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Foreword

We live in a technological world that is ever more dependent on the special properties
of engineered nanomaterials. All ourmodern electronic devices, including computers
and smartphones, function by using semiconductor components; our energy-efficient
lighting is based on light-emitting diodes; sensors and built-in controls in modern
vehicles make travel safer and more efficient; energy from sunlight and wind is
converted into electricity by solar panels and wind turbines, and stored in lithium-
ion batteries; in all of these examples, the physical and chemical processes at the
heart of the functioning of our devices are made possible by materials carefully engi-
neered on the nanometer scale. While electronics and energy production are perhaps
the most well-known areas where the roles of nanomaterials are obvious, their use
is not restricted to non-biological systems. Whoever takes a pill or uses cosmetic
products will probably be exposed to nanoparticle formulations. Nanoparticles play
increasingly important roles in medicine, both in diagnostic and therapeutic appli-
cations. Magnetic and other particles are used as contrast agents in medical imaging
and as drug carriers or agents of hyperthermic treatments. A striking example of the
importance of nanoparticle engineering in medicine was provided by the ingenious
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vi Foreword

and rapid development of vaccines for COVID-19: both the creation of the immuniza-
tion agent (either RNA-, DNA-, or protein-based) and its packaging (into either lipid
micelles or adenovirus vectors) are nanotechnological feats that benefit our society
all over the globe. Modern food technology also increasingly relies on nanotech-
nology, producing both nanoparticulate food components and new packaging mate-
rials. Many more examples could be cited, the point being that nanotechnology is a
buzzword of the twenty-first century.

Several factors, some rooted in the physical nature of nanomaterials, some in the
scientific progress made over the last century, and others in the historical changes in
the needs of society, contributed to the increasing use of nanomaterials. The proper-
ties of materials as known on a macroscopic scale can change drastically as the realm
of the nanoworld is reached. Although definitions vary, particles are typically consid-
ered “nano” if they are smaller than 100 nm. Within this size range, the increasing
surface-to-volume ratio becomes rather important. For crystalline substances, the
surface of a particle can be considered a defective region, with different proper-
ties than those of its periodically ordered interior. Such highly reactive surfaces
can be used for a number of applications, including catalysis, adsorption of specific
molecules, or functionalization for biomedical purposes, to name a few.At the core of
the operation of our electronic devices are layered nanostructures (such as solid-state
transistors), in which the diffusion of electrons and holes is confined to nanometer-
scale lengths. Materials that consist of a single atomic layer, such as graphene, can
have electronic or even mechanical properties not seen in their macroscopic equiva-
lents. Some nanomaterials, for example, viruses and antibodies used in biomedicine
or clay minerals used as fillers or adsorbents, have nanometric sizes by nature. In
fact, the use of clay in pottery is as old as our civilization; thus, nanotechnology was
invented long before the twentieth century.

Nevertheless, while our ancestors may have used materials without knowing their
nanoscale character, scientific progress resulted in the development of techniques
for both material synthesis and characterization that allow us to intentionally tailor
and measure the properties of substances in the nanometer range. The current book
introduces the reader to a broad range of synthesis methods, from high-temperature
layer deposition to various solution-based techniques, as well as intriguing novel-
ties like synthesis in nanoscale confinements. Many of these approaches that were
once cutting-edge scientific novelties found their way into industry and now form
the basis of commercial material production, which is also aided by artificial intel-
ligence, another new tool developed on the platform of nanotechnology. In addition
to synthesis, spectacular progress has been made over the last hundred years in the
field of material characterization. Giant strides in science, starting with the dawn
of crystallography, followed by the invention of electron microscopy, coupled with
various new analytical techniques using electromagnetic radiation, nuclear energy,
and other signals, and then the revolution of molecular biology in the second part of
the twentieth century, laid the foundation for the nanoscience of today. Many of the
current standard techniques are on display in the present book and provide the reader
with detailed and, in some cases, visually appealing information about nanomaterial
characteristics.
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While science and technology provided the means for the design of new nano-
materials, population growth and society’s push for a more comfortable life drove
the transition from pure science results to innovation and then to the production of
nanomaterials. Within a generation, digital communication technology transformed
the work, entertainment, travel, and study habits of people. More complex functions
must be packed into handheld and desktop devices, forcing technology to invent
electronic components with ever smaller dimensions. The global population is about
to reach 8 billion people; feeding so many people and providing them with a desired
high standard of living, while our Earth and its resources are limited, require the
design of highly efficient systems for both agriculture and energy production. Such a
viewpoint anticipates the growing importance of nanotechnological solutions.Ample
examples are given in this book of research that strives to improve energy production
(by developing metal halides and organic hybrids for photovoltaic applications and
designing newways of water splitting) and storage (by developing high-performance
batteries from ionic liquids and storing hydrogen using graphene oxide). In elec-
tronics, the direction of progress is toward making electronic components smaller or
more efficient (examples in this book include the development of components using
graphene, for example) or suitable for new applications (by synthesizingmetal-oxide
nanorods for new types of electrodes, silver, and copper nanowires for transparent
conductors; quantum dots for heavy metal sensing; magnetic ferrites; and ceria-
based nanocomposites for catalysis, to name a few examples). Aims in the fields
of environmental and medical sciences, with examples in the present book, include
wastewater treatment using graphene oxide, the use of new biocompatible materials,
such as graphene, inorganic nanocomposites, and coinage-metal nanoparticles for
diagnostics and therapeutics, as well as reducing the material need and waste of food
production (by designing biodegradable food packaging material).

The majority of nanomaterials used in technology or medicine today are compos-
ites, which are hybrids of two or more substances that benefit from the different
properties of their constituents, as illustrated by the diverse range of such mate-
rials presented in this book. Nanocomposite materials are not exclusively human
inventions, since nature developed them long before us. Organic layers and calcium
carbonate platelets alternate in the shells of mollusks to provide both mechanical
strength and flexibility; apatite nanocrystals interbedded with collagen fibers provide
support and elasticity to our bones; and organic membrane-wrapped magnetic
nanocrystals assist some bacteria in navigating concentration gradients. In many
cases, technological inventions were based on lessons learned from nature. Current
nanotechnology uses several synthesis techniques that mimic biological systems, as
is also shown in some chapters of this book.

On the other hand, nature is also affected by human activities, and, as with any
new technology, the benefits of nanomaterials comewith downsides. Some industrial
processes have been polluting the air, soil, rivers, and oceans with toxic nanopar-
ticles since the start of the industrial revolution, and the scale of this pollution is
just beginning to be appreciated. Currently, nanoparticles are produced in formerly
unprecedented amounts, and their effects on human health and the environment in
many cases are far from being understood. Because of their sizes, nanoparticles are
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easily inhaled, as is the casewith natural biological nanoparticles, e.g., viruses that are
transmitted through the air, and can reach the deepest parts of the lungs. There have
been reports of the nanoparticle toxicity of materials that in larger sizes are consid-
ered harmless, and environmental magnetic nanoparticles have been found even in
the human brain. Only science is able to assess the harmful effects of nanomaterials
and provide solutions.

In contrast to posing a health threat, nanoparticles can be used for environmental
remediation. A huge field of nanoparticle technology has emerged that is concerned
with cleaning soils, waste, and underground water. Examples for such applications
are also provided in this book. Moreover, nanotechnology will be crucial in the quest
to preserve the habitability of our planet. As I amwriting these words, several parts of
the world are experiencing one of the most severe droughts in their history, while in
other places, floods wreak havoc on communities, accentuating the effects of man-
caused climate change. Our civilization’s mere existence depends on whether we
can improve the efficiency of clean energy production and distribution, preserve our
water supplies, and be able to feed 8 billion people without expanding beyond the
limits of Earth’s resources. If solutions exist at all, they should include, along with
changes in economic drivers and societal attitudes, rapid progress in technology,
undoubtedly including new nanomaterials and advances in nanotechnology. There-
fore, by providing readers with an overview of the state of the art in nanomaterials
research, this book is both timely and important. I wish you good reading.

Prof. Mihaly Posfai
Nanolab, Research Institute for

Biomolecular and Chemical
Engineering

University of Pannonia
Veszprem, Hungary



Preface

We are immensely pleased to present our book, Synthesis and Application of
Nanotechnology and Nanomaterials. As researchers and instructors of nanotech-
nology, we often struggled with one reference book in the field that can summarize
crucial topics of the field with reasonable details to the early researchers in the field.
A book that can elucidate topics in the field with sufficient details, without being too
elementary in covering a lot of topics or being too specialized in a core topic. Further-
more, that covers essential applications and frontier research topics. The inception
was a result of discussions during numerous tea breaks at the AMU campus, a place
renowned for its tea enthusiasts.

This book brings together multiple essential topics of nanotechnology and its
applications. Diverse aspects of the emerging research fields are strung together to
make it a useful reference book, especially for early career research scholars in
the field of nanotechnology and nanocomposites. A sufficient number of topics are
includedon the synthesis of nanoparticles, nanorods, graphene, grapheneoxide-metal
composites, characterization of these materials, and various aspects of emerging and
existing applications, including biomedical, food packaging, heavy metal sensing,
etc. In order to balance the theoretical details, chapters on DFT and Monte-Carlo
analytical calculations have been included.

The book is divided into three parts. The first part contains five chapters and it
describes the synthesis of various nanomaterials, analytical calculation of nanomate-
rials, exfoliation synthesis of graphene, graphene oxide, and its metal nanocompos-
ites. The book commences with a report on recent advances in the synthesis of halide
perovskite nanoparticles from a team of researchers from IIT-Bombay, India. The
synthesis results of halide perovskite nanoparticles are complemented by analytical
findings. The next chapter is a semi-review on graphene and its nanocomposites with
an emphasis on the recently reported liquid exfoliation-based synthesis of graphene
by our group. The subsequent chapter describes synthesis of graphene oxide and its
nanocomposite with metals. The next chapter reports the synthesis of self-stabilized
metal-hydroxide and metal-oxide nanorods by utilizing the electrochemical method.
Optimization of the aspect ratio of nanorodswith temperature and the applied voltage
is discussed in the chapter. The last chapter in this part is contributed by a team of
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researchers from IIT-Delhi, India, and it adds a molecular dynamics perspective on
nanoscale confinement.

The second part of the book is on biomedical/bioengineering applications with
three chapters. The first chapter in this part describes biomedical applications of
nanomaterials prepared from coinage metal. The subsequent chapter reports the role
of nanocomposites in the drug delivery systems. The last chapter in this part describes
the synthesis of bio-nanocomposite materials for food packaging applications.

The last part of the book contains five chapters on various applications of
nanocomposites and nanomaterials. This part begins with an extensive report by
a team of veteran researchers from the University of Rochester, USA, and CSU,
Changsha, China, on the synthesis of metal nanowires and their applications in trans-
parent conductors. The next chapter describes the synthesis of quantum dots and their
photoluminescence properties. The application of quantum dots in sensing heavy
metals is also demonstrated in this chapter. The next chapter reports on synthesis
of TiO2-based nanomaterials for water-splitting application compiled by a team of
researchers from Egypt, Jordan, and Germany. The subsequent chapter is on the
synthesis of metal-oxide nanoparticles and their photocatalytic activities. The next
chapter is reporting advanced nanocomposite electrodes for high-performance super-
capacitors. The last chapter is on ceria-based nanocomposites for versatile catalytic
application.

