematically shown in Fig. 16.19 [80]
where acetylation takes place due to the reaction of acetic anhydride with IRMOF-3
via the breakage of N–H bond and formation of new N–C bond.

In dative PSM, a new metal–ligand coordination boned is formed (Fig. 16.18).
Therefore, in dative PSM, either a ligand is added to the framework that coordinate

Fig. 16.17 Covalent post-synthetic modification [81] [Copyright: American Chemical Society]
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to the SBU of the MOF or a metal source is added which then bound to the organic
linker of the MOF via dative bonds.

Examples of dative PSM are given in Fig. 16.20. In both the cases, on heating
the frameworks under vacuum, the axially coordinated solvents (DMF and H2O)
could be removed and on subsequent treatment of the coordinatively unsaturated

Fig. 16.18 Dative post-synthetic modification [81] [Copyright: American Chemical Society]
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frameworks with pyridine derivatives new frameworks could be formed [82, 83]. It
has been observed that the direct synthesis by solvothermal technique was not as
fruitful as by dative PSM due to a significant loss of pyridine during synthesis in
case of Zn(II) and not reactivity of pyridine in case of KHUST-1.

Figure 16.19 represents one example where both covalent and dative
post-synthetic modification take place. The first step represents the covalent mod-
ification, and the second step represents the dative modification.

Sometimes during framework synthesis functional group needs to be protected
by converting it into some suitable derivative so that it does not coordinate the
metal centre during synthesis. After framework formation, the deprotection of the

Fig. 16.19 Example of combine covalent and dative post-synthetic modification [81]

Fig. 16.20 Example of post-synthetic deprotection [81] [Copyright: American Chemical Society]
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functional group is carried out and the modification is known as post-synthetic
deprotection modification.

In principle, both the covalent or dative bonds can be broken during
post-synthetic deprotection. Figure 16.20 reflects one of the serendipitous finding
by Yamada and Kitagawa, where in-situ deprotection of an organic linker was
observed, resulting in a functionalized MOF [84]. The protection of hydroxyl group
was carried out via acetylation of 2,5-dihydroxyterephthalic acid with acetic
anhydride and deprotection takes place during MOF formation.

16.2.3 Activation

The final step before utilizing the porosity of MOFs is the removal of guest
molecules from the pore keeping the structural integrity and porosity. The guest
molecules may be solvents or any other chemicals used during synthesis. The
process is known as “activation”. High boiling solvents like N,
N-dimethylformamide (DMF), N, N-diethylformamide (DEF) or dimethyl sulfoxide
(DMSO) are conventionally used in MOFs synthesis. These high boiling solvents
generate high capillary force and high surface tension during activation. This high
surface tension leads to the partial or full collapse of the frameworks in many cases
during activation. In many cases, it has been observed that the measured surface
area is less than the one calculated from single crystal X-ray data and is due to
incomplete activation. Therefore, the activation is a very crucial step in MOFs
chemistry. The following four techniques are the most common and widely used
strategies for MOFs activation: (a) conventional heating under vacuum; (b) solvent
exchange; (c) supercritical CO2 (scCO2) processing; and (d) freeze-drying [85].
Figure 16.21 illustrates the various physical phenomena occured during these steps.

Conventional activation: Activation by heating under vacuum which is similar to
the technique used for activation of zeolites and carbons is the simplest technique.
The essential criteria for applying this technique are that the frameworks have to be
thermally stable. Though this strategy for activation has been successfully applied
in some cases like the activation of Cr-MIL-101 [86] and UIO-66 [87], this strategy
finds minimal utility for accessing the full porosity of many MOFs. It has been
observed that in many cases the framework losses the crystallinity and porosity
upon activation by this technique. This observation can be well-understood based
on the diagram of Fig. 16.21. As the framework passes through liquid-to-gas phase,
a significant amount of surface tension and capillary forces generates and this force
breaks the weak coordination bonds resulting the loss of crystallinity and porosity.

Activation by solvent exchange: The most commonly used activation technique
is the activation by solvent exchange. Normally during synthesis of MOFs, higher
boiling solvents like DMF and DEF are used and remain trapped in the pores. These
higher boiling solvents are replaced with lower boiling solvents like acetone and
methanol which are removed by mild heating under vacuum. One such example of
showing activation by solvent exchange is the activation of MOF-5. The framework
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was synthesized in DMF–chlorobenzene mixture. The framework could be acti-
vated by exchanging DMF–chlorobenzene with comparatively low boiling CHCl3.
The importance of the selection of suitable activation technique is reflected in the
activation of IRMOFs as shown by Nelson et al. [88]. When conventional activa-
tion technique was employed, IRMOF-3 showed a BET surface area of 10 m2g−1

while no N2 uptake was observed for IRMOF-16. When DMF was exchange with
CHCl3, the surface areas were increased to 1800 m2g−1 for IRMOF-3 and 470
m2g−1 for IRMOF-16.

Activation by supercritical CO2 (scCO2) processing: Activation by supercritical
CO2 is the relatively new strategy for activation of MOFs. In this process, solvents
which are miscible with liquid CO2 are exchanged with liquid CO2 at high pressure
(>73 atm). Then the sample is brought above the supercritical temperature of CO2

(i.e. 31 °C) so that the framework gets occupied with supercritical CO2. Finally, the
supercritical CO2 apparatus is slowly vented while holding the temperature above
the critical point. As a result of which the system is transforming directly from the
supercritical phase to the gas phase without liquid-to-gas phase transition and hence
avoiding the capillary forces.

Activation by freeze-drying: Another newly developed method for MOFs acti-
vation is the activation by benzene freeze-drying. Here first the solvent is
exchanged with benzene and left in benzene. The MOF is then frozen to 0 °C and
brought back to room temperature. The procedure is repeated several times. Upon
the final freeze cycle, the MOF is placed under vacuum at a temperature and
pressure below the solvent’s triple point. Since in the final step the sample is
warmed under reduced pressure, benzene directly sublimes which is a direct

Fig. 16.21 Phase diagram of
the physical phenomena
encountered for conventional
and solvent-exchange
activation, scCO2 exchange
and benzene freeze-drying.
[85] [Copyright: Royal
Society of Chemistry]
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solid-to-gas phase transition and hence avoids the liquid-to-gas phase transition and
hence associated capillary forces. Recent advances show that instead of benzene
which is carcinogenic, cyclohexane also can be used.

16.3 Application of MOFs and COFs

MOFs and COFs possess some desirable properties like inherent porosity, tunable
pore size, large surface area and ordered channel structure, low density, relatively
high thermo-chemical stability, and designable functionality affirms the candidature
of these materials for wide range of application (Fig. 16.22) like gas storage and
separation, heterogeneous catalysis, optoelectronics, energy storage, chemical
sensing and drug delivery. This section presents a detail discussion of some selected
application of MOFs and COFs.

16.3.1 Gas Storage Application

Gases like H2 and CH4 are important from view point of energy production. Thus,
medium for their effective storage is considered as an essential requirement.
Various options are available for storing gases but these often require high pressure
and multi-stage compressors. Moreover, these options are not viable from economic
point of view. Thus, there is a need to substitute these materials by simple, easy to

Fig. 16.22 Representation of
some important application of
MOFs and COFs
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handle and cheaper options. In this regard, porous framework materials especially
MOFs and COFs are preferable choice because of their easy synthetic procedures,
high surface area, well-defined pores and channels with structural and composi-
tional tunability. This section deals with the utility of MOFs and COFs for storage
application of various important gases from energy and environment point of view
with brief discussion over the factors responsible for effective storage.

16.3.1.1 Hydrogen Storage

To reduce the dependence upon the fossil fuels, there is an ongoing quest for clean
energy sources with high energy density. Hydrogen gas (H2) upon combustion
produces water along with enormous amount of energy due to its high calorific
value (120 MJ Kg−1) and thus considered as clean and ideal source of energy.
However, low volumetric storage capacity of H2 due to its low density in gaseous
state (0.08 kg m−3) hinders its use as an efficient fuel. Thus, effective storage
materials need to be investigated. The goal set by US Department of Energy
(DOE) for hydrogen storage is 1.5 kg of H2/Kg in gravimetric capacity and 1.0 kg
of H2/L of volumetric capacity at operating temperature of 233–333 K with a
pressure of 100 atm by the year 2020 [89].

Several favourable characteristics of MOF like large surface areas, functional-
ized polar groups, open metal centres facilitate the storage of H2 in it. Many MOFs
have been tried so far for H2 uptake capacity, and results showed that MOF possess
the required characteristics to act as H2 uptake material and one of the best options
to meet the targets set by US department of Energy in near future. For example,
MOF-177 derived from zinc acetate unit [Zn4O(CO2)6] and the tri-topic linker
4,4′,4′′- benzene-1,3,5-triyltribenzoate (BTB) to form a (6, 3) net exhibit remarkable
H2 uptake on a gravimetric basis (7.5 wt%). The performance of MOF-177 for H2

uptake is attributed to its large surface area (5000 m2g−1) [90]. Similarly,
IRMOF-20 derived from same metallic SBU and linear di-topic link thieno[3,2-b]
thiophene-2,5-dicarboxylic acid (TTDC) showed substantial H2 uptake on volu-
metric basis (34 g/L) [90]. The measurements were carried out at 70 bar and 77 K.
The important thing to note from the performance of these MOFs that they dispels
the common misconception that porous materials will inherently have poor volu-
metric storage capacity. There are several other MOFs which showed appreciable
H2 uptake capacity like MOF-74, HKUST-1, IRMOF-11, MIL-101, NOTT-102
and MOF-205 [91–94]. From studies, it is evident that MOFs with large surface
area and open metal sites provide stronger interactions between metal nodes and H2

which is the principle reason behind the success of MOFs for H2 uptake.
Theoretical studies suggest that doping of MOFs with certain specific metal ions
can boost their H2 uptake capacity.

On the other hand, COFs also pose as promising candidates for H2 uptake due to
their chemical robustness, high water stability and crystallinity along with high
surface area and tunable pore size. Three-dimensional COFs showed better gas
storage properties compared to two dimensional COFs. Various COFs have been
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explored for H2 storage. For example, 3D COFs like COF-102 and COF-103
exhibit reasonably high H2 uptake of 7.24 and 7.05 wt% at 77 K and 85 bar, which
is at par with MOF-177 and IRMOF-20 [26]. COF-10 with BET surface area (1760
m2g−1) showed H2 uptake of 3.9 wt% at 77 K and 85 bar which is highest among
2-D COFs [95].

From various studies, it is inferred that H2 uptake capacity of COFs can be
improved in two ways:

(i) Increasing the surface area of COFs while maintaining their microporous
nature.

(ii) Metallation of the COFs with metal ions such as Li+, Ca2+ and Pd2+ which can
strongly interact with H2.

16.3.1.2 CH4 Storage

Methane gas is another most convenient, inexpensive and relatively clean source of
energy. Natural gas also contains around 95% of methane. Gravimetric heat of
combustion of methane (50 MJ Kg−1) is much lower than that of hydrogen
(120 MJ Kg−1) but comparable to that of gasoline (44 MJ Kg−1). Therefore,
methane can replace gasoline and coal which are often responsible for air pollution.
Cars powered by CH4 produced relatively less carbon dioxide than gasoline but
they require costly tanks and compressors to store CH4. Therefore, for practical use
of CH4 as a fuel, an efficient storage material is required. US-DOE has set a target
of 263 cm3 of CH4 per cm

3 of adsorbent [95].
MOFs and COFs have the ability to store methane at lower pressures because

methane molecules can pack tightly in their pores. The basic criteria for high
methane uptakes in porous materials are:

(i) High sorption capacity.
(ii) Good adsorption enthalpy.
(iii) An efficient charge–discharge rate.

First methane storage studies in MOFs were reported by Noro et al. [96]. They
utilized [{CuSiF6(4,4′‐bipyridine)2}n] stabilized in 3D microporous network to
store 0.21 g/ml of methane. Various other MOFs like [PCN-14 Cu2(adip)] (16 wt%
at 35 bar), HKUST-1 (15.7 wt% at 150 bar), MIL-101(14.2 wt% at 125 bar),
IRMOF-1 [228 cm3(STP) g−1 at 36 bar) showed substantial methane uptake
capacity [97–99]. MOF-177 and Ni-MOF-74 exhibit 22 wt% at 100 bar and 190
cm3 (STP)g−1 at 35 bar methane uptake capacity, respectively, which is the highest
storage among the dry samples [100]. In case of MOFs, open metal sites and
microporous nature along with high pore volume are the contributing factors
responsible for high methane uptake.

Among COFs, COF-102 and COF-103 exhibit highest methane uptake of
187 mg g−1 and 175 mg g−1,respectively, at 35 bar and 298 K which is comparable

16 Synthesis of Metal Organic Frameworks … 535



to best previously reported materials: Ni-MOF-74 [90, 101]. Theoretically, it was
predicted that Li ion doping in these COFs can double their methane uptake capacity
due to increased induced dipole interactions and London dispersion forces between
methane molecules and doped lithium ions. From various studies, it is concluded that
like H2 uptake, CH4 uptake in COFs is related to the surface area of the COFs and the
concentration of doped ions which improves weak interactions.

16.3.1.3 CO2 Storage

Every year, the uncontrolled combustion of fossil fuel for transportation and running
industries is increasing the concentration of greenhouse gases such as carbon dioxide
and carbon monoxide in the atmosphere. Sea level rising and dramatic change of the
climatic conditions are some of the environmental sector which are under direct
impact of air pollution due to increase amount of carbon dioxide in the atmosphere.
According to one article published in the OECD Environmental Outlook to 2050
released at the 2011 United Nations Climate Change Conference, discussed the need
for negative emissions, stating “Achieving lower concentration targets up to
450 ppm for clean environment to sustain existence of life”. Thus, the major quest in
this regard is to develop a material for CO2 storage and sequestration.

Various porous materials like activated carbon and zeolites have been explored
for CO2 adsorption. MOFs have also shown great potential for CO2 storage due to
their high internal surface area and the presence of polarity due to functional groups
inside the pores. Variety of MOFs based on the functionality and surface area has
been explored for CO2 uptake. For example, MOF-177 and MIL-101 exhibit nearly
60 wt% of uptake capacity [101a, 103]. NU-100 (69.8 wt%, 40 bar), Mg-MOF-74
(68.9 wt%, 36 bar), MOF-5 (58 wt%, 10 bar) and HKUST-1 (19.8 wt%, 1 bar) are
other well-known MOFs which show considerably high CO2 uptake. MOF-210,
due to its ultra-high surface area (10,450 m2g−1) exhibit very high CO2 uptake (74.2
wt% at 50 bar) which is higher than that of any other porous material. Also, it has
been established through theoretical as well as experimental studies that the pres-
ence of polar groups such as –NH2, or free N containing heterocyclic residues
facilitates the CO2 uptake [102, 103].

Likewise, COFs have also shown great potential for CO2 uptake. Yaghi and
co-workers for the first time studied a series of COFs for CO2 capture. Studies
reveal that COF-102 exhibits highest uptake (27 mmol g−1 at 35 bar) which is at
par with the uptake shown by MOF-5 [104]. Theoretical calculations have predicted
that doping in COFs can improve their CO2 uptake. For example, lithium doping in
COF-102 and COF-105 improves their CO2 storage capacity to 409 and 344 mg
g−1, respectively, which is manifolds higher than their pristine COFs [105]. Studies
reveal that triazine-based, azine-based and imine-based COFs show high CO2

uptake due to dipole-induced dipole interactions between polar groups and CO2

molecules inside the framework pores [72]. It has also been observed that the
presence of polar functional groups in the pores introduces the selectivity in
adsorption of gases.
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16.3.1.4 Ammonia Storage

Ammonia is widely used in chemical industries (for the production of nitrogeneous
fertilizers) and pharmaceutical industry. It is also explored as an energy source for
fuel cells [106]. However, its handling, storing and shipping are costly affair, and
also, it requires special precautions due to its corrosive nature and toxicity. The US
Occupational Safety and Health Administration (OSHA) sets a 15-min. exposure
limit for 35 ppm gaseous ammonia [107]. Various porous materials like activated
carbons have been explored for NH3 uptake, but low ammonia affinity limits their
wider utility [108]. MOFs, due to the presence of open metal sites and pores
decorated with functional groups, show great potential for NH3 uptake. For
example, Dinca and co-workers [109] have explored three triazolate-based MOFs,
among which Mn-MOF exhibit highest NH3 uptake at 298 K and 1 bar. The study
showed that uptake of NH3 by MOF is better than activated carbons currently used
commercially. The large NH3 uptake is ascribed to high open metal sites in the
frameworks while their excellent resistance towards ammonia is attributed to its
triazolate-based ligands. Since NH3 is a bronsted base, it has great affinity towards
acidic group (such as sulphonic acid). The presence of such functional group
besides open metal site can also act as strong ammonia capture site. Yaghi and
co-workers modified UiO-66-NH2 with anhydrous HCl which exhibits considerably
high NH3 uptake compared to pristine MOF at ambient temperature [110].
Fe-MIL-101 decorated with sulphonic acid group also exhibits great ammonia
uptake due to the presence of sulphonic acid groups [107].

Similar to MOFs, various COFs have also been explored for NH3 uptake. Yaghi
and co-workers have synthesized boroxine and boronated ester-based COFs for
storage of NH3 gas. Boronate ester-based COFs (COF-10) having high density
Lewis acid boron sites which can strongly interact with Lewis base (NH3) exhibit
an ammonia storage capacity of 15 mol kg−1 at 1 bar and 298 K the highest
ammonia uptake showed by any porous materials [111]. The exceptional high
uptake of ammonia by COF-10 is due to the formation of a classical ammonia
borane coordination bond. Adding more to the advantage, the ammonia gas
adsorbed by the COFs at room temperature can be easily recovered by application
of heat which makes the process reversible in nature.

16.3.2 Heterogeneous Catalysis

MOFs and COFs are currently attracting considerable interest as heterogeneous
catalysts at moderate temperatures. MOFs with exotic topologies, versatile chemical
composition, organic and inorganic building units have shown outstanding catalytic
performance in various organic transformation reactions such as oxidation, acety-
lation, hydroxylation, epoxidation, coupling, hydrogenation, condensation, alkyla-
tion and cyclization. In MOFs, both metal centres and organic ligands contribute to
catalytic activities while pores provide space for small molecules. The metal centres
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act as Lewis acid site for catalytic activity are obtained by removing coordinated
water/solvent while terminal ligands act as Lewis basic site. Various MOFs have
been explored for variety of organic transformation reactions. For example,
Cu-BDC has been used for the acetylation of alcohols with 80% efficiency,
HKUST-1 for cyanosilylation of aldehydes, MOF-199 for oxidative C–C coupling,
IRMOF-9-NH2 for Knoevenagel condensation Allylic N-alkylation, NUGRH-1 for
Friedel Craft reaction, etc. [112].

On the other hand, COFs have also emerged as an efficient catalyst owing to the
presence of well-defined active sites such as N, O and S in the framework. Utilizing
the pre- or post-synthetic modification approach, interior of the framework can be
easily modified for catalysis. The metal ion can be introduced either in-situ or
ex-situ approach in the framework for catalysis. Due to polymeric nature, COFs are
insoluble in organic solvent and thus can be easily recovered after catalysis without
significant loss in their catalytic performance. COFs can be further utilized to carry
out the catalysis where organic molecules of large size can easily diffuse inside the
pores. Wang et al. have incorporated Pd2+ ions in the imine-based COF
(COF-LZU1) pore walls, bonding with the imine’s nitrogen and present in between
the two adjacent COFs layers. In Suzuki–Miyaura coupling reaction this
Pd@COF-LZU-1 has shown high catalytic activity [113]. Likewise, cobalt loaded
porphyrin-based COF (COF-366 Co) was utilized for the electrochemical reduction
of CO2 with decent activity and selectivity to a competing reaction (H2 formation)
[114]. Banerjee et al. utilized the ex-situ approach, to immobilize palladium
(Pd) and gold (Au) nanoparticles inside the framework of TpPa-1 COF [115]. These
metal loaded COFs are remarkable water stable even under acidic as well basic
conditions. The resulting Pd loaded COF has showed an excellent activity towards
C-H activation and C–C coupling reaction where Au nanoparticles loaded TpPa-1
was used for the reduction reaction of nitro compounds. In such metal loaded
COFs, the COF skeleton imparted an extra chemical robustness to the active metal
centres during catalysis [115].

16.3.3 Energy Storage

The porous framework materials containing redox-active centre can be easily
converted into energy storage materials. MOFs have the natural advantage because
the metal ion present in the framework can easily undergo different redox states on
application of the potential. MOFs with high surface area and low density are
promising electrode material for rechargeable batteries and super-capacitors of next
generation. MOFs can be tailor made to suit the final application by choosing the
specific metal site and tuning their pore sizes. The chemical interaction between the
metal sites and functional linkers with polysulphides improves the cycling perfor-
mance of Li–S batteries. Moreover, metal centres in MOFs are the active site for
redox reactions while open framework structure supports reversible insertion and
extraction of ions [116]. MIL-53(Fe) acts as a cathode material to reversibly insert
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Li+. Studies reveal that 0.6 Li+ per Fe3+ could intercalate into MIL-53(Fe) at C/40
with no structural alteration [117]. The result reveals that MOFs are material of
choice for lithium ion battery. Apart from being cathode material, MOFs can also
perform the function of anode material. For example, Mn-BTC MOFs
(Mn-1,3,5-benzenetricarboxylate) exhibit high specific capacity of 694 mAh g−1

and approximately 83% capacity retention over 100 cycles at 103 mA g−1. The
COO– groups in Mn-BTC MOFs play a significant role for the Li+ insertion/
extraction [118].

On the other hand, owing to their ultra-high surface area COFs have the unique
ability of integrating redox-active groups which pose them superior candidates as
electrochemical capacitors. Different redox-active organic linkers such as quinone,
naphthalene diimide (NDI) and pyridine were incorporated to serve the purpose.
Dichtel et al. have synthesized an anthraquinone moiety containing Schiff-based
COF (DAAQ-TFP COF) by the condensation reaction between
1,3,5-triformylphloroglucinol and 2,6-diaminoanthraquinone. The anthraquinone
moiety itself is redox-active. The DAAQ-TFP COF displays reversible redox
processes. Due to extra chemical stability from COFs framework, the DAAQ-TFP
COF has displayed an excellent supercapacitance performance even after 5000
charge–discharge cycles. Taking the advantage of redox-activity of anthraquinone
moiety, they have fabricated DAAQ-TFP COF as oriented thin films. The improved
capacitance values during the capacitance measurement of thin films, in comparison
with the randomly oriented COFs powder, have been observed [119]. Later on, Xu
et al. came up with post-synthetic approach and introduced redox-active charac-
teristics to NiP-COFs with organic radicals such as TEMPO which has displayed a
high capacitance value of 167 Fg−1 [120]. In another interesting approach, COFs
was fabricated over the amine-reduced graphene oxide. Adopting this approach, the
stacking or aggregation between the graphene sheets was reduced. This has pro-
vided more exposed electrode surface area for energy storage application.
Moreover, COFs can also act as host material for sulphur to extract positive effect
on Li–S batteries. The electrode constructed by impregnation of sulphur into the
pores of COFs exhibits stable cycling performance.

16.3.4 Drug Delivery

Design and development of bio-compatible drug delivery system with high drug
uptake and administrable drug release are of prime importance to minimize the side
effects and in turn enhance treatment efficacy [121]. Many different kinds of
nano-carriers have been explored for this purpose such as mesoporous silica, metal
nanoparticles, quantum dots, dendrimers and organic micelles. However, these
nano-carriers suffer from either low loading capacity or unacceptable degradability
and toxicity [122]. In next generation drug delivery system, MOFs and COFs have
shown great potential to be used as effective drug carriers. The advantages of using
MOFs as drug carriers are [122–124]:
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(i) High surface area and porosity powered MOFs with high drug loading
capacity.

(ii) MOFs can adopt diverse morphologies, composition and chemical properties
owing to the versatility in their structures which favours them with multi-
functionalities and stimuli responsive drug controlled release.

(iii) Any modification in MOFs structure will not alter their desirable
physico-chemical properties.

(iv) Relatively weak coordinate bonds make MOFs biodegradable material.

Above favourable features of MOFs enable them as promising material for drug
delivery. For example, MIL-100(Cr) and MIL-101(Cr) constructed from di- and
tri-carboxylates show considerably high ibuprofen uptake of 0.35 g/g for dehy-
drated MIL-100(Cr) and 1.4 g/g for dehydrated MIL-101(Cr). The release kinetics
of ibuprofen under physiological condition indicates a total release of ibuprofen
from body in 3 days from MIL-100(Cr) and 6 days from MIL-101(Cr). Compared
to MCM-41, MIL-100(Cr) exhibits similar ibuprofen dosage and kinetics while
MIL-101(Cr) showed four times larger drug content and slower drug release
kinetics. Although this study is based on chromium-based MOFs which are known
for their toxicity, this work opens new avenue for MOFs-based drug delivery
system [125]. Subsequently, MIL-53(Fe), a less toxic iron analogue, was developed
which shows 20 wt% ibuprofen loading and total release took 21 days under
physiological condition [126]. This work highlights the flexible nature of MOFs to
optimize drug-matrix interaction. Likewise, MIL-100(Fe) has been used as drug
delivery system for an antitumor drug doxorubicin (9 wt%, 2 weeks release time)
[127]. Zn-based MOFs, Zn-TATAT (TATAT = 5,5′ 5′′-(1,3,5-triazine-2,4,6-triyl)
tris (azanediyl) triisophthalate) and Zn-CDDB (CDDB = 4,4′-(9-H
carbazole-3,6-diyl) dibenzoic acid) were used as carrier for anticancer drug,
5-fluorouracil, which showed 33.3 wt% and 53.3 wt% drug loading capacity [128,
129]. It is found that hydrogen bonding interactions between the drug and MOFs
are responsible for such high uptake of drug. Zirconium-based MOFs UiO-66 have
attracted considerable interest as a drug carrier because of their two octahedral and
tetrahedral cages, bio-compatibility and stability. It is synthesized from
zirconium-oxo-clusters and terephthalate anions bearing different functional groups.
Studies revealed that UiO-66 and its NH2 functionalized analogue MOFs are
effective carrier for caffeine and 5-fluorouracil. In another study, UiO MOF con-
structed from ZrCl4 and aminotriphenyldicarboxylic acid (amino-TPDC) bridging
ligands were used for the co-delivery of cis-platin and pooled small interfering
RNAs (siRNAs) to enhance their therapeutic efficacy by overcoming drug resis-
tance genes and resensitizing-resistant ovarian cancer cells to cis-platin treatment.
The drugs cis-platin and siRNAs were sequentially loaded by encapsulating and
coordinating to metal sites on the MOFs surface [122, 130]. Moreover, there are
stimuli responsive MOFs which exhibited regulated delivery of loaded drugs upon
in response to variety of stimuli such as pH, magnetic field, ions, temperature, light
and pressure [122, 131–134].
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Likewise, COFs also possess following excellent properties which enable this
class of porous materials to be used in drug delivery application [135]:

(i) High surface area and porous volume with tunable pore structures for large
drug uptake and controlled release.

(ii) p-p conjugated system which facilitates to load aromatic group-based drug
through p-p stacking. Moreover, this p conjugation and laminated structure
impart excellent photoelectric properties in COFs which enables them for
bio-sensing and bio-imaging.

(iii) Dynamic covalent linkages for stimuli responsiveness: COFs are constructed
from dynamic covalent linkages instead of weak interactions and coordinate
bond, which makes them stable enough in normal conditions and degrade to
release the drug by the application of stimuli such as change in pH [136].

(iv) Unique tailorable characteristics and outstanding modifiability: Reports show
that surface modification in COFs can improve their bio-compatibility and
targeting ability [137]. COFs can be attached to biological probe and drugs
through post-synthetic modifications.

Due to such exciting properties of COFs, attempts were made to insert large drug
molecule inside the framework for drug delivery applications. Yan et al. have
utilized a 3D polyimide-based COF (PI-COF-4 and PI-COF-5) to load ibuprofen
(IBU) drug molecule inside the pore. The drug loading was confirmed from the
UV–Vis studies while a thermo-gravimetric study reveals the drug loading of 24 wt
% in PI-COF-4 and 20 wt% in PI-COF-5 with respect to the COF [138]. In addition
to IBU, PI-COFs were able to deliver captopril and caffeine too. Interestingly, this
was the first example of applying COF as drug delivery system. This result set an
example and demands a further development of COFs for pharmaceutical appli-
cations. Later on, Zhao et al. have demonstrated the loading of three different drug
molecules, 5-fluorouracil, captopril and ibuprofen, inside the pore of the
two-dimensional PI-2-COF and PI-3-COF [139]. Lotsch and co-workers have
designed imine-based TTI-COF for the loading of Quercetin used to boost
immunity. The drug was bound on the wall of pores through weak interactions
[140]. In another report, a photo-responsive single layer COF was fabricated in
which the azo-benzene group was introduced in the organic linker. Application of
UV radiation leads to reversible photo-induced decomposition-recovering of COFs
and exhibits controlled loading and release of copper phthalocyanine. Furthermore,
doxorubicin loaded covalent triazine nanopolymer (CTNP) synthesized via the
Friedel–crafts reaction acts as a potential nanocarrier for cancer therapy and
imaging [141]. Banerjee and co-workers explored imine-based COFs for drug
loading and release study. They also utilize COFs for targeted drug delivery.
Post-synthetic modified covalent organic sheets with folic acid were used to load
and deliver 5-fluorouracil [142]. Although the loading capacity of this modified
COF was low, it possesses good anticancer activity compared to other reported
COFs.
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Apart from loading anticancer drugs, many functional COFs themselves possess
anticancer activity. EDTFP-1 COF constructed from 2,4,6-triformylphloroglucinol
and 4,4’-ethylenedianiline could accelerate ROS generation and caused the apop-
tosis of cancer cells [143].

Overall, it may be concluded that MOFs and COFs have shown potential to be
used as next generation drug delivery system. However, challenges still exist
regarding the targeted drug delivery and efficient clearing of framework once they
have finished their job in vivo. Therefore, modification in design according to the
need and detailed examination of their in vivo behaviours is of paramount
importance to take this class of nano-carriers from bench to bed.

16.3.5 Separation

Separation is a process that splits the mixture into its components. It is opposite to
the process of mixing, which is thermodynamically favoured process, and separa-
tion is generally not a spontaneous process. Separation of the components of a
mixture is often based on selective adsorption. Adsorptive separation by a porous
material is usually achieved in following ways [144]:

(i) Size and shape exclusion also known as molecular sieving effect: Based on
size and shape, certain components are stopped from entering the pores of an
adsorbent while others are allowed to enter where they are adsorbed. This is
steric separation and is common in zeolites and molecular sieves.

(ii) Thermodynamic equilibrium effect: There is a different adsorbate packing
interactions for different components over the surface of adsorbent which
leads to selective adsorption.

(iii) Kinetic effect: Difference in the diffusing rates of the components also leads
to selective adsorption.

(iv) Quantum sieving effect: Light molecules differ in their rate of diffusion in
narrow micropores which assist in separating them.

MOFs are ideal candidate for gas separation applications. Structures and prop-
erties of MOFs can be well-designed and customized by the choice of metallic
SBUs and organic linkers. This remarkable feature of MOFs is quite different from
zeolites where customization of structure according to need is not possible. In
addition to this, high porosity with tailorable pore size, diverse scope of func-
tionalities, thermal and chemical stability is some of the attractive properties of
MOFs which are elementary for separation applications. Owing to such excellent
properties, various MOFs have been explored for the gas separation and purification
purpose. For example, ytterbium-based PCN-17 MOF comprising of large cages
linked by small aperture was able to separate H2 and O2 over N2 and CO [145].
Zn2(cnc)2(dpt) and MIL-96 were found to suitable for the separation of CO2 and
CH4 [146, 147]. The separation is due to size/shape exclusion of MOFs leading to
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selective adsorption of CO2 over CH4. In another study, utility of Cu-based MOF
[Cu2(pzdc)2(pyz)] was demonstrated for the separation of C2H2 and CO2, and the
task for which traditional porous materials like activated carbon and zeolites is of no
use as these two molecules are very similar in size. The sorption isotherms of both
gases show that MOFs binds preferably with C2H2 than CO2 at ambient temper-
ature and low pressure. The selectivity is due to strong binding interaction between
surface O atoms and C2H2 through hydrogen bonding. Guo et al. have synthesized
copper net supported HKUST-1 (Cu3(BTC)2) membranes and utilized them for the
separation of H2/CO2, H2/CH4 and H2/N2 [148]. The separation of H2 is due to its
high permeation flux through MOF membrane compared to other gases. H2

molecules being small can pass through HKUST-1 membrane more easily com-
pared to CO2, CH4 and N2, and this can be attributed to the structural and chemical
feature of the MOF which favours stronger interaction with CO2, CH4 and N2 than
H2. The selective separation/adsorption in some MOFs is due to the steric effects
and the interactions between adsorbate molecules and surface of adsorbent. For
example, ZIF-95 and ZIF-100 showed high CO2 storage capacity compared to CH4,
CO and N2 which was attributed to the cooperative effects of the pore apertures
(similar to CO2) and the strong quadrupolar interactions of CO2with N atoms
present of the pore walls [149].