The currently proposed content of the book makes it a comprehensive reference
book for the researchers in thefield, in particular, for the senior graduate,M.Tech., and
MS students of nanotechnology. The book would also serve as a crucial reference
book to the researchers working in the other areas of materials science, who are
looking to contribute to the field of nanomaterials and nanocomposites.

We acknowledge the support of all the contributing authors, in particular, Prof.
Yongli Gao, Prof. Aftab Alam, Prof. M. Aslam, Prof. Hemant Kashyap, and Prof.
Biswajit Chowdhury. We would also like to appreciate researchers, who initially
agreed to contribute, but due to their health conditions during the COVID-19
pandemic could not submit the chapters. We would like to thank all our students
who, with their numerous thought-provoking questions, have been a constant moti-
vation to contribute to the field. Last but not least, we would like to extend our sincere
appreciation to the familymembers, who had to shoulder extra responsibilities during
the preparation of this book.

Imran Uddin
University of Pannonia

Veszprem, Hungary

Irfan Ahmad
SBIR Coordinator

Alien Innovation Consultant
Hyderabad/Delhi-NCR, India
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Advances in Synthesis and Defect
Properties of Halide Perovskite
Nanocrystals: Experimental
and Theoretical Perspectives

Bhawna, Supriti Ghorui, Aftab Alam, and M. Aslam

Abstract Metal halide perovskites are gaining attention for their interesting opto-
electronic properties which result in their promising use for commercial applica-
tions. The ease in the fabrication and processability of perovskite nanocrystals with
high photoluminescence quantum yield has tremendously attracted the research
community and since then various approaches for their synthesis have been devel-
oped. This chapter focuses on various size and shape-controlled solution-based
synthesis methods for perovskite nanocrystals. Furthermore, synthesis of defect-free
perovskite nanocrystals to attain long-term stability along with high efficiency is the
primary focus of the growing research community. Therefore, deeper insight into
defect properties in perovskite nanocrystals is crucial despite of their defect-tolerant
nature. Thus, the purpose of this chapter is twofold (i) to give a complete under-
standing of various facile synthesis strategies for metal halide perovskite nanocrys-
tals while discussing their advantages and limitations and (ii) to facilitate an in-
depth insight about the formation of native defects both from the experimental and
theoretical perspectives.

Keywords Hybrid perovskites · Photovoltaic · Synthesis Strategies · Defects ·
DFT simulation

1 Introduction

Metal halide perovskites (MHPs) have been known since a long time and the first
work was reported by H. L. Wells in 1893 [1]. However, it was only the 1990s when
they got traction from the scientific community due to their promising electronic and
optical properties [2, 3]. The term perovskite was coined after the famous Russian
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mineralogist Lev Perovski and belongs to the class of materials which have a general
formula ABX3. Here, in halide perovskites, A can be an inorganic cation like cesium
(Cs) or organic cation like methylammonium (MA), formamidinium (FA) or their
mixture, B typically refers to lead (Pb) or tin (Sn) and X is a halide anion namely
chloride (Cl−), bromide (Br−) or iodide (I−). Based on the kind of A cation, the
halide-based perovskites can be classified in hybrid (A belongs to organic group) and
all-inorganic (A is an inorganic cation) perovskites. Initially, lead halide perovskites
(LHPs) were used as visible-light sensitizers in dye-sensitized solar cells in 2009
[4]. It took another 3 years to realize the impressive charge transport properties of
these MHPs, in addition to the strong bandgap absorption, to achieve modest power-
conversion efficiency (PCE) of 3–7% [5, 6]. Since then, a surge in research output in
LHPs has been seenwhich resulted in a certified PCE of over 25% for single-junction
perovskite-based solar cells in a very short duration [7]. The reason behind such a
high PCE is high absorption coefficient (>1 × 104 cm−1), low Urbach energies, long
charge carrier diffusion lengths (>100 nm), high carrier mobility and long carrier
lifetime [8, 9].

Surprisingly, LHPs not only provide a strong ground for the photovoltaic appli-
cation but also pose as attractive candidates for the light emitting diodes (LEDs)
due to strong direct band-to-band transitions, relatively low non-radiative recom-
bination rates and high color purity [10–13]. However, the low photoluminescence
quantum yield (PLQY) associated with the bulk perovskites limit their use in LEDs.
This is mainly because of the small exciton binding energies (resulting in low radia-
tive recombination) and the existence of mobile ionic defects (characterised by low
formation energies) in the bulk perovskite structures. Halide perovskite films are
easily grown from their precursor solution via facile solution processable method
at low temperatures, but, the defects in the bulk as well as at the grain boundaries
or interfaces are created and act as centres for fast non-radiative decays [14, 15].
This motivated the researchers to move to perovskite nanocrystals (NCs) in search
for better PLQYs. Interestingly, optical and electronic properties of MHPs are size-
dependent and can be tuned by changing the size of the crystals to the nano-regime.
Further, one can play with the dimensionality (from 3D to quasi-2D to 2D, also
known as layered perovskites) ofMHPs by using long-chain alkylammonium cations
as separators of the octahedron slabs. The number of the octahedral layers (m = 1 to
∝ ) provides flexibility in tuning emission wavelength and the exciton binding ener-
gies in layered perovskites [16–18]. The MHP NCs facilitate efficient light emission
with near-unity PLQY as opposed to the low PLQYs seen in bulk perovskites making
them a potential candidate for LEDs [19].

The research on MHP NCs took off after the first report on colloidal halide
perovskite MAPbBr3 with a PLQY of ~20% by Schmidt et al. in 2014 [20]. The
selection and use of appropriate capping ligands in the preparation routine enable
not only the control on the size of these crystals in the nanometer range but also
help in passivating the surface defects. Gonzalez-Carrero et al. further improved
the synthesis of highly luminescent MAPbBr3 with an impressive PLQY of ~80%,
however, the particles obtained were highly irregular in shape [21]. In early 2015,
the hot-injection (HI) method was introduced by Protesescu and group in order to
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gain narrow particle size distribution of colloidal LHP NCs. This method resulted
in the synthesis of monodisperse CsPbX3 (X = halide or their mixed halides) NCs.
Later, the room-temperature synthesis of colloidal MAPbX3 NCs were proposed by
Zhang et al. using ligand-assisted reprecipitation (LARP) method which resulted
in the efficient emission (PLQY ~70%) with the added benefit of color-tunability
[22]. Since then, several attempts have been made to regulate the shape and size
of MHP NCs by changing reaction temperature, capping ligands etc. This resulted
in attaining different morphologies ranging from nanowires (NWs) to nanosheets
(NSs) to nanoplatelets (NPLs) to quantum dots (QDs) [23–27]. Extensive research
on improving the synthesis methods of LHP NCs have been done in order to produce
highly monodisperse with near-unity emission and high colloidal stability [28, 29].
Further, the composition and size of these NCs can be tuned using post-synthetic
transformations such as through exfoliation or ion migration [30, 31]. However,
due to the presence of surface defects/trap states and the loss of ligand binding to
the NCs during the purification and isolation procedures, the PLQYs of MHPs get
affected strongly [17, 32]. In this regard, the post-synthetic treatment with func-
tional molecules/metal halides helps in improving their PLQYs [33, 34]. On one
hand, ease in synthesis of MHPs has led the researchers to utilize these active mate-
rials for applications such as lasers, solar cells, LEDs, photodetectors etc., whereas,
on the other hand, they possess substantial health hazards due to the presence of
lead and also suffer from instability issues which includes degradation at interfaces
[35, 36] and inter-diffusion of ions from different materials [37]. To address these
concerns and to preserve the crystal structure of perovskite, replacement of Pb2+ with
heterovalent substitution of a monovalent, B (Ag+, Au+, Cu+, Na+) and a trivalent
cation, B’ (Bi3+, Au3+, In3+, Sb3+) to form a quaternary double perovskite (elapsolite),
A2B(I)B’(III)X6 (where A=Cs, andX=Cl, Br, I) have been proposed recently [38–
46]. However, these newly developed structures are facing various other problems
such as indirect bandgap and low PLQYs.

In MHPs, the presence of different kinds of chemical interactions results in
their characteristic “soft” structure, which exposes the structure to a large number
of defects. Synthesis of defect-free MHP NCs with a single radiative (excitonic)
recombination pathway to achieve a near-unity PLQY is the main focus of the
growing research community. Various studies show the creation of favourable
halogen vacancy due to their low formation energies as opposed to Cs/Pb vacan-
cies, antisites or interstitial sites in these NCs [47]. Moreover, the large surface area
in addition to the increased number of the dangling bonds in case of NCs result in
the increment in the density of trap states than in single-crystals or polycrystalline
thin films [48]. In this light, it becomes imperative to understand the role of defects
in the photophysics of MHPs [49, 50].
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2 Introducing MHP NCs: Crystal Structure
and Defect-Tolerance

Since the first observation of optical-related quantum effects in the nm-sized semi-
conductors in early 1980s [51, 52], tremendous attention has been drawn towards
developing strategies to synthesize high-quality MHP NCs for their further utilisa-
tion in practical applications [53–55]. The fabrication of MHP NCs not only helps in
achieving high PLQY (~90%) but also helps in attaining enhanced emission which
is tunable across the whole visible range and in screening the surface traps [56].
The captivating results shifted the attention of research community to work on these
interesting class of semiconducting materials.

3D perovskites belong to the class with general formula A1+B2+X3, where, A
is a monovalent cation (metal or organic cation; Cs+, MA+, FA+ or mixed cation),
B is a divalent cation (Pb2+, Sn2+ etc.) and X is a halide anion (Cl−, Br− and I−).
The structure comprises of the corner-sharing BX6 octahedra which repeat in all the
directions to give 3D framework whereas, A lies in the cuboctahedral cavities (co-
ordinating with 12 X anions) formed by this continuous network and puts a limit on
the size of the enclosed cation [57]. To assess the structural stability and the size of A+

cation that can effectivelyfit in the 3Dperovskite structure, theGoldschmidt tolerance
factor, t = (RA + RX )/

√
2(RB + RX ) and the octahedral factor, μ = RB/RX are

utilised (Fig. 1). Here, ionic radii of A, B and X ions are represented by RA, RB and
RX . The perovskite structure is stable when 0.8 < t < 1 and 0.442 < μ < 0.895 [58,
59]. The perovskite structures such as CsPbI3 and FAPbI3 have tolerance factor of
~0.8 and ~1 (at the edge of the limit), respectively and therefore, readily undergo
transition to stable phases i.e., orthorhombic and tetragonal phases even at room
temperature (RT), popularly known as “yellow phases” (Fig. 1) [60, 61].

The prime reason behind the easy fabrication of highly crystalline MHP thin
films even at room temperature is the presence of ionic bonding in the perovskite
structure [62]. Another significant feature regarding the success of MHPs in the
opto-electronic applications is their defect-tolerance which helps a semiconductor to
regain its properties despite the presence of a large number of crystallographic defects
(see Fig. 2). Various factors for instance, preparation of precursor solution, heat treat-
ment, crystallization etc. strongly influence the defect formation during perovskite
film fabrication [63]. Density functional theory (DFT) calculations suggest the intro-
duction of shallow trap states due to the formation of point defects such as halogen
vacancies with low formation energies. In semiconductors, due to the antibonding
and bonding character of conduction band (CB) and valence band (VB), respectively,
deep defect states are generally formed after removal of an atom [64]. On the other
hand, MHPs have CB and VB both with antibonding character, where, the CB edge
is formed from the interaction between Pb–s and X-p orbitals and VB edge from
the interaction between Pb-p and X-p orbitals. Mainly, the defects states are present
near or within the VB edge due to very strong antibonding coupling between Pb–s
and X-p orbitals, which results in raising the VB edge. Whereas, ionic character is
shown by the CB edge due to the weak coupling between Pb-p and X-p orbitals
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Fig. 1 Illustration of a α-FAPbI3 with ideal 3D cubic structure, b CsPbBr3, an orthorhombically
distorted 3D structure, yellow phases of c FAPbI3 and d CsPbI3 with 1D hexagonal lattice and 1D
orthorhombic structure, respectively. e Octahedral and Tetragonal factors for various 1D and 3D
structures of MHPs (both all-inorganic as well as hybrid). The light blue squared area represents
the area where the compositions adopt stable perovskite structure at room temperature and pressure
[61]

which makes the energy states immune towards external defect levels [65]. Even
though the defects states formed in MHPs are mostly benign, a careful investigation
of defect physics for the perovskites needs to be carried out.

3 Synthesis Strategies/Methods for MHPs

Various synthesis strategies for high-qualityMHPNCs are developed in order to have
control over the shape, size, composition without compromising their quality. These
strategies are basically divided into two categories, namely, “top-down” or “bottom-
up” approaches as illustrated in Fig. 3. Top-down approaches involve ball-milling
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Fig. 2 Electronic structure of a a typical defect intolerant semiconductor belonging to III − V, II
− VI or group IV and b lead-based halide perovskite, MAPbI3, showing the defect tolerance due
to the presence of defect states near the CB and VB edge [65]

Fig. 3 Flow chart showing the various synthesis methods of nanocrystals of metal halide
perovskites

(surfactants are used for size-control), chemical ormechanical (ligand-assisted) exfo-
liation [30, 66]. Bottom-up approaches mainly use gas- or liquid-phase chemical
reactions and are further divided into three main sub-categories: (i) heat-up, (ii) re-
precipitation and (iii) in-situ synthesis. In this chapter, we will mainly talk about
the frequently used synthetic procedures viz., hot injection (HI) and ligand-assisted
reprecipitation (LARP) method for colloidal MHP NCs.

3.1 Hot-Injection (HI) Method: Colloidal Synthesis

In 1993, Murray et al. first reported HI method for the preparation of high-quality
cadmium chalcogenide (CdE; E = S, Se, Te) NCs [67]. For the synthesis, the
organometallic reagents are heated along with other salts and surfactants in inert
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Fig. 4 aHot-injectionmethod for the formation ofMHPNCs.bRecordedTEMimage of uniformly
distributed CsPbBr3 NPs. c Digital image of dilute toluene dispersions of colloidal CsPbBr3 NPs
under UV lamp. d PL emission spectra of Cs-based perovskite NPs spanning the whole visible
range (400–700 nm) obtained by adjusting the halogen ratios [56]. e Absorption spectra, f bandgap
extracted using tau plot and g PL spectra of composition-controlled MAPbX3 nanoparticles using
HI method. Digital images of the corresponding samples h under UV lamp and i in normal light
[69]

atmosphere (as illustrated in Fig. 4a). In this method, the nucleation is controlled to
grow the highly monodispersed NCs [68]. Injection of precursors to the hot solu-
tion rapidly starts the nucleation process followed by the formation of small nuclei.
With time, the nuclei start growing and finally contribute to the NC’s population.
The size, shape and the distribution of NCs can be controlled by varying the ratio of
the precursors to the capping surfactants, or the reaction time or the temperature at
which the precursor is introduced into the reaction medium. The main benefit of HI
method is that it does not use any polar solvent to achieve the successful synthesis
of nm-sized materials.

Protesescu et al. utilised the HI method for the successful synthesis of colloidal
CsPbX3, X = Cl, Br and I NCs in 2015 [56]. The method involves dissolving PbX2

in octadecene (ODE) at high temperature (140–200 °C), where, oleylamine (OLA)
and oleic acid (OA) are added in equimolar ratio to ensure the complete dissolution
of PbX2 with an added benefit of stabilizing the NCs in colloidal form. The reaction
of PbX2 in ODEwith organic acids at high temperature results in the formation lead-
oleate and halide ions. Finally, Cs ions (in the form of Cs-oleate, synthesized using
Cs2CO3 and OA in the presence of ODE) are injected in the hot solution to obtain
CsPbX3 NCs. This instantaneous injection helps in attaining the uniform distribution
of shape and size of the MHP NCs as illustrated in Fig. 4b. The size of the obtained
NCs can also be tuned from 5–12 nm by varying temperature of the reaction [56].
The optical characteristics of the as-prepared NCs can be conveniently engineered
across the entire visible range of spectrum from 400–700 nm using the HI method
by merely adjusting the lead halide ratios (PbCl2/PbBr2 or PbBr2/PbI2) as observed
from Fig. 4c–d. The amines and acids used in HI method play a crucial role in deter-
mining shape and size of perovskite NPs. Pan et al. studied the detailed structure and
morphology of colloidal perovskite NCs by varying carboxylic acids and amines
hydrocarbon chain length [70]. The HI method was modified further to synthesize
hybrid organic–inorganic lead-based halide perovskite NCs by replacing Cs-oleate
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with MA solution or FA-oleate [71, 72]. Later, the process was utilised to obtain
stable blue emitting mixed-halide FAPb(Cl1–xBrx)3 NCs [73] and FAPb(I1-xBrx)3
NCs with tunable emission ranging from 570 to 780 nm [74]. HI method was further
used to fabricate various inorganic perovskites ranging from 3D-CsPbX3 to 2D-
CsPb2Br5 and 0D-Cs4PbBr6 [75, 76]. The high solubility of colloidal MHP NCs in
polar solvents results in a deterioration of their stability in external environmental
conditions such as humidity, light, heat, etc., resulting in the loss of their PLQY
[53]. In this regard, Yuan et al. showed the sensitivity of perovskite NCs toward
different antisolvents used for cleaning [77]. The change in the halide composition
of CsPbBr1-xIx NCs was observed in different antisolvents such as acetone, IPA,
n-butanol etc., considerably affecting the optical properties in contrast with pris-
tine CsPbBr3 NCs. In order to compensate the loss of halide ions in CsPbX3 NCs,
Woo et al. reported fabrication of inorganically passivated (halide-rich condition)
perovskite NCs via in situ route [78]. Additionally, the use of metal halide along
with PbX2 precursors resulted in the synthesis of halide-rich compositions which
not only prevented the change in optical properties, but, enhanced the ambience
stability as well.

The synthesis of composition-controlled MA-based halide perovskites using HI
method started in 2015. Unlike Cs and FA precursors, the non-availability of MA-
acetate as well as highly volatile nature of MA (boiling temperature of 4 °C) make
the use of conventional HI method for their synthesis very difficult. This is the main
reason behind storing this molecule in THF or alcohols like ethanol or methanol
due to their boiling temperature of around 60–70 °C. Vybornyi et al. demonstrated a
modified-HI method to synthesizeMAPbBr3 andMAPbI3, however, the synthesis of
MAPbCl3 and the (I/Br andBr/Cl)mixed-halide counterpartswas still a big challenge
[71]. The approach included solubilizing PbX2 in ODE with a minimal amount of
OA and OLA ligands at 120 °C. Next, MA was injected rapidly into the solution
after bringing the temperature down to 55 °C to avoid any decomposition. In 2019,
Roy et al. utilized this method to obtain the whole series of composition-controlled
MAPbX3 nanoparticles, including MAPbCl3 in gram scale [69].

3.1.1 Modified HI Method: Overcoming the Limitations
of Conventional HI Method

The conventional HI method uses metal halide salt as a source for both cation and
anion siteswhich restricts the use of thismethod in obtaining desirable ion stoichiom-
etry [56]. The limitation of this method was overcome by introducing a modified,
so called, “three-precursor” HI method. In this method, three separate precursors as
sources for A cation, lead and halogen sites are taken which in turn helps in achieving
and controlling the required lead to halogen ratio. Liu et al., for the first time, synthe-
sisedCsPbX3 (X= halide)NCs using “three-precursor”HImethod,where, instead of
PbX2 precursor as a source for lead and halogen, individual reagents NH4X (halogen-
source) and PbO (lead-source) were utilised [79]. Several reports suggest that the
NCs synthesised in halide-rich conditions show improved optical properties as the
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halogen-stripping is somewhat compensated during the purification process [78].
For instance, CsPbCl3 NCs synthesised under halide-rich conditions showed near-
unity PLQY [28]. The three-precursor HI method was further utilised by Yassitepe
et al. in order to eradicate the degradation of the perovskite QDs during the purifica-
tion process [80]. The degradation is primarily ascribed to the rapid ligand loss due
to the proton transfer between OA and OLA surfactants. The authors used quater-
nary alkylammonium halides as halogen sources (without any need for OLA), thus,
synthesizingOA-capped perovskiteQDs. This new synthetic route not only enhanced
the colloidal stability of the QDs, but also substantially improved the PLQY to up to
70%. Furthermodification in the three-precursorHImethod resulted in the successful
synthesis of colloidal FAPbX3 NCs [72]. The method utilized reaction of acetates
of FA and Pb in OA and ODE with oleylammonium bromide, however, the impurity
peaks corresponding to NH4Pb2Br5 (probably due to the decomposition of FA+ into
NH4

+) were also present in the final product.
While the three-precursor HI method offers the flexibility to fine-tune the quan-

tity of the different precursors by using individual sources for metal and halide ions
and subsequently, achieve the final composition of NCs, the method itself has a few
limitations. The modified HI method failed to successfully synthesize CsPbX3 (X =
Cl and I) and MAPbX3 (X = Br and I) NCs [74]. Additionally, as discussed earlier,
due to the decomposition of alkylammonium halide during the synthesis process of
FAPbX3 NCs, substantial amount of impurities were present in the final phase [72].
In order to eliminate these drawbacks, Imran et al. reported the injection of highly
reactive halides such as, benzoyl halides, into the solution of metal cations, primarily
in carboxylate form for the formation of APbX3 (A = Cs/MA/FA; X = halide) NCs
(Fig. 5a) [81]. The injection induces immediate release of the halide ionswhich subse-
quently confirm the evolution of perovskiteNCs. TheNCs obtained using thismethod
show extraordinary optical properties (narrow PL emission; Fig. 5b, c), uniform size
distribution and excellent stability in air without any post-synthesis modifications.
The process promotes the partial replacement of Cs ions with the oleylammonium
ions, resulting in the lead halide-terminated surfaces, thereby, helping to improve
their stability and photophysical properties. In addition, Creutz et al. extended this
synthesis approach for the fabrication of lead-free colloidal Cs2AgBiX6 (X= halide)
NCs using trimethylsilyl (TMS) halides as halogen sources (Fig. 5d–i) [82]. In short,
these strategies allow to attain different compositions by adjusting cation or anion
ratios, thereby helping in tuning the optical properties and enhancing the relative
stability of the NCs.