From the above discussion, it can be concluded that MOFs showed great pro-
mise in gas separation because both their pore size/shape and their surface prop-
erties can be easily tuned by the choice of metal node and organic linkers. In
addition to this, open metal site in MOFs also assists in the separation of polar and
non-polar gas pairs such as CO2/CH4 [150].

However due to relatively low adhesion of MOFs-based membranes to a
polymeric support and possible defects between crystals‚ limits the full potential of
MOFs to be realized for separation applications. Therefore, COFs-based membrane
was explored for the gas separation, heavy metal ion separation, nanofilteration and
water treatment because of their exciting characteristics such as

(i) Tunable pore size: Size exclusion depending upon the pore size is an
important criterion for porous membrane-based separation. The pore size of
the COFs depends upon the geometry and connectivity of the linkers which
can be modified either by changing the length and structure of organic linkers
or by post-synthetic modification to introduce large side groups and func-
tional groups [76, 151].

(ii) Chemical stability: COFs which can sustain their crystallinity and porosity in
humid, organic solvents and strongly acidic conditions are of great utility in
gas separation and water treatment. The stability of COFs can be improved
by the rational selection of organic linkers for the COFs synthesis and by
introducing intra-molecular and inter-molecular hydrogen bonding [115,
152].

(iii) Hydrophilicity: Hydrophilic COFs find extensive use in desalination, dye
extraction and pervaporation [153–155].
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(iv) Surface charge: Charge present over the surface of COFs plays a significant
role in desalination and organic solvent nanofilteration.

Apart from above-mentioned characteristics of COFs, large surface area and
adaptable functionality are also appreciated for their application in gas separation
and water treatment. A computational study revealed that the monolayer
CTF-0-based membrane can deliver a very high separating factor at room tem-
perature for separation of H2 from H2/CO2, H2/N2, H2/CO and H2/CH4 mixture
[156]. It is interesting to note that COFs membranes exhibit high H2 permeability
with highest being recorded for ultrathin continuous 2D-CTF-1 membrane. With
increase in the thickness of COFs, selectivity of H2/CO2 improved while the per-
meance of gas is reduced [157]. Similarly, Gao et al. have synthesized 3D COF
membrane (COF-320) on porous alumina ceramic support under solvothermal
condition and utilized it for H2/CH4 and N2/H2 separation application. The
COF-320 membrane exhibits high hydrogen permeation flux as compared to other
gases leading to H2 selectivity of COF membrane [158]. Banerjee et al. recently
have prepared mixed matrix membranes (MMMs) of COF over PBI polymers
support [159]. This membrane is flexible in nature and displays high degree of
thermo-chemical stability which further enhances its potential in separation appli-
cation. The observed moderate selectivity in CO2/CH4 and CO2/N2 separation is
attributed to the existence of polymeric chains trapped inside during synthesis. The
presence of these polymeric chains reduces the pore size and thus restricts it in
achieving high selectivity for separation. In another report, self-standing thin films
of COFs have been prepared via interfacial crystallization process. Depending upon
the concentration of the reagents, the thickness of the films was tuned. In addition, it
is easy to handle, flexible in nature and can be grown in different diameters.
Although these self-standing thin films are not defect free but still, they have
demonstrated remarkable solvent-performance and solute-rejection performance.

Not just limited to separation of gases, COFs can also be used for the separation
and extraction of elements and nanofilteration of dyes, salts and other organics from
wastewaters. For instance, benzimidizole-based 2D COF functionalized with car-
boxylic acid has been employed as a solid-state matrix for the separation and
enrichment of uranium [160]. Wang et al. have demonstrated the utility of
COF-based membranes for the removal of dyes from water. The membrane showed
high pure water permeability (50 L m2 h−1 bar−1) and a high Congo rejection rate
(99.5%) which was better than MOFs-based membranes [161]. With COFs (LZU1)
membrane still higher water permeability (75 L m2 h−1 bar−1) and approximately
similar rejection rate of methylene blue (99.2%) and Congo dye (98.6%) was
achieved [154]. Another application of COFs membranes was in desalination.
Tunablity of pore size, surface charge and hydrophilicity of COFs membranes
improves selectivity and reduces membrane fouling. Simulation studies have
revealed that water desalination through seven TpPa-X membranes with various
functional groups showed over 95% NaCl rejection while the water permeance was
three orders of magnitude higher than typical commercial seawater reverse osmosis
(RO) [153]. COFs-based extraction systems have also been developed for
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enrichment and analysis of molecules such as sudan dyes which are present in chilli
powder below detection limit.

Despite so many applications, challenges such as long-term stability of
COF-based membrane in realistic separation, high-cost and time-consuming fab-
rications methods might hinder their industrial use.

16.3.6 Chemical Sensors

Highly sensitive and selective detection of gas, vapour phase analyte, heavy metal
ions are of paramount importance for various applications such as chemical threat
detection, medical diagnostic, occupational safety, environment and water moni-
toring. Highly porous, crystalline MOFs and COFs can detect gas and vapour phase
analytes with high sensitivity as they can concentrate the analyte molecules at
higher levels than are present in external atmosphere. This facilitates the direct
detection of analytes in sorbent and eliminates the sample preparation step. Apart
from the sorption capacity of MOFs/COFs, sensitivity of analyte detection depends
upon the strength of analyte binding to MOFs/COFs, dynamics of analyte transport
within the framework (slower transport will lead to long response time and poor
signal) and pore size (it is observed that all else being equal, small pore will adsorb
analytes more strongly compared to larger ones, leading to enhance sensitivity),
while the selectivity of MOFs/COFs for specific analyte depends either on size/
shape exclusion (molecular sieving) wherein analyte molecules smaller than pore
aperture can be absorbed leaving the larger ones, or, on chemically specific inter-
actions of analyte with pore surface [162]. MOFs/COFs surface or pore aperture can
be tailored to host specific analyte by choice of building blocks or post-synthetic
modification methods. This will increase the selectivity as well as the sensitivity of
the detection of analytes. For instance, Eddaoudi and co-workers have constructed
series of IRMOFs by varying the size and chemical functionality of linkers leading
to the formation of iso-structural MOFs with pore aperture ranging from 30 to
3.8 Å [163].

MOFs/COFs-based sensors can be categorized on the basis of mode of signal
transduction such as optical, electrical and electromechanical sensors. Based on
different modes of signal transduction, many MOFs-based sensors have been
explored. For example, luminescent Zn3btc2 exhibits size selective sensing of
amines [164]. Smaller amines like ethylamine, dimethylamine and propylamine that
can easily diffuse into the pores of MOFs showed decrease in the luminescence
while aniline and butylamine showed no quenching, presumably due to size
exclusion. Xi et al. [165] showed that MOFs decorated with phosphorescent iridium
(III) complex exhibit emission quenching in the presence of O2. The quenching
occurs due to energy transfer to O2 leading to the formation of triplet state. Same
behaviour was found to be insensitive towards the presence of N2. In addition to
this, luminescent MOFs have used to detect nitro-aromatics (NAC), one of the
major classes of secondary explosives. The detection of NACs is not easy because
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of their inferior vapour pressure and limited chemical reactivity. However, their
electron deficient property is favourable for the formation of p-complexes with
electron rich fluorophores which can be applied for their detection. The combina-
tion of porosity, luminescence and open metal site in MOFs makes them promising
candidate for the sensing of NAC. For example, Li and co-workers have synthe-
sized fluorescent [Zn2(bpdc)2(bpee)]�2DMF (bpdc = 4,4’-biphenyldicarboxylate;
bpee = 1,2-bipyridylethene; DMF = dimethyl formamide) for the detection of DNT
vapours. The MOF shows rapid response to analyte, the quenching percentage
reached 85% within 10 s [166]. Lanthanide-based MOFs find great utility for the
detection of NAC. Tb3+@NENU-522 displays high selectivity and recyclability in
the detection of NAC explosives [167]. Interestingly, the sensing of TNT by the
MOF can be easily distinguished by the naked eye.

Similarly to MOFs, COFs have also showed great potential in the field of
sensing and detection. Recent studies have demonstrated the sensing applications of
COFs which can be accredited to their diverse compositions and synergistic
functionality which arises from the combination of well-defined porosity and
semiconducting properties. Due to tunable porosity, COFs are capable of selec-
tively hosting specific guest molecules, a prerequisite for sensing of ions or
molecules. Various COFs-based sensors have been proposed for the detection of
heavy metal ions [168], pH changes [169], organic explosives [170], etc. Jiang et al.
[171] have demonstrated the synthesis of pyrene-based luminescent COF for
sensing of nitro compounds. The resulted COF possess high sensitivity and
selectivity for picric acid over other employed nitro compounds. Later on, Fang
et al. [172] have reported the application of imine-based COFs as biosensor for
bovine serum albumin and probe DNA immobilization owing to the strong elec-
trostatic interactions. In another report, Wang et al. [168] have utilized
thioether-based fluorescent COF (COF-LZU-8) for mercury, Hg2+ sensing and
removal. In follow up, Liu et al. [173] utilized COF-JLU3 for selective sensing of
Cu2+. Banerjee et al. [169] have synthesized new imide-based COFs (TpBDH and
TfpBDH) which have been transformed into thin-layered covalent organic
nanosheets (CONs) by simple liquid-based exfoliation method. These 2D CONs
have been employed for fast and highly selective detection of nitro-aromatic ana-
lytes through luminescence-based turn off/on sensing mechanism. Compared to
CONs, sensing ability of COFs is limited due to aggregated p stacked layers which
render poor electron mobility and ineffective interaction with analytes. On the other
hand, p-p interactions are considerably weakened in CONs which is the reason
behind the superior sensing ability of CONs compared to the bulk COFs. Detection
of harmful volatile organic compounds in workplace or water content of gas and
solvent streams in industrial process is another important area in the field of
chemical sensing. In this direction, Bein et al. [174] developed tetrakis
(4-aminophenyl)pyrene-based COFs which can act as solid-state supra-molecular
solvatochromic sensors that exhibit a strong colour change when exposed to
humidity or solvent vapours. It has also been observed that solvatochromic
response of sensors which is dependent on vapour concentration and solvent
polarity.
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16.3.7 Optoelectronics

Designing the material at molecular scale allows a fine adjustment of the energy gap
as well as HOMO/LUMO levels of the semiconductor. MOFs and COFs built from
aromatic building blocks with periodic arrays offers exciting semi-conductive and
photo-conductive behaviours, making them suitable for various photo-electronic
applications [175]. However, certain issues related to the fabrication of competitive
electronic devices need to be addressed. Three-dimensional orderings at atomic
scale enable COFs to perform important role in organic electronics such as light
emission, charge transfer and separation. Yaghi et al. [176] for the first time noticed
charge carrier mobility in imine-based 2D-COFs. In another example, COF-366 is a
p-type semiconductor that exhibits one-dimensional hole mobility of 8.1
cm2V−1 s−1 superior to inorganic amorphous silicon (*1 cm2V−1 s−1). In addition,
the hole mobility value is significantly higher than those of common conjugated
polymers and ordered crystalline organic semiconductors. The electrical conduc-
tivity of COF-366 across a gap of 2 mm between two Au electrodes was deter-
mined. The electric current of 0.75 nA for COF-366 measured at the end of
electrodes affirms that the COF-366 is conductive in nature. Studies indicated that
pore volume of COFs is directly related to the electron conduction [177]. Banerjee
et al. for the first time mechanochemically synthesized bipyridine-based COFs
which surpassed its conventional solvothermal counterparts by exhibiting a stable
open-circuit voltage of 0.93 V at 50 °C and a proton conductivity of 0.014 S/cm
[178]. In 2014, Cai et al. [179] synthesized the TTF-COF by reaction between
tetrathiafulvalene tetra benzaldehyde and p-phenylenediamine under solvothermal
conditions. The TTF-COF attains planar sheet conformation while a distorted
confirmation was observed in case of TTF-Py-COF. This contrast in the structural
behaviour of two COFs originates from the difference of linkers between TTF units
in the COFs. The TTF-COF having compact layer structure is responsible for its
high carrier mobility which is found to 10–5 to 1 cm2V−1 s−1. In 2013, Jiang et al.
[180] published the results on the synthesis of conjugated organic framework
having three-dimensionally ordered stable structure and delocalized p-clouds
(CS-COFs) which is found to be hole conducting framework.

16.4 Conclusions

Great progress has been made in the synthesis and applications of metal organic and
covalent organic frameworks (MOFs and COFs) in recent times. The chapter
provides a clear in-depth understanding of structure–property relationships of
MOFs and COFs. Various synthetic protocols summarized in this chapter could
practically assist in design and synthesis of new MOFs and COFs. An important
synthetic challenge in this field is the evolution of novel synthetic procedures that
can be carried out at room temperature. The formative steps in this direction are the
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use simple yet important methods like mechanochemical grinding which leads to
direct the formation of MOFs and COFs at room temperature. Second point that
needs to be addressed is improving the stability of these porous materials. This can
be done by the introduction of –OH functionality in the vicinity of Schiff base
centres to establish intra-molecular hydrogen bonding or an irreversible enol to keto
tautomerization following the Schiff base reaction leads to improved chemical
stability of crystalline framework.

The aesthetic characteristics of MOFs and COFs, pore size tunability and
chemical functionalization of the cavity are relevant from many perspectives, so
much so that it enables MOFs and COFs as useful materials for virtually all aspects
of storage, separation and catalysis. Based on various studies, it has been estab-
lished beyond doubt that functionalized MOFs with open metal site and enhances
H2 and CO2 uptake to meet desired standards.

In the culmination, MOFs and COFs provide infinite possibility to address the
problem in energy, environment and health-related areas. The opportunity to effi-
ciently utilize these architectures is limited only by imagination and our skills to
prepare and characterize suitable well-defined structures.
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Chapter 17
Green Chemistry Approach
for Synthesis of Materials

Dibakar Goswami and Soumyaditya Mula

Abstract Green chemistry is the key to sustainability, not only for its basic concept
to minimize the use and generation of hazardous materials but also due to its vast
application towards one of the most efficient, problem-solving routes for the syn-
thesis of advanced materials. The concept of green chemistry has been utilized
almost in every sector of synthetic methods, starting from catalysis to more advanced
stages of microwave-based and sonochemical syntheses. Lately, ‘greener’ approa-
ches viz. use of renewable feedstocks, solvent engineering, etc. have also become an
integral part of materials advancement. As a result, several bio-based ‘green’
materials, bio-fuel, materials for drug-delivery, bio-degradable fabrics, dyes, liquid
crystals, etc. have emerged as high-end value-added materials for energy, health, and
environmental benefits. This chapter describes, in a nutshell, various important
applications of green chemistry in green manufacturing processes.

Keywords Green chemistry � Synthesis � Sustainability
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PAH Poly-(allyl amine hydrochloride)
DMMA Dimethylmaleic anhydride
CNT Carbon nanotube
SWCNT Single-wall carbon nanotube
NIR Near Infra-red
BODIPY 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
MWI Microwave Irradiation
ZnCl2 Zinc Chloride
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
HBLC Hydrogen bonded liquid crystal
BPy 4,4′-Bipyridine
TFE Tetrafluoroethylene
ScCO2 Supercritical carbon dioxide
FEP Fluorinated ethylene propylene
PFA Perfluoroalkoxy alkanes
ETFE Ethylene tetrafluoroethylene

17.1 Introduction

The very urge of green chemistry lies in its nomenclature itself! Green relates us to
the environment, chemistry relates us to study of materials. Over the decades,
however, a general notion has been created that development via chemistry is not
eco-friendly. The natural reason behind this is the generation of huge amounts of
wastes, mainly because of doing chemical reactions for materials development.
What if the waste is recycled for further chemical transformations which generate
minimum waste? This very idea was transformed into a perspective by IUPAC
named as “Green Chemistry”, which was defined by IUPAC as “the invention,
design, and application of chemical products and processes to reduce or to eliminate
the use and generation of hazardous substances” [1]. In 1998, Paul Anastas and
John Warner first coined the word “Green Chemistry” [2a], which became popular,
and finally was framed using 12 principles which were basically targeted for pro-
moting chemical reactions which are atom-economic, energy-efficient, and most
importantly less waste-generating (Fig. 17.1). This led to a new beginning in
chemical science. The importance of atom-economy was felt much more as never
before. The idea of chemical recyclability changed the whole concept, and a new
era of sustainability was born. Use of renewable and biodegradable materials for
materials development was found unavoidable.

The very idea of less waste generation was meticulously quantified by Sheldon
using the E (environmental) Factor (kgs waste/kg product) during the late 1980s.
This E factor concept was pivotal to focus on a detrimental problem of waste
generation in industries (Table 17.1). The E factor takes into account the chemical
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yield, all reagents, and solvents (excluding water). Qualitatively, higher the E
factor, higher is the amount of waste and, consequently, lower is the “greenness”. In
an ideal situation, E factor should be zero to achieve a perfectly green process [3].

Table 17.1 indicates that the E factor is more for industries dealing with fine
chemicals and pharmaceuticals compared to those dealing with bulk materials. This
is obvious since the synthesis of fine chemicals and pharmaceuticals involves
multi-step syntheses, and the use of classical stoichiometric reagents for most of the
steps. A paradigm shift was inevitable to focus on the green, less waste-generating
processes, and also to eliminate the use of toxic/hazardous chemicals. It would not
only reduce the amount of waste but also would improve the “quality” of waste.

What were the possible changes that a chemist could think of before jumping
into sustainability? Chemical reactions involve hazardous chemicals, environment
damaging organic solvents, and organic as well as organometallic wastes, which
need to be disposed-off into environment. One after another, all these need

3

Prevent
waste Atom

economy

Less
hazardous
synthesis

Benign
chemicals

Benign
solvents

Energy
efficiency

Renewable
feedstocks

Reduce
derivatives

Catalysis

Design
for

degradation

Real
Time

analysis

Accident
prevention

GREEN
CHEMISTRY

12 principles

Fig. 17.1. 12 Principles of Green Chemistry [2b]

Table 17.1 The E-factor [Reproduced from Ref. [3b] with permission from the Royal Society of
Chemistry]

Industry segment Product tonnage E- factor (Kg waste/ Kg product)

Oil refining 106–108 <0.1

Bulk chemicals 104–106 <1–5

Fine chemicals 102–104 5–>50

Pharmaceuticals 10–103 25–>100
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replacements. To start with, the starting materials should originate from renewable,
inexpensive, biodegradable feedstocks. In the last century, petrochemicals, bio-
mass, and coal tar have been used a lot in chemical industries [4]. However, there is
an increasing demand for evolving technologies with more and more use of
materials with agricultural or biological origin.

In this regard, carbohydrates are being contemplated as an alternative feedstock.
Polysaccharides are regularly used in textile and paper industries. Low molecular
weight fragments like glucose, fructose, etc. are also being conceptualised as
starting materials for organic syntheses. Other than these, agro-products like corn,
starch, tarpenes, etc. are being transformed into important targets via a variety of
processes.

Now let us discuss about the reagents. The less hazardous and safer reagents not
only contribute towards development of safer and more efficient chemical reactions,
but also enables green supply chain for consumables. The prime focus of green
chemistry is not limited to eliminate the toxic reagents, but also to minimize the use
of chemical reagents, such as the solvent or a chemical participating in the
reactions.

Before further elaboration, let us take the example of synthesis of polycarbonates
for better understanding. Polycarbonate is a crystalline thermoplastic polymer. It
has immense application in medical industry, automobiles, electronics, etc., and its
global market is expected to grow at a CAGR of 5.8% during 2017–2023 [5a]. It is
traditionally synthesized by the reaction between bisphenol (BPA) and phosgene
gas. However, the use of toxic phosgene gas and stoichiometric generation of HCl
as side-product make this process hazardous. A recently commercialized process
uses dimethylcarbonate (DMC) for synthesis of polycarbonates. DMC is considered
to be a safe, green chemical owing to its low toxicity (LD50, rat = 13,000 mg kg−1)
for human health. In this process, DMC is produced by the oxidadive carbonylation
of methanol, followed by transesterification of DMC with bisphenol A in the
melt-phase, and finally polymerized to give polycarbonates (Scheme 17.1). This is a
classic example of substituting a toxic, hazardous reagent with a green,
environment-friendly reagent [5b].

The target to minimize the use of reagents has led to the increased use of
catalysts. This has a direct link to one of the most important objectives of green
chemistry, i.e. to increase atom economy. Atom economy of a reaction is described
as the efficiency to incorporate all the atoms in the reagents into the product, thereby
reducing the amount of the waste that is generated in the process. Moreover, use of
stoichiometric regents leads to less atom economy, compared to the same process
where catalyst have been used. For example, the reduction of acetophenone, a
much-used reaction in pharmaceutical industries, can be classically done either
using excess sodium borohydride, or can be achieved using catalytic hydrogenation
in IPA using (diphosphine)RuCl2(diamine) precatalysts and KOt-Bu, as reported by
Dowpharma (Scheme 17.2) [6]. Obviously, hydrogenation of the ketone by hydride
reagent is associated with less atom economy, as well as production of
boron-containing waste in stoichiometric amounts. However, the same reaction
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carried out following a catalytic hydrogenation method is environment-friendly, has
99% conversion, and produces minimum waste.

The greenness of the solvent employed in the reaction also has a great role to
play. The volatile, environment-damaging, carcinogenic organic solvents can be
replaced by non-volatile, environment friendly, green solvents. Undoubtedly, water
is the greenest solvent on earth. However, since many organic reagents are neither
soluble nor stable in water, a substantial amount of research has been dedicated to
the discovery and use of other green solvents. Room temperature ionic liquids
(RTILs) have emerged as the leading candidate in this category. Several industrially
important reactions, including olefin metathesis, Heck reaction, hydroformylation,
Suzuki coupling, etc. have been achieved in RTILs. Several pharmaceutical pro-
cesses utilize ionic liquids for manufacturing advanced intermediates.

Scheme 17.1 Green synthesis of polycarbonate vis-à-vis the conventional route (red) [5b]

Scheme 17.2 Catalytic reduction (green) of acetophenone vis-à-vis the conventional route
(red) [6]
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A classic example is BASIL (Biphasic Acid Scavenging Utilizing Ionic Liquids)
introduced by BASF for synthesis of alkoxyphenylphosphines used for preparing
photoinitiators. The process yields HCl, which, when scavenged with conventional
tertiary amines, produces a thick black slurry. This reduced the yield. Use of
1-methylimidazole as scavenger produced an ionic liquid, which appeared as a
phase-separate clear liquid. This increased the yield, as well as shortened the
reaction time. Thus, the productivity could be increased by a factor of 8 � 104 to
690,000 kgm−3 h−1 [7].

To emphasize, these small applications in the classical areas have led the ionic
liquids to become an important candidate for use in the generation of clean and
efficient energy technologies, e.g., in batteries, solar cells, fuel cells, etc. Other
green solvents e.g., supercritical fluid etc. are also being used in several industries.
Supercritical fluid, e. g., supercritical CO2 (ScCO2), exists beyond critical point and
represents a state of matter having properties of both gas and liquid. This is an
environmentally friendly, non-flammable, and non-toxic fluid, and has been
regarded as a “green” replacement for conventional organic solvents. ScCO2 is
being extensively used as a reaction medium for chemical synthesis, purification
and crystallization of pharmaceuticals, polymerization and polymer processing as
well as dyeing and cleaning of fibres and textiles [8a–c] (Fig. 17.2).

For example, perchloroethylene (PERC, Cl2C = CCl2), commonly used solvent
for dry cleaning is known to be carcinogenic and contaminate groundwater. To
avoid the use of PERC, a green technology, known as Micell Technology, was
developed by using liquid CO2 and a surfactant for dry cleaning of clothes [8d]. Dry
cleaning machines are also available based on this technique. However, their uses
are still in infancy, and will, hopefully, succeed in bringing a new era of green
chemical engineering in the near future.

Fig. 17.2 Phase diagram of
CO2 (Reproduced from Ref.
[8c] with permission from
Springer Nature)
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The impact of introducing and promoting the green chemistry principles for use
in the synthesis of advanced materials were visible from the fact that, in USA, the
amount of chemical waste disposed to land, air, and water has decreased by 7%
between 2007 and 2017, according to data collected by the Toxics Release Inventory
(TRI, Fig. 17.3) of United States Environmental Protection Agency (USEPA).

In 2017, most releases were in the form of land disposal, primarily from metal
mining operations. In addition, releases to air continued to decline in 2017. Since
2007, air releases reported to TRI have decreased by 57%. This was attributed to the
good handling and process design, using green chemical pathways.

Thus, it was invariably established that green chemistry has the ability to
improve the environmental profile of chemical processes and syntheses. Hence the
industries came forward to apply green chemical principles in their process design.
The next segment will discuss the applications of green chemistry in various
industries, and how green chemistry is changing the world.

17.2 Application in Synthesis of Advanced Materials

17.2.1 Pharmaceuticals

In the USA, the ACS Green Chemistry Institute® Pharmaceutical Roundtable
(GCIPR) was introduced in 2005 to promote green chemistry in pharmaceutical
industries to adopt, resulting an enormous propagation of green chemistry research
in areas like catalysis including bio-catalysis, solvent-free synthesis, C-H activation,
flow chemistry, etc., which have impacted the innovation and sustainable devel-
opment of many therapeutics including small molecules to biologics. As a result,
the pharmaceutical industry has chosen to use green processes for preparation of
advanced drugs, and have invariably reduced the use of hazardous chemicals, and
eventually a major reduction in the generation of waste is evident (Fig. 17.4).

A classic example of adopting green chemistry in pharmaceutical industries is
the preparation of Celecoxib by Pfizer (Celebrex®). It is a widely used as a
cyclooxyginase-2 antiinflammatory agent. Shifting the traditional synthetic route to
a green route has increased the yield from 63 to 84%, reduced waste, and has
minimized the use of harmful hydrazine [9]. Additionally, the use of organic sol-
vents has been reduced by more than 50%, and the use of solvents like methylene

Fig. 17.3 Production-related
waste management 2017.
Source https://www.epa.gov/
trinationalanalysis 21,456
facilities reported to TRI for
2017
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chloride and hexane was eliminated. Figure 17.5 and 17.6 demonstrate the essence
of greenness in the improved manufacturing process of Celecoxib, compared to the
conventional method.

The sustainable production of ibuprofen (Scheme 17.3), a widely used pain
killer, by BASF (formerly known as BHC), is an innovative technology that has
been found to be super-effective in bulk pharmaceutical manufacturing (approx.
2 billion tablets per year) [10a]. Instead of a traditional six-step process, this green
protocol completes the synthesis in three steps. HF, used in first step, is recycled so
that minimum waste is generated. Also, the subsequent steps use Raney nickel and
palladium catalysts, which are recovered and reused, thus almost eliminating the
waste generation, and also increases the atom economy to almost 77% compared
with 40% in the traditional six-step synthesis. Most importantly, the process does
not require the use of volatile organic solvents (VOS). For developing this, BHC
was awarded with Presidential Green Chemistry Challenge: Greener Synthetic
Pathways Award in 1997.

Fig. 17.4 Solvent usage in
the preparation of celecoxib
(launch method vis-à-vis
improved method)
[Reproduced from Ref. [9]
with permission from Taylor
& Francis Ltd (www.
tandfonline.com)]

Fig. 17.5 Total waste
generated in the preparation
of celecoxib (launch method
vis-à-vis improved method)
[Reproduced from Ref. [9]
with permission from Taylor
& Francis Ltd (www.
tandfonline.com)]
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Another success story revolves around the synthesis of sitagliptin, the API in
Januvia™, an advanced treatment for Type-2 diabetes. Merck and Codexis
developed a green synthesis of sitagliptin, using an R-selective transaminase
enzyme that reduced waste by 19%, improved yield to 56%, and eliminated the
need for a metal (Rhodium) catalyst, which was otherwise used in the traditional
asymmetric synthesis of sitagliptin. This procedure was awarded with Presidential
Green Chemistry Challenge: Greener Reaction Conditions Award in 2010
(Scheme 17.4) [11a].

An enzyme-based process was developed by Codexis for the production of the
API atorvastatin for Pfizer's Lipitor®, the world's best-selling drug. This method
increased yield, reduced the amount of organic solvents, and ultimately reduced the
amount of waste. This has won its designer Presidential Green Chemistry Challenge
Award from the US Environmental Protection Agency (USEPA) in 2006 [12].

Few of the other API’s are also being produced via greener routes. Very
recently, Veleva et al. [13] has tabulated the percent reduction in waste generation

Fig. 17.6 The pilot-scale plant for supercritical carbon dioxide rope fabric dyeing machine and
profile of the dyeing vessel (Reproduced from Ref. [19] published by IOP publishing)

Scheme 17.3 Green synthesis of ibuprofen [10b]
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by different industries through adopting green chemistry procedures during syn-
thesis of the advanced drugs/active pharmaceutical intermediates (API’s). This
demonstrated impressive results and has established the efficacy of green chemistry
to reduce environmental burdens.

17.2.2 Textiles

The importance of introducing green chemistry and engineering in textile industry
can be presumed from the fact that textile sector represents 3% of all merchandize
trade around the globe. As a major concern, nearly 10% of global carbon output,
20% of global water pollution, and 5% of landfill waste is related to textile industry
[14]. The main reasons behind such a massive negative impact on environment are
huge consumption of water during the processing of fabrics, excessive use of more
than 8000 toxic chemicals, including non-biodegradable and heavy metal dyes, to
make the fabric [15].

To minimize the use of toxic chemicals, and in turn to minimize the production
of toxic wastes, many textile companies have adopted green engineering techniques
to produce biodegradable polymers that can be converted into fibres, films, and rods
for efficient use. For example, the Nature Works LLC. invented a process to pro-
duce polylactic acid (PLA) polymers from corn, thus eliminating the use of fossil
fuel resources, and also the use of organic solvents and other hazardous materials.
Apart from being natural and recyclable, clothing made from these fibres showed all
desirable attributes essential in product performance [16a]. Additionally, the neg-
ative environmental impact of regenerating cellulose fibres (viz. rayons) in an
organic conventional solvent containing carbon disulphide and cuprammonium
hydroxide may be overcome by regenerating cellulose in a benign organic solvent,
N-methyl morpholine-N-oxide (NMMO) hydrate, which is completely recycled.
This process has given birth to lyocell fibre (popular tradenames: Tencel
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(Courtaulds, USA), Lyo Cell (Lenzig, Austria), and New Cell (Akzo-Nobel,
Germany)), which is more sustainable than synthetic (polyester, nylon, etc.) and
natural fibres (cotton). These fibres have been shown to be superior than synthetic
fibres (e.g. polyester, etc.) and natural fibres (e. g. cotton) [16b].

The use of enzymes in almost every stage of textile industry has emerged as the
most important application of green chemistry in textile processes. Use of amylase
bacteria for enzymatic desizing, lipase/cellulose enzymes for bio scouring, cellulose
enzyme based softening and bio-stone washing and dye-decolourisation using
laccase enzymes derived from fungi, etc. have revolutionized the textile industry
[15]. In addition to this, a significant development towards greenness was achieved
when Dyecat Limited introduced a process where the polyester is colored during its
synthesis, instead of conventional dying the polyester fabric after it is made [17].
During the synthesis of the polyester, a chromophore of choice is bound in the
molecular level. This invariably reduced the use of toxic dyes, and the
post-treatment by a huge quantity of water.