3.1.2 HI Method: Regulating the Morphology of MHP Nanocrystals

The control on shape and size of both all-inorganic [25, 56] and hybrid organic–
inorganic lead-based halide perovskiteNCs [20] has been done by regulating reaction
time, reaction temperature and compositions in colloidal-based synthesis procedures.
After the synthesis of MAPbBr3 (MA=CH3NH3) NCs as initiated by Schmidt et al.
[20], the various reports on the synthesis of nanoplatelets of hybrid perovskites show
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Fig. 5 a Schematics for the preparation of lead-based halide perovskite NCs using benzoyl halides
as anion precursors utilizing colloidal-based HI method. b Evolution of PL spectra via anion-
exchange achieved by adding benzoyl iodide or benzoyl chloride to already synthesized CsPbBr3
NCs. (c) Digital images of different solutions prepared via anion-exchange reaction under UV
lamp [81]. d–f Schematics for the synthesis route for Cs2AgBiX6 NCs. g Absorption spectrum
of Cs2AgBiCl6 NCs (blue) converting to Cs2AgBiBr6 NCs (red) via anion-exchange mechanism
(progressive addition of TMSBr). h Absorption spectrum of Cs2AgBiBr6 NCs (blue) converting to
Cs2AgBiI6 NCs (red) via anion-exchange mechanism (progressive addition of TMSI). (i) Digital
images of solutions of Cs2AgBiBr6, Cs2AgBiBr5.2I0.8, Cs2AgBiBr1.6I4.4, and Cs2AgBiI6 NCs in
toluene (Left to Right) [82]

tuning of their thickness by varying the organic cations [83]. In case of all-inorganic
perovskite NCs, Protesescu et al. reported the first successful synthesis of CsPbX3

(X=Cl, Br, I) nanocubes using HI method followed by rapid cooling [31, 56]. Since
then, significant advances in the development of MHP NCs resulted in the shape
control ranging from nanowires (NWs) [84] to nanorods (NRs) [85] to nanoplatelets
(NPLs) [27] and nanocubes [85]. Bekenstein et al. reported the tendency of formation
of quasi-2D geometries (known as NPLs) for reactions using OA and OLA carried
out at temperatures of 90–130 °C, symmetrical nanocubes at 150 °C, while NWs
are preferred at relatively high temperatures of 170–200 °C [27, 84]. Further, Pan
et al. studied in detail the effect of surfactants/ligands on CsPbBr3 NC’s morphology
[70]. In order to understand this correlation, the chain lengths of the carboxylic acids
and alkyl amines used in the reactions were systematically varied. It was observed
that shorter length of carboxylic acids (added at 170 °C) favoured the formation of
larger-sized nanocubes. Later, in another set of experiments, OA was kept fixed and
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Fig. 6 a Schematics showing the correlation between the different morphologies (shape and size)
and length of the chain of the amines and carboxylic acids. b Controlling the shape and size of NCs
using HI method by using different ligands and at different temperatures. Nanocubes are formed at
higher temperatures with short length carboxylic acids whereas, thin NPLs result from short length
amines. At low temperatures, NPLs are formed using short length carboxylic acids [70].

different alkyl amines at 170 °C were used, resulting in the formation of NPLs (see
Fig. 6).

The morphology of perovskite NCs depends significantly on the temperature at
which the reaction is conducted. Generally, the precipitation of perovskite precur-
sors leads to the formation of nanocubes at relatively high temperatures, while at
low temperatures, formation of NPLs is more likely to occur. This dependence on
temperature can bewell understood by the protonation or deprotonation of the ligands
(alkylamine) controlled by acid or base equilibria during the synthesis process while,
Cs+ ions compete for their incorporation to the facets during the growth of NCs [86].
Almeida et al. further elucidated the effect of relative concentration of carboxylic
acids and alkylamines on the shape, size and distribuition of CsPbBr3 NCs [86].
They reported an increase in the temperature for PbBr2 precipitation from 195 °C to
290 °C with an increase in the concentration of the ligands. Additionally, the study
revealed that low concentration of oleylammonium species tends to form nanocubes
(size ranging from 4 nm to 16.4 nm with narrow size distribuition) while, the NCs
grow anisotropically at higher concentrations (see Fig. 7).

Ultrathin LHP NWs (diameter < 3 nm; down to atomic level) are of current
interest due to their strong confinement effects [87]. However, due to the difficulty in
controlling the crystal growth at the atomic level, it is very hard to synthesize uniform
ultrathin NWs. In 2015, Zhang et al. illustrated the synthesis of CsPbBr3 NWs using
conventionalHImethod,where, the reaction conditionwas altered drastically to room
temperature (RT) at different intervals of time [84]. It was observed that initially
at t < 10 min, nanocubes (size varying from 3 to 7 nm) dominated the reaction
(Fig. 8). The structure evolved from nanocubes to square-shaped nanosheets (NSs)
with fewer thin NWs after around 30min. After one hour, the reactionwas dominated
with uniform NWs of diameter below 12 nm and lengths up to several microns.



14 Bhawna et al.

Fig. 7 a Change in OA and OLA concentration and temperature of reaction in order to vary the
size of CsPbBr3 nanocubes (vertical bars denote size distribution). b Drawing of various NCs of
CsPbBr3 attained using OA and OLA ligands only c corresponding absorbance (black lines) and
photoluminescence spectra (blue lines) d X-ray diffraction (XRD) profiles and e−k TEM images
[86]

Further in 2016, Zhang et al. worked on improving the quality and yield of ultrathin
perovskite NWs (2.2 ± 0.2 nm width) showing a blue shift in PL (~465 nm) as
compared to the bulk counterpart (~530 nm) [87]. Further reports on themodification
of perovskite NWs (reduction in dimension up to quantum confinement regime)
suggest the incorporation of carboxylic acids with short chain lengths in addition to
OA and OLA [23].

Even though HI method has been used successfully for the fabrication as well
as gaining control on the shape and size of LHP NCs, the method is tedious and
requires inert conditions. Moreover, an additional step is needed in order to prepare
Cs or FA oleate which are again heated just before the injection which makes the
procedure arduous.Also, large scale productionusingHImethod is difficult as precur-
sors used in large quantities result in remarkable drop in the reaction temperature
which encourages inhomogeneous nucleation [56]. Various alternative approaches

Fig. 8 Evolution of shape of CsPbBr3 NCs as a result of different reaction times [84]



Advances in Synthesis and Defect Properties of Halide Perovskite … 15

like ligand-assisted reprecipitation technique, ultrasonication, microwave irradia-
tion, solvothermal method etc. have been employed in order to overcome the above
mentioned drawbacks of HI method [88–91].

3.2 Ligand-Assisted Reprecipitation (LARP) Method

The process of reprecipitation stems from recrystallization of salts in clay pots back
in 3500 BC in South Poland [85]. The process is simple and involves first dissolving
all the precursor ions into a suitable solvent until an equilibrium state is reached.
Then, the equilibrium state is disturbed by means of either evaporating the solvent
or changing the temperature or by moving the solution into an anti-solvent. These
conditions trigger a spontaneous precipitation and the crystallization happens until
the equilibrium state is reached once again. The process can also be used to prepare
nanoparticles, by carrying out the reaction in the presence of surfactants or ligands,
that is why the name “ligand-assisted” reprecipitation is used, where, the crystals in
the nm range can be grown (see Fig. 9).

The formation of MHP NCs using LARP method involves the dissolution of
initial lead-halide (PbX2) and BX (B = Cs, MA and FA) salts in a polar solvent like
dimethylsulfoxide (DMSO), dimethylformamide (DMF) etc. In a different beaker,
a poor (bad) solvent (in which the precursor ions are not soluble) such as hexane,
toluene etc., is taken along with the ligands. When the two solutions are mixed
together, a spontaneous supersaturation causes the nucleation and growth of LHP
NCs. Unlike HI method, the whole reaction is carried out in open atmosphere and
at room temperature. In HI method, the reaction temperature controls the size of
nanocrystals and variation in temperature upon injection of the precursor solution
hampers the reproducibility of NCs [92]. This affects the mass production (gram
scale) of perovskite NCs and is resolved by LARP method, a RT-based synthetic

Fig. 9 Illustration of LARP
synthesis method [85]
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approach [92, 93]. In 2012, Papavassiliou utilized LARPmethod for the development
of various lead-based perovskites which includes MAPbX3 and other MA-based
layered materials with Pbn(BrxCl1−x)3n+1, Pbn(BrxI1−x)3n+1, and Pbn(ClxI1−x)3n+1 (n
> 2) units [94]. Only after a few years of rigorous efforts, LARPmethodwas extended
to prepare NCs of all-inorganic as well as hybrid halide perovskites, ABX3, where
B belongs to Pb, Bi, Sb or Sn [47, 85].

3.2.1 Synthesis of Hybrid and All-Inorganic Lead-Based Halide
Perovskite NCs Using LARP Method

LARP method for the preparation of perovskite NCs in ambient conditions utilizes
the inherent ionic nature of perovskites. In 2015, Zhang et al. prepared highly lumi-
nescent MAPbBr3 NCs using LARP method for the first time (Fig. 10a–c) [22].
The NCs were obtained by preparing a clear precursor solution in DMF containing
OLA and OA (surfactants). A suitable amount of this solution was added dropwise
into toluene and vigorously stirred at RT resulting in the formation of a yellow-
green colloidal solution which was further cleaned to obtain high-quality MAPbBr3
nanoparticles. The work involved further exploration of the role of carboxylic acids
and alkyl amines, where, they demonstrated the loss of control on the size of the
crystals in the absence of amines. On the other hand, aggregated NCs were formed
when carboxylic acids were not used. It was concluded that amines help in regu-
lating the size of NCs (kinetics of crystallization) whereas, carboxylic acids help
in preventing the aggregation of NCs and was followed by many other groups [95,
96]. Additionally, the heating of toluene controls the size of MAPbBr3 NCs and
their distribution, as suggested by Huang and his co-workers [95]. Further, the modi-
fied LARP method involves the formation of MAX salt in situ without the effort
to make it individually [97]. In a conventional procedure, PbX2 was dissolved in
N-methylformamide (NMF; acting as a solvent as well as a source for MA+ ions)
instead of DMF alongwith OA andOLA at 100 °C for 10min (Fig. 10d). Afterwards,
the solution was dropped into chloroform at RT to yield MAPbX3 (X = Br and I)
NCs. The bulk MAPbX3 crystals can also be produced using this technique at RT
with no antisolvent.

Levchuk and co-workers reported the synthesis of FAPbX3 (X = Cl, Br and I)
NCs (Fig. 10e–f), where, the precursor solution of FAX and PbX2 in DMF, OLA and
OA were injected rapidly into chloroform instead of toluene at RT [98]. The study
showed the prevention of formation of FAPbI3 NCs and immediate agglomeration
of FAPbBr(Cl)3 NCs. The synthesis of colloidal all-inorganic CsPbX3 NCs at RT
using LARP method resembled that for MAPbX3 NCs. Li et al. used the solution of
inorganic salts PbX2 and CsX in DMF, OA and OLA and mixed dropwise in toluene
to obtain CsPbX3 NCs (Fig. 10g–i) [89, 99].
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Fig. 10 a Digital images of MAPbX3 (X = Cl/Br/I or their halide mixtures) NCs under ambient
light and a UV lamp (λ = 365 nm). b Photoluminescence spectra taken for MAPbX3 NCs. c
Corresponding CIE color coordinates [22]. d N-methyl formamide (NMF) acts as a source of MA+

ions and solvent for the synthesis of both bulk- and nano-crystals MAPbX3. [97] e Digital images
of colloidal solution of FAPbX3 (X = Cl/Br/I or their mixture) NCs in toluene under a UV lamp. f
Corresponding photoluminescence spectra showing the compositional tuning [98]. Digital images
of all-inorganic CsPbX3 NCs under g ambient light, h a UV lamp and i their corresponding PL
spectra [99]

3.2.2 LARP Method for Controlling the Shape and Size of MHP NCs

After the successful synthesis of MHP NCs using LARP method, several research
groups worked towards controlling their shape and size in order to optimize the PL
emission. For instance, in 2015, Sichert and team demonstrated the control on the
thickness ofMAPbBr3 NPLs which resulted in change of the PL emission by varying
the ratio of the organic cations (octylammonium (OA+) and MA+) used [101]. The
thickness of the NPLs decreases with the systematic increase in OA/MA ratio with
“single-layered” NPLs obtained on using OABr only. Other reports also suggest the
similar observation of obtaining monolayer thick NPLs using octylamine and OA
[102]. Moreover, the transformation from 3D nanocubes to 2D nanostructures can
be achieved by adding pyridine during the growth of NCs (Fig. 11a) [100]. The
pyridine in the solution binds selectively to the MAPbBr3 surface and promotes 2D
growth due to the formation of native N → Pb bonds which restricts the vertical
growth. Figure 11b–g shows the effect of variation of temperature on the thickness
of these 2D-nanostructures resulting in the formation of n≈ 2 (face-stacking NPLs),
n ≈ 4 (thin sheets) and n ≈ 6 (quasi-2D nanostructures), where, n is the number
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of layers of the unit cell. Kirakosyan et al. achieved the lateral size reduction of
the MAPbBr3 NCs by slowly changing the quantity of the precursor solution at a
constant rate to the anti-solvent which results in the reduction from 3 to 8 nmwithout
altering the thickness (~3 nm) of the NCs [103]. Levchuk et al. varied OA to OLA
ratio in order to fine tune the thickness of the MAPbX3 (X = Br and I) NPLs down
to the quantum confinement regime [104]. By adjusting the thickness of the NPLs
only, the PL emission was tuned from 450 to 730 nm with pronounced quantum
size effect (thickness ≤ 2.2 nm; 3D Bohr radius in MAPbBr3 perovskites). Later,
they utilised the same technique with some minor modifications to obtain FAPbX3

NCs (use of chloroform instead of toluene); change in OA/OLA ratio resulted in the
formation of different morphologies with different thickness (see Fig. 11h–l) [98].
Seth and co-workers demonstrated the formation as well as the sequential evolution
of different morphologies (QDs, NPLs, nanocubes, NRs and NWs) of high-quality
CsPbX3 NCs just by varying the reaction parameters [99]. It was observed that on
using ethyl acetate as anti-solvent, quasi-cubic CsPbBr3 QDs (Fig. 11o–p) were
formed immediately. On increasing the reaction time to 10 min, a few layered thick
square-shaped NPLs were obtained which transformed to nanobars after increasing
the reaction time further to 40 h (Fig. 11q–r). This is attributed to the high polarity
of ethyl acetate as compared to toluene which enables it to work as a nucleophile
causing the detachment of some OLA molecules from nuclei surface and results
in an oriented attachment (Fig. 11m). The size of these nanocubes were further
altered (edge length varying from ~12 nm to 34 nm) by using toluene as anti-solvent
while keeping OA and OLA as ligands. However, at lower concentration of OLA,
the formation of NRs (length = 800 nm and diameter = 70 nm) was observed
which eventually transformed to NWs (diameter ~70 nm and length ≥ 15 μm) with
increase in reaction time (Fig. 11s–v)). This is because in case of toluene, at lower
concentration of OLA, the surface of NCs is not fully protected in all directions and
the anisotropic growth of NCs (formation of NWs/NRs) happens when the reaction
is carried out for prolonged duration, as seen from Fig. 11n.

3.2.3 Limitations of LARP Method

Apart from the advantage of direct synthesis of perovskite NCs in open environment
without any heat treatment, the LARPmethod has certain limitations. LARPmethod
makes use of the polar solvents like DMSO, DMF etc., which can possibly degrade
or even solubilize the final product [92, 106]. The interaction between precursor and
polar solvents played an important part in forming defectiveLHPNCs. In this contest,
Zhang et al. studied these interactions aswell as demonstrated the influence of various
polar solvents on the crystallization of MAPbI3 NCs [105]. It was observed that the
use of coordinating solvents (forming strong intermediates with PbI2) such as, DMF,
DMSO and tetrahydrofuran (THF) led to the formation ofMAPbI3 NCswith residual
solvent still present on the surface of these NCs. The removal of these solvents might
create the intrinsic iodine vacancies resulting in the formation of defectiveNCswhich
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Fig. 11 a Illustration for the synthesis of MAPbBr3 NCs using LARP method using OA, OLA
and pyridine resulting in the reduction of 3D nanocubes to 2D nanostructures. TEM images of the
corresponding nanostructures obtained at b 0 °C c 25 °C and d 60 °C without pyridine and at e
0 °C f 25 °C and g 60 °C after addition of pyridine [100]. TEM images of thickness-controlled
FAPbBr3 NCs prepared by varying OLA/OA ratio keeping amount of OLA fixed at 200 μl and
varying OA to h 150 μl, i 80 μl and j 40 μl (inset shows the emission of different FAPbBr3
NPLs; σ = thickness distribution). k Comparison between experimental and theoretical bandgap
as a function of thickness, d. l PL decay [98]. Formation mechanism for (m) NPLs (cyan) and
nanobars (green) and n larger nanocubes, NRs and NWs from smaller nanocubes in ethyl acetate
and toluene, respectively. o TEM image and p absorption and PL spectra of CsPbBr3 QDs. q TEM
image and r absorption and PL spectra of CsPbBr3 NPLs. s TEM image, t FESEM, u HR-TEM
and v absorption and PL spectra of CsPbBr3 nanobars [99]

probably convert toMAPbI3·H2O intermediate due to the water present in the solvent
or air (turbid solution as seen in Fig. 12) [105].

3.3 Alternate Approaches for the Synthesis of LHP NCs

Various other chemical-based approaches such as solvothermal method, microwave
irradiation, ultrasonication etc. as well as non-chemical-based approaches like
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Fig. 12 Effect of the coordinating and non-coordinating solvents on the crystal structure ofMAPbI3
NCs [105]

mechanochemical method have also been investigated by various research groups
for the synthesis of perovskite NCs [88, 90, 91, 107].

Chemical-based Approaches: Chen et al. used solvothermal method to synthesize
CsPbX3 NCs with tunable optical properties [88]. The process involved sealing stoi-
chiometric amount of cesium acetate and PbX2 salt dissolved in octadecene (ODE)
alongwith ligands, OLA andOA in a stainless autoclave. The system is then heated at
high temperatures of 140–200 °C in an oven for 30min. Using this method, monodis-
perse nanocubes of CsPbX3 NCs were prepared together with the successful control
on the composition where, X is Cl, Br, I or their mixture and bright PL emission
spanning the whole visible range. Furthermore, simply pre-dissolving the precursors
in ODE using magnetic stirring, the morphology can surprisingly be changed from
CsPbBr3 nanocubes (green emission) to ultrathin CsPbBr3 NWs with a diameter
of ≈ 2.6 nm, giving a blue emission confirming the quantum confinement effect
(Fig. 13a). The method was further extended by Praveen and co-workers to obtain
the composition-controlled MAPbX3 nanosheets with variable thickness resulting in
a tunable emission down to the quantum confinement regime [108]. Another strategy,
namely, microwave irradiation was also utilised by Pan et al. in order to control the
halogen composition of CsPbX3 NCs [90]. The process included mixing Cesium
acetate, PbX2, OA, OLA, trioctylphosphine oxide (TOPO) and ODE in a quartz tube
which is then placed in a microwave reactor at 160 °C (28 °C/min) for 5 min. The
use of TOPO helped in producing high-quality NCs by preventing the agglomeration
of the precursors. The control on different morphologies viz., nanocubes, NPLs and
NRs can also be achieved using this method (Fig. 13b). By reducing the reaction
temperature from 160 °C down to 80 °C, the plate-like CsPbBr3 NCs were obtained.
Further, if the precursors were pre-dissolved before microwave treatment, just like
in solvothermal method, rod-like morphology of CsPbBr3 NCs was achieved. The
minor modification of separating the nucleation step (addition of IPA to the solution
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of Cesium oleate and PbBr2) from the growth step (when microwave irradiation is
turned on) in the microwave-assisted method was done by Shamsi et al. in order to
obtain the quantum-confined blue-emitting CsPbBr3 NPLs [93]. Ultrasonic irradia-
tion in place of a microwave treatment as a source of excitation was employed by
Tong et al. to synthesize CsPbX3 (X = Cl, Br, I or their mixture) perovskite NCs
with successful control on the halogen composition, thickness and morphology of
the NCs (Fig. 13c–g) [91]. Roy et al. utilized the ultrasonic vibration as an excitation
source for the synthesis of hybridmixed halide compound-phase perovskite nanopar-
ticles,MAPbX3–nYn (X/Y= I, Br, or Cl), bymixing two pure-phase perovskites viz.,
MAPbX3 and MAPbY3 [107].