In textile industry, supercritical carbon dioxide (ScCO2) is also used during
textile dyeing processes [18]. Low viscosity coupled with high diffusibility results
in shorter dyeing periods eliminating the need for water in the process, and
essentially reduces the operation costs. This kind of anhydrous ScCO2 based dyeing
is widely applied in textile industry. Figure 17.6 represents the commercial plant
based on ScCO2 dyeing technologies [19].

17.2.3 Biofuel

Plant biomass such as corn, agricultural residues, and grasses, have recently been
identified as one of the most important source for generating biofuels in solid,
liquid, and gaseous forms [20]. These are important renewable sources that reduces
the use of toxic chemicals and solvents, and thereby reducing the amount of waste
generated. The production of biofuels from plant sources is a multistep process,
which is accomplished using a high temperature (e.g. pyrolysis) or a
low-temperature deconstruction using enzymes, followed by fermentation of the
intermediates using microorganisms. However, generation of plant biomass derived
biofuel requires cultivation of plants, and their use. As a spin-off, higher cultivation
of crops and plants leads to better air quality, thereby reduces the environmental
burden. Hence it is essential to promote a correct implementation of agricultural
programmes to enable a potential development towards commercialization of
biofuel.

However, the process of converting a complex biomass into valuable chemicals
maintaining the atom economy is a very difficult and multistep process, and has
only been partially realized. Horvath et al. proposed a multistep catalytic conversion
to the valuable chemicals, which can be used as a feedstock for producing several
biofuels, and biosolvents [21], a perfect example of zero-sum carbon cycling. This
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is a nice blend of all the necessary requirements of a proper green engineering
concept (Fig. 17.7).

Bioethanol, produced from carbohydrates derived from plant sources viz. corn,
sugarcane, etc. are being used as a gasoline additive (10% ethanol, 90% gasoline) to
improve the quality of emissions from vehicles. Although pure ethanol is being
considered to be used as a fuel, it is still not implemented. The French Futurol
project targeting the development of an industrial-scale advanced bioethanol
(2nd-generation) production technology, was completed at the end of 2018 [22]. In
addition, biodiesel, a liquid fuel generated from renewable sources like vegetable
oils, is considered as a replacement for petroleum-based fuels [23].

17.2.4 Nanomaterials

Nanomaterials, highly useful in healthcare and electronics, are generally manu-
factured using the top-down method or bottom-up approaches. Both the procedures
are highly non-sustainable, particularly because of requirements of environmentally
toxic reagents and solvents, requirement of specialized environments (high tem-
perature and/or vacuum), and use of multistep purification procedures leading to
generation of a large volume of toxic waste [24a]. Although the impacts of syn-
thesized nanomaterials on environment and human health have been evaluated

Fig. 17.7 Ways to convert feedstocks into valuables (Reproduced from Ref. [21] with permission
from Springer Nature) a H2SO4/H2O or Nafion-NR50/H2O; b H2/Ru(acac)3/TPPTS/H2O; c H2/Ru
(acac)3/PBu3/NH4PF6; d HCOONa/[(η6-C6Me6)Ru(bpy)(H2O)][SO4]; e H2/Ru(acac)3/PBu3; f H2/
Pt(acac)2/CF3SO3H
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using Life-cycle assessment (LCA) and risk assessment (RA) [24b–c], the envi-
ronmental impacts of the synthetic procedures were evaluated using E factor. This
revealed that for a production of 102–103 Kgs of nanomaterials, the E factor is
around 100–106, which is almost 104 times higher than that in case of production of
pharmaceuticals [24d]. Greener and sustainable routes for the synthesis of nano-
materials are being developed, although initially in a lab scale, with an aim to
replace the traditional industrial methods. Although physical methods such as ball
mill, ultrasound assisited, laser ablation strategy, UV-induced photochemical
strategy, etc. have been used to circumvent the toxic chemical methods, they
required specialized instruments, and in turn increases the cost of synthesis
(Fig. 17.8).

In view of the above, bioinspired synthesis of nanomaterials, e.g., metals, oxi-
des, sulphides, etc., using microorganisms, proteins, enzymes or highly specific
biomolecules, have emerged as the most promising green synthetic pathways. Apart
from being environment friendly, the ability of the biomolecules to guide the
oriented growth of organic or inorganic substances have led to the belief that a large
variety of inorganic structures, which are currently unattainable through any other
methods, can be attained via this route [24e].

As an obvious example, synthesis of silver nanoparticles via the reduction of
silver salt using plant extracts have been elaborately studied [24f]. Several plant
systems have also been explored for the synthesis of silver nanoparticles [24g]. The
secondary metabolites present in the plants reduce metal salts to form metal
nano-particles without producing any toxic waste. Apart from plant extracts, several
microorganisms e.g. bacteria, fungi and yeasts have been employed for the

Fig. 17.8 Bioinspired nanomaterials synthesis (Reproduced from Ref. [24a] with permission from
the authors)
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synthesis of silver nanoparticles. A comprehensive list of different methods has
been tabulated by Rao et al. [24h].

Following a similar trend, gold nanoparticles have also been prepared.
Extracellular (i.e., reduction-based mechanism of chloroauric ions in presence of
bacteria, fungi, yeasts, etc.), intracellular, and plant-based methods (e.g., using
Magnolia kobus leaves extract, biomass resulted from oats, leaf extracts from
several medicinal plants, etc.) have been employed for this purpose. Rajeshwari
et al. have tabulated different bioinspired methods for preparation of gold
nanoparticles [24i].

Till today, several metal nanoparticles have been synthesized using different
microorganisms, as well as different lower plants [24j]. Tables 17.2 and 17.3
summarizes different microorganisms/plants used for synthesis of nanoparticles
through green routes. The vast potential of microorganisms and plant extracts has
enabled researchers to produce metal nanoparticles in a green method, reducing the
use of toxic chemicals and also minimizing the generation of wastes.

17.2.5 Drug Delivery

The concept of “green medicine” has emerged very recently which encompasses the
area of green-technology driven drug delivery systems including nanometal for-
mulations, polymers, and natural biomaterials especially originated from plant
extracts [27]. Amongst these, the use of biocompatible, non-toxic magnetic
nanoparticles (e.g. Fe3O4-nanoparticles) have emerged as a potential drug delivery
agent due to their possible localization to the target using a magnetic field from
outside of the body. The use of such magnetic nanoparticles has been so far
extended for hyperthermic treatments, gene carriers and sensors for bioimaging, etc.
Very recently, enhanced delivery of iron oxide nanoparticles to brain using
lysophosphatidic acid (LPA) has also excited researchers towards a new way of
treating the neuronal diseases [28a].

A well-defined green method using soybean phospholipids for drug delivery and
subsequent tumor therapy was developed. Soybean phospholipids (SP) are
coproducts of soybean oil processing, hence represents a natural feedstock of plant
origin. A 2D molybdenum disulfide (MoS2) nanosheet was developed and evalu-
ated for their potential as a photothermal agent for tumor therapy. A composite of
soybean phospholipid-MoS2 nanosheet was prepared, and this showed excellent
colloidal stability, minimal hemolysis, coagulation, and cytototoxicity, and good
photothermal stability. These SP-MoS2 nanosheets were found to show excellent
anticancer properties both in vitro and in vivo under photothermal conditions [28b].

Till date, a variety of methods have been developed for nanoparticle drug
delivery based on green principles [27a]. These include iron oxide nanoparticles for
cancer radiation therapy [27c], magnetic nanoparticles for hyperthermia therapy
[27d] etc. The use of graphene and graphene oxide has also been explored in drug
delivery systems. Recently, a graphene–gold (G–Au) nanocomposite was prepared
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Table 17.3 Synthesis and applications of biological nanoparticles from plants (Reproduced from
Ref. [24j] with permission from Elsevier)

Plants Plant
tissues
for
extraction

Types of
nanoparticle

Shapes Size
(nm)

Applications Refs

Euphorbia
prostrata

Leaves Silver and
titanium
dioxide
(TiO2)

Spherical Silver
10–15;
TiO2,
81.7–
84.7

Leishmanicidal [26a]

Sargassum
algae

Alga Palladium Octahedral 5–10 Electrocatalytic
activities
towards
hydrogen
peroxide

[26b]

Ginkgo biloba Leaves Copper Spherical 15–20 Catalytic [26c]

Panax ginseng Root Silver and
gold

Spherical Silver,
10–30;
gold,
10–40

Antibacterial [26d]

Red ginseng Root Silver Spherical 10–30 Antibacterial [26e]

Cymbopogon
citratus

Leaves Gold Spherical,
triangular,
hexagonal
and rod

20–50 Mosquitocidal [26f]

Azadirachta
indica

Leaves Silver – 41–60 Biolarvicidal [26g]

Nigella sativa Leaves Silver Spherical 15 Cytotoxicity [26h]

Cocos
nucifera

Leaves Lead Spherical 47 Antibacterial
and
photocatalytic

[26i]

Catharanthus
roseus

Leaves Palladium Spherical 40 Catalytic
activity in dye
degradation

[26j]

Pistacia
atlantica

Seeds Silver Spherical 27 Antibacterial [26k]

Banana Peel Cadmium
sulfide

– 1.48 – [26l]

Nyctanthes
arbortristis

Flower Silver – – Antibacterial
and cytotoxic

[26m]

Anogeissus
latifolia

Gum
powder

Silver Spherical 5.5–5.9 Antibacterial [26n]

Pinus
densiflora

Cones Silver Oval in
shape, few
triangular
shaped

30–80 Antimicrobial [26o]

Fruit Zinc Spherical >20 [26p]
(continued)
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using sonochemistry. This nanocomposite was used to prepare a new electrode
material for detection of nitric oxide, a prominent biomarker of cancer [29a]. In
another study, a green nanoparticle formulation with chitosan and graphene oxide
in dilute acetic acid showed increased drug encapsulation and drug loading [29b].

Carbon dots (CDs) have also emerged as an efficient, green drug delivery vec-
tors. For example, a cisplatin(IV)-loaded Carbon dots (CD-Pt[IV]-PEG-[PAH/
DMMA]) was prepared and evaluated in vivo. These CDs exhibited high tumor
localization and significant anti tumor properties [30a]. Apart from these, carbon
nanotubes have also been utilized in cancer diagnosis and therapy. Huang et al.
reported a reduction in cancer cell growth using single-walled CNTs (SWCNTs)
and concomitant irradiation with a low power NIR laser for 10 min [30b]. In a
similar line, SWCNTs conjugated with antitumor drug doxorubicin, and linked with
folic acid, have been utilized for targeted breast cancer therapy, where the drug was
released at only lower pH. Concomitant irradiation of the doxorubicin-conjugated
SWCNTs using a NIR laser increased the antitumor potential of the conjugate
[30c].

Apart from these, a plethora of materials viz. peptides, proteins, lipids, and
polymers have been designed using plant extracts and biomaterials. These materials
have low toxicities and high biocompatibilities. Few of such systems, have also
been approved by FDA for clinical uses [31]. These have helped researchers to
circumvent one of the biggest problems in drug delivery, i.e. toxicity. This has
emerged as one of the most important advantages of applying green chemistry in
targeted drug delivery.

Table 17.3 (continued)

Plants Plant
tissues
for
extraction

Types of
nanoparticle

Shapes Size
(nm)

Applications Refs

Artocarpus
gomezianus

Luminescence,
photocatalytic
and antioxidant

Citrus medica Fruit Copper – 20 Antimicrobial [26q]

Orange and
pineapple

Fruits Silver Spherical 10–300 – [26r]

Lawsonia
inermis

Leaves Iron Hexagonal 21 Antibacterial [26s]

Gardenia
jasminoides

Leaves Iron Rock like
appearance

32 Antibacterial [26s]

574 D. Goswami and S. Mula



17.2.6 Synthesis of Dyes

BODIPY dyes: BODIPY (dipyrromethene-BF2, 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) dyes are very important due to their tunable fluorescence with high
quantum yields and, high thermal and chemical stabilities [32]. These dyes are
being used in diversified hi-tech applications such as sensors, lasers, artificial
light-harvesting systems as well as for different biological applications [33].

Synthesis of BODIPY dyes from substituted/unsubstituted pyrroles under inert
condition in dichloromethane (CH2Cl2) takes long time (several hours to several
days) to furnish the dyes in poor to moderate (10–50%) yields. Two following
procedures (Scheme 17.5) are generally being used: (a) acid (usually trifluoroacetic
acid, TFA) catalyzed condensation of pyrroles with aromatic aldehyde, subsequent
oxidation (using DDQ or p-chloranil) followed by reaction with Et3N or Hunig’s
base and BF3.Et2O; (b) condensation of pyrroles with aromatic/aliphatic acid
chloride followed by treatment with Et3N or Hunig’s base and BF3�OEt2. Due to the
availability of different aldehydes, their condensation with pyrroles (Procedure (a),
Scheme 17.5) is generally used to synthesize variety of BODIPY dyes although the
reaction yields of this procedure is less as compared to the Procedure
(b) (Scheme 17.5) [33, 34].

S. V. Dzyuba et al. reported solvent-free mechano-chemical synthesis of
BODIPY dyes by mixing the reagents with a pestle and mortar in open air. This
procedure takes only about 5 min to synthesize the dyes with yields comparable to
those obtained via traditional routes after several hours to days [34]. For example,
4-nitrobenzaldehyde was condensed with 2,4-dimethylpyrrole by grinding using a
simple mortar and pestle followed by oxidation with p-chloranil. Subsequently,
Et3N and BF3�OEt2 were treated with the reaction mixture by grinding to afford

Scheme 17.5 General synthetic procedures of BODIPY dyes in CH2Cl2 (Reproduced from Ref.
[34] with permission from Beilstein Journals)
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BODIPY dye 1a (Scheme 17.6). In all the steps, reagents were mixed together by
grinding and each step was accompanied by a color change. The whole procedure
takes only 5 min (as compared to 5 h to ca. 12 h (or overnight) reported for
conventional methods) to furnish desired product 1a with 29% overall yield, which
was comparable to other conventional protocols, 24–40% (Table 17.4) [35]. Several
other BODIPY dyes were also synthesized using the same protocol in 5 min which
generally requires long time in conventional methods (Table 17.4).

The method is also very useful to synthesize BODIPY dyes starting from acetal.
BODIPY dye 2 (Scheme 17.7) was synthesized by mechano-chemical process
under solvent-free conditions using triethyl orthoformate as the component within
5 min in 29% yield. The conventional method for this BODIPY dye performed in
solution required several hours [41]. Further, reactions of different acid chlorides
with pyrroles (Procedure (b), Scheme 17.5) were also tried to synthesize BODIPYs.

Scheme 17.6 Solvent free synthesis of BODIPY dyes (Reproduced from Ref. [34] with per-
mission from Beilstein Journals)

Table 17.4 Synthesis of BODIPY dyes in mechano-chemical and conventional methods
(Reproduced from Ref. [33] with permission from Beilstein Journals)

BODIPY R1 R2 Mechano-chemical
synthesis

Conventional synthesis

Reaction
time

Yield,
%

Reaction time Yield,
%

1a H 4-NO2 5 Min 29 5–12 h 24–40
[35]

1b H 4-OCH3 5 Min 15 5–19 h 28–38
[36]

1c H 4-CN 5 Min 13 until aldehyde is
consumed + 1 h

15 [37]

1d H 4-ethynyl 5 Min 32 14–47 h 8–38
[38]

1e Et 4-CF3 5 Min 22 2 days 34 [39]

1f Et 4-pyridyl 5 Min 15 1–4 days 9–40
[40]
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But low yields of the dyes were obtained as the acid chlorides are
moisture-sensitive in nature.

Hemicyanine dyes: Benzimidazole/pyridine based hemicyanine dyes are gen-
erally synthesized by the reaction of an aromatic aldehyde with reactive methyl
group of a benzimidazole or pyridine quaternary salt in presence of a catalyst under
refluxing condition in an organic solvent [42]. These require several hours of
refluxing in organic solvents which are not environment friendly and also the
isolation of the products is complex.

L.-Y. Wang et al. described an environmentally friendly pathway to synthesize
hemicyanine dyes using solvent-free microwave-assisted reaction condition [43].
The reactions were reported to proceed well even with the solid starting reactants at
reaction temperature below the melting points of both components. For example,
piperidine catalyzed condensation of 1,2,3-trimethylbenzimidazolium iodide with
respective aromatic aldehydes in solvent-free conditions under microwave irradi-
ation at 252–324 W furnished benzimidazole based hemicyanine dyes, 3a-g with
82–93% yield within 1–2 min. Using the similar reaction condition, pyridine based
hemicyanine dyes, 4a-g were also synthesized in good yield (75–99%)
(Scheme 17.8) in few minutes. The pure dyes can be easily recrystallized from the
diluted ethyl alcohol. Thus, in the new method is environment friendly as it avoided
excess chemicals and reaction solvents used in classical synthesis of hemicyanine
dyes.

Near-infrared fluorescent sphingosine derivatives: J. V. Frangioni et al.
explored the use of microwave irradiation (MWI) in synthesis of near-infrared
fluorescent sphingosine derivatives 6a-b [44]. Reaction of NIR dyes,

Scheme 17.7 Solvent-free
synthesis of BODIPY dye 2
(Reproduced from Ref. [34]
with permission from
Beilstein Journals)

Scheme 17.8 Synthesis of hemicyanine dyes in solvent-free microwave condition (Reproduced
from Ref. [43] with permission from Elsevier)
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heptamethineindocyanines IR-780 (5a) and IR-786 (5b), which differ in the ali-
phatic chains of their indole nitrogens (Scheme 17.9) and d-erythro-sphingosine as
a nucleophile were carried out in dimethylformamide by both conventional heating
and microwave irradiation. Importantly, under MWI, more than two-fold product
yields (79% for 6a and 83% for 6b) were obtained in minutes as compared to
conventional methods (28% for 6a and 30% for 6b) which take several days.

Azo dyes: Synthesis of Azo dyes are two steps process: diazotization of aromatic
primary amines under strongly acidic conditions followed by the coupling of the
diazonium salts with an activated aromatic compound (phenols or aromatic amines)
at low temperature (0–5 °C) [45a]. This synthetic method has many limitations
such as low-temperature reaction, use of acid–base catalyst, low stability of aryl
diazonium salts at room temperature, long reaction times, moderate yields, etc.
Also, these processes are environmentally incompatible due to the harmful effluents
(acidic and basic) of the laboratory and industry [45a, b].

Javad Safari et al. [45c] developed an efficient solvent-free one-pot synthesis of
azo dyes to overcome the drawbacks and limitations of the previous synthetic
procedures. Aromatic amines, b-naphthol, and sulfonic acid functionalized mag-
netic Fe3O4 nanoparticles (Fe3O4@SiO2-SO3H) were grinded under solvent-free
conditions at room temperature to furnish the azo dyes (Scheme 17.10).

Scheme 17.9 Sphingosine derivatives syntheses using microwave (Reproduced from Ref. [44]
with permission from the Royal Society of Chemistry)

Scheme 17.10 Solvent-free diazotization and diazo coupling reactions (Reproduced from Ref.
[45c] with permission from the Royal Society of Chemistry)
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Using this method, several azo dyes were synthesized in high yields from dif-
ferent types of aromatic amine derivatives with electron-donating and
electron-withdrawing groups (Scheme 17.10). The magnetite-supported catalysts
can be separated by filtration as well as can easily be recovered from the reaction
mixture using permanent magnet. Thus the time-consuming and laborious separa-
tion steps become easy. Thus, as compared to the traditional methods, this protocol
is advantageous because of the rapid synthesis of Azo dyes with high yields under
solvent-free condition at room temperature, high stability of azo dyes supported on
Fe3O4@SiO2-SO3H catalysts and recyclability of the magnetic catalyst.

17.2.7 Synthesis of Liquid Crystals

Phthalocyanine-based liquid crystals: Since its first report in 1982, many
phthalocyanine-based liquid crystals were synthesized [46a] by the conventional
heating (in an oil bath) the reactants in n-hexanol (bp = 197.3 °C) or other high
boiling alcohols as the reaction solvent. But it requires very long reaction time
which is the main hurdle for the synthesis of this type of liquid crystals. For
example, synthesis of C14PcZn with moderate yield of 58% took 24 h by heating
the mixture of 4,5-bis(3,4-ditetradecoxyphenoxy)-1,2-dicyanobenzene, ZnCl2 and
DBU in n-hexanol (Scheme 17.11). But using the microwave heating with or
without phase transfer catalyst, the reaction yield was improved with drastic
reduction of the reaction time [46b, c, d].

For example, C10PcZn was synthesized in high yield (83%) in 30 min under
microwave heating of 4,5-bis(3,4-didecoxyphenoxy)-1,2-dicyanobenzene at 180 °
C using ethylene glycol as the reaction solvent (Scheme 17.11). However, reaction
yields gradually decreased for the longer alkyl chain containing liquid crystals
(67% for C12PcZn and 58% for C14PcZn) due to the poor solubility of the long

Scheme 17.11 Structures of
phthalocyanine derivatives
[46d]
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alkyl-substituted starting materials (4,5-bis(3,4-dialkoxyphenoxy)-
1,2-dicyanobenzene) in the polar ethylene glycol. Thus a phase transfer catalyst,
Aliquat 336 (bp = 225 °C) was used to improve the solubility which furnished long
chain-substituted phthalocyanine derivatives, C16PcZn and C18PcZn, in good
yields (62% and 59% respectively) under microwave heating condition at 160 °C in
30–60 min.

Solvent-free synthesis of self-assembled liquid crystals by
mechano-chemistry: Kato and Fréchet showed that benzoic acid (BA) and stil-
bazole form 1:1 complex which leads to a well-defined mesogen structure by the
intermolecular hydrogen bonding between the carboxylic acid and the pyridine ring
[47a, b]. After that Micael D. Miranda et al. [47c] extended Kato’s work synthe-
sizing hetero-dimer hydrogen-bonded liquid crystals (HBLCs) between 4,4′-
bipyridine (BPy) and some nBAs using a solvent-free synthetic technique (a green
chemistry method), neat mechano-chemistry (Scheme 17.12).

Different nBAs (where n = 2, 5, 6, 7) were used as hydrogen bond donors and
BPy was selected as hydrogen bond acceptor as its both pyridyl ends have the
capability to recognize H-bond donor molecules. The hydrogen-bonded complexes
were obtained by a mechano-synthesis technique by mixing of each s benzoic acid
with BPy in 2:1 molar ratios in a Retsch MM400 ball mill system (Retsch Solution
in Milling & Sieving, Haan, Germany) with a 10-mL stainless steel grinding jar and
two 7-mm-diameter stainless steel balls per jar (Scheme 17.12).

Liquid-crystalline thermal properties of hydrogen-bonded mesogenic complexes
synthesized through both the conventional and green method are similar indicating
no change in the structure of the Liquid crystals. For example, both the (5 BA)2–
BPy complexes are single mesogenic compounds with clear phase transitions with
smectic A phases [47b, c].

17.2.8 Fluoropolymers Synthesis

Tetrafluoroethylene (TFE)-based copolymers are highly chemical and thermal
resistance with melt processing capability. These are high performance materials
which are being used in wide range of applications [48a]. This is prepared from

Scheme 17.12 Preparation of hydrogen-bonded complexes (Reproduced from Ref. [47c] Taylor
& Francis Ltd (www.tandfonline.com))
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small olefin monomer tetrafluoroethylene (TFE) which is difficult to handle. For
example, air mixed TFE is flammable. Further, it has a high tendency to explode
during its conversion from liquid phase to gas under pressure and in gas phase also,
it is highly explosive at elevated temperatures. TFE undergoes auto polymerization
in the presence of oxygen and this process is exothermic enough to ignite an
explosion. Thus in conventional synthesis of TFE-based copolymers, special cau-
tion needs to be taken due to potential explosions which can be avoided by using
ScCO2 as reaction medium. Because TFE forms a ‘‘pseudo’’ azeotrope with CO2,
thus CO2/TFE mixtures are far less susceptible to ignition i.e. handling and
delivering of monomer becomes much safer [47b]. Using this method various
TFE-based fluoropolymers were synthesized successfully in CO2 such as PFA,
TFE/vinyl acetate polymers, ETFE, FEP, Nafion®-type materials, and
Teflon®AF-type materials. Importantly, the fluoropolymers synthesized using
Sc-CO2 contain significantly less amount of acid end groups responsible for syn-
thesis of very high molecular weight materials as compared to that of synthesized
by conventional organic and aqueous reaction systems [48c, d].

17.3 Conclusions

The major thrust areas of green chemistry can be summarized into three broad
ideas, (i) to reduce the amount of waste, (ii) to reduce the use of toxic chemicals,
and (iii) increased use of renewable sources. However, till date, the use of green
chemistry in industries has been very limited, mainly because of the poor imple-
mentation of the government regulations. A sustainability versus cost parameters of
the industries also has a subtle role to play. However, the time has come that the
ideas confined in publications to be translated into production. In certain areas like
pharmaceuticals, textiles, and biofuels, considerable developments towards sus-
tainability have been achieved. However, they are still in their infancy. The
industries should come up, without any further delay, with a determined goal to
save the environment by adopting the green principles.
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Chapter 18
Bio-inspired Synthesis of Nanomaterials

Mainak Roy and Poulomi Mukherjee

Abstract Over the years, human has emphatically developed the skill of synthe-
sizing materials with fascinating properties that resulted in an unprecedented
technological progress and industrial growth. Nature, on the other hand, makes
exotic materials with unique properties in a seemingly simple (yet baffling at times)
approach which is environmentally benign and debars intensive use of energy, high
boiling solvents and corrosive chemicals. Such green synthesis recipe adopted by
nature is in stark contrast to the industrial processing of materials that often sheds
out toxic emissions and polluting discards to the environment. That is why it is
sometimes compelling upon humankind to look up to the Mother Nature for effi-
cient and non-polluting recipe for synthesis of materials. Biomimetic synthesis
involves preparation of naturally occurring and functionally important materials
using a set of chemical reactions that closely resemble nature’s own method of
synthesizing them in course of different biological processes. Biogenic synthesis,
on the other hand, encompasses every possible approach that involves either
molecules of biological origin or biological agents like plants and microbes for
materials production. These reactions usually take place in aqueous phase at around
room temperature and at biological pH and make use of catalysts and/or biocata-
lysts for moderating the reaction conditions and may produce non-toxic by-products
and easily disposable wastes benign to the environment. Till date, a large number of
different materials with exquisite morphology and diverse functionalities have been
reported by this route. The present chapter aims at providing an overview of syn-
thetic strategies developed on being inspired by natural processes.
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Keywords Nanomaterials � Biomimetic � Plants � Fungi � Virus � Bacteria �
Actinomycete yeast

18.1 Introduction

Off late, nanoparticles are gaining importance in the field of materials research
because of properties superior to bulk that has led to different novel applications
and eventually technologies based on their size and morphology. Nanoparticles, by
definition, should be less than 100 nm along one or more of its dimensions [1].
They have made an impact in the field of health care, drug delivery, cosmetics,
energy storage, catalysis, electronics, nonlinear optics, space science and almost all
the frontiers of science [2–4].

Broadly, there are two different classes of techniques for synthesizing
nanoparticles [5, 6]. They are:

(i) Top-down methods wherein micro-crystallites of the bulk are crushed down to
smaller dimension by means of ball milling, sputtering and chemical/thermal/
laser etching

(ii) Bottom-up methods wherein atoms and/molecules coalesce to form nuclei that
grow in size to form nanocrystallites. Bottom-up methods include precipita-
tion, vapour phase deposition, sol–gel methods, sonochemical technique,
pyrolysis, etc. Methods involving chemical synthesis of nanoparticles may
involve the use of polluting chemicals [2] and high boiling solvents, disposal
of which and the worked-up residues are potentially hazardous to the envi-
ronment. Physical methods, on the other hand, are energy intensive [2] and
often make use of expensive setups involving high vacuum, high voltages, etc.
These limitations of both physical and chemical synthesis of nanoparticles
have called for yet another approach which is apparently free from the perils of
polluting the environment. It is Mother Nature’s own way of synthesizing
materials and is proven to be safe being in vogue from time immemorial.
Biogenic synthesis or its different adapted versions either directly make use of
natural components such as plants and microbes or their functional elements
and by-products. The green syntheses mostly take place under ambient con-
ditions and are gradually becoming significant to nanotechnology. Most of
these processes are time-consuming. However, on the brighter side they allow
for controlled manipulation of material properties at a lower dimension and
often resulting in exotic morphologies. Schematic representation of different
synthetic approaches to nanoparticles is given in Fig. 18.1.
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18.2 Overview of Biogenic Synthesis

Extracts and biomass obtained from different biological sources and even living
organisms are being employed for the synthesis of nanoparticles in an eco-friendly
approach. Sources include fruits, flowers, roots, leaves, seeds, barks of plants
belonging to different families and species and almost the entire gamut of microbes
including bacteria, fungi, algae, yeasts and even actinomycetes. Some of these
micro-organisms may act as nano-sized templates with exotic architecture for
nanoparticles with diverse shapes and sizes. Extracts from different biological
wastes have also been employed in the synthesis of nanomaterials. Majority of the
efforts have been made in producing metal and metal oxide nanoparticles. Reducing
and capping properties of the biological agents present in the extracts are believed
to have been instrumental in converting the metallic ions to respective nanoparti-
cles. Till date, a large number of reviews have been devoted to the synthesis of
nanoparticles using a variety of extracts/biomass and elucidation of the mechanisms
of nanomaterial formation by this route [2, 7–11], derivative excerpts from which
and other literature will be discussed in the subsequent chapters.

Fig. 18.1 Schematic representation of different synthetic approaches to nanoparticles
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18.3 General Mechanism of Biogenic Synthesis
of Nanoparticles

Different researchers have reported different mechanisms for biogenic synthesis of
nanoparticles by different biological agents. Micro-organisms tend to accumulate
metals within the cells. Whereas some metals are beneficial to them, some others
are proven toxic. Accumulation of essential metals above certain physiological
concentration also results in undue toxicity [12], which the micro-organisms tend to
reduce as a means of their natural survival. Uptake of toxic metal ions essentially
results from the inability of the transport mechanisms prevalent in the
micro-organisms to distinguish between the toxic and beneficial metal ions. The
process may be initiated either upon adsorption of the metal ions onto the cell wall
or through diffusion across it, causing surface or intracellular reduction [13]. Metal
nanoparticles may get accumulated on both the inner boundary (cytoplasmic
membrane) and outside of the cell walls and also in the periplasmic space of
micro-organisms [14] wherein metal ions have undergone chemical transformation
to nano-sized crystals by the action of enzymes and/secondary metabolite such as
alkaloids, and terpenoids. Sometimes, there is even preferential uptake of one
particular metal ion over the other [15]. For example, the molecular mechanism of
the bacterial formation of magnetite first involves invagination of the cytoplasmic
membrane in a process similar to that of eukaryotic cells. It is followed by the
accumulation of ferrous ions at a supersaturating concentration into the vesicles by
trans-membrane transporters. Thereafter, the ferrous ion gets partially reduced to
ferrihydrite which is subsequently dehydrated to magnetite. The process of
bio-mineralization of iron is realized through the intervention of an oxido-reductase
system and BacMP membrane associated proteins [16].