Fig. 13 a Schematics illustrating the growth process of NCs using solvothermal method with
and without pre-dissolving the precursors [88]. b Proposed growth mechanism using microwave
treatment. Different morphologies vis., NPLs and nanocubes of CsPbBr3 are obtained at 80 °C and
160 °C, respectively without pre-dissolving the precursors however, pre-dissolving the precursors
resulted in the formation of CsPbBr3 NRs [90]. cUltrasonicationmethod for preparation of CsPbX3
NCs. dDigital images of CsPbX3 NCs with different halogen composition in ambient light (up) and
under UV lamp (down) and their corresponding e optical absorption (dashed lines) and PL (solid
lines) spectra. f Large-scale production using this technique (up to 10 times). g PL decay [91]
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Non-chemical-based Approaches: Mechanochemical approach where, mechan-
ical energy is utilized to trigger the chemical reagents, has several advantages over
the conventional wet chemical methods. The process is completely solvent-free
(volatile solvents are used), cost-effective and can be used for the mass-production
of great quality and phase-pure perovskites. Furthermore, several researches show
the perovskites synthesised usingmechanochemical method show greater stability as
compared with the polar-solvent based conventional methods [109, 110]. In a typical
process, the weighed perovskite precursors PbX2 and AX together with long-chain
ammonium halide salts are mixed in a motar-pestle (hand-grinding) or ball-milling.
Ball-milling is considered a better method for upscaling as hand-grinding is tedious
and generally leads to impure phase. In ball-milling, precursor salts are taken in
a stainless-steel jar, where, the mixing is done using the several balls (made of
zirconia, agate or corundum). After sealing the jar, it is mounted on a motor where,
two movements viz., rotation around the centre of the disk and around its own axis,
are performed (Fig. 14a). Consequently, the tossing and collision with the reactant
species provides enough energy for the synthesis of desired perovskite phase [66,
110]. The synthesis of NCs usingmechanochemical synthesis (MS) approach is done
by using surfactants and a volatile solvent in addition to the precursor salts for the
reduction of the size as shown below:

A(solid) + B(solid) + surfactants + solventMS

→ AB(Colloidal NCs)
(1)

However, the first report on the synthesis of MAPbX3 using mechanochemical
approach by Hintermayr et al. was based on two-step process [30]. First, grinding

Fig. 14 a Illustration showing the working of a ball-mill where the horizontal cross-section of the
jar is shown which undergoes two kinds of rotation; one about its own axis and another around
the centre of the disk [66]. b Illustration for mechanochemical synthesis of CsPbX3 QDs (top) and
fluorescence shown by the samples underUV lamp (down). The corresponding cUV–Vis absorption
and d Pl spectra of composition-controlled CsPbX3 QDs and their e digital images in ambient light
(top) and under UV lamp (down) [111]
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of the equimolar precursor salts in motar-pestle for several mins was done to ensure
the complete formation of bulk perovskite phase. Next, the perovskite powder was
dispersed in toluene and OLA (ligands for size reduction) and sonicated for 30 min
to obtain homogenous dispersion. Further, the excess ligands were removed using
centrifugation which resulted in the formation of polydisperse rectangular NCs with
size ranging from few tens to hundreds of nanometers. Similarly, a full range of
CsPbX3 NCs were obtained using this two-step process by Zhu and co-workers
[111]. However, instead of using ultrasonic vibration for the second step, the bulk
powder togetherwith surfactants (without any solvent) was ground using ball-milling
to obtain the composition-controlled all-inorganic perovskite NCs. Also, instead of
bifurcating the process in two steps, perovskite NCs can be directly prepared by
grinding the precursor salts in the presence of ligands and solvent, commonly known
as liquid-assisted grinding (LAG) [112]. Protesescu et al. extended this method to
synthesize hybrid FAPbBr3, inorganic CsPbBr3 and mixed halide CsPb(Br/I)3 NCs
viamechanically induced anion-exchange process [111]. The study also rendered the
fact that prolonged milling produced quantum-confined perovskite nanoparticles.

4 Defect Physics in Halide Perovskites

4.1 Defects in Semiconductors: An Overview

Defects are present in all semiconductors, either by accident or by design. A Wide
range of applications get affected because of the existence of defects such as, impu-
rities or native defects introduced during the growth and processing of the semicon-
ducting materials [113]. It is very important to understand the energy states for the
occupation of electrons and the band structure of semiconductors in order to gain deep
insight about the defects. Introduction of impurities during the fabrication or growth
process and the lattice imperfections give rise to the energy states in the energy gap
between VB and CB, commonly known as defect states. As discussed previously,
shallow defects are mostly benign and correspond to the states present within a range
of few tens of meV from the respective band edges. On the other hand, deep defects,
as the name suggests, penetrate deeply into the energy bandgap and affect majorly the
optical and electronic properties of the material [114]. In a typical semiconductor,
charge carriers are generated after photo-excitation. Equation 2 shows the charge
carriers’ recombination as:

dt/dn = k1n1 + k2n2 + k3n3 (2)

Here, n represents the charge carrier density and k1, k2 and k3 defines the rate constant
for the three different kinds of recombination. The monomolecular recombination,
as defined by k1, , is mainly associated with either excitonic (where electrons and
holes are bound by coulombic interactions) or trap-assisted recombination (when
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charge carrier gets captured in a trap) and is directly proportional to the charge
carrier density, n. The rate constant k1, , represents non-radiative recombination and
is undesirable for photovoltaic application. The second kind of recombination is
known as bimolecular recombination (rate constant, k2) and is dependent on the
density of both the charge carriers viz., electrons and holes, therefore is proportional
to n [2] and corresponds to radiative recombination (resulting in luminescence). The
rate constant k3 is associated with Auger recombination (a three-particle process). It
is a non-radiative process which includes the transfer of energy gained from charge
carriers’ recombination to electrons (or holes) which are then excited to higher states.

Shockley-Read Hall (SRH) theory describes the non-radiative recombination, R,
mediated through defect states and is given by [115]:

R = nenh − n2i

Th
(
ne + Nc exp

(
− Ec−ET

kBT

))
+ Te

(
nh + NV exp

(
− ET −EV

kBT

)) (3)

Here, ne, nh and ni stands for electron, hole and intrinsic carrier density. T stands
for lifetime, EC (EV ) for the CB (VB) energy and NC (NV ) for the effective density
of states DOS of CB (VB). kB is Boltzmann constant and ET denotes defect energy
level.

Assuming, ne ≈ nh >> ni ,

R = n2T (4)

Tα
1

NTσT
(5)

where, NT and σT are number of traps and capture cross-section, respectively.
In case of lead-based halide perovskites, due to the high ability of MAPbI3

to screen charge (high dielectric constant), σT is low and low NT enables halide
perovskites to have long carrier lifetime, making them suitable absorbing material
for photovoltaics [116].

4.2 Halide Perovskites and Defects

In past few years, LHPs have revolutionized the photovoltaic and optoelectronic
industry because of their excellent optoelectronic properties with added benefit of
lower fabrication costs among other semiconductors. Particularly, Cs-based lead
halide perovskite NCs, due to high stability and PLQY, are receiving great attention
for their potential in display and light-emitting technologies [117, 118]. Though
the LHPs are defect-tolerant, the synthesis conditions (reaction temperature, halide
rich/poor conditions etc.) often promote the formation of defect states (both for
bulk as well as NCs) as evident from their PLQY values which is far from unity



Advances in Synthesis and Defect Properties of Halide Perovskite … 25

[28, 29]. The defects in crystalline semiconductors can mainly be characterized as
crystallographic defects (imperfections in the crystal lattice such as vacancy, anti-
site, interstitial, dislocation etc.) and impurities (addition of any foreign elements
in the structure). The measured density of defects in bulk LHPs fall in the range of
1011–1016 per cm3 while, this value drops to one defect in ~102–107 for a 10 nm
perovskite NC, which is too low to explain significant loss in PL efficiency in NCs
[119, 120]. The formation of defects at nanoscale is quite different from that in bulk
mainly because of the two reasons: (a) the presence of surfactants on the surface of
NCs creates a different environment for the defects than in bulk and (b) due to large
number of surface atoms, the defects are mostly present on the surface of the NCs
than in the bulk [120]. During the washing of NCs, the surfactants can detach from
the surface of NCs which might result in aggregation and precipitation of NCs and
exposing the surface to defects [70, 120]. Furthermore, in case of NCs (with size
in the range 8–10 nm), the defects formed in the bulk/core of the material might
eventually travel to the surface, resulting in the formation of the trapping sites for the
charge carriers at the surface. This is also seen in perovskite thin films based solar
cells where, the loss in efficiency is majorly because of the carrier recombination
at the grain boundaries. Also, the structural defects arising from the deviation of an
atom(s) from the designated position in an ideal periodic crystal lattice introduces the
disorder into the lattice affecting the mobility of free charge carriers as demonstrated
in Fig. 15a [121]. Here, in addition to the carrier transport bands, localized electronic
states are formed as a result of crystalline imperfections which act as trapping sites
for photogenerated charge carriers (Fig. 15b). Depending upon the nature of the trap,
the carriers can trace back to the CB by gaining energy either from further optical
excitations or through thermal energy at RT (kBT∼ 26 meV). As discussed earlier as
well, the defect levels just above the CB and VB edges are benign (shallow defects),
whereas, those residing in between the CB and VB edges (deep defects) are harmful
as they can trap the charges. The difference in energy between the transport states
and the defect levels is known as the trap depth (�E). As seen from Fig. 15c, for
shallow traps, �E ≤ kBT (very small) and the mobility of free charge carriers are
restricted only through trapping/detrapping processes. On the other hand, deep traps
are found in themiddle of the energy gapwith�E > kBT and accelerate non-radiative
recombination by hindering detrapping processes. The formation of these disorders
or defects affect adversely the PCE of photovoltaic or optoelectronic devices.

4.2.1 Theoretical Perspective on the Native Defects in MHPs

In order to gain further insights about the defect chemistry of NCs, DFT calculations
turned out to be a powerful tool. Brinck et al. employed DFT simulation to compute
the defect formation energies (DFEs) of vacancy, antisite and interstitial defects in
different regions of NCs [120]. For this, the basic difference between the defect
theory for bulk and NCs need to be investigated for better understanding of how
these defect/trap states can be suppressed to prevent crystal degradation [45, 120].
Studies show that the interstitial defects are energetically more favourable than the
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Fig. 15 a Schematic diagram of localized defects formed due to the structural defects in the semi-
conductor (top) and the energy levels introduced by these defects (bottom). b Trapping and detrap-
ping processes slowdown the transport of free charge carriers. cDensity of states show the formation
of shallow and deep defects with the corresponding radiative and non-radiative recombination in a
disordered semiconductor [121]

vacancies and antisites which require large formation energies. However, interstitials
only favour the formation of shallow trap states and do not have adverse effect on
the material. On the other hand, vacancies result in the formation of deep traps. The
density of these vacancies should be very high in order to actually transform them into
trap states due to the high defect tolerance of perovskite structure. Experimentally,
formation of these defect levels is evident due to the detachment of ligands/surfactants
during the purification processes [122].

In this section, we will mainly focus on the defect formation in CsPbBr3 NCs
because of their high phase stability, optical purity and great tolerance against surface
treatments [120]. For bulk systems, DFE is simulated using the following equation:

DFE(α, q) =E(α, q) − E(bulk)

−
∑

A
nAμA + q(EF + EV BM + �V ) + Eq (6)

where, E(bulk) and E(α, q) are the total energy of the pristine supercell and supercell
with defect α and charge q, respectively; nA and μA are the number and chemical
potentials of the atom added/subtracted to form the defect; EF is the Fermi energy;
�V is the defect-induced electrostatic shift; EV BM is the energy corresponding to
the valence band maxima and Eq is the background electrostatic charge [123].

The accuracy of the DFE largely depends on choices of different exchange–
correlation functionals e.g., semilocal, GW and hybrid along with or without spin–
orbit coupling (soc)mostly for the correct estimation of the band edge energies [124].
However, this method is not effective for the NC systems as the perovskite NCs are
dispersed in solution during the synthesis process. This results in the formation of the
molecular ion pairs, viz., PbBr2 and CsBr which further promotes the creation of the
vacancy or interstitial defects in NCs. For instance, during dispersion, detachment of
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PbBr2 ion pair result in the formation of Pb vacancy (VPb
2−). Additionally, the Br−

ions are also removed from the lattice during the formation of lead vacancy therefore,
the correct description for the defect is given by VPb

2− + 2VBr
+. In NC model, the

DFEs are calculated using the simplified equation given as follows:

DFE(α) = E(NC(α)) − E(NC) ± E(s) (7)

where, E(s) is the energy of neutral ion pairs (e.g., PbBr2) and E(NC) and
E(NC(α)) are the total energies of the pristine NC and NCwith defect α (referred to
VPb

2− + 2VBr
+ here). The DFE calculation in NC model take care of the charge

neutrality as well as the background charge correction because of the explicit
inclusion of the whole NC.

In the CsPbBr3 NC, three different combination of defects/counterion (needed
to neutralize the charge) are investigated: (a) core (c)/surface, (b) surface-
centre (sc)/surface and (c) surface-edge (se)/surface. All the cases mentioned here
show the energetically favourable formation of interstitial positions, as evident from
Fig. 16. This implies that the addition of CsBr/PbBr2 ion pairs in the lattice is energet-
ically favourable and leads to the formation of interstitial sites (Fig. 17a–b). Exper-
imentally, this infers the easy accommodation of metal salts from the environment,
if available. Now, among the different interstitial sites, surface edge is usually more
preferable than core. It is important to note that the addition of halide (counterion)
results in the emergence of mid-band states irrespective of the cationic/anionic inter-
stitial defects. Further, the formation of deep trap state is favoured by the occupancy
of halide anion at the surface positions rather than the core. The creation of trap states
is attributed to the dangling and non-bonding lone pairs of the excess halide present
at the surface sites.

Removal of ions from the surface or the core results in the formation of vacancies,
while the excess counterions need to be removed from the surface to neutralize the

Fig. 16 DFE for interstitials, charged, neutral vacancies and antisite substitutions. All the DFEs
are simulated using PBE/PBE0 (Perdew-Burke-Ernzerhof) exchange–correlation functionals [120]
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Fig. 17 a Illustration of the interstitial defects in the core, surface centre and surface edge of the
NCs. bDensity of states (DOS) calculated using PBE/PBE0 exchange–correlation functionals. The
dotted line refers to the Fermi energy (EF) level [120]

overall charge (Fig. 18a). FromFig. 18b,we can observe that to create these vacancies
an external energy ranging from 1.4–2.3 eV is required which ultimately signifies
the presence of very low vacancy densities. The creation of a neutral vacancy due to
the removal of metal halide salts is energetically more favourable at the surface than
in the core of the NC. However, these vacancies do not engage in the formation of
any trap states irrespective of their type and position. Generally, the mid-band states
originate when CsBrmoieties, in large quantities, are removed from the outer surface
of the NC lattice [125]. Moreover, attaining this kind of situation is very difficult due
to the high DFE of these vacancies. Experimentally, the synthesized perovskite NCs
are not ideal, where, the metalorganic salts for instance alkylammonium bromides
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are present at the surface than the simple CsBr as considered in the calculations.
The moderate solubility of the surfactants in the organic solvent leads to the loss of
these capping species. This results in the stripping of the metal halide salts during
the purification process and promotes the formation of a large number of surface
vacancies [122]. In this case, PL efficiency reduces due to the introduction of trap
states. In contrast, the formation of the antisite i.e. the exchange of a cation position
with an anion finally results in the reorganization of the structure to a non-antisite
configuration (back-flipping of the corresponding ions to their original position).
Due to this, the shallow traps are formed which do not affect electronic properties of
the NCs significantly.

PL spectroscopy helps in gaining information about the excited states and charge
dynamics of a semiconducting material. The technique, thus, can be used efficiently
for the complete understanding of the electro-optical properties ofMHPNCs. Gener-
ally, the high efficiency in halide perovskites is related to the fast generation of elec-
tron–hole pairs as a result of photo-illumination and long diffusion lengths. In addi-
tion to this, high PLQY as shown by thesematerials made possible the efficient use of
MHP NCs for optoelectronic applications. For high emission intensity (PL), the effi-
cient charge recombination is needed. However, charge trapping (electron/hole) after
photogeneration in the mid-band defect states often results in non-radiative recom-
bination. More importantly, the environmental factors such as air, O2, moisture etc.
affect significantly the density of the defects in the “soft” crystal lattices of MHPs
majorly due to the trapped carriers [126, 127]. The trap-mediated carrier dynamics
in MHP NCs can be effectively controlled once the reasons for optical instability
in these materials under various environmental conditions are well understood. In
this context, it is imperative to study the PL intermittency i.e., blinking in MHP NCs
under ambient conditions to understand the nature of the defects.

4.2.2 Defect-Mediated Carrier Recombination in MHP NCs Favoured
by Atmospheric Constituents

Initially, LHPs grabbed much attention for their efficient use in photovoltaic devices,
however, over the past few years, their use in optoelectronic applications such as
LEDs or lasers has been promising [55]. It is important to note that the emissive
properties of MHP crystals might change with reduction in their size. Roy et al.
reported the phase transition of MAPbBr3 NPLs from quasi-2D to 3D under photo-
illumination, typically referred as photo-driven phase transformation (PDPT) process
[128]. Here, the red shift (78 nm) as well as PL quenching of emission spectra was
observed under continuous photo-illumination as a result of increase in the layer
thickness of the perovskite platelets. This can be explained in two steps: first involves
the removal of the barrier layer i.e. the surfactants (OLm) from the surface of the
NPLs due to the external energy supplied to the system in the form of photon irradia-
tion. Due to the low binding energy of the surfactants, the ligands easily get released,
resulting in the formation of surface defects promoting carrier trapping. The trap
states, thus formed, stimulate the non-radiative recombination leading to quenching
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Fig. 18 a Illustration of the vacancy defects in the core, surface centre and surface edge of the
NCs. bDensity of states (DOS) calculated using PBE/PBE0 exchange–correlation functionals. The
dotted line refers to the Fermi energy (EF) level [120]

of the emission spectra. Second is the coalescence of the perovskite layers due to
the strong ion mobilization between them to form a 3D structure. Recently, various
groups also reported the observation of intermittency or blinking in PL when MHP
NCs are subjected to continuous light illumination [129, 130]. In case of hybrid
organic–inorganic lead-based halide perovskites, the intermittency or blinking is
observed in nanostructures with size well above the Bohr’s exciton radius [131].
Mukherjee et al. studied the interaction of the organo-metallic halide perovskite
(OHP) NCs with surrounding gases in order to probe the nature of the active defects
present in these NCs and their influence on the carrier dynamics [132]. For this,
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Fig. 19 a–d Different PL intermittency and intensity (IPL) trajectories of various individual
MAPbBr3 NPs under similar environmental conditions. e PL blinking frequency under moist air
(investigated for 221 emitters), dry Ar (investigated for 504 emitters) and dry O2 (investigated for
604 emitters). f Inhomogeneous emission intensity of MAPbBr3 NPs as shown by PL images under
varied atmospheres. gMaximum emission intensity in ambient air decreases substantially by about
200 times in dry Ar whereas, h further tenfold increment in emission intensity was observed in dry
O2 environment. Illustration representing the pathways for charge carrier recombination under i dry
Ar, j dry O2 and k moist O2 or Ar. The straight and dashed lines represent the radiative (RR) and
non-radiative (NR) recombination, respectively. The thickness of lines represents the efficiencies
qualitatively [132].

the authors first investigated the temporal instabilities of PL spectra of MAPbBr3
NPLs under different environment conditions such as dry and humid Argon (Ar) and
O2 as well as moist (RH ∼ 55%) ambient environment (Air). Figure 18a–d shows
the various PL intensity (IPL) trajectories of different individual NPs under similar
conditions (ambient air). Based on these observations, the temporal fluctuations or
blinking of single NPs can be classified into as-stated four categories: “(a) Bleaching
with blinking (BB) (high initial intensity), (b) Quasi two-state blinking (qTSB) (low
to moderate intensity) (c) Photo-brightening and bleaching with blinking (BBB)
(moderate to high intensity) and (d) Multistate blinking (MSB) (low to moderate
intensity)” [132]. Further, on changing the surrounding environment, the remarkable
variation in the behaviour of the emitters was noticed. As evident from Fig. 16e,
when the measurements were done in moist air, BB (∼57%) was the dominant type
of blinking among the emitters (221 individual NPs were investigated) however, in
an inert atmosphere (dry Ar), there was a significant drop in the PL intensity with
majority of qTSB (∼60%) type blinking along with minor MSB behaviour (∼20%).
On the other hand, a considerable improvement in PL intensity was observed for
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∼75% of NPLs (out of 605 emitters) with BB type blinking in case of dry O2 atmo-
sphere. Furthermore, a drastic change in PL with sequential variation in atmospheric
constituents i.e., moist air to dry Ar to dry O2 (Fig. 18f) revealed maximum emission
intensity in ambient air which decreased substantially (200 times; Fig. 18g) in dry Ar.
Further increment in emission intensity (tenfold; Fig. 18h) was observed in dry O2

environment. PL quenching in the presence of vacuum or inert atmosphere is mainly
ascribed to the formation of deep (mid-band) defect states due to the presence of
halide vacancy or interstitial sites as a result of photo-assisted halide ion migration
[131]. These defect states act as non-radiative centres for long-lived charge carrier
trapping, subsequently quenching the emission intensity (Fig. 18i). On the other
hand, relatively deep and shallow defect states are formed in case of O2 and moisture
environment, rendering efficient radiative recombination, as seen from Fig. 18j, k.
The electron coordinating oxygen in O2/H2O constituents help in curing the surface
defects with the help of photo-generated carriers (the formation of O2

− superox-
ides as a result of the interaction of O2 with free electrons), thereby, passivating
the non-radiative defects and result in the enhancement of emission intensity with
mostly On-type intermittency [133]. However, prolonged exposure with moist O2

under light illumination permanently degrade the material with irreversible spectral
changes whereas, PL intensity could be restoredwhile going frommoist to dry condi-
tions in inert (Ar) atmosphere. This concludes that individually O2 or moisture does
not have adverse effect on the optical properties of MHP NCs as the combination of
two i.e., moist O2 has on the spectral stability of these materials.