Similarly, extracellular synthesis of nanoparticles involves use of extract/culture
filtrate from the biomass of micro-organisms for reduction and capping of the
particles. Cadmium sulphide nanoparticle formation, for example, takes place
through the cleavage of the disulphide linkages (S–S bonds) followed by the for-
mation of cadmium–sulphur (Cd–S) bonds in the form of cadmium thiolate com-
plex [17]. Different enzymes and bioactive molecules present within the cells or in
the cell-free extract, and their specific roles in synthesizing different nanomaterials
will be elaborated under the heading of the respective micro-organisms. In an
analogous approach, plant extracts containing reducing sugars, aldehydes and
ketones reduce metal ions and also stabilize the nanoparticles [18]. Different phy-
tochemicals present in the secondary metabolites of plants therefore play an
important role in synthesizing different nanoparticles.
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18.4 Nanoparticle Synthesis Using Plant Extract

Plants, either in the form of extract or biomass, amongst all possible biological
resources, perhaps have the maximum potential of getting scaled up to the industrial
level because of the abundance in supply, faster production and ease of processing. In
contrast to the microbial synthesis, this method is devoid of elaborate culture, cost of
protocols for isolation and downstream processing, and most importantly, they are
inherently least hazardous of the lot and non-pathogenic to human beings [19]. Plant
extract contains active biomolecules such as proteins, sugars, phenols, alkaloids,
steroids, carbohydrates, sapogenins, flavonoids, amino acids and enzymes [8]. Some
of them are excellent reducing agents and reduce the metal ions to corresponding
metal nanoparticles whereas others, in combination, take part in stabilizing the
nanoparticles by capping. Extract from leaves, bark, fruits, seeds and practically every
part of the plant has beenmade use of in synthesizing nanoparticles. Nanoparticle size
depends on pH of the medium and also on the nature of bio-capping agents present in
the extract. Silver nanoparticles with large variation in size were reported using plant
extract [8].Nanoparticlesmay be formedwithin the plant cell byway of accumulation.
Minerals present in the soil, either in bare or chelated form, get solubilized and
absorbed by the plants at very low levels. Sometimes, nanoparticles from different
geological sources, viz. water, air, soil, etc., are absorbed by the plants through their
cell membranes and cell walls of the root epidermis, which then get into the vascular
bundle of xylem and thereafter transported to the leaves. Schematic representation of
nanoparticles transport within the plants is shown in Fig. 18.2 (adapted with per-
mission from the reference Tripathi et al. [20] with permission from Elsevier). The
transport process is sometimes highly selective towards the nanoparticles, wherein
cell membrane acting like a semi-permeable membrane allows the transport of the
selected particles [20] through its pores. Gold nanoparticles were found to get accu-
mulated in Alfalfa plants, in Sesbania drummondii seedlings [21] and also in
Chilopsis linearis (desert willow) [22]. Alfalfa plantswere probably one of the earliest
to have been reported for phytosynthesis of nanoparticles and are known to have
synthesized both gold and silver nanoparticles. Formation of nanoparticles of both
silver and gold inside Alfalfa resulted via uptake of the precursor ions from an
environment rich in these metal salts. Sesbania drummondii produced catalytically
active spherical gold nanoparticles with narrow size dispersion [21]. Plants can even
synthesize metal alloys in the presence of more than one metal ion. An intracellular
alloy of gold–silver and copper (Au–Ag–Cu) was reportedly produced within the
plant when Brassica juncea seeds were made to grow on a soil containing appropriate
metal precursors [21]. Bioaccumulation of metal nanoparticles by plants (and trans-
genic plants) has often been utilized for recovering noble metals from lean ores in
runoffmines and also cleaning up of contaminated sites [23, 24] in an eco-friendly and
viable approach and are, respectively, termed as phytomining and phytoremediation
[25]. However, nanoparticle uptake may cause severe toxicity in plants by way of
producing reactive oxygen species (ROS) which in turn causes oxidative stress,
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damagingDNAand proteins. Nanoparticle-induced phytotoxicity ismanifested in the
form of morphological and anatomical aberrations such as retardation of seed ger-
mination, reduction in root and shoot size and biomass [20].

Extracts of different plants have been employed for the extracellular synthesis of
nanoparticles of gold, silver, copper, cobalt, nickel, platinum, palladium, titanium,
selenium and zinc and also metal oxides [26]. Some of these nanoparticles also
exhibit preventive and/or remedial measures against a large number of ailments
including cancer, microbial and other infections. Amongst the different nanoma-
terials produced using plant extract, metal nanoparticles especially silver and gold
nanoparticles have been the most extensively researched upon and reported because
of their unique properties. Silver nanoparticles exhibit high electrical and thermal
conductivities, excellent catalytic properties and high antimicrobial efficacy against
drug-resistant microbes. They can also function as a surface enhanced resonance
Raman spectroscopy (SERS) template [19]. Gold nanoparticles are also potential
catalysts and antimicrobial agents. Excellent surface plasmon resonance
(SPR) properties of gold nanoparticles may find application in plasmonic and
photonic devices [19]. Several excellent articles and reviews highlighted on the
different plant resources used for synthesizing silver and gold nanoparticles and
their different parts such as fruits, leaves, roots, tubers, rhizome, bark, aerial soot,
etc., in the synthetic protocol [19, 21, 25, 27, 28]. Silver nanoparticles have been
synthesized using extract of Ehretia laevis that exhibited catalytic oxidation of
aromatic alcohols [29]. Extract of fruits of Crataegus douglasii also produced silver

Fig. 18.2 Schematic representation of nanoparticles transport within plants (Adapted from
Tripathi et al. [20], and reprinted with permission from Elsevier)
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nanoparticles [28]. Synthesis of silver nanoparticles has been carried out using
extracts of Acorus calamus for prospective antibacterial and anticancer efficacies
and using extract of Boerhaavia diffusa for efficacy against a variety of microbes
[27]. Extract of different plants reported for the synthesis of silver nanoparticles
included Sesuvium portulacastrum L., Tribulus terrestris L., Abutilon indicum,
Cocos nucifera and tea [27]. A quick recipe of silver nanoparticles production was
reported using extract of Acalypha indica [30]. Extract of the papaya fruit [31] and
bark of Cinnamomum zeylanicum [32] also reportedly yielded silver nanoparticles.
Phytosynthesis of metal nanoparticles depended largely on conditions used. It was
observed for the leaf broth of Magnolia kobus and Diospyros kaki that the rates of
chemical reactions involved in silver nanoparticle synthesis increased at increased
temperatures, however, with concomitant decrease in particle size for D. kaki [21].
Concentration of the extract and pH of the medium also played a key role in
synthesizing nanoparticles. Morphology of both gold and silver particles and also
their optical properties could be manipulated by changing the concentration of plant
extract [33, 34]. Gold nanoparticles were synthesized from the fresh leaves as well
as different parts of the plant Sphaeranthus indicus [19]. Extract of Moringa
oleifera [35], a plant containing large amount of bioactive molecules and antioxi-
dants and also known for the traditional treatment of inflammation, bacterial/viral
infection, hyperglycaemia and even cancer has been used for the synthesis of gold
nanoparticles having improved therapeutic properties (anti-proliferative activities).
Almost all parts of the plant, viz. flower, root, leaf, seedpod, have been used for the
phytosynthesis of different kinds of nanoparticles. Neem (Azadirachta indica) [36,
37] and aloe vera [38] are versatile plant sources, and their extracts have been made
use of by different groups of researchers for producing both gold and silver
nanoparticles and even gold–silver core–shell in the case of the former. A long list
of plant resources for the synthesis of gold is provided in the article by
Teimuri-Mofrad et al. [28] which includes leaf extracts of banana, pomegranate,
tamarind, olive and other citrus fruits and also flower extracts of Lonicera japonica,
Plumeria alba and saffron. Extracts of the wheat biomass [39], fenugreek
(Trigonella foenum-graecum) [40], lemon grass [41], dried clove buds [42], shells
of the willow tree [43] and even glucan of mushroom [44] have been reported in the
literature. Gold nanostructures ranging from few nanometres to few tens of
nanometres in size were produced from the extracts of Coriandrum sativum (co-
riander) [45]. A rapid synthesis of gold nanoparticles with faceted morphology was
achieved using extract of Pelargonium graveolens [46]. Room temperature syn-
thesis of anisotropic gold and spherical or quasi-spherical silver nanoparticles were
carried out using extract of phyllanthin [25]. Similar to silver nanoparticles, for-
mation of gold nanoparticles is also influenced by the temperature of the reaction
bath. Although most of the green synthesis using plant extract had been reported at
ambient temperatures, some of the experiments were conducted at elevated tem-
peratures and it was found in the case of Cymbopogon flexuosus that morphologies
of gold nanoparticles changed if temperature was changed [47]. Effect of pH was
also studied for extracellular synthesis [48] of gold nanoparticles. Even nanoparticle
size synthesized within living plants or using plant extracts was found to depend on
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the pH of the medium [25]. Apart from gold and silver, copper oxide nanoparticles
have been reported using leaf extract of Abutilon indicum [49]. Iron oxide
nanoparticles have been synthesized from the leaf extract of Moringa oleifera [50].
Iron oxide nanoparticles have also been synthesized from different plant extracts,
and they exhibit different functionalities [51]. Iron oxide nanoparticles have also
been made using soya bean sprouts [52]. Further, different kinds of citrus fruits
produced iron oxide particles. These nanoparticles reportedly have diverse
biomedical applications and could be potentially manipulated using magnetic field
for targeted drug delivery [51]. Similarly, copper oxide nanoparticles have been
synthesized using extracts of variety of plants. Some of these precursors are also
known for their therapeutic applications whereas the copper oxide nanoparticles so
produced have the potential for photocatalytic applications [19 and references
therein]. Nickel and zinc oxide were synthesized using extracts of Moringa oleifera
and Agathosma betulina [53–56], whereas cobalt oxide was synthesized using
extract of Aspalathus linearis [57].

As already discussed briefly, the mechanisms adopted by the plants for
nanoparticles synthesis are very much different from those perceived for conven-
tional methods. Different mechanisms adopted during phytosynthesis of nanopar-
ticles have been discussed at length in several of the reviews [18, 26]. Nanocrystals
are formed due to the reduction of the corresponding metal ions. Once formed,
these particles tend to get agglomerated spontaneously into larger particles in a bid
to reduce surface energy. A very common ploy to arrest such spontaneous aggre-
gation of nanocrystallites is to make use of a suitable capping agent. Plants are
known to produce large variety chemicals such as alkaloids, terpenoids, sugars,
flavonoids and other secondary metabolites which possibly reduce and also stabilize
nanoparticles during their phytosynthesis [18, 26]. Gold nano-triangles are
reportedly formed upon reduction of tetrachloroaurate ions with lemon grass extract
[41], whereas particle growth is promoted by aldehydes and/or ketones in the
extract. Different types of proteins, lipids and polyphenols are produced as
by-products of plants extract. One such important class of polyphenols is flavonoids
which have been extensively explored for the phytosynthesis of different nano-
materials [26]. Amino acids, polysaccharides, vitamins and citrates [25] also present
in the extract of plants have been reported for the synthesis of nanoparticles with
desired shapes and sizes. Shapes and sizes of nanoparticles may be manipulated by
varying the concentration of plant extracts and hence relative amounts of these
bioactive chemicals. Proteins, terpenoids and other biomolecules present in the
extracts of Magnolia kobus contain functional groups such as amines, alcohols,
aldehydes and carboxylic acids [25] which are reportedly instrumental in the
synthesis of nanoparticles. Wheat biomass, which is an agricultural by-product, was
found to reduce trivalent gold ions to zero valent metallic gold by virtue of the
functional groups on its cell walls after getting bound to Au3+ that resulted in
faceted nanoparticles [39]. Mechanism of nanoparticle formation within the living
plants has been studied with reference to the intracellularly formed silver and gold
nanoparticles in Brassica juncea, wherein the process is believed to have been
mediated through the reducing sugar molecules present within the plant’s
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chloroplast [25]. Purification is an important step for nanoparticle synthesis, and the
workup is generally done through repeated washing followed by centrifugation,
chromatographic and electrophoretic separation of the particles from rest of the
biomass and/or dissolved or colloidal components remaining in the system.
Sometimes, segregation of particles according to their sizes is also achieved by
ultracentrifugation [25].

18.5 Nanomaterials Using Biowastes

Nanomaterials may be synthesized employing different types of wastes generated in
industries, especially food and agro-industries, in municipalities and even in our
household kitchens. They are low-cost raw materials, available in plenty, and
otherwise, their disposal is sometimes a major issue to the society. Biowaste is a
general term given to all possible organic wastes that are generated in and around us
after processing of the plant and animal products and majority of them include peels
of fruits and vegetables and animal remains.

Fruit peels constitute a form of plant waste often discarded after consuming the
fruit pulp. Peels of fruits like pomegranate, lemon, oranges, mango, grapes, banana,
papaya and plum were successfully used for the production of nanoparticles. Some
fruit peels are known to contain natural antioxidants such as flavonoids, carotenoids,
ascorbic acid and sugars [58] and were possibly responsible for reduction of the metal
ions forming nanoparticles. Because of their high reduction potentials, noble metals
are prone to get reduced easily by diverse reducing agents be it of inorganic or
organic origin. Different metals, viz. silver, gold and palladium nanoparticles, have
been synthesized by reducing the respective metal salts with extracts from appro-
priate plant wastes. For example, extract from the peels of Satsuma Mandarin, a
source of traditional medicine, has been used in synthesizing silver nanoparticles
without the aid of any additional capping agents [59]. An extract of the fruit peel was
used along with silver nitrate for the preparation of nanoparticles. A similar approach
to producing silver nanoparticles was adopted by Kaviya et al. [60], wherein Citrus
sinensis was used in the form of peel extract for reducing the silver salt at room
temperature and also at an elevated temperature. The silver nanoparticles exhibited
antibacterial activity against both Gram negative and Gram positive bacteria.
A narrow distribution of starch supported silver nanoparticles was prepared using
aqueous extract of the peel of Citrus sinensis under ambient conditions that exhibited
antimicrobial, cytocompatibility and free radical scavenging properties [58]. Silver
nanoparticles with high antioxidant property were produced at room temperature
from Citrus sinensis peel extract by another research group [61]. Grape skin, stalk
and seeds were used in room temperature synthesis of stable nanoparticles of gold
[62]. Nanoparticle growth was achieved in a short time and in a single
step. Polyphenolic antioxidants such as catechin and proanthocyanidins present in
grape skin, stalks and seeds might have resulted in transforming gold(III) ions from
HAuCl4 to nanoparticles and subsequently their stabilization [62]. Studies on
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nanoparticle formation due to the effect of a reference compound catechin were also
reported. Mango is again a tropical juicy edible fruit belonging to the genus
Mangifera, grown in abundance in Asia. Au and Ag nanoparticles were produced by
mango peel extract [63, 64]. The silver nanoparticles loaded onto non-woven fabrics
were explored for their antibacterial properties. The authors also investigated into the
mechanism of silver nanoparticles formation using FTIR that revealed the possible
participation of hydroxyl, ketone, aldehydes and carboxylic groups of cellulose,
flavonoid, pectin, lignin present in the mango peel in the process. A plausible
mechanistic pathway to reducing Ag+ by mango peel extract was reported [63]. Gold
nanoparticles produced frommango peel extract did not show biological cytotoxicity
on some specific cells up to a concentration of 160 lg/ml [64]. Banana peel extract
[65] was used in synthesizing silver nanoparticles with moderate stability. Variation
in pH on nanoparticle synthesis and role of different functional groups involved in the
bio-reduction of Ag+ was studied. The silver nanoparticles showed antibacterial and
free radical scavenging properties. Apart from mango, banana, orange and grapes,
peel extracts of pineapple [66], papaya [67] and bilberry wastes and spent coffee
grounds [68] were used to synthesize silver nanoparticles. However, in some cases,
extract was obtained from biowastes using solvents such as ethanol. Gold
nanoparticles were synthesized from the peel extract of Garcinia mangostana [69].
Rice bran extract was used for the bio-mineralization of gold [70]. The possible
bioactive components of rice bran instrumental in reducing Au3+ were investigated
by high-performance liquid chromatography (HPLC) and liquid chromatography–
mass spectrometry (LC–MS) that showed ferulic acid was the primary reducing
agent. Grass, an important fodder for cattle, is often left to dry in fields as a plant
waste. An interesting conversion of the waste dry grass into a useful resource for
producing silver nanoparticles was reported [71]. The nanoparticles were investi-
gated for their anticancer, antifungal and antibacterial effects. Another potential form
of agricultural waste originates from the vegetable markets. Vegetable skin that is
usually discarded after peeling off vegetables along with the discarded vegetables and
thrown away leaves constitute the vegetable waste. Everyday huge amount of such
vegetable wastes are generated at the domestic as well as commercials fronts. In a
report, vegetable wastes were made use of in producing silver nanoparticles [72].
Antibacterial properties of the silver nanoparticles so produced against both Gram
positive and Gram negative bacteria were reported. Silver nanorods and nanoparti-
cles were also synthesized from industrial milk wastes [73]. Whereas nanorods were
obtained at room temperature and in alkaline pH, nanoparticles were produced at
higher temperatures and reduced pH. These nanostructures were also found to
increase the stability of the milk (keeping quality). Spherical nanoparticles of pal-
ladium were synthesized [74] using watermelon rind and were used as catalyst for
Suzuki coupling reaction. Nanoparticles of zero valent iron were synthesized using
extracts from peel and other wastes of fruits like orange, lemon, mandarin [75]. Apart
from metal nanoparticles, researchers have produced nanocrystalline oxides using
biowastes. Peel extract of drum sticks (Moringa oleifera)was used to synthesize zinc
oxide nanoparticles [76], which were employed for photocatalytic dye degradation
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and studying their antifungal, antibacterial and hemolytic properties. An innovative
method of producing gold nanoparticles on eggshell membrane for biosensing
applications was also reported [77].

18.6 Microbial Synthesis of Nanoparticles

Apart from terrestrial plants and animals, multi-cellular organisms which include
most of the fungi, many algae were used for nanomaterials production. Not only
multi-cellular organisms, unicellular organisms such as bacteria, unicellular algae,
unicellular fungi, which constitute one of the oldest habitats of this world also took
part in synthesizing nanomaterials. Together, they come under the category of
microbial synthesis. Microbial synthesis of nanoparticles is therefore an
eco-friendly and inexpensive protocol that employs different biological organisms
in synthesizing nanoparticles.

Micro-organisms such as bacteria [78, 79] and fungal species [12] have long been
used for studying their adaptation to and sometimes remediation of toxic metals,
either by complexing with metal ions or by reducing them, which at times might have
produced metal particles by chance. But deliberate search to finding biological agents
with intent of nanoparticle synthesis is rather a recent venture. Reduction of toxic
metals within the cells forms a part of the defence mechanism of the microbes [80] for
survival in diverse and extreme environment. It is not fully understood as to how the
biological agents synthesize nanoparticles, since different microbes adopt different
mechanisms for nanoparticles synthesis. Sometimes it is different for intracellular
and extracellular methods. However, extensive studies have been reported in the
literature [3] that throws some light on the plausible mechanisms of microbial syn-
thesis. In brief, some bacteria promote nucleation of metal clusters first which
interacts further with the bacterial cells to form nano-sized particles and then move
through the cell walls. Nanoparticles formation by fungal cells occurs via their
electrostatic interaction with the metal ions followed by their enzymatic reduction on
cell wall. In case of actinomycetes, metal gets reduced on the mycelial surface and
also on cytoplasmic membrane [3]. Amongst these microbes, which include bacteria,
actinomycetes (both are prokaryotes; i.e. organisms made up of cells without distinct
nucleus) and algae, yeasts and fungi (eukaryotes, i.e. organism having cells with
well-defined nucleus enclosed by cell membranes), bacteria emerged as one of the
most popular choice for microbial synthesis of nanoparticles.

18.6.1 Bacteria Mediated Synthesis of Nanoparticles

Bacteria are prokaryotic micro-organisms which can survive in almost all kind of
habitats including the human gut and some living in radioactive environments too
[81]. Bacteria may be of different shapes and sizes and hence form an impending
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bio-factory of exotic nanomaterials. There are innumerable instances where bacteria
naturally synthesize nanoparticles. Some notable examples include magnetotactic
bacteria synthesizing magnetite nanoparticles [82], diatoms synthesizing
nano-structured siliceous materials [83] and bacterial S-layer synthesizing fine grain
gypsum and calcite [84]. Magnetotactic bacteria can synthesize magnetic
nanoparticles either in the form of oxides (Fe3O4), or sulphides (Fe3S4) or both
depending on its nature [85, 86]. Synthesizing such bio-inorganic nanomaterials
with exceedingly complex functionalities and hierarchical ordering at different
length scale is still a far cry for most of the laboratory based synthetic protocols.
Some of the earliest reports on bacterial synthesis of nanoparticles probably dealt
with the removal from mines and leachates of valuable metals, wherein the
nanoparticles got accumulated intracellularly within the bacterial cell. Nanoparticles
of silver were formed when metal-resistant bacterium Pseudomonas stutzeri AG259
was made to grow in the presence of silver. A hard coating of carbon–silver
composite was formed when silver nanoparticles embedded within the bacterial
biomass were given heat treatment [87, 88]. Moreover, optical properties of these
composite coatings could be tuned depending on the amount of silver loading in
them and nature of heat treatment. Gold accumulation was reported for
Pedomicrobium [89] and on the cell wall of Bacillus subtilis 168 [90]. Gold
nanoparticles formation from gold thiosulphate complex by sulphate reducing
bacteria was also reported [91]. Gold nanoparticles were produced within the
periplasm of Geobacter ferrireducens [92]. A filamentous cyanobacterium
Plectonema boryanum UTEX 485 was reported for producing gold nanoparticles
with controlled morphology [86 and references therein]. Au(S2O3)2

3– and AuCl4
‾

separately upon reaction with the bacterium precipitated, respectively, cubic
nanoparticles and octahedral platelets depending on the conditions of the reaction
[93]. Bioaccumulation of gold from solution of gold chloride took place via for-
mation of amorphous gold (I)-sulphide on the cell wall followed by the precipi-
tation of octahedral gold (III) platelets close to the surface and also in solution [94].
Spherical gold particles were reported for E. coli DH5a [95]. Trivalent ions of gold
reportedly got bio-adsorbed onto Rhodobacter capsulatus and reduced to the
respective nanoparticles [96]. Both gold and silver ions got reduced to their
respective metal nanoparticles when separately exposed to Lactobacillus strains
present in buttermilk. In the presence of suitable precursors, alloys of the two metals
were also formed [97]. Accumulation of silver nanoparticles in the periplasmic
space of the cells was observed for atmospheric isolate of Bacillus sp. [98].

Extracellular synthesis takes place when reductive enzymes and/or biomolecules
secreted outside the cells by the microbes and/or adhered onto the outer surface of
the cell wall are involved in producing the nanoparticles and are often a more viable
method as compared to the intracellular approach. Room temperature synthesis of
nano-gold with diverse shapes and particle sizes was reported for
Rhodopseudomonas capsulata at different pH of the solution [99].

Extract of P. aeruginosa (ATCC 90271, strain 1 and strain 2) reportedly pro-
duced gold nanoparticles. Surface plasmon resonance (SPR) properties of these
nanoparticles tend to get modified along with particle size producing a systematic
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change in their colour [100]. Uniform and well-dispersed nanoparticles of silver
were produced when hydroxyl ions were present in the reaction milieu along with
dried cells of Aeromonas sp. SH10 [101]. Synthesis of silver nanoparticles was also
reported using supernatant of Klebsiella pneumonia, E. coli and Enterobacter
cloacae cultures [102]. In an analogous approach, B. licheniformis and Morganella
sp. produced nano-silver [103, 104]. Divalent palladium reportedly got reduced to
zero valent palladium by Desulfovibrio desulfuricans NCIMB 8307 with the help of
an external electron donating agent [105]. Extracellular production of gold
nanoparticles via reduction of gold ions with hydrogen as electron donor and in the
presence of Au(III) reductase was reported for bacteria like Pyrobaculum islandi-
cum, Pyrococcus furiosus and Thermotoga maritima [85, 92]. Off late, a strategy
has been adopted for the synthesis of exotic nanomaterials especially those of
metallic nanoparticles with well-defined morphologies using bacterial hollows as
template [106]. These are naturally occurring templates often in the form of bac-
terial S-layers with predefined dimension and structure that allowed formation of
materials within them with unique size and crystallographic modifications. At this
stage, it might be difficult to further manipulate and control the morphology of
nanoparticles produced from a preset combination of proteins acting as templates.
Nevertheless, the possibility of selectively producing proteins and other biologi-
cally active molecules with desired morphology and cavity size is being explored
through genetic engineering. Template-based synthetic protocols will be discussed
under a separate section.

As briefly mentioned earlier, intracellular nanoparticle synthesis by microbes is a
part of their defence mechanism in response to the metal toxicity. Predominant
mechanisms include biosorption, bioaccumulation, extracellular complexation or
precipitation of metals, lack of specific metal transport system, efflux system,
toxicity due to reduction and oxidation and alteration of solubility [3, 107 and
reference therein]. Cell wall plays a keen role in the synthesis of nanoparticles.
Silver uptake by P. stutzeri led to metal efflux and metal binding and formation of
silver nanoparticles in the vacuole-like granules in the periplasm [3].
NADH-dependent reductase enzyme acted as the electron source for reducing silver
ion, and it got oxidized to NAD+ [2, 3]. Rhodopseudomonas capsulata produced
gold nanoparticles extracellularly through the intervention of enzymes depending
on NADH and also cofactor NADH secreted by microbes. The source of electron
had been NADH-dependent reductase [99]. Silver nanoparticle formation was
also reported via involvement of NADH-dependent reductase. Again NADH served
as the reducing agent. Alternately nitrate-dependent reductase took part in reducing
silver ions [3]. Charged carboxylic acid groups of the peptide chains and residual
amino acids got bound to silver amine complex on the cell wall of treated
Corynebacterium sp. along with other reducing agents that followed reduction of
silver ions forming nanoparticles. Mms6 protein associated with magnetotactic
bacteria Magnetospirillum magneticum AMB-1 is reportedly known to have
mediated the formation of magnetite particles with cubo-octahedral geometry [108].
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18.6.2 Actinomycetes Mediated Synthesis of Nanoparticles

The term “Actinomycetes” originates from the Greek terms “aktis” and “mykes”
which stands for ray and fungus, respectively [109]. Earlier Actinomycetes were
considered as ray fungus [110]. Actinomycetes belong to the group of Gram pos-
itive, aerobic bacteria [111] with fungus-like branched filamentous growth [112,
113]. Actinomycetes are similar to bacteria in terms of cell wall composition [109],
but resemble both fungi and bacteria [3]. They are present both on the soil and also
in marine environment. They actively take part in nitrogen fixation and also act as
growth promoters and bio-control agents to plant pathogens [113]. Some actino-
mycetes are benign to higher plants and animal, whereas some others may be
pathogenic to them. Again, some may be commercially important being the sources
of many industrially and medically relevant compounds such as antibiotics (an-
tibacterial and antifungal) and immune-suppressant [114]. Actinomycetes are
known to produce novel secondary metabolites with anticancer properties that may
control cholesterol and exhibit immunosuppressive properties [113]. Actinomycetes
reportedly synthesized different nanomaterials having good stability, polydispersity
[115] and also exhibit antifungal, antibacterial and anti-parasitic activities amongst
a host of other properties [116].

Actinomycetes were reported for synthesizing nanoparticles intracellularly as
well as extracellularly [117]. An early report on Actinomycetes induced extracel-
lular synthesis of nanoparticles was due to Thermomonospora sp. which produced
narrowly dispersed gold nanoparticles with rather small particle size [118].
Streptomyces with more than 500 species forms the largest genus of Actinobacteria.
Silver nanoparticles were synthesized using Streptomyces sp, and a variety of land
acetomycetes was found to be effective against different multi-drug-resistant human
pathogens [114]. Silver nanoparticles were synthesized using extracts of different
species of the Streptomyces [119, 120] that inhibited several clinically potent
bacterial species and also exhibited anticancer effect [121]. Gold nanoparticles were
reportedly synthesized using Streptomyces griseoruber, actinomycetes [122]. The
nanoparticles exhibited catalytic degradation of dye. Rhodococcus sp. accumulated
intracellularly well-dispersed gold particles on its cell wall and also on cytoplasmic
membrane [118]. The nanoparticles had no toxic effect on the cells since their
growth continued despite their occurrence. Actinomycetes reportedly synthesized
nanoparticles of copper and copper oxide [123, 124].

Actinomycetes produce significant quantities of proteins, enzymes and other
secondary metabolites that are believed to have been responsible for the improved
reduction of metal ions [120], making actinomycetes prolific biosynthetic agents for
nanoparticles. The possible mechanism of nanoparticles formation and stabilization
by actinomycetes was reported in different review articles [3, 117 and references
therein]. Four specific protein molecules in the secretion of actinomycetes were
identified by means of electrophoretic analysis. These protein molecules possibly
originating from the enzymes contained free amine groups and/or cysteine residues
that bound to the gold and silver nanoparticles thereby stabilizing them. FTIR
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investigation revealed that stabilization of gold nanoparticles synthesized by
Thermomonospora sp. was possibly due to protein molecules on the surface of the
particles [115]. Extracellular synthesis of silver nanoparticles by Streptomyces
sp. was reported [125], which showed from FTIR studies the possible participation
of OH in reducing silver ions. Role of nitrate reductase was also discussed. It was
proposed in another report [112] that positively charged silver ions got trapped by
the negatively charged carboxylate ions of the mycelia cell wall of the actino-
mycetes and got enzymatically reduced to silver nuclei and eventually to bigger
particles. Further, according to mechanisms for intracellular nanoparticle formation,
metal ions got reduced on the mycelia surface and also on the cytoplasmic mem-
brane of the actinomycetes on being acted by enzymes there [118].

18.6.3 Algae Mediated Synthesis of Nanoparticles

Algae are both unicellular and multi-cellular eukaryotic (also prokaryotic at times)
organism belonging to the kingdom Protista and are predominantly aquatic in
nature [126] but also found in the soil [127]. Depending on their size, algae are of
two types, viz. microalgae and macro-algae, and have been extensively used in
pigment, agricultural, medical, bio-fuel, cosmetic and pharmaceutical industries
[126, 127]. They are photosynthetic in nature just like plants and were also
employed for the production of nanomaterials. There are excellent reviews on
eco-friendly algal synthesis of nanoparticles [127, 128]. Possibility of bulk and
inexpensive production of algae projects it as a cost-effective and green source of
nanoparticles. Often algae develop specific charges on cell surface, thereby accel-
erating the formation of particles via nucleation and growth [4, 127]. A variety of
nanoparticles were synthesized using algae. However, majority of the reports in the
literature are on metallic nanoparticles. Algae tend to synthesize metals nanopar-
ticles by reducing them both inside and outside the cell. Because of this property,
algae have become an upcoming contender for nanoparticle synthesis. Metabolites
from algal culture are known to contain polysaccharides, proteins and other
reducing agents which are believed to have reduced metal ions, whereas proteins
containing amino groups and sulphated polysaccharides help in capping them
[127]. Different classes of algae including diatoms and euglenoids were used for the
synthesis of gold–silver, palladium nanoparticles [127]. Diatoms are known to
synthesize gold as well as silica gold biocomposite [129]. Gold nanoparticles were
accumulated in suspended C. vulgaris [130]. Gold got attached to the algal cells and
subsequently got reduced to nanoparticles. Extract of a brown seaweed Sargassum
sp. was employed for the synthesis of gold nanoplates at room temperature. Its size
was found to vary depending on the reaction conditions [131]. Initial studies
showed that protein molecules in the extract were possibly the bioactive species.
However, one major disadvantage with algal synthesis and perhaps common to
most of the intracellular or cell associated microbial synthesis protocols is the
difficulty in separating the nanoparticles from the remaining components. Brown
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algae Fucus vesiculosus reduced gold (III) ions by virtue of the hydroxyl groups of
polysaccharides [132]. Such algal reduction of metals might provide a benign
methodology of gold recovery from leachates.

A large number of marine microalgae were effective in synthesizing silver
nanoparticles. Algal synthesis of silver nanoparticles carried out with the excreted
metabolites was reported for their antibacterial efficacies and tuneable optical
properties [4, 133]. Seaweed (Chaetomorpha linum) was reported for the reduction
of silver nitrate. Algal metabolites such as flavonoids and terpenoids reduced Ag+

and stabilized the nanoparticles [134]. Polysaccharides also helped in manipulating
dimension and morphology of silver particles [4]. A number of toxic metals
including mercury, lead and cadmium were reportedly removed from their aqueous
solution by different algal species [135].

18.6.4 Fungi Mediated Synthesis of Nanoparticles

Fungi are one of the oldest members of the eukaryotic family of micro-organism
and belong to the kingdom “fungi”. In contrast to algae, fungi are primarily het-
erotrophs and obtain food from both living and dead plants and animals. They are
known to digest the food outside their cell and assimilate nutrients through the cell
wall. Depending on the mode of their acquiring food, fungi may be classified into
biotrophs, saprotrophs or necrotrophs and can be either unicellular or multi-cellular.

Fungi were used for the synthesis of both metals and oxides nanoparticles. They
were relatively more tolerant towards metals, produced large amount of biomasses
and involved less complicated protocols [136–140]. Most importantly, the size and
morphology of fungal synthesized nanoparticles could be manipulated easily by
tweaking the culture condition, viz. time, pH, temperature and the amount of
biomass. Intracellular formation provided better control over particle size since their
growth was limited by the availability of space inside the organism, whereas
extracellular synthesis is far more hassle-free mode because of easier
down-processing of nanoparticles. One of the earliest reports on gold nanoparticles
synthesis was due to Verticillium sp. [14]. Formation of gold nanoparticles occurred
both intracellularly and on the surface of the cells. It was hypothesized that the
negatively charged gold (III) chloride ions were electrostatically attached to the
positively charged groups in the mycelial enzyme, got reduced to metal aggregates
and then transported to the cytoplasmic membrane. The enzymes in the cytoplasmic
membrane might have also contributed in reducing the metal ions [14]. Formation
of nanoparticles of gold both within the cells and outside, with diverse morphology
ranging from spheres, rods and triangles was observed for Trichothecium sp.

The fungal material produces specific proteins including enzymes being sub-
jected to different experimental conditions [141]. Accumulation of gold nanopar-
ticles in Verticillium luteoalbum biomass grown for different duration was studied.
It showed that with ageing of the cells, the number of nanoparticles decreased while
particle shape remained practically unaltered, implying higher concentration of
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enzyme formation at earlier stages of growth [142]. Spherical gold nanoparticles
were synthesized at an acidic pH 3, whereas a combination of spherical,
rod-shaped, triangular and hexagonal particles was formed at slightly higher pH 5.
Increasing the pH further to 7 and 9 resulted in predominantly irregular shaped
particles [143]. Incubation temperature of V. luteoalbum biomass reportedly
increased the rate of nanoparticles formation and particle size increased with
incubation time. Selective accumulation of silver was reported for Phoma sp. [15].
It was observed that silver got selectively accumulated in Phoma species, whereas
metals like nickel, copper, lead and cadmium got released partially into the
medium.

Verticillium sp. biomass accumulated silver nanoparticles primarily below the
cell surface [13, 144], whereas Aspergillus flavus produced silver particles over
surface [145]. Both extracellular and intracellular syntheses of platinum nanopar-
ticles of varying sizes and shapes were reported, respectively, in the associated
medium and on the cell membrane or cell wall of Fusarium oxysporum fungal strain
[146].

Fungi are known to secrete large amount biomolecules responsible for the
production of nanoparticles [137]. Endophytic fungus Colletotrichum sp. rapidly
synthesized spherical gold nanoparticles [46]. A rapid synthesis of silver
nanoparticles was reported for A. fumigatus [147]. Silver nanoparticles with pyra-
midal morphology were synthesized on the mycelial surface of white rot fungus
(Phanerochaete chrysosporium) [148]. Highly stable silver nanoparticles with
spherical morphology were produced upon reaction of the culture filtrate of
Fusarium semitectum with silver ions [149]. Silver nanoparticles from Aspergillus
niger were spherical in shape and ca. 20 nm in diameter. Again involvement of
proteins in capping and nitrate reductase along with quinone in extracellular elec-
tron transfer was established [150]. Silver nanoparticles were produced extracel-
lularly by Cladosporium cladosporioides [151]. Similarly, proteins of Coriolus
versicolor were reported for both intracellular and extracellular syntheses of silver
nanoparticles [152]. Cell-free extract of Trichoderma asperellum was found to
synthesize gold nano-triangles as well as spherical silver nanoparticles with
antibacterial efficacy [153, 154]. Other fungal species such as Fusarium solani
[155], Phoma glomerata [156], Penicillium fellutanum [157], Trichoderma viride
[158], Penicillium brevicompactum WA 2315 [159] were also reported for extra-
cellular production of silver nanoparticles. Extract of Volvariella volvacea produced
nano-silver, gold and silver–gold particles [160]. F. oxysporum also synthesized all
the three types of nanoparticles, namely gold, silver and alloys of both [144, 161,
162]. Iron oxide nanoparticles were formed extracellularly when fungus Fusarium
oxysporum and Verticillium sp. [163] were made to react with both Fe(II) and Fe
(III) salts. Formation of iron oxide nanoparticles by the fungus was believed to have
taken place via hydrolysis of magnetite precursors (anionic iron complexes) by
cationic proteins [163]. Fusarium oxysporum mediated synthesis of zirconia [136],
silica, titania [164], barium titanate [165], strontium carbonate [166] and CdSe
quantum dots [167] were also reported, making it a versatile organism for
nano-synthesis.
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Different proteins, bio-membranes and carbohydrates were reported for their
active role in the synthesis of nanoparticles by fungus, and different mechanisms
were proposed. According to one such popular mechanism, silver hydrosols were
produced by the action of a–NADPH-dependent enzyme nitrate reductase, often in
the presence of quinone derivatives like naphthoquinones and anthraquinones [168,
169]. The quinone derivatives acted as electron shuttling agents and peptides served
as stabilizers. In an analogous approach, synthesis of gold nanoparticles from gold
(III) chloride was mediated by phytochelatin and sulphite reductase enzyme that
depended on a–NADPH [170]. Here also capping of gold particles was done by
peptide molecules. Formation of nano-gold outside its cell was reported using F.
oxysporum [161], which testified participation of amide linkages and protein
molecules ranging between molecular mass of 66 and 10 kDa.

18.6.5 Yeast Mediated Synthesis of Nanoparticles

Yeasts are also members of the kingdom fungi and are single-celled eukaryotic
micro-organisms which need food, moisture and warmth for their survival. They are
not able to harness sun light for their growth, hence produce energy from organic
matter and are therefore called chemoorganotrophs. They are probably the most
useful microbes being capable of fermenting sugar and starch to produce carbon
dioxide and alcohol. That is why they are indispensable to the bakery and brewery
industries. Just like fungi, yeasts grow very fast on simple nutrients and their
growth may be controlled easily under laboratory conditions [171, 172]. Yeasts
secrete numerous reducing enzymes which have resulted in the mass production of
nanoparticles via both intracellular and extracellular mechanisms [173]. Large
quantities of highly toxic metals get accumulated in different genera of yeasts. Such
intracellular accumulation of metals results in severe toxicity to the cells, and the
effect is overcome by means of different processes such as sorption, chelation onto
extracellular peptides or polysaccharides, enzymatic oxidation and reduction
and controlled cell membrane transport [171]. Yeasts also form complex with metal
ions and stabilize them. There are excellent reviews on nanoparticle synthesis by
yeasts [3, 86, 173]. Initially, yeasts were known for the producing cadmium sul-
phide and lead sulphide often called “semiconductor crystals” or “quantum semi-
conductor crystals” [174]. The first report on biosynthesis of nanocrystalline CdS
was due to Candida glabrata and Schizosaccharomyces pombe [86]. Quantum
crystallites were produced by the yeasts through the binding of the metal to
c-glutamyl peptide forming a metal peptide complex [174]. Yield of nanoparticles
was found to depend on the growth phase of the yeast. Maximum yield was
achieved upon incubating the yeast cells in their mid-log phase of growth in 1 mM
cadmium [86]. Lead sulphide was produced intracellularly by yeast Torulopsis
[175]. Baker’s yeast (Saccharomyces cerevisiae) was employed in the bioremedi-
ation of cadmium and lead and also in the synthesis oxide nanoparticles of anti-
mony (Sb2O3) [176]. Gold nanoparticles with varying sizes were synthesized using
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Pichia jadinii [143], wherein enzymes and proteins in cytoplasm and on the cell
wall reduced gold ions to nanoparticles. Capping of particles was done by the
hydrophobic sheath of peptide layer protecting them from getting agglomerated [3].
Nano-gold particles were also synthesized in the peptidoglycan layer of the cell
wall of the biomass of Baker’s yeast [177] and also by the yeast Yarrowia lipolytica
[178]. In the presence of soluble silver, Ag nanoparticles with controlled size were
synthesized extracellularly by yeast strains MKY3, upon binding of Ag+ to the
protein molecules secreted under silver stress [179].

Yeasts give rise to glutathione (GSH) and ligands that bind to metals such as
metallothioneins and phytochelatins (PC) which are primarily responsible for the
nanoparticle formation by yeast [3]. Mechanism of stress-induced intracellular
formation of CdS nanocrystals was discussed in the literature [86]. Multiple bio-
chemical reactions are initiated in the yeast cells following metal toxicity induced
stress in them. Phytochelatin synthase produced phytochelatins that in turn would
complex with cytoplasmic metal and get transported across the vacuolar membrane.
Y. lipolytica reportedly produced metallothioneins in the presence of toxic metals
such as nickel and cadmium [180], which is why it finds application in heavy metal
remediation. On the other hand, aldehydes groups present in the reducing sugars
were possibly effective in reducing gold ions in the case of Baker’s yeasts [177].

18.6.6 Virus Based Synthesis of Nanoparticles

Virus are linear or circular sub-microscopic infectious agent consisting of either a
single-stranded or a double-stranded nucleic acid housed within a protein shell
(capsid) and can multiply rapidly within living cells of an organism. They are found
almost everywhere in ecosystem and can be pathogenic to plants, animals and even
microbes.

Virus interact with metal ions through the thick outer coating of capsid proteins
[181]. These protein may act as a template [182] for symmetric, polyvalent and
mono-disperse viral nanoparticles with high-aspect ratio, surface area and exotic
architecture for drug delivery, energy, sensing, imaging, catalytic and therapeutic
applications [183]. Virus may also be used for the production of metal nanocon-
jugates and nanocomposites. Gahlawat et al. [2] reviewed the role of virus in
synthesizing different kinds of nanoparticles. M13 bacteriophage was explored for
the synthesis of semiconducting CdS and ZnS nanocrystals [184]. Different
combination of virus were also used as additives to plant extracts for nanoparticle
production that resulted in increased number and reduced size of the
nanoparticles [2].
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18.7 Template Bound Biomimetic Approach

There is an increasing demand for nanocrystalline materials having exotic mor-
phologies for advanced device applications. Templates offer a convenient and easy
route to the fabrication of such exotic nanostructures. Since time immemorial,
nature has made use of a wide variety of templates for synthesizing different
materials. Biomimetics encompasses a host of such different synthetic strategies for
materials production adopted in pursuit of mimicking biological systems. Synthesis
using biomimetic approach to nanomaterials with complex morphologies in many a
cases made use of biological structures as templates. Various templates in the form
of DNA [185], proteins [186], peptides [187], viruses [188] and even pollen grains
[189] were used for the synthesis of nanostructures. This section summarizes dif-
ferent types of templates of biological origin and their application in synthesizing
nanomaterials.

A variety of inorganic oxides including calcium carbonates [190], hydroxyap-
atite [191], zinc oxide [192], iron oxide [193] and silica [83] were synthesized using
frameworks of biological templates. Silica is abundantly available on the earth’s
crust. It is found in major agricultural wastes and also in trace amount forms an
ingredient for collagen in human body, which is why it finds application in diverse
therapeutic procedures. Because of its many important properties and compatibility
to the biological systems, SiO2 nanoparticles (NPs) find applications as nanocarriers
in drug/gene target delivery and imaging diagnosis [194]. Silica nanoparticles with
tailored compositions, shapes and sizes were also synthesized by using
bio-templates based on proteins and other macromolecules. Kröger et al. [83]
isolated polycationic peptides (named silaffins) from cell walls of diatoms (a major
group of microalgae generally found in water bodies and known for consuming
silicon from the same) and synthesized silica nanospheres by reacting silaffins with
silicic acid. The reaction took place rapidly. It is believed that modification in the
covalently bonded lysine–lysine units present in the peptide molecule was
responsible for the paradigm of nano-structured silica. In an analogous approach,
formation of ordered silica structures was demonstrated by Cha et al. [195] using
synthetic cysteine–lysine block copolypeptides. Silicatein formed structured
aggregates due to self-assembly and hydrolysed tetraethoxysilane forming silica
structures. Cysteine–lysine block copolypeptides also exhibited similar silica
forming properties. It was observed that reduced form of the sulphydryl groups of
cysteine produced hard silica spheres, whereas its oxidized form resulted in col-
umns of amorphous silica. Formation of silica structures from aqueous solution of
its salts in the presence of proteins and thereby the role of individual amino acids
and small peptide oligomers on their formation was investigated by Belton et al.
[196]. A strong correlation between the sizes of silica particles synthesized and
isoelectric point (pI) and hydrophobicity of the amino acids used was reported.
Whereas the presence of hydroxyl and other hydrophobic groups produced rela-
tively smaller particles, nitrogen containing molecules resulted in larger sizes.
Moreover, it was found that the number of lysine units present in the peptides
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influenced the surface area and porosity of silica thus produced. However, glycine
units in the additive did not show up significant effects on the morphology of silica
particles so produced. Apart from silica, nanoparticles of titania was also synthe-
sized in presence of silicatein. It was reported [197] that the TiO2 nanoparticles
obtained from nanoscopically structure-directing proteins were very much different
from those synthesized chemically. Amorphous forms of calcite are precipitated in
nature in fascinating morphologies and quickly transform to its crystalline poly-
morphs. Aizenberg and co-workers [190] explored the possible function of protein
rich macromolecules in realizing such biogenically formed stable amorphous and
crystalline calcite phases. Ferritin is an iron containing blood cell protein molecule
primarily known for its biological functions of iron storage and heme production. It
consists of a self-assembly of multiple subunits forming a cage like structure. The
cavity is made up of iron atoms in the form of a ferrihydrite (iron
(III) oxyhydroxide) core [198, 199]. Such nanoscopic enclosure of ferritin was
extensively employed for inorganic nanomaterials synthesis. Researchers synthe-
sized mixed valence iron oxide (Fe3O4) [198, 200] using ferritin. They also pre-
pared nanoparticles of iron sulphide upon reaction of the native protein core with
H2S or Na2S. Similarly, manganese chloride when reacted with a buffered solution
of apoferritin (demetalized form of ferritin obtained by reductive dissolution of the
iron oxide core), amorphous manganese oxyhydroxide (MnOOH) was formed
[201], whereas reaction of UO2(O2CCH3)2 with apoferritin resulted in the binding
of the UO2

2+ species with the protein molecule forming polymerized uranyl oxy-
hydroxide [199]. The researchers also demonstrated the formation of cadmium
sulphide ferritin nanocomposite upon reaction of appropriate reagents within these
nano-sized reaction vessels of ferritin [202]. A number of peptide molecules having
selective affinity towards different inorganic moieties were identified and designed
for the synthesis of inorganic nanomaterials with engineered composition, crys-
tallographic orientation and/or morphology [203, 204]. Gold [205] and silver [203]
nanoparticles were synthesized using such selectively binding peptides identified
through combinatorial phage display library. Synthesis of iron oxide nanowires and
nanoparticles was carried out with suitably designed and isolated peptide molecules
by bacterial peptide display method [206]. S-layers (surface layers) of bacteria
consist of crystalline layers of proteins or glycoprotein subunits enveloping the
surface of prokaryotic cells via self-assembly. S-layers can be few nanometres thick
depending on the nature of the species and can have pores with diameters ranging
from 2 to 8 nm [207, 208]. Gold nanoparticles having square superlattice and a
uniform distribution were synthesized using S-layer of Bacillus sphaericus
CCM2177 as a template [106]. Intact pollen grains were used as templates for
silica, calcium carbonate and calcium phosphate with complex morphologies.
Complex morphologies were obtained by soaking freeze-dried pollens in different
precursor solutions and then removing the template by heat treatment, thereby
creating inorganic pollen replicas of the materials [189]. Roy and his co-workers
[209] used cysteine molecule to synthesize at room temperature silver nanoparticles
with antibacterial efficacy.
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Deoxyribonucleic acid (DNA) consists of a double helix structure of phosphate
sugars and nitrogen containing bases like cytosine, guanine, adenine and thiamine
covalently bonded to each other. It is an essential element of life for majority of
known organisms and viruses and responsible for their genetic transmission, growth
and development. DNA has dimension of a few nanometres and often exhibits high
degree of specificity towards inorganic materials [210] that make it an effective
template for nanomaterials. James J. Storhoff and Chad A. Mirkin wrote a won-
derful review on the use of DNA for synthesis of inorganic and organic building
blocks [211]. Platinum necklaces with extremely small thickness and extremely
high regularity were fabricated using DNA template [212]. It was reported that
DNA bound Pt(II) complexes upon reduction formed strong Pt–Pt bonds and served
as the nucleation site without disrupting the metal cluster chain. DNA templated
synthesis of conducting silver nanowires was also reported [211].

Apart from metallic wires, nanowires of semiconducting materials such as zinc
oxide [192], lead sulphide [213] and cadmium sulphide [214] were produced using
DNA-based designer templates. Virus-based templates were also successfully used
for the synthesis of nanomaterials. A typical example being tobacco mosaic virus
(TMV), which were used for the synthesis nanotube composites of silica by sol–gel
condensation, iron oxide by oxidative hydrolysis and PbS and CdS by
co-precipitation method [188]. Nucleation of materials under appropriate pH took
place on the exposed surface of dispersed TMV, thereby resulting in heavily
mineralized outer crust and internal cores and hence producing protein-confined
exotic inorganic nanowires and composites with high-aspect ratio. TMV particle
having an internal channel at high concentration has the natural tendency of getting
assembled into nematic liquid crystals which were exploited for the synthesis of
mesoporous silica having periodic structure [215]. Subsequently, nanometre-sized
channels are made free from the protein materials by heat treatment. Similarly,
different nanomaterials were synthesized using cowpea chlorotic mottle virus
(CCMV)-based templates [216]. An interesting property of CCMV is that it swells
under the influence of pH of the medium and thereby offers manipulation of the
pore size and hence size of the entrapped nanoparticles.

18.8 Hurdles in Biogenic Synthesis

The merits of biogenic synthesis of nanoparticles largely overshadow its limitations,
albeit there are few. The predominant shortcoming is the inherent slow kinetics of the
synthetic methods. Whereas nanoparticles may be produced in minutes or hours in a
conventional setup, microbial synthesis may take few days to weeks’ time
for completion of the process. Products are formed by the microbes in very small
amount. Hence, for the sake of upscaling of production, they are required to be grown
in large quantities that involve elaborate culturing. Further, isolation of nanoparticles
from microbes often requires extensive protocols and downstream processing,
especially when they are formed within the organism and therefore increases the cost
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of nanoparticle production. Some of the biological agents employed for nanoparticle
synthesis are pathogenic to plants and human beings and therefore might increase the
risk while handling them and also during their disposal.

18.9 Summary

Synthesis of nanoparticles by different biological agents has been discussed briefly
in this chapter. Plants hold the advantage of being renewable and a perennial source
of innumerable biomolecules for production of different nanomaterials at an
affordable rate and price, thereby making it a benign and competitive alternative to
the prevalent chemical synthesis routes. Microbial synthesis, on the other hand,
encompasses wide spectrum of protocols for synthesis of nanoparticles both within
and outside the cells of different microbes. Mechanisms of such nanoparticles
synthesis by the respective biological agents have also been discussed.

18.10 Future Scope

Plants and microbes are found to synthesize nanoparticles naturally with stringent
dimensional restrictions and exquisite morphology in a highly reproducible manner,
albeit in a slow pace and relatively minuscule amount. Nevertheless, it is said that
Boon often comes in the guise of a Bane. The slow kinetics of nanoparticles
formation involves intricate mechanisms of biomolecular reduction aided by cata-
lysts acting as electron transferring agents and their subsequent stabilization by
different biomolecules, allowing controlled manipulation of the nanoparticles size
and morphology. Sometimes, the biomolecules themselves act as templates
allowing the formation and growth of nanomaterials inside them having unusual
crystallographic modifications. Mimicking nature’s own recipe and scaling up the
processes would perhaps allow affordable production of fascinatingly designed
nanoparticles in an environmentally benign fashion. Since shape and size of
nanoparticles are known to impact significantly their optical, catalytic, magnetic,
electronic and biological properties, biogenic synthesis would certainly open up the
feasibility of manipulating materials at the nanoscale and thereby novel applications
hitherto unknown to humankind. One such possibility could be the realization of
inorganic–organic hybrids having unique properties through bio-templating
approach. Efforts are being made in deciphering the mechanism of nanoparticle
formation by biogenic route and identifying the active molecules involved in the
process. These aspects have been discussed at length in different sections of the
present chapter. Based on the research inputs, technology might seek to exploit
genetic engineering for the production of active metabolites, enzymes and other
interesting biomolecules which would enable facile manoeuvring of synthesis of
nanoparticles with tailored exotic properties.
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Chapter 19
Photo- and Radiation-Induced Synthesis
of Nanomaterials

Madhab Chandra Rath

Abstract Nanomaterials of noble metals and semiconductors are of immense use
in optoelectronic devices, sensors, biological applications and many more. Their
synthesis always remains an important topic of research, because of a strong cor-
relation between their optical properties and shapes/sizes. Out of several synthetic
routes, chemical route is a preferred one for its easiness and simplicity. Among
chemical routes, photochemical and radiation chemical methods are very efficient
and powerful. In these two processes, the synthesis of nanomaterials proceeds
through the reactions of the precursor ions with free radicals, which are generated
upon photo and/or high energy radiations such as gamma and electron beam irra-
diation. Various nanomaterials have been synthesized by this process and their
shapes/sizes could be easily tuned by controlling the experimental parameters like
precursor concentration, types of radiation, absorbed dose, dose rate, etc. The
chapter provides an account of the synthesis of a wide variety of semiconductor
nanomaterials of different shapes and sizes by these methods. These nanomaterials
were found to possess very unusual optical properties as compared to those syn-
thesized by normal chemical routes. Various other nanomaterials have also been
synthesized through this method and the processes have been optimized. The
mechanism of formation of such nanomaterials has been elucidated by
time-resolved absorption measurements.
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19.1 Introduction

Nanomaterials have continued to play an immense role in our day-to-day life
starting from the vedic era. Prior to the development of various sophisticated
imaging techniques like transmission electron microscope (TEM), scanning elec-
tron microscope (SEM), atomic force microscope (AFM), scanning tunnelling
microscope (STM), etc. which directly provide the information about size and
shape of the nanomaterials; the term ‘nano’ was missing from the literature.
Researchers would rather use to mention ‘ultra-small particle’, ‘very fine particle’,
etc. in the discussions. Several Ayurvedic medicines like ‘bhasma’ and other
‘jadi-buti’ were known to contain these so-called very very fine particles of
‘swarna’ (Gold), ‘roupya’ (Silver) and many other metals. Nowadays, these ‘very
fine particles’ of metals are termed as ‘noble metal nanoparticles’ since their sizes
are in the nanometre scale. Nanoparticles had been in use in ancient India. In the
ancient Greek and Roman civilizations, people used nanosized gold and silver for
colouring of different objects like glass, walls, etc.

The mother nature also knows the usefulness of such, nanosized particles since
ages. For example, the leaves of Lotus and Lilly plants float on the surface of water
and their top surface still does not get wet. Even if a drop of waterfalls on its
surface, it retains its shape as a drop only and never gets spread over it. With the
help of the above-mentioned sophisticated imaging techniques, it was discovered
that the top surface of lotus leaves is composed of arrays of nanoshaped structures
of leaf pigments [1, 2]. Therefore, when water is put on these nanostructure arrays,
it does not get spread over such surface and hence remains as a drop only, so the
surface of the leaf behaves like a hydrophobic material, this phenomenon is termed
as ‘lotus effect’. Similarly, the colours of the feathers of peacock as well as the
wings of butterfly are mainly due to the structural colouration. This originates
mainly due to the optical interference arising from the light reflection from the
nanoscale photonic lattices present in the arrays of barbules which are the major
constituents of feathers in peacock.

However, in the modern days after the invention of microscopic techniques, like
optical microscopy as well as electron microscopy such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), the size of these
ultra-small particles could be determined and thereafter named as nanosized
particles.

Several researchers have tried to synthesize various types of nanomaterials of
different sizes and shapes by chemical, solvothermal, hydrothermal, sonochemical,
photochemical, radiation chemical and organometallic routes. In this context, it may
be noted that photochemical and radiation chemical routes are considered as green
chemistry routes since there is no use of any (i) hazardous chemicals, (ii) high
temperature, (iii) inert atmosphere and (iv) no threat to environment.
Radiation-induced synthesis of noble metals like silver and gold nanoparticles has
been extensively studied by several researchers [3–7]. In the recent years,
radiation-induced synthesis of various transition metal nanoparticles like nickel and
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copper, etc. has been reported in the literature [8–12]. Similarly, radiation-induced
synthesis of compound semiconductor nanoparticles like CdS, CdSe, ZnS, etc. has
been extensively studied in the recent past by several researchers across the globe
[13–22]. Radiation-induced synthesis of metal oxide nanoparticles has also been
reported by several groups [23–28]. Photochemical synthesis of noble metals as
well as other transition metal nanoparticles has been reported by various researchers
[29–34]. Similarly, photochemical synthesis of compound semiconductor
nanoparticles like CdSe, CdS has also been studied by various groups [34–39].
Photochemical synthesis of metal oxides has been investigated by various
researchers [40, 41]. Ichimura and his group have reported the photochemical
deposition of semiconductor and metal oxide thin films over a suitable substrate
immersed in the reaction solution through photo-irradiation with UV light [35–37].
The radiation and photochemical synthesis of nanomaterials or nanofilms is an
ever-expanding field of research and the technique is being applied for synthesizing
a wide range of nanomaterials of interest.

19.1.1 Synthesis Methods

Several methods have been employed for the synthesis of nanomaterials, which are
classified under two main groups (i) physical methods and (ii) chemical methods.
Physical methods are based on ‘top-down’ principle that is breaking of bulk
materials into atoms and then subsequently putting them together to form nano-
materials in the form of thin films, quantum dots or quantum well, etc. This is an
energy intensive process which requires high cost and sophisticated machines as
well as skilled manpower. On the contrary, chemical methods are based on
‘bottom-up’ principle that is nanomaterials are build up by atoms or molecules
those are made available from the ions present in the solution. There are various
chemical methods used for the synthesis/growth of nanomaterials, such as
(i) chemical vapour deposition (CVD), (ii) chemical bath deposition (CBD),
(iii) high temperature chemical synthesis, i.e. solvothermal or hydrothermal route,
(iv) organometallic, (v) sonochemical, (vi) electrochemical, (vi) catalytic,
(vii) photochemical and (viii) radiation chemical routes. Among these, photo-
chemical and radiation chemical routes are considered as green chemistry methods.

The photochemical and radiation chemical reactions leading to the formation of
various types of nanomaterials involve the use of different types of radiations. UV
and visible lights (energy within a few eV only, e.g. 1–4 eV) are used for the
photochemical reactions, whereas high energy photons like x-ray, gamma ray, etc.
are used for the radiation chemical reactions. All these radiations are the part of
electromagnetic radiations (Scheme 19.1). Different UV and visible light sources
apart from direct sunlight are often used as the light sources for the photochemical
reactions. Cobalt-60 gamma chamber is used as the source for the gamma radiation
(1.25 MeV). However, apart from these electromagnetic radiations, radiation
chemical reactions can also be carried out with the high energy (keV to MeV)
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ionizing radiations like electron beam, proton beam and other higher mass particle
beams. These are usually produced in various accelerators, for example liner
electron accelerator (LINAC) is used for generating high energy electron beam.

When the radiation (both low and high energy radiations) interacts with the
precursor solution, there happen various processes at room temperature, which
eventually leads to the formation of desired nanomaterials in the form of
nanoparticles, nanorods, nanoflowers, nanoribbons, nanosheets, quantum dots,
core-shell nanoparticles, etc. in the final colloidal solution (Scheme 19.2).
However, in both the situations, certain transient intermediate species are formed
which react with the precursors leading to the formation of final products in the
form of various kinds of nanomaterials depending on the nature of nanomaterials as
well as the surface passivating agents. In the case of photochemical processes, the
light photon is absorbed by specific solute molecules to get photoexcited to higher
energy states like singlet or triplets states. Then the photochemical reactions take
place in these photoexcited states, which produce either intermediate species like
‘free radicals’ or stable products (Scheme 19.3). In the case of radiation chemical
processes, the high energy radiation, e.g. electron beam or gamma ray deposits
energy in the solvent matrix and thereafter super-excited states as well as ions and
radicals of the solvent molecules are generated instantaneously which subsequently
leads to the formation of various free radicals (Scheme 19.4) [42]. In the case of
water as the solvent, this phenomenon leads to the formation of free radicals like
hydrated electrons (eaq

− ), hydrogen atom (H) and hydroxyl radicals (OH•) along with

Scheme 19.1 Various types
of processes occur in the
entire spectrum of
electromagnetic radiation

Scheme 19.2 Schematic
representation of the radiation
(light photons as well as high
energy radiations) induced
synthesis of nanomaterials
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molecular species like H2, H3O
+ and H2O2 at a later time of about a few

microseconds. The radiolysis of water is summarized in Scheme 19.5.
Therefore, it is now understood that in both the situations (photochemical and

radiation chemical reactions), there is formation of free radicals (Scheme 19.6) in
the solution and which can be effectively utilized for the synthesis of various kinds
of nanomaterials.

Scheme 19.3 Photochemical
processes due to interaction of
a photon of energy of a few
eV

Scheme 19.4 Radiation
chemical process, occurring
due to the interaction of
photon, of energy keV to
MeV or electron, and beam of
energy keV to MeV

Scheme 19.5 Radiation
chemical process occurring
due to the interaction of
photon of energy keV to MeV
or electron beam of energy
keV to MeV
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Various types of nanofilms of metallic as well as semiconductors can be grown
over suitable substrates by both photochemical and radiation chemical routes. In the
case of photochemical route, the substrate is immersed in the reaction solution,
which is photo-irradiated from the top as shown in Scheme 19.7. Whereas, in the
case of irradiation chemical route, the substrate is immersed inside the reaction
solution and the whole solution is irradiated. In this way, the nanomaterials get
deposited over the substrate in both the cases and we get a desired nanofilm.

The photo- and radiation-induced synthesis of nanomaterials takes place through
several steps. First, the free radicals reduce the precursor ions to form either
metastable and reduced ions or atoms or molecules as the case may be. Then these
species undergo further reaction to form stable molecules or clusters of atoms and/
or ions. This process is called as nucleation. Further addition of atoms/molecules
takes place onto these nucleation centres to form nanoparticles, the process is called
as growth. Finally, these nanoparticles undergo ageing, through the Ostwald
ripening process which enhances their stability. The overall processes are sum-
marized in Scheme 19.8.

Scheme 19.6 Free radicals
produced via both
photochemical and radiation
chemical routes

Scheme 19.7 Experimental
setup showing the
photochemical deposition of
nanofilms

628 M. C. Rath



19.1.2 Nanomaterials

Nanomaterials are considered to have size less than about 100 nm at least in along
one dimension. The formation of these nanomaterials is strongly dependent on both
thermodynamic as well as kinetic parameters. Moreover, the shape and size of
nanomaterials are mainly achieved by the controlled synthesis that is dependent on
(i) precursor concentrations, (ii) solvent properties, (iii) temperature, (iv) capping
agents, (v) dose and dose rate (in the case of radiation-induced synthesis) and
(vi) light intensity as well as the concentrations of reagents required for the gen-
eration of free radicals (in the case of photochemical synthesis).

The reduction in the size of the materials leads to the evolution of various types
of nanomaterials and this is called confinement in particularly semiconductors.
Confinement in one direction leads to the formation of thin films, and when a lower
band gap material is sandwiched between two thin films of higher band gap, this is
called a quantum well structure. The confinement in two directions leads to the
formation of quantum rods and that in all the three directions leads to the formation
of quantum dots (Scheme 19.9). When the size of nanoparticles becomes less than
or equal to the Bohr radius of exciton or de-Broglie wavelength of the charge
carriers then these are called quantum dots. In all these quantum confinements, the
dimension of the nanomaterials should be very less (i.e. Bohr radius of exciton). In
this situation, the exciton is unable to move freely in the crystal lattice and therefore
there is a complete confinement in all the three dimensions (Scheme 19.10).

Scheme 19.8 Schematic
representation showing the
synthesis steps of formation of
nanoparticles

Scheme 19.9 Confinement
in materials with respect to
their size
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Nanomaterials of various nature like metallic, semiconductor and metal oxides
could be easily synthesized by photochemical and radiation chemical methods
using suitable radiation sources. In this way, one can synthesize nanoparticles,
nanofilms and different nanosize materials.

19.2 Photochemical Synthesis of Nanomaterials

In the case of photochemical synthesis of nanomaterials, the UV or visible light gets
absorbed by a particular species which produces certain free radicals, which have
reducing property. In the case of UV absorption, usually acetone along with
2-propanol is used, where acetone absorbs light and gets photoexcited. In the
photoexcited state, it is oxidizing in nature, and therefore, it abstracts one H atom
from the nearby 2-propanol molecule, and in this process, there is a formation of
two 2-hydroxy-2-propyl radicals, (CH3)2C

•OH in the solution (Scheme 19.11).
However, in the case of photo-irradiation with visible light, one has to use

Scheme 19.10 An artistic
imagination of quantum dots
in a colloidal solution

Scheme 19.11 Photochemical processes happening in the case of photoexcitation of acetone
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acetophenone instead of acetone as the scintillator. Similarly, acetophenone absorbs
the visible light and gets photoexcited, where it abstracts one H atom from
2-propanol to form two different radicals. In both the cases, the radicals formed are
very much reducing in nature. Apart from these two types of generation of free
radicals, there is also another method that happens in the case of uranyl ion pho-
toexcitation. In this case, the uranyl ion gets photoexcited by both UV and visible
light and in the photoexcited state it is highly oxidizing in nature, therefore it
abstracts one H atom from the nearby molecules including even water. In all three
cases, one can use any aliphatic alcohols having an a C atom attached to at least one
H atom. Therefore, tert-butanol is not a suitable compound for this purpose.

In other case, for example the photochemical synthesis of CdS, CuS or ZnS
nanoparticles, the precursor for S is usually used as Na2S2O3. In this case, S2O3

2−

ions absorb the UV light and release S atom as well as electrons. These react with
corresponding metal ions to form the metal sulphides in either thin films or
nanoparticles [35–37]. Separate examples of photochemical synthesis of metal
oxide, II–VI semiconductor and metallic nanoparticles in aqueous solution are
being discussed in the following sections.

19.2.1 Photochemical Synthesis of UO2 Nanoparticles
in Aqueous Solutions

In this section [40], formation of UO2 nanoparticles via UV photo-irradiation has
been discussed. Usually UO2 is being produced through the pyrolytic reduction of
ammonium diuranate (ADU) using hydrogen [43]. Nenoff and co-workers [25],
Roth et al. [24] and Rath and co-workers [26, 27] have investigated the radiolytic
synthesis of UO2 nanoparticles. Formation of UO2 nanoparticles takes place via the
reduction of UO2

2+ by 2-hydroxy-2-propyl radicals, (CH3)2C
•OH.

Photochemical properties of UO2
2+ are complex in nature [44]. Excited state of

UO2
2+ is known to be oxidizing in nature and abstracts H atom from the nearby

alcohol molecule like 2-propanol in the reaction medium [45]. During this process,
a (CH3)2C

•OH radical is produced, which could easily reduce further UO2
2+ to

UO2
+ or UO2

+ to UO2. Reduction of UO2
2+ to U (IV) through photochemical route

has been reported [46–49]. Pavelkova and co-workers have investigated the syn-
thesis of UO2, ThO2 and UO2–ThO2 nanoparticles through photochemical route
[50]. In their study, nanoparticles formation takes place in two steps, i.e. formation
of a solid amorphous precursor followed by heat treatment of this precursor.
Recently, Rath and co-workers have investigated a direct, one step synthesis of UO2

nanoparticles from the aqueous solution of uranyl nitrate through UV irradiation
[40]. The formation of these nanoparticles takes place through the reduction of
UO2

2+ by (CH3)2C
•OH radicals.

2-hydroxy-2-propyl radical, (CH3)2C
•OH is generated upon UV light irradiation

in acetone in the presence of 2-propanol, which is a strong reducing agent
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(E1 = −1.6 V at pH 3), which can reduce uranyl ions to form UO2. The absorption
spectra of the reaction mixture (10 mM uranyl nitrate, 1% (v/v) acetone and 1%
(v/v) 2-propanol) recorded at several time intervals of photo-irradiations inside a
photoreactor confirm the formation of new product as there was a systematic
increase in the absorption spectra. Absorption spectra of the reaction mixture inside
a capped quartz cell were recorded at different photo-irradiation time intervals
(Fig. 19.1).

The absorbance values monitored at 670 nm (corresponds to the absorption due
to UO2) are plotted against photo-irradiated time for different solvent mixtures are
shown in Fig. 19.2. It is evident from this figure that the formation of UO2

nanoparticles is definitely associated with an induction time up to about 25 min,
where the increase in the absorbance value at 670 nm is nil. But after this time,

300 400 500 600 700 800 900

0.10

0.15

0.20

300 400 500 600 700 800 900
0.0

0.5

1.0

1.5

15

8
1

Ab
so

rb
an

ce

Wavelength (nm)

2

8

1

Ab
so

rb
an

ce

Wavelength (nm)

 1        5
 2        6
 3        7
 4        8

Fig. 19.1 Absorption spectra
10 mM UO2(NO3)2, 1% (v/v)
2-propanol and 1% (v/v)
acetone, at different time
intervals of photo-irradiation
under 350 nm UV lamp. Up
to 70 min. Inset: absorption
spectra in an expanded scale
(Reproduced with permission
from American Scientific
publishers [40])

0 20 40 60
0.0

0.2

0.4

0.6

Ab
so

rb
an

ce
 @

 6
70

 n
m

Photo-irradiation time (min)

Fig. 19.2 Absorbance at
670 nm versus
photo-irradiation time plot
obtained in 10 mM
UO2(NO3)2 solution
containing (o) 1% 2-propanol,
(Δ) 1% 2-propanol and 1%
acetone, (◊) 2% 2-propanol
and 1% acetone and (⋆) 3%
2-propanol and 1% acetone at
pH 3.4 irradiated with 350 nm
UV lamp (Reproduced with
permission from American
Scientific publishers [40])

632 M. C. Rath



there is a fast increase in the absorbance value which gets saturated after about
50 min of photo-irradiation.

Concentration of 1% (v/v) 2-propanol in the solution is 130 mM and which is
sufficient for the complete reduction of 10 mM UO2

2+ to UO2. Apart from the
photoexcitation of acetone, UO2

2+ can also get photoexcited with this 350 nm UV
light and can undergo reduction by H atom abstraction from 2-propanol to form
UO2

+ and (CH3)2C
•OH radical which further reacts to produce UO2 [45]. The

probable reactions those must be occurring in the reaction mixture for the formation
of UO2 nanoparticles are shown below:

CH3ð Þ2CO !hv � CH3ð Þ2CO ð19:1Þ

� CH3ð Þ2COþ CH3ð Þ2CHOH ! 2 CH3ð Þ2C�OH ð19:2Þ

CH3ð Þ2C�OHþUO2þ
2 ! UOþ

2 þ CH3ð Þ2COþHþ ð19:3Þ

UOþ
2 þUOþ

2 ! UO2 þUO2þ
2 ð19:4Þ

CH3ð Þ2C�OHþUOþ
2 ! UO2 þ CH3ð Þ2COþHþ ð19:5Þ

UO2þ
2 !hv �UO2þ

2 ð19:6Þ

�UO2þ
2 þ CH3ð Þ2CHOH ! ½UOþ

2 þ CH3ð Þ2C�OH� þHþ ð19:7Þ

½UOþ
2 þ CH3ð Þ2C�OH� ! UO2 þ CH3ð Þ2COþHþ ð19:8Þ

UO2 þ nUO2 ! UO2ð Þ nanoparticles ð19:9Þ

UO2 is formed through the Reactions 19.4, 19.5 and 19.8 above. It was observed
that there was a decrease in the induction time with an increase in the 2-propanol
content. It was noticed that there was no formation of UO2 nanoparticles in the
reaction mixture containing 10 mM uranyl nitrate in the absence of 2-propanol or
acetone even upon a very long time exposure to UV lamps. This confirms definite
role of 2-propanol in the formation of UO2 nanoparticles.

The formation of UO2 nanoparticles was also found to occur both in the
de-aerated as well as in the aerated solutions. So the dissolved oxygen seems to
have no negative role in the formation of UO2 nanoparticles. The probable reactions
those might be taking place in the presence of oxygen are shown below:

CH3ð Þ2C�OHþO2 ! CH3ð Þ2COþHO�
2 ð19:10Þ

HO�
2 þHO�

2 ! H2O2 þO2 ð19:11Þ
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CH3ð Þ2C�OHþH2O2 ! CH3ð Þ2COþOH� þH2O ð19:12Þ

OH� þ CH3ð Þ2CHOH ! CH3ð Þ2C�OHþH2O ð19:13Þ

However, the UO2 nanoparticles were found to decompose when the colloidal
sol is exposed to air/oxygen. The decomposed colloidal sol again produced UO2

nanoparticles upon exposure to UV light and this cycle could be repeated for
several times. These UO2 nanoparticles were found to be very stable under
de-aerated condition for several months. The colloidal stability of these nanopar-
ticles against agglomeration could be due to the coulombic repulsion among them,
as the H+ ions adsorbed on the surface of UO2 nanoparticles makes the surface
positively charged (zeta potential = +21 mV).

The products have been characterized by XRD, dynamic light scattering
(DLS) and SEM. The XRD pattern of the products confirms the formation of UO2

nanoparticles with cubic crystalline phase. The particle size as obtained from the
DLS measurements was found to be 23 ± 5 nm. The SEM image of these UO2

nanoparticles confirms that the particles have spherical shape (size about 1 lm).
SEM image of the UO2 nanoparticles confirms the formation of spherical-shaped
particles with size less than 100 nm in the reaction mixtures.

It is being noticed here that there is a slow transformation from the pale yellow
to a pale black colour appearance in the solution kept inside the photoreactor. In this
situation, (CH3)2C

•OH radicals are being continuously generated in the solution
during UV irradiation time. So it is obvious that UO2

+ and UO2 are also being
continuously produced in the solution. These nascent species can come closure to
form smaller clusters, where there is no increase in the absorption spectra, as these
small clusters do not have any absorption in the monitoring wavelength range.

This time period can be named as the induction time period. Then these small
clusters come closure to grow further and attaining a particular size of about a few
nanometres. These small nanoparticles would have an absorption along with a
scattering in the UV-visible range. This process is very fast and therefore there is
fast increase in the absorbance at 670 nm which finally saturates indicating no
further growth. Photochemical formation of UO2 nanoparticles is schematically
shown in Scheme 19.12. It was also observed that the UV irradiation for a few

Scheme 19.12 Schematic
representation of formation
and growth of UO2

nanoparticles through
photochemical route
(Reproduced with permission
from American Scientific
publishers [40])
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minutes, which is equivalent to just up to the end of the induction period which is
about 20–25 min, could form UO2 nanoparticles in the capped cell containing the
reaction mixture, without further photo-irradiation. It was established that the
photochemical synthesis of UO2 nanoparticles in aqueous solution is always
associated with an induction time period.

19.2.2 Photochemical Synthesis of Starch Capped CdSe
Quantum Dots in Aqueous Solution

Cadmium selenide (CdSe) quantum dots (QDs) have become one of the advanced
semiconducting materials, as their optical properties could be easily tuned by
controlling their size [51]. Various methods like electrochemical, sonochemical,
radiation and photochemical routes have been employed for their bottom-up
approach synthesis, where the later one is very important because there is no use of
additional reducing agents, no requirement of stringent laboratory conditions like
inert atmosphere and high temperature [52]. Various biomolecules like proteins,
amino acids, carbohydrates provide a good capping of these QDs and reduce their
cytotoxicity effects [53]. The aqueous phase synthesis is very important as their size
and shape can be perfectly tuned as well as they get application in aqueous solu-
tions [54]. Murray et al. [55] synthesized CdSe QDs in organic solvents and sub-
sequently various researchers synthesized it in aqueous solution [56, 57].

The reaction mixture (0.5 mM of CdSO4, 0.5 mM of Na2SeSO3, 0.5 mg/mL of
starch solution, 2% v/v of acetone and 2% v/v of 2-propanol) was irradiated with
300 nm UV light inside a UV photoreactor [58]. Acetone in the presence of
2-propanol produce two 2-hydroxy-2-propyl radicals, (CH3)2C

•OH upon UV irra-
diation, which are strong reducing in nature (E0 = −1.5 V vs. NHE) [59]. These
radicals can reduce Cd2+ to Cd+ and release Se− from SeSO3

2− through the fol-
lowing reactions and lead to the formation of CdSe QDs. The probable reaction
mechanism is given below:

CH3ð Þ2C�OHþ Cd NH3ð Þ4
� �2þ! Cd�þ þ CH3ð Þ2COþHþ ð19:14Þ

SeSO2�
3 þ CH3ð Þ2C�OH ! Se�� þ SO2�

3 þ CH3ð Þ2COþHþ ð19:15Þ

Cd�þ þ Se�� !hv CdSe ! CdSeð Þn ð19:16Þ

CdSeð Þn !starch starch � CdSeð Þquantum dot ð19:17Þ

The growth of CdSe QDs was investigated by monitoring the absorption spectra
at different photo-irradiation time (Fig. 19.3a). It is seen from this figure that the
absorbance value at 480 nm did not increase further after about 10 min of
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photo-irradiation, indicating a completion of the formation of CdSe QDs in the
reaction mixture. This is confirmed from the plots of excitonic peak position and the
particle size versus photo-irradiation time (insets of Fig. 19.3a). The colour of the
reaction mixture does not change in the absence of acetone indicating the reaction is
initiated by the excited state of acetone only.

The room temperature fluorescence spectra of the QDs were measured for dif-
ferent QDs (Fig. 19.3b) synthesized in different reaction mixtures. The fluorescence
intensity was found to increase with an increase in the Cd:Se ratio, and a higher
intensity was obtained in the case of reaction mixture with a composition of Cd:Se
as 1.5:0.5 mM. Whereas those synthesized with Cd:Se ratio 0.5:0.5 mM and
0.5:1.0 mM do not exhibit any fluorescent as seen from the above figure. The
fluorescence lifetimes of these QDs (Fig. 19.3c) were found to consist of two
components (s1 and s2), which could be originated from the band gap (s1) and trap
states (s2) [60]. As the e–h pair recombine very fast, the shorter component, i.e. s1
which is less than 10 ns has been assigned to this process. On the other hand, the
larger component, i.e. s2 which is more than 30 ns has been assigned to the trap
state e–h pair recombination, as it is a slower process. Nevertheless, it was observed
that the average lifetime <s> value of these QDs was found to increase with an
increase in the Cd content in the reaction mixture (see Table 19.1). It could be
explained as the QDs with a higher Cd:Se ratio are better capped by the starch
molecules and thereby exhibit a better fluorescence, whereas the QDs synthesized

Fig. 19.3 a Absorption spectra of the sol containing CdSe QDs obtained with Cd:Se ratio
1.5:0.5 mM, insets: excitonic peak position and particle size with time of photo-irradiation,
b fluorescence (Fl) spectra and c fluorescence decay curves of QDs synthesized at different Cd:Se
ratios (Reproduced with permission of Elsevier [58])

Table 19.1 Fluorescence
lifetime values of CdSe QDs
prepared with various
compositions of precursors
(Reproduced with permission
of Elsevier [58])

[Cd2+]:[Se2−]
(mM)

Lifetime (ns)

s1 A1 s2 A2 <s>

1.0:0.5 6.16 0.38 38.3 0.62 26.1

1.5:0.5 5.93 0.31 39.6 0.69 29.2

2.0:0.5 6.95 0.30 43.4 0.70 32.5
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with lower Cd:Se ratio such as 0.5:0.5 and 0.5:1.0 mM are poorly capped by starch
molecules and thereby exhibit either very poor or no fluorescence.

These QDs were extracted by freezing the colloidal sol at 0 °C and subsequently
allowed to come back to liquid form at room temperature. In this process, it is
known that amylose and amylopectin parts of starch get settled down upon freezing
[61]. CdSe QDs along with starch also get separated from the sol in the bottom of
the beaker in this process, which could be easily recovered from the colloidal sol.

The XRD patterns of these QDs confirm the formation of cubic zinc blend
nanocrystal of CdSe [55]. The crystallite size was calculated using Scherrer formula
and was found to be about 2–3 nm in all these cases. Raman spectra of these QDs
exhibit two peaks at 204 and 409 cm−1 that confirm the formation of CdSe
nanoparticles and correspond to 1st and 2nd order longitudinal modes of CdSe QDs
[62]. From the FTIR spectra, it is clear that the OH stretching peak (3650–
3000 cm−1) present in starch is very broad which indicates the presence of many
OH groups and inter and intramolecular H bonding there. The other peaks are at
2900 cm−1(asymmetric C–H stretching), 1640 cm−1 (O–H bending of water in
starch), 1340 cm−1 (angular deformation of C–H bond), 1150 cm−1 (C–O and C–C
stretching), 1075 cm−1 (C–O–H bending), 998 cm−1 (skeletal vibration of a 1–4
glycosidic linkage (C–O–C), 926 cm−1 (C–C stretching) and 850 cm−1 (C2

deformation) [63]. The starch capped CdSe samples give distinct peaks which
indicate the existence of starch on CdSe surface.

The TEM images confirmed that the nanoparticles are well dispersed and
spherical in shape with sizes about 3 nm. The HRTEM image clearly showed
(111) and (200) planes with interplannar distance of 3.5 Å and 2.9 Å, respectively,
which matches very well with the cubic zinc blende structure of CdSe nanoparti-
cles. The SEM images also further confirm the spherical nature of the particles, but
of relatively bigger size, indicating an agglomeration of these QDs. Starch capped
CdSe QDs have been successfully synthesized in aqueous solution through pho-
tochemical route using 300 nm UV light, which is very simple, efficient and
powerful. Their optical properties were found to strongly depend upon Cd to Se
ratio.

19.2.3 Photochemical Synthesis of Metal Nanoparticles

Photochemical synthesis of various metallic nanoparticles has been reported in the
literature till date. Among these, different noble metals like silver (Ag) and gold
(Au), other metals like nickel (Ni) and copper (Cu) have been reported by various
authors [29–34]. The free radicals generated in solution reduce Ag+ ions to Ag,
Au3+ ions to Au, Ni2+ ions to Ni and Cu2+ ions to Cu. Then these reduced ions
called atoms get agglomerated to form nucleation centres and then growth of
nanoparticles takes place upon addition of successive atoms to the nucleation
centres. In the absence of any capping agents, these metastable particles undergo an
uncontrolled growth to get precipitated out. However, because of their surface
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charge either negative or positive, the nanoparticles can be stable even without any
surface capping agents. This is due to Coulombic repulsive forces among the
nanoparticles. In certain cases, these nanoparticles are stabilized by the use of
suitable polymers, block copolymers and surfactants [33, 34, 64–67]. In these
studies, UV light from high pressure mercury lamp is being used. UV light induces
the formation of free radicals which are reducing in nature, so that the reduction of
metal ions can take place under UV illumination.

19.3 Radiation Chemical Synthesis of Nanomaterials

The radiolysis of water generates various free radicals along with different
molecular products. Out of which hydrated electrons, eaq

− and H atoms are reducing
radicals and OH• is an oxidizing radical [68, 69]. Their radiation chemical yields
(G = lmol/J) are mentioned in Table 19.2. However, in order to carry out any
specific reaction the radiolytic solution has to be either reducing or oxidizing in
nature. In this context, the synthesis of nanomaterials (metallic, semiconductor or
metal oxides) requires a reducing environment. Such a condition can only be
achieved by scavenging the OH• radicals and which is often carried out by adding
tert-butanol in water. Tert-butanol reacts with OH• radicals to form an intermediate
species, which are very less reactive (Scheme 19.13).

In this situation, the remaining eaq
− and H atoms make the system completely

reducing in nature. In certain cases, other aliphatic alcohol like 2-propanol,
1-propanol, 1-butanol, ethanol or methanol is added to water for scavenging OH•

radicals. In this case, the reaction product between the OH• radical and these
alcohols is also a reducing radical which increases the reducing environment. In

Table 19.2 Radiation chemical yields, G values (lmol/J) in irradiated water

Type of radiation eaq
− H OH• H2 H2O2 HO2

•

Gamma and high energy electron
beam

0.28 0.062 0.28 0.047 0.073 0.0027

Scheme 19.13 Radiation
chemical process occurring in
water for getting an oxiding
or reducing condition
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another condition, acetone is also added along with 2-propanol in order to generate
predominantly the (CH3)2C

•OH radicals, which are highly reducing in nature. In
this case, acetone reacts with eaq

− and 2-propanol reacts with both H and OH•

radicals and both the reactions lead to the formation of (CH3)2C
•OH radicals with a

higher radiation chemical yield. Similarly, one can create an oxidizing condition in
the system by scavenging hydrated electrons, eaq

− . This is predominantly achieved
by saturating N2O gas in water prior to irradiation with either electron beam or
cobalt-60 gamma radiation. In this case, N2O reacts with eaq

− and generates a OH•

radical, which increase radical yield of OH• radicals. In some other conditions,
different secondary oxidizing radicals are created in order to study the oxidation
reactions. These include N3

• , Br2
•−, Cl2

•− radicals which are obtained by adding
different salts NaN3, KBr, KCl, respectively, after saturating the solution with N2O
(Scheme 19.14) [69]. In this situation, the OH• radical reacts with the anion of these
salts to generate corresponding anion radical, which dimerizes with the anion itself
to form a relatively stable dimer radical as mentioned above. However, in the case
of synthesis of nanomaterials, a reducing environment is desired.

Separate examples of radiation chemical synthesis of metal oxide, II–VI semi-
conductor and metallic nanoparticles in aqueous solution are being discussed in the
following sections.

19.3.1 Radiolytic Synthesis of UO2 Nanoparticles
in Aqueous Solutions

Radiolytic synthesis of UO2 nanoparticles has been reported by various researchers
in the literature [24–28]. A mechanism for the radiolytic formation of these
nanoparticles has been discussed here [26]. Atinault et al. have investigated the
radiolytic oxidation of U (IV) to (UO2)

2+ [15]. In this study, it was observed that
there was a time lapse between the formation of UO2 nanoparticle and the electron

Scheme 19.14 Radiation
chemical processes occurring
in water for getting an
oxidizing condition
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beam (eb) irradiation in the reaction mixture. These studies have been thoroughly
investigated under different experimental conditions. The reactions of
2-hydroxy-2-propyl radicals, (CH3)2C

•OH with UO2
2+ lead to the formation of

these nanoparticles in aqueous solution. At the natural pH 3.4 in the uranyl solution,
eaq
− , can react with H+, UO2

2+ as well as NO3
− ions. Reactions occurring in the

radiolysis of water and subsequent reactions leading to the formation UO2

nanoparticles are given below.
ð19:18Þ

e�aq þHþ ! H� ð19:19Þ

H�=OH� þ CH3ð Þ2CHOH ! CH3ð Þ2C�OHþH2=H2O ð19:20Þ

e�aq þUO2þ
2 ! UOþ

2 ð19:21Þ

e�aq þNO�
3 ! NO2�

3 ð19:22Þ

UO2þ
2 þ CH3ð Þ2C�OH ! UOþ

2 þ CH3ð Þ2COþHþ ð19:23Þ

UOþ
2 þ CH3ð Þ2C�OH ! UO2 þ CH3ð Þ2COþHþ ð19:24Þ

UO2 þ n UO2 ! UO2ð Þnanoparticle ð19:25Þ

It is obvious from these reactions that about 20 mM radicals will be needed for
the conversion of whole of 10 mM UO2

2+ to UO2. Assuming the G value of the
primary radicals in this solvent mixture 0.6 lmol J−1, the overall radical concen-
trations could be about 30 mM in the case of an absorbed dose of 50 kGy. This
higher absorbed dose has been given to the reaction mixture in order to take care of
the reaction between eaq

− and NO3
−, (see the Reaction 19.22). Reaction 19.22 does

not have any role in the formation of UO2 nanoparticles as understood from the
experiments in the reaction mixture containing higher amount of NO3

− ions.
However, NO3

− ions do scavenge eaq
− to which indirectly affects the formation of

UO2 nanoparticles, as the formation of these nanoparticles happens through a
reduction pathway. Reactions 19.23, 19.24 and 19.25 as shown above are the
simplified presentations for the formation of UO2 nanoparticles. Uranyl ions exist in
different speciation forms at different pH and in the presence of different counter
anions. However, at the natural pH 3.4, it exists predominantly as UO2

2+. These
species (UO2 and/or other U(IV) species if any) slowly give rise to the formation of
UO2 nanoparticles (Scheme 19.15). It is now understood from this scheme that
there could be an induction period during the formation of UO2 nanoparticles,
which was investigated in detail in the following sections.

It is observed from the above reactions that during the reduction of UO2
2+ to

UO2, two H+ ions are generated. Hence, 20 mM H+ ions are expected to be formed
during the reduction of 10 mM UO2

2+ in the solution. In such situation, the pH of
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the final radiolysed solution should be 1.7. On the contrary, the pH of the colloidal
sol was found to be only 3.1. The as-grown UO2 nanoparticles in the colloidal
solution are stable under a de-aerated condition for weeks and get decomposed only
when exposed to air or oxygen. Hence, it is obvious that the excess H+ ions
generated during the formation of UO2 nanoparticles must have been utilized by
these nanoparticles in increasing their colloidal stability. The H+ ions might have
been adsorbed on the surface of these nanoparticles (Scheme 19.15) and provide a
coulombic repulsion between them, thereby hindering their aggregation to form any
precipitate. This was confirmed by measuring the zeta potential of the irradiated
colloidal sol (f = +21 mV). However, a minor adsorption of H+ ions even on the
bigger clusters could have occurred in the solution, as these H+ ions are being
formed from the beginning of the formation of UO2 molecular species as shown in
Scheme 19.15.

Radiolytic synthesis of UO2 nanoparticles has been performed in the pH range
2–5 in aqueous solutions containing 10 mM uranyl nitrate and 10% 2-PrOH [28].
The formation of UO2 nanoparticles was found to occur in the pH range 2.5–3.5.
The speciation of uranyl ions at different pHs is the main cause for such obser-
vation, and at this pH range it exits as UO2

2+. In the case of high acidic pH,
i.e. <pH 2, UO2 nanoparticles does not occur due to these reactions [15]:

2 UO2ð Þþ þ 4Hþ ! UO2ð Þ2þ þU4þ þ 2H2O ð19:26Þ

2 UO2ð Þþ! UO2ð Þþ� �
2! 2 UO2ð Þ2þ ð19:27Þ

So, pH of solutions was just the natural pH 3.4. Therefore, the excess H+

produced during the formation of UO2 nanoparticles must have been utilized in
their colloidal stability, by making the surface positively charged which provide a
coulombic repulsion among them.

Reaction mixtures of different sets have been made by 10 mM uranyl nitrate and
2-propanol in the range 1%–20% (v/v), where the concentration of 2-PrOH was
130 mM in the case of 1% and 2.6 M in the case of 20%, respectively. 2-PrOH
reacts with primary radicals (H• and OH•) to form 2-hydroxy-2-propyl,
(CH3)2C

•OH radicals. The appearance of black coloured colloidal sol was found to

Scheme 19.15 A simplified
presentation showing the
nucleation and growth of UO2

nanoparticles (Reproduced
with permission from Elsevier
[27])
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take place after electron beam irradiation was over, and the time taken in the case of
1% 2-PrOH was higher as compared to that in the case of 10% 2-PrOH. The
irradiation time was only a few seconds, whereas the time delay between the
irradiation and the appearance of blackish sol was of several minutes. Such delay
time occurs only during the post-irradiation process which is named as induction
time. The black coloured sol containing UO2 nanoparticles has absorption at around
670 nm along with scattering as well as absorption in the whole UV–visible range.
The absorption spectrum of the sol was recorded after irradiation at various time
lapse and the absorbance value at 670 nm was measured at different time intervals
in order to monitor the growth of these nanoparticles (Fig. 19.4). It was noticed that
during the post-irradiation induction time, there was almost no change in the
absorption spectra from that of the unirradiated solution. However, there was
increase in the absorbance value at each wavelength and an appearance of a
well-defined spectrum, once the appearance of black colour happens in the sol. The
absorbance value at 670 nm plotted against post-irradiation time lapse for solutions
with different % (v/v) of 2-PrOH are shown in Fig. 19.5.

It is certainly evidenced from these observations that the growth of UO2

nanoparticles starts only after a time delay from the irradiation. The growth of these
nanoparticles is found to be favoured in the case of a higher % (v/v) of 2-PrOH.
From Fig. 19.5, it is clearly seen that there is a remarkable increase in the
post-irradiation time lapse from 10 to 1% (v/v), whereas there is no appearance of
the absorption spectral pattern. But, once the appearance of black colour starts in
the sol, it takes a very small time to reach saturation in all the cases. Therefore, it is
certain that 2-PrOH molecules play an important role in the nucleation as well as
the growth of these nanoparticles in the present study. The post-irradiation time
lapse in the formation of UO2 nanoparticles is being named as induction time,
which is nothing but nucleation time. The time taken from the beginning of increase
in the absorbance value at 670 nm up to the saturation value, is being named as
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Fig. 19.4 Absorption spectra
of the irradiated sol
containing 10 mM uranyl
nitrate and 5% 2-PrOH at
various time lapse
(Reproduced with permission
from Elsevier [27])
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growth time (Scheme 19.15). The induction time and formation time associated
with the formation of UO2 nanoparticles are determined from Fig. 19.5.

The formation time (= induction time + growth time) was found to decrease
with the increase in the concentration of 2-PrOH in the range from 130 mM to
2.6 M and follows a non-linear pattern. In this situation, 2-PrOH molecules could
be used in the solvation of UO2 that favours the nucleation and growth of the
nanoparticles. However, in the later stage, H+ ions could play a crucial role in
providing their stability during the growth process. The morphology of these
nanoparticles was studied by scanning electron microscopy (SEM). Rod (length
2 ± 1 lm and width 300 ± 200 nm) as well as spherical-shaped particles were
formed in all these cases (Fig. 19.6). Rod-shapes were almost identical in all the
cases of 2-PrOH, however, the spherical nanoparticles were decreased with increase
in the % (v/v) 2-PrOH.
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Fig. 19.5 Plots of
absorbance at 670 nm versus
post-irradiation time lapse in
sol containing different % (v/
v) 2-PrOH (Reproduced with
permission from Elsevier
[27])

Fig. 19.6 SEM image of
UO2 nanoparticles formed in
the sol containing 10 mM
uranyl nitrate solutions and
5% (v/v) 2-PrOH via electron
beam irradiation (Reproduced
with permission from Elsevier
[27])
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From these observations it is understood that the nascent UO2 coalesced in the
presence of 2-PrOH in the aqueous solution in the above-mentioned pH range, to
form UO2 nanoparticles. Therefore, it is expected that such process should also be
solvent viscosity dependent. Three reaction mixtures were used for this study:
(i) 10 mM uranyl nitrate, 10% (v/v) 2-PrOH and 1% (v/v) ethylene glycol,
(ii) 10 mM uranyl nitrate, 10% (v/v) 2-PrOH and 2% (v/v) ethylene glycol,
(iii) 10 mM uranyl nitrate, 10% (v/v) 2-PrOH and 3% (v/v) ethylene glycol.
Separate experiments were also carried out in 10% (v/v) EG as solvent. The total
absorbed dose was also kept 50 kGy in all these experiments as in the previous
cases. In this case, there was no formation of black colloidal sol after the electron
beam irradiation, which confirms that EG alone does not favour the radiolytic
reduction of UO2

2+ ions. It only provides a higher viscosity of the solution. The
absorbance value at 670 nm was monitored with post-irradiation time lapse for all
these three sets (shown in Fig. 19.7). There was an increase in the induction time
with an increase in % (v/v) of EG. This clearly indicates that the nascent UO2 gets
difficulty to come closure to form UO2 nanoparticles in case of a higher solvent
viscosity. The formation times of these nanoparticles are found to increase with
solvent viscosity up to 1.4 cP and follow a non-linear pattern.

These above-mentioned experiments have been carried out at room temperature.
Experiments were also carried out at different temperatures, 25, 32.5 and 40 °C.
The plots of absorbance at 670 nm versus post-irradiation time lapse at three dif-
ferent temperatures are shown in Fig. 19.8 for reaction mixtures (i) 10 mM uranyl
nitrate and 3% 2-PrOH and (ii) 10 mM uranyl nitrate and 5% 2-PrOH. The total
absorbed dose was also kept at 50 kGy in all these experiments as in the previous
cases. There was a clear decrease in the induction time for the formation of UO2

nanoparticles with an increase in the temperature from room temperature to 40 °C.
An increase in the temperature could lead to an increase in the kinetic energy of

UO2 species in the sol. This will certainly increase interactions among UO2 and
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of EG (Reproduced with
permission from Elsevier
[27])
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thereby a higher chance to form agglomerate and which finally give rise to the
formation of these nanoparticles in the sol. After observing the information on the
post-irradiation induction time from the above studies, experiments were also
carried out with different uranyl nitrate concentrations in order to investigate the
effect of precursor concentrations in the formation of these nanoparticles. The
absorbed doses were kept different for the different concentrations of uranyl nitrate,
for example 25, 50, 75 and 100 kGy for 5, 10, 15 and 20 mM uranyl nitrate,
respectively. The % (v/v) of 2-PrOH was fixed at 3% in all these cases. The
absorbance value at 670 nm was monitored at different time lapses at room tem-
perature after the irradiation was over (Fig. 19.9).
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the reaction mixture containing a 10 mM uranyl nitrate and 3% 2-PrOH and b 10 mM uranyl
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It is noticed from this figure that there is an increase in the induction time
whereas a decrease in the saturation absorbance value with decrease in the precursor
concentration from 20 to 5 mM. This indicates that the aggregation of nascent UO2

species to form clusters and nanoparticles is higher in the case of a higher precursor
concentration (e.g. 20 mM), than that in the case of a lower precursor concentration
(5 mM). Because of a lower precursor concentration, the concentration of UO2

species would be less and therefore the concentration of UO2 nanoparticles would
also be less and therefore the saturation absorbance value was lower in the case of
5 mM uranyl nitrate than that the case of 20 mM uranyl nitrate. From all these
studies it is clearly understood that the radiolytic formation of UO2 nanoparticles in
aqueous solution always associated with a post-irradiation induction time, which
could be judiciously tuned by various parameters like, solvent composition, vis-
cosity, temperature and precursor concentrations.

19.3.2 Radiolytic Synthesis of CdSe Nanoparticles
in Aqueous Solutions

Radiolytic synthesis of CdS nanoparticles [13, 14, 16, 70] has encouraged the
researchers to synthesize similar related nanoparticles, like CdSe through the same
process. CdSe nanoparticles are always favoured for their tremendous usefulness in
various device applications [71–73]. Various synthetic methods have been reported
for getting CdSe nanostructures in the recent past [55, 74, 75]. Different capping
agents like TOP, TOPO and others are being used in these studies. In such methods,
stringent laboratory conditions like high temperature, glove box and moisture-free
atmosphere are required. Synthesis of CdSe nanoparticles has also been carried out
in the polymeric host matrices under ambient laboratory conditions in order to
avoid those stringent requirements [76, 77]. Radiolytic synthesis of such
nanoparticles using cobalt-60 gamma radiation has been reported in the literature
[78–81]. The radiolytic synthesis of CdSe quantum dots in PVA matrix using
ammoniated cadmium sulphate (CdSO4) and sodium selenosulphate (Na2SeSO3) as
the starting precursor materials has also reported [82]. The polymer film, PVA
containing CdSe quantum dots were very stable and exhibit room temperature
excitonic absorption patterns. The reversibility effect on the formation of CdSe
nanoparticles in aqueous solutions by high energy electron beam irradiation has
been reported by Rath and co-workers [19] using the above-mentioned precursors.
The as-grown CdSe nanoparticles in aqueous solutions were found to decompose
upon exposure to air/oxygen and the decomposed solution again produced CdSe
nanoparticles upon irradiation with electron beams and this cycle could be repeated
several times. However, these nanoparticles were quite stable when they are dis-
persed in organic solvents.

In the radiation-induced synthesis of nanoparticles, usually a reducing condition
is maintained in the reaction mixture. This is achieved by adding tert-butanol
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(CH3(CH3)2COH) to the reaction mixture, which scavenge OH•/H• radicals, and
hence, eaq

− remains behind in the solution. In this way, a reducing condition is
maintained in the reaction mixture, where the reduction takes place through eaq

− . In
the case, the solution is saturated with N2O gas, which is an electron scavenger,
these hydrated electrons will undergo competing reactions between reagent ions
and N2O. Such a situation is being regarded as a partially reducing condition.
Therefore, the yield of formation of the expected product will depend on the
reactivity between these two reactions. Radiolysis of water has been mentioned in
the Reaction 19.18 in the previous sub-section. Following reactions are important
reactions pertinent to the above conditions [83].

OH�ðH�ÞþCH3 CH3ð Þ2COH ! � CH2 CH3ð Þ2COHþH2O H2ð Þ ð19:28Þ

e�aq þN2O !H2O N2 þOH� þOH� k ¼ 9:1� 109 M�1s�1� � ð19:29Þ

Cobalt-60 gamma radiation was used for irradiating in the reaction mixture
(de-aerated aqueous solution containing freshly prepared 10 mM ammoniated
CdSO4, 10 mM Na2SeSO3 and 1 M CH3(CH3)2COH). The reaction mixture was
continuously given an absorbed dose of about 100 kGy, and finally, after the
irradiation, an orange coloured colloidal sol was formed. The product thus obtained
was used for further characterizations.

Blank experiment was performed by keeping the above-mentioned reaction
mixture in a capped glass test tube for a long time without any irradiation.
Absorption spectra of the reaction mixture were recorded (i) before irradiation,
(ii) blank run, (iii) supernatant of the radiolyzed solution and (iv) the recovered
product dispersed in methanol (Fig. 19.10).

No reaction was found to take place in the case of blank experiment in the
above-mentioned reaction mixture containing low precursor concentrations.
Because the formation of these nanoparticles takes place only in the case of
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irradiation, so the radiation-induced synthesis route can be considered as a very
powerful and efficient method. This method of synthesis has an advantage over
other chemical routes as it does not require any additional reducing reagents and
any stringent conditions. The supernatant of the radiolyzed solution was clear and
transparent which does not show any absorption in the entire visible range indi-
cating that the reaction is completed with the above-mentioned absorbed dose.
Therefore, it is certainly clear that the formation of CdSe nanoparticles happens
only via reactions initiated through the hydrated electrons upon radiolysis. The
CdSe nanoparticles dispersed in methanol exhibit a broad excitonic absorption peak
at about 580 nm. The band edge absorption beyond this peak position suggests that
nanoparticles must have a broad size distribution as well as various trap states. This
might be due to no capping agents present in the present reaction mixture. The
absorption spectrum of CdSe nanoparticles obtained here also does not match with
those reported in the literature through chemical routes using TOPO and TOP as
capping agents. The particle size of the CdSe nanoparticles in this case, was found
to be 3–5 nm as obtained from the absorption spectra [84, 85].

Eg ¼ Eg 0ð Þþ a=d2 ð19:30Þ

where, a = 3.7 eV nm2, Eg(0) = 1.7 eV, d = particle size (nm) and Eg = band gap
value in eV. The molar absorption coefficient of CdSe nanoparticles at 560 nm in
methanol was estimated to be 1–3 � 104 M−1 cm−1 in the present study.

The product obtained was characterized by XRD measurements. The broad XRD
peaks are the signature of CdSe nanoparticles. The effective lattice strain and size of
these nanoparticles have been determined by using the following equation:

b cos h
k

¼ 1
e
þ g sin h

k
ð19:31Þ

where b is the measured FWHM in radians, h is the Bragg angle of the peak, k is
the X-ray wavelength (0.154 nm), e is the particle size, η is the effective strain in
the nanostructures [86]. The particle size calculated from the intercept of the linear
fit of the data points from the plot of (b cosh)/k versus (sinh)/k was found to be 3–
5 nm. The negative slope obtained here was due to a compressive strain in their
lattice structures. Similar observations were also obtained in the case of
radiation-induced ZnO nanoparticles [23]. This kind of negative lattice strains is
also reported in the case of PbS nanocrystallites synthesized by chemical route [86].

TEM and selected area electron diffraction (SAED) patterns of CdSe nanopar-
ticles are shown in Fig. 19.11a. The formation of flower-like structures of dimen-
sions about 100 nm composed of primary nanoparticles of size about 3–5 nm is
clearly evidenced from this TEM image. These results are in agreement with the
particle size as obtained from XRD studies and also absorption studies. SAED
patterns of CdSe nanoparticles confirm the formation of cubic CdSe nanoparticles
in the present case.
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Above mentioned reaction mixture saturated with N2O gas was also irradiated
with gamma radiation with the same absorbed dose 100 kGy as in the previous
studies. In this situation, the hydrated electrons react with N2O to form oxidizing
radicals OH• (Reaction 19.29) and also with the individual precursors such as
[Cd(NH3)4]

2+ and [SeSO3]
2− as follows [87].

e�aq þ Cd NH3ð Þ4
� �2þ! Cd NH3ð Þ4

� �þ ðk ¼ 3:1� 1010M�1s�1Þ ð19:32Þ

The reaction rate constant (k = 2.27 ± 0.06 � 109 M−1 s−1) between the eaq
−

and [SeSO3]
2− ions (Reaction 19.33) has been determined by monitoring the decay

rate of eaq
− in the present study. SeSO3

2− ions are analogous of S2O3
2− ions. It is

reported that S− ions are released from S2O3
2− ions upon radiolysis (eaq

− + [S2O3]
2

− ! [SO3]
2− + S−, k = 1.5 � 108 M−1 s−1) [87]. Therefore, it is expected that a

similar reaction could also occur in the case of SeSO3
2− ions [88].

e�aq þ SeSO3½ �2�! SO3½ �2� þ Se� ðk ¼ 2:27� 109M�1s�1Þ ð19:33Þ

Cd+ or [Cd(NH3)4]
+ ions can react with [SeSO3]

2− and Se− ions to form nascent
CdSe molecular species written as (CdSe)intermediate which finally undergo nucle-
ation and growth to form CdSe nanoparticles (Reaction 19.34). (CdSe)intermediate

mentioned in the Reaction 19.34 is a representation of various possible species,
which finally lead to the formation of stable CdSe nanoparticles. Nevertheless, the
possibility of various other reactions like radical-radical, radical-ionic species
involving Cd2+, Cd+, [Cd(NH3)4]

+, SeSO3
2−, SeSO3

−, and other ionic or molecular
species cannot be ruled out here. It was observed that the formation of CdSe
nanoparticles takes place only under a strong reducing condition, and when both the

a b

Fig. 19.11 TEM image of CdSe nanoparticles, obtained from a gamma irradiation and b electron
beam irradiation of de-aerated aqueous solution containing 10 mM ammoniated CdSO4, 10 mM
Na2SeSO3 and 1 M tert-butanol. Insert shows SAED pattern of the nanoparticles (Reproduced
with permission of Elsevier [18])
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precursor ions are present in the reaction mixture. So the Reaction 19.34 could be
mentioned for the formation of CdSe nanoparticles in the present study.

Cdþ þ SeSO3½ �2�=Se� ! CdSeð Þintermediate! CdSeð Þnanoparticle ð19:34Þ

This reaction mechanism was further supported by carrying out experiments in
the above-mentioned reaction mixture saturated with N2O gas. The yield of for-
mation of CdSe was found to be reduced in this situation as compared to the above
fully reducing condition, which is too expected as per the Reaction 19.29. Based on
the reactivity values for Reactions 19.29, 19.32 and 19.33, by considering the
saturated concentration of N2O in aqueous solution to be 25 mM, and the reagent
concentrations 5 mM each, it could be found out that the yield of CdSe nanopar-
ticles under N2O-saturated condition would be about 60% of that under a fully
reducing environment with the same absorbed dose. There was a formation of CdSe
nanoparticles under a strong reducing condition even in the case of 0.5 mM pre-
cursor concentrations. Due to very low precursor concentrations, there was no
formation of CdSe nanoparticles under a N2O saturated condition.

From these above gamma radiolysis studies, it is now certain that the formation
of CdSe nanoparticles takes place only through the reactions of eaq

− with the pre-
cursor ions. In another set of experiments, CdSe nanoparticles were also synthe-
sized using the above-mentioned reaction mixture (10 mM ammoniated CdSO4,
10 mM Na2SeSO3 and 1 M tert-butanol) via electron beam irradiation in a 7 MeV
LINAC under similar reducing conditions. The as-obtained product was recovered
from the sol and used for characterizations by XRD and TEM measurements. These
results confirmed the formation of CdSe nanoparticles in this case with the primary
size of about 2–3 nm. Relatively, smaller particle size obtained in this case as
compared to that in the case of gamma irradiation could be due to a higher dose rate
is the case of electron beam irradiation [9, 13, 16]. In the case of a gamma irra-
diation, a slower reduction rate of the precursor ions, slower interaction of nascent
Cd+ and Se− ions with excess precursors probably produces larger complexes
leading to the growth of larger particles. On the contrary, in the case of electron
beam irradiation, the reduction of precursor ions is faster than their interaction and
association leading to the growth smaller particles. Further, the agglomerates
obtained in the case of electron beam irradiation are smaller (<100 nm) as com-
pared to those (*100 nm) in the case of gamma irradiation. Due to a higher dose
rate in the electron beam irradiation, the agglomerates cannot be compared to those
obtained in the case of gamma irradiation. So the agglomerates in the case of
gamma irradiation look to be uniform as seen in the TEM images, whereas those
obtained in the case of electron beam irradiation are non-uniform in nature as seen
from the TEM images.

The dc magnetization (M) of these CdSe nanoparticles as a function of the
magnetic field (H) was carried out at room temperature (Fig. 19.12). It is seen from
this result that these nanoparticles exhibit symmetric hysteresis loops which is a
signature of ferromagnetic materials. The saturation magnetization value Ms was
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found to be 0.006 emu/g for CdSe nanoparticles obtained via gamma irradiation
whereas 0.0085 emu/g for those obtained in the case of electron beam irradiation.
The room temperature ferromagnetism (RTFM) behaviour of these nanoparticles
was further confirmed from the experiments on the magnetization versus temper-
ature. The difference in the saturation magnetization values and increased magnetic
moment could be due to the decreased particle size in the case of CdSe nanopar-
ticles obtained by electron beam irradiation as compared to the nanoparticles
obtained by gamma irradiation [89].

Such kind of magnetic properties of undoped semiconductor nanoparticles might
come from the unsaturation of the surface atoms and the defects [89, 90]. The
surface layer of the CdSe nanoparticles in this study might contain Cd2+ and SeO2

which leads to the existence of surface defect states and surface unsaturation in
these nanoparticles [91, 92]. The RTFM behaviour for the doped and capped CdSe
quantum dots was explained on the basis of the electronic effects at the crystal
surfaces due to the presence of the capping agents in the literature [93, 94]. About
70% Cd and 30% Se lie on the surface of TOPO capped CdSe nanocrystals pre-
pared by the high temperature pyrolysis method. The presence of the excess Cd has
been assigned to a superior capping property of TOPO towards the surface Cd [95].
The metal to ligand charge transfer in the surface of CdSe nanoparticles creates a
vacancy in the d-orbital of Cd, which is the origin of the RTFM in these
nanoparticles [93].

The RTFM behaviour in these nanoparticles is attributed to a comparable value
with that of the reported Ms values for different doped and capped CdSe
nanoparticles (cf. Table 19.3). From this study it is confirmed that the RTFM
behaviour of the CdSe nanoparticles obtained through radiation chemical routes is
stronger than the thiol and TOPO capped CdSe nanoparticles. However, it is
comparable with copper (1.8%) doped CdSe nanoparticles. The higher value of the
RTFM behaviour in the case of capped and uncapped particles arises due to the

Fig. 19.12 Plot of
magnetization (M) versu
magnetic field (H) for CdSe
nanoparticles obtained from
a gamma irradiation and
b electron beam irradiation
measured at room temperature
(Reproduced with permission
of Elsevier [18])
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smaller the size of the nanoparticles; whereas the dopant leads to an increase in the
RTFM behaviour in the case of doped nanoparticles. It was found that the CdSe
nanoparticles obtained via the electron beam irradiation exhibited about 30% higher
RTFM behaviour as compared to those obtained by gamma irradiation. Such
observation could be explained on the basis of their smaller size and higher dis-
ordered structures as compared to those obtained in the case of gamma irradiation.

19.3.3 Radiation Chemical Synthesis of Metal
Nanoparticles

Radiation chemical synthesis of various metallic nanoparticles has been reported in
the literature. Different noble metals like silver (Ag) and gold (Au), other metals
like nickel (Ni) and copper (Cu) have been reported by various authors [3–12]. In
these studies, the reducing radicals such as eaq

− , different alcohol radicals (e.g.
(CH3)2C

•OH)), and CO2
•− are being used for the reduction of metal ions to the

corresponding metal atoms. Subsequently, these metal ions get agglomerated to
form nanoparticles of different shapes and sizes depending on the nature of solvents
and capping agents, etc. Belloni et al. have reported a review of articles on the dose
and dose rate effect on the radiolytic synthesis of metal nanoparticles in aqueous
solution [9, 16].

Photochemical and radiation chemical synthesis of various nanoparticles,
metallic, semiconductor and metal oxides are complimentary to each other. Both
the routes are considered as green chemistry methods. In both cases, similar
products can be obtained with ease, which makes these methods so important.
Many more unexplored syntheses could be explored in coming years with the use of
proper experimental conditions.

Table 19.3 The saturation magnetization, Ms values in different CdSe nanoparticles obtained at
room temperature from the dc magnetization (M) measurements as a function of the magnetic field
(H) (Reproduced with permission of Elsevier [18])

CdSe nanoparticle Ms (emu/g) Particle size
(nm)

Remarks

1.8% Cu-doped +0.0095 and
−0.0095

2–7 [93, 94]

Thiol capped +0.0035 and
−0.0035

2–7 [93, 94]

TOPO capped +0.005 and
−0.005

2–7 [93]

Bare and undoped (gamma irradiation) +0.006 and
−0.006

3–5 [18]

Bare and undoped (electron beam
irradiation)

+0.008 and
−0.008

2–3 [18]
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19.4 Limitations of Photochemical and Radiation
Chemical Synthesis

The synthesis of various types of nanomaterials including noble metals, metal
oxides and chalcogenides could be carried out through the photochemical as well as
radiation chemical methods as discussed in the sections. However, it is very difficult
to synthesize nanoparticles of metals either whose reduction potentials are too low
(e.g. alkali and alkaline earth metals, lanthanides and actinides) or highly unstable
in the zero oxidation state (e.g. transition metals excluding noble metals) in aqueous
solution. This is because the reducing agents often used in such processes are either
hydrated electrons, eaq

− (E1 = −2.8 V versus NHE) or 2-hydroxy-2-propyl radicals,
(CH3)2C

•OH (E1 = −2.1 V versus NHE) which are generated in aqueous solutions
only. So a radiation-induced synthesis using such type of free radicals is not pos-
sible in non-aqueous solution, where the metals might be stable in their zero-valent
state. Similarly, formation of an alloy of two or more metals would also be difficult
to expect. Except for the metal chalcogenides and metal oxides of certain metals,
there is hardly any literature available on the synthesis of similar types of com-
pounds of other metal ions with different anions. This could also be due to either
difficult to reduce those metal ions or the instability of the reduced metal ions in the
aqueous solution. It is to be noted here that in the case of these two types of
synthesis, the reduction reaction occurs in the step of one-electron reduction
reaction only. Therefore, unless the stability as well as the reduction potentials of
each oxidation state of metal ions is suitable, it would be extremely difficult rather
not possible to synthesize the whole lot of metal nanoparticles as well as their
compounds.

The photochemical and radiation chemical synthesis requires the desired radi-
ation sources like UV or visible light sources and high energy radiation sources like
cobalt-60 gamma chamber or electron accelerator, respectively. So all the setups
need to be installed in specific laboratory. It is relatively easier to instal the light
sources but extremely difficult to instal either cobalt-60 gamma chamber or electron
beam accelerator. Such types of experiments could be carried out only where these
facilities are installed and maintained properly.

19.5 Conclusions and Future Scope

Photo- and radiation-induced synthesis of different nanomaterials of various shapes
and sizes are certainly very efficient and eco-friendly as compared to the conven-
tional chemical routes. However, suitable light or radiation sources are required in
order to carry out such synthesis. The size and shapes of the nanoparticles could be
controlled by suitably adjusting (i) light intensity, (ii) irradiation time, (iii) con-
centration, (iv) absorbed dose, (v) solution pH, (vi) solvent composition, etc. One
can even control the induction time associated with the formation of the
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nanoparticles. However, further research is necessary to understand the exact
kinetics and dynamics of the formation of the nanomaterials formed through the
reactions of free radicals with the precursors. Synthesis of metallic, intermetallic as
well as metal oxide nanoparticles through such processes need to be investigated,
which would be very much useful for the scientific community. Thin film depo-
sition of various nanomaterials through such methods would be of high demand as
far as device fabrication is concerned. Noble metal extraction from the solution
phase using such methods will be another important field and requires to be
explored in detail. It is expected that the synthesis of various nanoparticles could be
possible by utilizing the direct Sunlight.
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Chapter 20
Mechanochemistry: Synthesis that Uses
Force

Dipa Dutta Pathak and V. Grover

Abstract Grinding is a basic physical process, and the grinding tools “mortar and
pestle” have been in use since times immemorial. It has been practiced in almost all
spheres of human life from kitchen to laboratories as well as in large industrial
processes. Chemical synthesis by applying force or the “mechanochemistry” has
been employed as a synthetic procedure for a long time but now the need to adopt
“greener”, cost-effective and less harmful methods of synthesis has brought back
the mechanochemistry to forefront in last decade. It has emerged as the one of the
most efficient, advantageous and environmentally benign alternatives to traditional
synthesis routes for the preparation of nanomaterials for advanced applications. The
features such as ease of operation, simplicity of equipment, high reproducibility,
relatively mild reaction conditions and the solvent-free condition (in case of dry
milling) have made it the synthesis technique of choice for the synthetic chemist. It
is used for synthesizing a wide variety of both single-phasic and composite
materials varying from inorganic solids (oxides and non oxides), organic com-
pounds, polymers, metal complexes, metal–organic frameworks. Materials with
applications in varied areas such as hydrogen storage materials, energy applications,
pharmaceuticals, as well as advanced nanocatalysts have been synthesized using
this method. In recent times, the dry grinding or milling has been further modified
by addition of a small amount of solvent or polymer, also called liquid-assisted
grinding or polymer-assisted grinding that yields different products, speeds up the
reaction and also ensures better usage of reactants. The fact that mechanical force or
shear is the driving force for the reaction, and it also presents a novel way to obtain
hitherto unknown (and interesting) products. The chapter discusses the basics of
mechanochemical synthesis along with the above-mentioned points in the details.
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20.1 Introduction

In today’s world when “sustainability” is the buzzword in each and every sphere
related to the mankind, how could science remain behind? All the technological and
scientific advances are directly or indirectly related to the materials synthesis. The
urge to make the synthetic procedures more environment-friendly, less wasteful and
hence more acceptable and sustainable, synthetic chemists have been on the lookout
for better synthesis techniques. This has led to a lot of emphasis on synthesis routes
that conform to the principles of green chemistry [1–3]. The “mechanochemistry”
has been one of the forefront runners among the green routes of synthesis. In fact,
mechanochemistry has been recently acknowledged by IUPAC as one of the top ten
emerging technologies in chemistry that have the potential to answer the increasing
demand for clean and sustainable processes.

20.1.1 What Is Mechanochemistry?

As the name indicates, mechanochemistry means the chemistry or the chemical
changes brought about by mechanical force that could be compression, shear or
friction. In this route of synthesis, application of mechanical energy, by means of
grinding or high-energy ball milling is exploited to prepare useful materials and
also to improve the efficiency of complex synthesis processes. It is known that
mechanical force can cause wear and tear of the material; similarly at molecular
level, it causes weakening of chemical bonds, creates defects, destabilizes them and
makes them more reactive [4]. The reaction caused by heat, light or electric

Schematic 1: Schematic of a mechanochemical reaction employing mortar and pestle
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potential and the corresponding fields are termed as photochemistry, thermo-
chemistry and electrochemistry. In the similar way, the reactions brought about by
mechanical stress are classified under the name mechanochemistry. The mechanical
actions yield smaller particle sizes, creates active sites, generate fresh active sur-
faces, increase the surface area, and all these aid in promoting the chemical
synthesis.

The advantages of this unique class of synthesis technique are manifold.

1. The first one is the fact that it is a solvent-free (or involves very little solvent)
preparative route. In any chemical reaction, the solvent or the dissolving media
makes up most of the mass of the reaction system, so the removal of solvent
from the synthesis protocol, which is many times hazardous, makes it auto-
matically “greener”. In addition, in the cases where the reactions are additive
types, the reactants combine to give the final product and hence the work-up of
the reaction to remove the by-products can be avoided. Also, some of the
reactants and/or products are sensitive to the solvents, and hence, synthesis by
this route provides an excellent pathway to access them.

2. Generally, the synthetic chemical reactions are carried out in the homogeneous
medium and it requires that at least one of the reactants must be soluble in the
solvent (or dissolving media). However, in mechanochemical synthesis, the
solubility of the reactants is not a necessary criterion, and hence, this has opened
up a world of materials that can now be used as the starting materials for
reactions such as minerals, rocks, metals and cellulose. For example, Hammere
et al. [5] carried out the solvent-free enzymatic cleavage of cellulose (which is a
difficult step in generation of bioethanol from biomass) by employing
mechanochemistry and could demonstrate glucose concentrations much higher
than that observed by conventional methods.

3. It is an energy-saving and a low-temperature route. Since the synthesis route
does not involve high temperature, there is a better probability of obtaining
metastable products or the products which are generally not envisaged by the
synthesis routes employing high temperatures. The possibility of different
reaction pathways in a reaction when carried out mechanochemically, as com-
pared to when it is carried out by other stimuli such as heat, temperature and
electricity, gives access to the products that are hitherto unachievable by other
routes.

4. Improved selectivity and quantitative yields are other advantages of this
technique.

20.2 Equipments Used: Tools of the Trade

Mechanochemical synthesis essentially requires a grinding device that put shear
stress and friction on the reactants to bring about the desired chemical/physical
change. Traditionally, mortar and pestle have been used as the grinding equipment
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to carry out simple mechanochemical reactions. Since the grinding by mortar and
pestle involves manual intervention, it introduces many uncertainties and variable
factors such as the experimenter, i.e. the person who is carrying out the synthesis,
the force applied by the person and other factors prevailing during the course of
synthesis. Hence, to overcome these drawbacks, the automated grinding/milling
instruments are being employed, also known as ball mills. Figure 20.1 shows a
typical mortar–pestle (agate) and a ball mill used for grinding/milling. These ball
mills employ close jars or vessels with ball bearings that act as grinding media. In
these ball mills, the reactants can be ground together for longer durations of time
and without minimum interference from surrounding environment [6]. The ball
mills are available in many different sizes and designs. In fact, they have been used
since long for many non-synthetic purposes as well such as mixing, blending and
mechanical alloying. Similarly, attrition mills are also available that can mechani-
cally reduce the solid particle size. Ball mills are primarily of two types: (1) shakers
[7] and (2) planetary ball mills [8]. In shakers, the reactant powders are put in the
closed vessels, loaded with ball bearings and shaken at a pre-determined or desired
frequency to grind the reactants together, whereas in planetary ball mills, the closed
jars spin at the desired frequency in the counter-direction to that of the spinning disk
mounted on them. Effectively the term planetary comes from the rotation of the jars
around that of the spinning wheel, just like the motion of planets around the Sun. In
addition, twin–screw extruders have also been employed for carrying out the
mechanochemical reactions. This device consists of two long and wide screws that
rotate in opposite directions placed inside an extrusion barrel. The samples are
transported through the extrusion barrel, and during the passage, they are vigor-
ously ground or kneaded between the screws and the reaction is carried out [8a].
Extruders also put a compressive and shear stress on the molecules during the
process. While ball mills can be utilized for the batch synthesis, extruders can be
employed for continuous synthesis. Many organic reactions such as Knoevenagal
synthesis can be carried out by employing extruders. Crawford et al. [9] have
carried out several organic condensation reactions using twin extruders such as

Fig. 20.1 Typical (A) mortar–pestle and (B) planetary ball mill (a) the schematic of motion of the
balls inside ball mill (b). (B) is reproduced from “Coatings 2015, 5(3), 425-464; https://doi.org/10.
3390/coatings5030425” (Ref. 8b)
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Knoevenagel condensation, imine formation, aldol reaction and Michael addition
with an added advantage that there was no need to purify the end products, not to
mention that the synthesis procedure is continuous and solvent-free. It must be
mentioned that like ball mills, even the twin extruders are being widely used in
industries for non-synthetic and in many cases for the non-scientific purposes.
Some examples are making cereals, crisps and pizza dough and also for processing
plastics. Twin extruders are also used in the pharmaceutical industry for consis-
tently mixing ingredients for multiple formulation [2].

20.3 History of Mechanochemical Synthesis

The basic tools of mechanochemistry, i.e. mortar and pestle, are known to exist
since stone age, and hence, it can be regarded as one of the earliest engineering
technologies [10]. The fact that grinding action of mortar and pestle would also be
associated with some chemical change as well gives indication that
mechanochemistry indeed has its origins in pre-historic times. Takacs [11] has
written a very lucid review on historical relevance and evolution of
mechanochemical synthesis which is strongly recommended to the reader. Earliest
documented reference of mechanochemistry is from 315 BC wherein the use of
copper mortar and copper pestle is mentioned to obtain mercury from cinnabar.
Though the term mechanochemistry is not mentioned, it is definitely an example of
chemical change brought about by the mechanical force [12]. Also, even though
there is no explicit documentation of this synthesis technique, the mortar and pestle
were in regular use in the laboratory of early chemists and alchemists. Then in
1820, a paper by Faraday documents the reduction of silver chloride performed by
grinding with tin, iron, copper, zinc [13]. Takacs [11] mentions that Faraday’s
choice of words along with others such Johnston and Adam in [14, 15] hint towards
the existing common knowledge of chemical changes brought about by grinding
even though there are no references probably because of lack of documentation.
Technically W. Spring (Belgium) and M. Carey Lea (Pennsylvania) are known as
the pioneers in the branch of chemistry that deals with chemical changes brought
about by mechanical force. Spring had reported the combination reactions of sev-
eral metals and sulphur/arsenic in 1883 [16]. This was unarguably the first reported
large-scale systematic investigation of the chemical changes/processes brought
about by mechanical action [11]. On the other hand, Lea [17] could demonstrate
that the mechanical action can induce chemical change and also those chemical
changes could be different from the changes brought about by effect of heat.
Mechanochemistry, however, is believed to have become a separate accepted
branch of chemistry when Ostwald included mechanochemistry in his chemical
systematic in 1919, along with thermochemistry, electrochemistry and photo-
chemistry [18]. An early work on solvent-free mechanochemical reaction was
reported by Ling and Baker in [19]. Also, the research on mechanochemical
reactions of organic polymers, such as cellulose, was done in 1920s [20]. However,
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it must be noted that mechanosynthesis had traditionally been employed largely for
insoluble inorganic materials (alloys and metal oxides) and in the cases when there
no solvent-based alternative was available [21]. In 1984, almost a century later, the
presently accepted definition of mechanochemistry was proposed by Gerhard
Heinicke as “branch of chemistry concerned with chemical and physical changes of
solids induced by the action of mechanical influence” [22]. Molecular
mechanochemistry was promoted in eighties [23–26], which could show that
mechanochemistry is not just an alternative synthetic route; but in some cases, it can
yield products unobtainable by other chemical routes. The organic, organometallic
and supramolecular synthesis, their methodologies and products have gained
popularity in last decade or so [27]. Figure 20.2 depicts the timeline of evolution of
mechanochemistry as the synthesis procedure.

20.4 Effects of Mechanical Force on Materials?

The mechanical energy imparted on the material during the grinding process through
ball milling can be significant and can bring about various changes in the reactants.
The central occurrence in mechanical milling is the collisions among balls and
powder. During milling, the powder particles are trapped between the balls which are
undergoing constant collisions and are consequently subjected to deformation and
fracture processes which define the structure of the powder. Figure 20.3 shows the
effect of mechanochemical force on reactants and their conversion into products. To
start with, high-energy ball milling is capable of providing sufficient mechanical
energy to break the order of the crystalline and produce nanometre-scaled particles. It
is in fact a very lucrative way to produce nanomaterials [28, 29]. These nano-sized
seeds, produced by mechanical shear, can further assemble into larger clusters and

Fig. 20.2 Timeline of the
evolution of
mechanochemistry
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provide an effective channel for nanostructures growth [30]. The two major effects
that caused by ball milling are fracture and welding [31]. As the reactants are con-
tinuously under the strong mechanical impact generated by collisions between the
balls and balls and walls of container, it creates a large amount of both structural and
microstructural defects (Fig. 20.3). The progressive accumulation of these defects
leads to particle size reduction or also to chemical reaction. It must be noted that
creation of this large pool of defects in the milled material creates abundant possi-
bilities of obtaining various metastable states with controlled defects and function-
alities either in the milled solid or by additional processing treatments. This may also
lead to other effects such as disordering of crystalline lattice, amorphisation and
polymorphic phase transitions. Whereas the normal solid-state reactions proceed by
diffusion which is actually the rate determining step during the solid-state synthesis,
in case of mechanochemical synthesis the rate depends on various parameters such as
balls to powder weight ratio, milling speed and time, and atmosphere employed
during milling [32]. In addition, the nature of the obtained product also depends upon
other factors such as chemical composition of the reactant powder mixtures and
chemical nature of the grinding tools.

20.4.1 Phase Transformations Caused by Mechanochemical
Force

An interesting case study is the conversion on Y2O3 into various possible poly-
morphs depending on the nature of the grinding tool. The stable polymorph of
Y2O3 is C-type (bixbyite). It was found to convert into fluorite-type cubic structure

Fig. 20.3 Mechanochemical
reactions: From reactants to
products (Reproduced from
Cova, C.M., Luque, R.
Advances in
mechanochemical processes
for biomass valorization.
BMC Chem Eng 1, 16 (2019).
https://doi.org/10.1186/
s42480-019-0015-7)
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on being milled with zirconia tools. However, it was found to be not due to Zr
incorporation from grinding media. On using steel grinding media, conversion to
monoclinic structure was observed [33–35]. Another technologically interesting
material, ZrO2, is known to exist in monoclinic modification at room temperature
and is known to transform to tetragonal and cubic modifications at *1200 °C
and *2400 °C, respectively. It is observed that grinding monoclinic zirconia yields
a nanostructured material which is locally similar to monoclinic zirconia but
exhibits cubic-type ordering at nano-metre scale [36]. The stabilization of the cubic
structure has been ascribed to significant structural distortions and defects induced
by the high-energy ball-milling process [36] or due to incorporation of aliovalent
cations, e.g. Fe2+/Fe3+ and Cr3+ into the sample (due to the wear and tear and
oxidation of the grinding media) [37, 38]. Phase transformations are in general a
combined effect of plastic and shear effect and the local temperature generated
during the milling process. Most of the time the phases observed after milling is the
high T/high P phases obtained by equilibrium conditions. It must be noted that this
does not imply that high T/high P conditions are generated during the milling
process [34, 38–41]. Many a times, it is the rearrangement of the basic structural
unit. For example, the bixbyite structure of Y2O3 is the ordered arrangement of
three oxygen deficient F-type unit cells. Upon milling, these units are randomised
yielding F-type phase which is the observed high-temperature phase for Y2O3

(obtained by subjecting Y2O3 to high T) [42, 43].
Many examples are reported in the literature in context of the altering various

physico-chemical properties of solids by ball milling. Li et al. [44] synthesized
carbon nanoparticles by milling carbon nanotubes wherein they could observe
onion—like carbon nanoparticles by milling for 15 min which converted to
amorphous carbon after a milling time of 60 min. Giri et al. synthesized ZnO
nanoparticles [29] in the size range of 7–35 nm by ball-milling technique.
Similarly, various one-dimensional nanomaterials have been synthesized using
high-energy ball-milling and annealing process [45–48]. It is interesting to note that
many a times, the structure of the oxide nanopowders obtained after ball milling is
different from that synthesized by other chemical methods [39, 49–54]. The oxide
nanopowders obtained mechanochemically contain amorphous/disordered regions
with nanocrystalline grains embedded in amorphous grain boundaries. Similarly,
the defect creation by ball milling has also been exploited by various researchers to
understand the defect controlled physico-chemical properties. For example, the
mechanochemically treated vanadium phosphate catalysts were investigated for
their catalytic behaviour as a function of the nature of milling media. The milling
process affected the reactivity of the oxygen species linked to various oxidation
states of vanadium (V5+ and V4+), and consequently, an increase in the selectivity
was observed [55].
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20.5 Modifications of Mechanochemistry

In some cases, the mechanochemical synthesis is also aided by various additives
which have led to development of modified mechanochemical techniques that help
in augmenting reactivities. Some of them are briefly discussed as follows:

Liquid-assisted grinding (LAG): This modification involves use of small
amount of liquid/solvent along with the solid reactants in the grinding media. It is
known that very small amounts of added liquid can significantly accelerate and
sometimes enable the mechanochemical reactions between solids. Usually, the
molar equivalents of solvent are added, and in this case, the mechanochemical
approach is termed as to be with “minimal solvent” rather than “solvent-free”. The
original term used to describe them was “solvent drop grinding” but now it is
known as “liquid-assisted grinding”. Liquid-assisted grinding is equivalent to the
term “kneading” [56, 57]. The amount of liquid taken is defined by the parameter ƞ,
which is the ratio of the volume of the liquid to the weight of the reactant. The value
of ƞ can be used to characterize the liquid-assisted grinding reactions. Various
parameters such as polarity of the liquid, choice of anion and the parameter ƞ can be
optimized to control liquid-assisted grinding reactions.

Another modification of LAG is ion- and liquid-assisted grinding. In this case,
small amounts of salt (5 mol% or less) is added in addition to liquid to grinding jar
containing solid reactants to activate systems that do not react or react only partially
by LAG. This method has been used to quantitatively obtain pillared MOFs [58],
zeolitic imidazolate frameworks (ZIFs) [59], API bismuth subsalicylate, etc.,
directly from metal oxides [60]. The salt additives enable selective templating of
MOF polymorphs.

Polymer-assisted grinding (POLAG): Another approach to the neat (or dry)
mechanochemical synthesis is utilization of polymer additives, i.e. polymer-assisted
grinding (POLAG) [61]. As the name suggests, this particular technique employs
polymers to carry out, facilitate or accelerate the desired mechanochemical trans-
formations [2, 62]. The liquid-assisted grinding uses solvents in limited quantities,
but the advantage with polymeric materials is that they are capable of exhibiting
different structures on a wide range of length scales, which aids in obtaining
materials of higher degree of complexity. The factors that may affect solid-state
reactions are the heat released or absorbed, humidity (especially in reactions such as
those involving dehydration). The polymeric molecules have varying capabilities to
absorb and dissipate heat and humidity, and hence, they act differently as compared
to smaller molecules. This has repercussions on the synthesis reaction and may
control the nature of product formation. Scaramuzza et al. [63] investigated the
dehydration of carbamazepine dihydrate which is an anticonvulsant drug and is
known to possess five polymorphs, under the simultaneous effects of milling and
polymeric excipients. It was shown that though milling alone did not cause any
dehydration, but the presence of specific polymers could lead to partial or complete
dehydration [63]. Interestingly, the polymer chain length was observed to be a
major factor in controlling the kinetics of the solid-state reaction. A suitable
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combination of the amount of the polymer and the milling time could be tuned to
isolate different polymorphic forms of dehydrated carbamazepine solid. Various
in situ techniques have been utilized for monitoring the grinding-based synthetic
reactions to have an insight into the mechanism [64]. The readers may refer to a
very comprehensive article on how the potential of mechanochemistry is aug-
mented by specific additives such as enzymes (mechano-enzymatic reactions) and
light (photo-mechanochemistry) that are used to enhance, direct or enable the
reactivity [65].

20.6 Examples Of Different Classes of Functional
Compounds Synthesized by Mechanochemical
Synthesis

As it is mentioned earlier that in mechanochemical synthesis, energy for the
chemical reactions is provided by mechanical forces like shearing, compression,
grinding, frictional and rotational. Often, this process allows for fast solid-phase
reactions without heating at high temperature. In addition, transportation of energy
occurs under solvent-free conditions (or with minimum amount of solvents), and
hence, it significantly reduces the solvent consumption. Mechanochemical syn-
thesis is undoubtedly an environmentally benign chemical process with minimum
waste generated [65–69]. Some typical examples of various classes of compounds
synthesized by mechanochemical synthesis are listed below.

20.6.1 Synthesis of Oxides

For oxides, high-energy ball-milling (HEBM) technique was first used to reduce
grain size down to the nanometre range. Further, along with grain size refinement
phase transformation was observed during dry ball milling in various oxides [70].
The phase transformations induced by HEBM in oxides can be polymorphic
transformations, amorphization and disordering of oxides including effects such as
surface amorphization and grain boundary creation, annihilation and disordering
[70]. For example, in metastable polymorphs of alumina (viz c-Al2O3,) grinding
leads to the formation of stable a-Al2O3 [71]. Typically, such transformations are
brought about by high pressure or high temperature. Another example of phase
transformations induced by grinding is the a-PbO2-type structure (often named
TiO2II) of titania [72]. Besides three crystalline forms anatase, brookite and rutile,
this fourth high-pressure polymorph was prepared from crystalline phases by static
high-temperature heating or subjecting to high pressure and shock wave. In addi-
tion, the nature of the grinding tool also dictates conversion of Y2O3 into various
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possible polymorphs, and details of such conversions are described in previous
section [42].

Further, different types of phase pure nanocrystalline oxides have been syn-
thesized by heterogeneous mechanochemical method. Wise selection of starting
materials and milling conditions can be used to prepare a wide range of
nanocrystalline oxide by mechanochemical reaction [73–75]. Ao et al. [74] used
mixture of ZnCl2 and Na2CO3 as reagents and NaCl as diluents to fabricate pure
ZnO (21 nm). In another work, Yang and co-worker [75] prepared 13 nm cobalt
oxide (Co3O4) nanoparticles via mechanochemical reaction of cobalt salt (Co
(NO3)2 � 6H2O) with NH4HCO3 followed by thermal treatment. Typically for pure
phase oxides synthesis, the mixture of the precursor was ball milled and subse-
quently subjected to calcinations. For mixed phase oxides, the process is similar,
but mixture of different oxides is used as starting material. For example, powder
mixture of BaO and TiO2 was used for preparation of BaTiO3 perovskite phase
[76].

20.6.1.1 Oxide-Based Composites

Hu et al. [77] reported ternary SnO2–graphite composites with transition metal
(M) (M = Fe, Mn, Co) prepared by a simple ball-milling method and explored their
potential towards anode materials for Li-ion batteries. To ensure the close contact
between nanostructured SnO2 and metal, first a mixture of SnO2 and metal was
milled for 15 h. They demonstrated the positive effects of interfacial intermetallic
phase SnxMy for suppressing long diffusion of Sn during cycling. To synthesize the
ternary composite, as-prepared SnO2–M was further milled with the graphite for
5 h.

20.6.1.2 Porous Oxide

To overcome the drawback of the template-assisted method for porous oxide
preparation, which commonly involves wet conditions, soluble metal oxide pre-
cursors and long time for drying, a facile mechanochemical nanocasting method
was demonstrated by Xiao et al. [78]. The ball-milling process could yield, a series
of highly porous metal oxides (ZrO2, Fe2O3, CeO, CuOx–CeOy, CuOx–CoOy–

CeOz) in much smaller time duration. For single-phase oxide synthesis, mixture of
same amount of metal salt with commercial SiO2 was ball milled for 60 min at a
vibrational frequency of 30 Hz followed by etching with NaOH at room temper-
ature. For multi-component oxide composite synthesis, initially the metal salts were
milled for some time to homogenize them before milling with silica. Figure 20.4
depicts the schematics of the mechanochemical nanocasting route to obtain porous
products.
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20.6.2 Synthesis of Chalcogenides

Chalcogenides, as advanced perspective materials, exhibit a great variety of
applications like catalyst, Li-ion batteries, hydrogen evolution and storage,
fluorescent labels in biomedical application and solar energy conversion [79–81].
Several metal sulphides can be directly synthesized by mechanochemical pro-
cessing of elemental metal and sulphur [79, 80]. This type of dry mode synthesis
requires nitrogen or argon atmosphere to prevent post-synthesis solid–gas reactions.
Otherwise, the surface of the synthesized particles gets covered with different
species like sulphates, hydroxysulphates, oxysulphates, thiosulphates and sulphites.
Wet mode of mechanochemical synthesis process is advantageous for chalcogenide
nanocrystals fabrication and is known as “acetate route”. This mode of synthesis is
favourable for smaller and monodispersed particles [79].

20.6.2.1 Pristine/Phase Pure Chalcogenides

Balaz and co-worker synthesized well-crystallized monodispersed nanoparticles of
ZnS, CdS and PbS by the mechanochemical route using the corresponding acetates
and Na2S as starting material [80]. The by-products of the acetate route synthesis
are water soluble so the as-prepared products needed extra washing. These ZnS
nanocrystal have been explored as bio-markers [82]. Around the same time, CuInS2
nanoparticles were prepared from elemental copper, indium and sulphur powders
by high-energy milling in an inert atmosphere of argon [83].

Fig. 20.4 Mechanochemical
nanocasting route for the
synthesis of porous metal
oxides [78]. Reprinted with
permission from “W. Xiao, S.
Yang, P. Zhang, P. Li, P. Wu,
M. Li, N. Chen, K. Jie, C.
Huang, N. Zhang, S. Dai,
Facile Synthesis of Highly
Porous Metal Oxides by
Mechanochemical
Nanocasting, Chemistry of
Materials, 30 (2018) 2924–
2929” Copyright (2018)
American Chemical Society

668 D. D. Pathak and V. Grover



20.6.2.2 Composites of Chalcogenides

In recent time, metal chalcogenide nanocomposites have attracted considerable
research interest due to superior outcome of their numerous applications. [81, 84–
86] Composite chalcogenides (MX/NS) (M = Cd; X = S, As, Se; N = Zn) were
synthesized by two-step solid-state mechanochemical methods with two different
approaches. (1) First a stoichiometric mixture of M-acetate and Na2S was milled to
prepare metal sulphides (MS). This was followed by addition of a stoichiometric
mixture of N-acetate and Na2S into the same milling pot containing MS, and the
mixture was milled further to obtain NS, thus yielding MS/NS nanocomposites.
(2) Instead of using acetate precursor, elemental M and S is used in the first step of
this approach.

Using the first approach described in earlier section, Balaz and co-worker [84]
fabricated CdS/ZnS composite chalcogenides and exploited the composite for its
photocatalytic activity towards the degradation of methyl orange (MO). The same
group also fabricated CdS/ZnS and CdSe@ZnS nanocomposites following the
above-mentioned approaches and explored the materials as fluorescent labels in
biomedical engineering [85, 86]. The fluorescent properties of chalcogenides
chitosan-coated InAs/ZnS-based bio-marker composite have been explored for the
labelling of Caco-2, HCT116, HeLa and MCF7 cancer cell lines by Bujňáková el
al. [87]. Instead of acetate root, the author preferred the dry mode for their com-
posite chalcogenides preparation. Another important work on ternary chalcogenide
semiconductor was reported by Dutková et al. [81]. They studied the fabrication of
CuInS2/ZnS nanocrystals by a two-step mechanochemical synthesis. Copper,
indium and sulphur precursors were used for fabrication of tetragonal CuInS2
followed by further co-milling with the precursors for cubic ZnS. The same group
also fabricated CuInSe2/ZnS following the two-step synthesis method and used
their fluorescent activity in bio-labelling (Fig. 20.5) [88].

20.6.3 Mechanochemistry for Organic Synthesis

Traditionally, the organic synthesis has been carried out in solvent, whereas the
solventless solid-state route has been used for synthesizing inorganic compounds.
However, Toda and co-workers, during the 1980s, did pioneering work that proved
that many organic reactions can be prepared by solid state too [89, 90]. These
solid-state syntheses employed ball milling as the updated version of traditional
grinding chemistry [91]. The simpler and facile synthesis of C–C bonds is always
desired by synthetic organic chemists. The mechano milling has been found to be a
convenient route to carry out C–C bond forming reactions with increases efficiency
and reproducibility [92]. Many useful reactions such as aldol reaction [93], Michael
condensation [94], Wittig reaction [95], Suzuki coupling [96] as well as many
addition reactions have been carried out by mechanochemical method. Some of the
additional advantages of carrying out the mechanochemical synthesis of organic

20 Mechanochemistry: Synthesis that Uses Force 669



materials are ease of purification procedures, quantitative conversion and minimum
by-products. For example, 2-iodoxybenzoic acid (IBX) yields various important
products but the drawback is its insolubility in common organic solvents (except
DMSO) and its explosive nature at higher T [97]. These limitations were overcome
by Mal and co-workers by using IBX under solvent-free mechano-milling condi-
tions [98]. Mechanochemistry also provides a promising way to isolate the inter-
mediates which are non-isolable by solution routes and hence helps in mechanistic
investigations. The bis(benzotriazolyl)methanethione-assisted thiocarbamoylation
of anilines is known to proceed through aryl-N-thiocarbamoylbenzotriazole, which
is an unisolable reactive intermediate and is known to rapidly decompose to the
corresponding isothiocyanate in organic solvent [99]. Štrukil et al. [100] could
successfully show the formation of aryl-N-thiocarbamoylbenzotriazole under
liquid-assisted grinding synthesis wherein it could be easily separated and inves-
tigated by spectroscopic techniques. The functionalization of inert C–H bonds in
organic molecules provides a huge scope for synthesis of a wide range of com-
pounds but it requires harsh reaction conditions like high T, longer reaction dura-
tions and also involves handling large amount of toxic organic solvents and
sensitive metal catalyst. Mechanochemical method has been a boon in this aspect as
was shown by Bolm and co-workers [101]. The author could carry out rhodium
(III)-catalyzed C–H bond functionalization under mechanochemical conditions
under solvent-free conditions and at room temperature [101].

Fig. 20.5 Flow-sheet to
prepare CuInSe2/ZnS
nanocrystals [88]. Reprinted
from “E. A.-O. Dutková, Z.L.
Bujňáková, O.A.-O.
Sphotyuk, J. Jakubíková, D.
Cholujová, V. Šišková, N.A.-
O. Daneu, M.A.-O. Baláž,
J. Kováč, J. Kováč, Jr.,
J. Briančin, P. Demchenko,
SDS-Stabilized CuInSe(2)/
ZnS Multinanocomposites
Prepared by
Mechanochemical Synthesis
for Advanced Biomedical
Application”
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20.6.4 Polymer Synthesis

After the synthesis of poly(phenylene)vinylenes (PPVs) by mechanochemical Gilch
reaction by Ravnsbæk et al. [102], the activity related to polymer synthesis by
ball-milling gained researchers’ attraction. Ravnsbæk et al. [102] reported a rapid,
solvent-free methodology for solid-state Gilch polymerizations of PPVs by ball
milling. The poly(2-methoxy-5-2′-ethylhexyloxy phenylene vinylene) (MEH-PPV)
monomer and three equivalents of potassium tert-butoxide were used as starting
materials. The starting materials were subjected to vibrational ball milling at 30 Hz
for 30 min. In another work, the L. Borchardt and his group [103] demonstrated the
polycondensation between a diamine and a dialdehyde by a mechanochemical
ball-milling technique. The study analysed the effect of various ball millings
parameters on the polymerizations. However, the issue of chain degradation during
mechanochemical ball-milling technique remains unexplored. Kim et al. [104] also
investigated the effect of the ball-milling synthesis parameters such as milling time,
vibrational frequency, mass of ball media on the degree of lactide ring-opening
polymerization. Especially in the case of liquid-assisted grinding (LAG) mode,
these are the key factors for achieving a high degree polymerization.

Chitosan is used for fabrication of many functional bio-materials for everyday
use. The process of extracting of this biopolymer from the deacetylation of chitin is
generally very difficult and accompanied by depolymerisation. This leads to low
molecular weight chitosan. Nardo et al. [105] reported a novel method to prepare
high molecular weight chitosan by the combination of mechanochemistry and
ageing. This method can be applicable for all chitin sources.

As the synthesis cost and stringent reaction conditions of porous polymer
materials limit their true commercialization, many research groups tried to find out
different approaches for their alternative preparation route. Lee and co-worker [106]
demonstrated a green, low-cost mechanochemical synthesis route for both Friedel–
Crafts “knitting” and Scholl-coupling (SC) reactions of hyper-cross-linked poly-
mers (HCPs) without using any toxic solvent. The microporous HCPs, obtained in
only 5 min, have surface areas up to 782 m2g− 1. LAG of the SC model
mechanochemical synthesis resulted in much higher porosity than the traditional
solution-based synthesis techniques.

20.6.5 Synthesis of Porous Materials

High specific surface area with large pore volume and uniform pore size distribu-
tion of highly porous materials makes them promising materials for energy storage,
adsorbent for pollutants removal, fuel cells and supercapacitors [67, 107, 108].
Mechanochemical-assisted green methods have been exploited for the fabrication of
highly porous materials like porous carbon, metal–organic frameworks (MOF),
covalent organic frameworks (COF).

20 Mechanochemistry: Synthesis that Uses Force 671



20.6.5.1 Porous Carbon

Among the different porous structures, porous activated carbon is the most
exploited and the desired material. Lin et al. [109] used activation-free green
synthesis method for synthesis of highly porous carbons from coconut shells. The
coconut shells were smashed into tiny microparticles with abundant surface defects.
After carbonization of as-prepared microparticles at 900 °C for 9 h, carbon pos-
sessing high specific surface is (SSA) of 1770 m2 g−1 and large pore volume
(Fig. 20.6). In another work, Casco and co-worker [110] described carbonization/
activation-free room temperature mechanochemical synthesis of N-doped porous
carbons. The ultra-fast (5 min) mechanochemical method resulted a high SSA up to
1080 m2�g−1 and exhibited high N-content (16 wt%).

To improve the porosity of the material, activating agent/pore-creating agents
like KOH, H3PO4, ZnCl2 and K2CO3 have also been ball milled with carbon
precursor during thermal activation process. Tiruye et al. [107] and Schneidermann
et al. [111] used NaCl/ZnCl2 and K2CO3 as pore-creating agent, and the resulted
carbon exhibited SSA of 1570 and 3040 m2g−1, respectively. Recently, a
mechanochemical activation process is used for fabrication of highly porous acti-
vated carbons. This process involves compaction, an additional compression step,
between the grinding of carbon precursor with activating agent subsequent thermal
activation under inert atmosphere [108, 112]. Of late, fabrication of ordered
mesoporous carbons (OMCs) by mechanochemistry has gathered researchers’
attention due to previous costly, energy- and time-consuming hard templating
synthesis of OMCs. These hard templating approaches also use hazardous chemi-
cals such as HF. On the other hand, soft-templating strategy includes surfactants or
co-polymers for uniform pores in the structure after decomposing during heat
treatment. Ball-milling procedure provides sufficient energy to ensure uniform

Fig. 20.6 Schematic for synthesis of highly porous carbon from coconut shells [109]. Reprinted
with permission from “X. Lin, Y. Liang, Z. Lu, H. Lou, X. Zhang, S. Liu, B. Zheng, R. Liu, R. Fu,
D. Wu, Mechanochemistry: A Green, Activation-Free and Top-Down Strategy to
High-Surface-Area Carbon Materials, ACS Sustainable Chemistry & Engineering, 5 (2017)
8535–8540.” Copyright (2017), American Chemical Society
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dispersion of the polymer into the template voids and initializing the coordination
reactions. Zhang and co-worker [113] demonstrated synthesis of OMC using
bipyridine and copper chloride as precursors and silica as template. The
mechanochemical reaction followed by carbonization at 500 °C fabricated OMC
after SiO2 and Cu removal, resulted in SSA of 1030 m2�g−1. Recently, Zhao et al.
[114] fabricated a series of N-doped OMC using tannin as a carbon precursor, zinc
acetate as a linker and Pluronic F127 as pore-creating agent (Fig. 20.7). The group
used urea, melamine, tyrosine and tryptophan as nitrogen source. To remove the
template and evaporate metallic Zn after solvent-free ball milling, the as-prepared
coordination polymers were carbonized at high temperature (800 °C).

20.6.6 Synthesis of Metal–Organic Frameworks

Metal–organic frameworks (MOF) are another class of widely researched porous
architecture with variety of applications. In MOF structures, coordination polymers,
consisting of metal ions with organic ligands, create 3D crystalline structures.
MOFs have gained significant importance due to their tailorable shape, pore sizes
and surface functionalization along with possibility of obtaining high porosity.

In 2006, Pichon and co-workers [115] first reported the synthesis of MOF [Cu
(INA)2] by mechanochemical reaction. To prepare Cu-containing MOF, the group
milled copper acetate with isonicotinic acid [NC5H4–4–CO2H (INAH), INA] for

Fig. 20.7 Schematic illustration of N-doped mesoporous carbon synthesis from various
precursors [114]. Reprinted with permission from “Chemical Engineering Journal, 381, J. Zhao,
W. Shan, P. Zhang, S. Dai, Solvent-free and mechanochemical synthesis of N-doped mesoporous
carbon from tannin and related gas sorption property, 122579 (2020)” with permission from
Elsevier

20 Mechanochemistry: Synthesis that Uses Force 673



10 min without heat. The grinding of metal salts together with bridging organic
ligands demonstrated a suitable and efficient fabrication method for a robust 3D
framework with high yield. The group also investigated the possibility of synthe-
sizing other Cu-based MOFs under similar solvent-free conditions. They prepared
Cu-based MOFs Cu3(BTC)2 (BTC 5 1,3,5-benzene-tricarboxylate) by grinding Cu
(OAc)�H2O with benzene-1,3,5-tricarboxylic acid (H3BTC) for 10 min under same
conditions [116]. It is worth mentioning that this is a highly cost-effective, scalable
and environment-friendly approach to fabricate MOFs. In recent years,
zinc-containing MOFs like MOF-5, ZIF-8 and MOF-74 have been successfully
synthesized using mechanochemical reactions [117–119].

20.6.7 Synthesis of Catalysts

Over the last few years, the synthesis of catalysts with enhanced activity and
selectivity has seen a great push by employing mechanochemical routes. It provides
a simpler methodology to synthesize catalytic materials for various applications
which is tremendously advantageous over conventional synthesis routes which
generally involve many steps [120]. The grinding or the milling accumulates excess
potential energy in the material which along with shear and friction forces creates
defects in the material that leads to enhanced reactivity. Solventless, hassle-free
synthesis of Ag nanoparticles decorated MWNT could be achieved by simply
mixing and grinding CH3COO–Ag with MWNT and then heating in inert atmo-
sphere [121]. Two kinds of morphologies were observed, and strong interaction of
Ag NPs with MWCNTs could be established by Raman spectroscopy. This facile
and scalable method could also be applied to other metal acetates such as Pd, Ni,
Ag and Co. Li et al. reported an efficient and an easy method of mechanochemical
synthesis of metal oxide-doped graphene [122]. SnO2@graphene nanocomposites
could be synthesized by a wet mechanochemical procedure by employing graphene
oxide (GO) and SnCl2 as precursors. SnO2 nanoparticles could be in situ anchored
on graphene sheets yielding uniform and resilient nanocomposites [122]. This
provides a promising synthesis procedure for GO-based nanocomposite synthesis
for multifold applications in fields such as energy storage and catalysis.

20.6.8 Graphene-Based Materials

Graphene layers have a strong tendency to restack which significantly affects the
porosity and physical properties. Mechanochemistry has been widely used to
synthesize various graphene-containing composites to retain the unique properties
and minimized the re-stacking. Wang et al. [123] synthesized composite of gra-
phitic carbon nitride (g–C3N4) with N-doped graphene (N–G) by ball milling using
100 g stainless steel balls (diameter-5-mm) at 500 rpm for 24 h. The superior
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oxygen reduction reaction (ORR) performance by the composite can be attributed
to the close contact of nitrogen-rich g–C3N4 and N–G leading to a good conduc-
tivity. The mechanochemical synthesis process ensures scalable production of
high-performance, low-cost, metal-free catalysts. Another composite of graphene
and oxide was reported by Mashkouri et al. [124] Graphene sheets were synthesized
using stainless steel double-walled ball mill beaker with two 30 mm stainless steel
balls. Typically, 0.3 g graphite with 1.5 g potassium permanganate and 2.1 g citric
acid in 5 ml of water were used as starting materials. The milling experiment was
performed at 15 Hz frequency for 2 h at room temperature. For composite prepa-
ration, wet mixture of few layers of graphene sheet from ball milling was refluxed
for 12 h with potassium permanganate followed by the addition of H2O2.

In addition to these various other important classes of complex and advanced
materials such as fullerenes and related compounds, co-crystals, ring and cage
structures can be synthesized using this very versatile and facile method of syn-
thesis. Numerous examples of such syntheses can be easily found in the literature.

20.7 Limitations of Mechanochemical Route of Synthesis

In recent years, the attention of synthetic chemists has turned towards the appli-
cation of mechanical energy to induce reactions which is one of the “greener”
synthesis approaches. Despite a number of advantages, mechanochemical synthesis
has its associated limitations.

1. The first and foremost disadvantage is that for all the materials that are prepared
by milling or the grinding method, the contamination of surface and interface is
the major concern. For example, the contamination by milling tool such as Fe or
WC, and also, by the atmospheric gases is an issue with high-energy ball
milling. In this regard optimization of milling time and milling speed helps in
overcoming this drawback up to an extent. Also, when dealing with the ductile
materials, sometimes a thin coating layer is formed on milling media which also
prevents the contamination.

2. In case of mechanochemical synthesis by high-energy ball milling, it is difficult
to precisely control powder properties such as particle morphology, agglomer-
ates and the residual strain in observed crystallized phase. Also, it is almost
impossible to obtain single crystals from mechanochemical synthesis.

3. An important concern regarding this particular route is that the monitoring of
reactions/transformation is not the easiest job. The comprehensive understand-
ing that makes a synthesis strategy predictive is not available in the case of
mechanochemical synthesis and most of it is still on trial-and-error basis [125].
Hence, it is difficult to come up with standard protocols for large-scale synthesis.
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20.8 Conclusion and Outlook

Mechanochemistry is indeed an interdisciplinary field that encompasses a broad
group of disciplines. Various practicing researchers from different branches of
science have varied approaches to mechanochemistry. The objectives the desired
outcomes and exchange of ideas would beneficial for development of this branch as
the whole. Mechanochemistry has historically been a sidewalk approach to syn-
thesis, but it is progressing by leaps and bounds and making its big splash into the
mainstream synthetic chemistry because not only it is practical and advantageous,
but also due to the opportunities, it provides in developing more sustainable
methods. It offers a large band width of synthesis right from downsizing materials
to prepare nanoparticles to synthesizing ceramics and pharmaceuticals. Now this
technique has been extended to include organic and organometallic synthesis as
well. It indeed has many advantages in terms of energy saving, less time con-
sumption, no involved post-reaction work-up as well as access to exotic products.

In terms of future scope, there is an ardent need to develop more suitable and
customized tools required for this branch of synthesis as was done for
solution-based syntheses techniques. For example, in situ monitoring of
mechanochemical reactions is highly desirable to understand the reaction pathways
and mechanisms so as to set up standard procedures for making it viable for scaling
up for industrial level. Such kind of monitoring is, however, difficult due to the fact
that there is a continuous violent motion, and also, most of the real-time monitoring
techniques such as UV-visible, IR and Raman need to shine light (and need
transparent medium), whereas the tools used in mechanosynthesis are mostly made
up of opaque materials. However, there has been some significant progress in this
field where real-time monitoring of reaction products could be done using trans-
parent grinding media and synchrotron X-ray beam [126]. The better equipments
that can enable “live” monitoring of reaction and better understanding of the
mechanism will definitely help a great in increasing the scope of this synthesis
technique.

The idea of bringing about the selective reaction by force can be taken beyond
ball mills as has been done by researchers at Stanford University, USA. They have
come up with a novel idea wherein the molecules are designed with the rigid part
and a softer core and are akin to molecular anvils which on applying pressure
causes the rigid parts to move and compress the softer parts, thus bringing about the
desired electron transfer reactions.

As mentioned earlier, synthesis by applying force (or grinding) has been into
existence since historic times; however, with new modifications this technique is
taking a re-birth as mechanochemical synthesis. However, when it comes to tools,
mechanochemistry is still in infancy. There is no doubting the fact that with the
development of specialized and customized tools to carry out the synthesis and
understand the mechanisms, the mechanochemistry will step into the bigger syn-
thesis arena with huge commercial impact. The future of mechanochemistry is
indeed optimistic!
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