Tian et al. reported that the chemical/crystal defects attributing to the formation
of trapping sites are often present on the surfaces (corners or edges) with large
geometrical distortions exposed to the ambient conditions [129]. The defect site can
act as a PL quencher or an emitter based on the chemical structure which leads to the
formation of different local energy levels [134]. The PL blinking in MHP NCs might
be due to the activation anddeactivation of these defect states under light illumination.
Additionally, as seen earlier, emission intensity gets adversely affected due to the
combined effect of O2 with moisture which increases the density of such defects into
the material and further leads to an enhanced non-radiative recombination. This has
a detrimental effect on the radiative efficiency and might affect the charge transport
properties of thematerial aswell. Therefore, it is very crucial to control the population
of these defects in order to make efficient use of these perovskite NCs.

5 Summary

To summarize, we have presented several syntheses methods and their advan-
tages/disadvantages for the preparation of halides perovskite nanocrystals. A deeper
insight about the possible defects and their role in dictating optoelectronic proper-
ties is portrayed in detail both from theoretical as well as experimental perspective.
HI method can be used successfully in the preparation of monodisperse and high-
quality LHP NCs with a good control over their composition, shape (QDs, NPLs,
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NRs, nanocubes and NWs), size and distribution. The use of halide salts both as a
source for metal cation and halogen result in the formation of halide deficit NCs. The
undercoordinated lead atoms/NPs thus formed on the surface lead to the non-radiative
recombination thereby, quenching the PL emission. This encouraged the develop-
ment of the modified-HI synthesis method which employs the use of benzoyl or silyl
halides (halide-rich conditions) and provided the flexibility to change the metal to
halide ratio for a precise composition control. However, the stripping of the metal
halide salts during the purification process promotes the formation of large number
of surface vacancies. Theoretically calculated defect formation energies (DFEs) for
the interstitial, vacancy and antisite defects at different sites i.e., core, surface-centre
and surface-edge of the NC showed the surface to be the most stable position for
defect formation in NCs. Interestingly, only the excessive detachment of capping
species from the surface of NCs leave behind the undercoordinated X− (halide) ions
which might lead to the formation of deep trap states. Additionally, the vacancies
at the surface of NCs trap moisture or O2 present in the environment and accelerate
degradation of the perovskite NCs.
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Synthesis and Applications of Graphene
and Its Nanocomposites

Mohd Asif and Irfan Ahmad

Abstract Graphene has been a material of interest, especially since the discovery of
its free-standing form in2003.Thediscoveryprovidedhope to researchers looking for
breakthroughs in the field that had not seen significant growth for long. Incremental
improvements are not enough to meet the exponentially growing demands for cheap,
convenient, and high-performing technologies. Graphene has the potential to provide
new ways of achieving goals that previously seemed impossible by redefining the
frontiers of science. It is because of the unprecedentedmaterial properties of graphene
that were never demonstrated before by any other material. Novel and better material
properties open up doors to new technologies and advancements in existing ones.
However, it is imperative to obtain the material of suitable quality at a reasonable
cost for it to compete with prevailing alternatives. In this chapter, variousmethods for
synthesizing graphene have been discussedwith a particular focus on the liquid-phase
exfoliation (LPE) of graphite. Characterization with Raman spectroscopy, electron
diffraction, andmicroscopy-based tools have been explored. The chapter also reviews
applications of graphene in a few emerging areas. Graphene-based composites, with
emphasis on their syntheses and applications, will be discussed.

Keywords Graphene synthesis · Liquid-phase exfoliation · Graphene
characterization · Graphene applications
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1 Introduction

Carbon is one of the critical elements for sustaining life on earth and has so many
compounds that a complete branch of chemistry has been dedicated to it. Pure carbon
itself has several naturally occurring allotropes, and numerous others can be synthet-
ically made in a laboratory. One such naturally occurring allotrope is graphite, in
which atomically thin layers are stacked together by van der Waals forces. These
individual layers are called graphene, where the ending term ‘ene’ marks the exis-
tence of sp2 bonding within the sheet plane. Atoms in graphene are bound together
in a honeycomb-like structure, with six carbon atoms forming a hexagon. Three out
of four valance electrons of each carbon atom make strong covalent σ-bonds with
other carbon atoms. The remaining one electron per atom contributes to π-bonding,
responsible for graphene’s aromaticity and unique electronic properties [1]. It has
been found that two π-electrons per ring are delocalized in graphene, making it
different from other aromatic compounds such as benzene [2]. Graphene has been
theoretically explored by many researchers for more than the past seven decades.
The first theoretical explanation of graphene is dated back to 1947, when Canadian
theoretical physicist P.R. Wallace studied the band structure of graphite [3]. Though
Wallace did not use the term ‘graphene’, his contribution is regarded as the basis of
theoretical studies of graphene.

For numerous decades, researchers tried to obtain free-standing single-layer
graphene, while another section of theirs believed that it was practically impos-
sible. The discrepancy came to an end in 2004, when K.S. Novoselov et al. reported
successful isolation of single-layer graphene (SLG) from graphite [4]. The discovery
of free-standing graphene and subsequent experiments by K.S. Novoselov and A.
Geimwon themaNobel in physics in 2010.Controversy followed the award andW.A.
deHeer of Georgia Tech., who had also contributed significantly to graphene science,
wrote a letter to the Nobel committee stating that “The Nobel Prize committee did
not do its homework” [5]. Nevertheless, graphene had been studied extensively and
had demonstrated tremendous potential in multiple applications by that time because
of its exceptional properties.

The exotic properties arise broadly due to single-layer thickness and sp2 hybridiza-
tion of electronic orbitals in graphene. The most interesting ones are high electrical
conductivity (>106 S/m) 6] very high thermal conductivity (up to ~ 5300Wm−1 K−1),
[7] highest ever measured mechanical strength (~130GPa) and Young’s modulus
(~1TPa), [8] extremely high experimentally calculated carrier mobility (~2 × 105

cm2V−1 s−1 for suspended graphene), [9] and very high theoretical specific surface
area of (~2630 m2g−1) [10].

The high carrier mobility is due to the conical band structure of SLG, in which
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)meet each other at Dirac points (vertices of the Dirac cones) [3]. It is
a well-known fact that the effective mass of charge carriers is inversely proportional
to the curvature of the band, and at theDirac points, the curvature is very high (ideally
infinite), making electrons massless fermions (ideally). Carrier mobility is inversely
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Fig. 1 Representative images of (a) hexagonal structure of graphene and chirality, (b) sp2

hybridization with sigma and pi bonding electrons, and (c) valence and conduction bands meeting
each other at a Dirac point [11]

related to its effective mass hence such high mobility is observed in graphene. Due
to the unique band-structure of graphene, it has been called by multiple names,
such as zero-bandgap semiconductor and zero-overlap semimetal. The high elec-
trical conductivity of graphene is due to delocalized π-electrons that are free to roam
throughout the sheet [11]. The magnificent mechanical properties arise due to sp2

hybridization of orbitals, resulting in stronger bonding between hexagonally orga-
nized carbon atoms [12]. Representative images of hexagonal structure, σ and π

bonds, and Dirac cones for graphene are shown in Fig. 1.
The thermal conductivity of materials increases with bond strength between their

constituent atoms [13]. The outstanding thermal conductivity of graphene is, thus,
attributed to very strong sp2 bonding between carbon atoms [14]. High thermal
conductivity and very high mechanical strength is an excellent combination for heat
sinks in electronic circuits and devices [15]. Another compelling property of an SLG
is its light absorption, measured to be 2.3% [16]. A single layer with such a high
conductivity and good transparency makes it a suitable candidate for transparent
electrodes for optoelectronic devices [17].

The properties of materials degrade with their quality, and for a material with
such unique properties, high-quality synthesis is challenging. Often, researchers
seek an optimization between quality and cost (quantity). Various methods have
been developed to obtain graphene, and graphene’s quality varies with its synthesis
route. Some commonly used methods are epitaxial growth, [18] chemical vapor
deposition (CVD), [19] and exfoliation of graphite [20]. Graphite exfoliation-based
techniques aremore promising for producing large quantitieswith reasonable quality.
The quality assessment is the next step after the synthesis, for which various tools and
methods are employed. Raman spectroscopy is one of the most reliable techniques
for acquiring scores of information on synthesized graphene. It provides information
regarding the number of layers, [21] defects, [22, 23] doping, [23] chirality, [24]
etc., as well as effects of external parameters such as pressure, [25] and temperature
[26]. Other tools, for instance, selected area electron diffraction (SAED), and high-
resolution transmission electron microscopy (HRTEM), are competent for analyzing
crystallinity, defects, and the number of layers [27]. Atomic forcemicroscopy (AFM)
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is often used for the determination of electrical [28] and mechanical [29] properties
in addition to quality evaluation.

In the recent past, graphene has become a material of interest in a vast spectrum
of applications for commercialization. It has been, therefore, forecasted in a research
report by an apex market experts group named IDTechEx that the graphene market
will grow from < 100 M USD in 2020 to ~ 700 M USD in 2031 [30]. Graphene
has been commercialized with several products currently available in the market
such as automobile coating products by ‘Turtle Wax’, [31] sporting products by
a leading sports goods manufacturer ‘Head’, [32] shoes by ‘inov-8’, [33] many
products, especially face masks, by ‘G1 Wonders’, [34] tailor-made solutions for a
range of industrial requirements by ‘Graphene XT’ [35]. There are numerous sectors
where graphene is being explored, and the resulting products are expected to hit the
market in the coming years.

Even though graphene itself is a wonder material with a wide range of applica-
tions, still in a large number of applications, graphene-based nanocomposites (NCs)
are a better choice. Graphene has been investigated as the continuous phase (matrix)
as well as dispersed phase (filler) when hybridized with diverse classes of materials,
including metals, their oxides, and sulfides, and organic polymers. In-situ polymer-
ization is the most common route for making polymer-graphene NCs. For metal-
graphene NCs coatings, electrodeposition is commonly employed, while for their
powdered forms, simultaneous reduction of metal ions and graphene oxide (GO) has
been frequently reported. Graphene NCs with metal oxides and sulfides are usually
produced by solvo-/hydro-thermal methods.

This chapter is dedicated to discussing various synthesis protocols, character-
ization techniques, and applications of graphene. Synthesis using CVD, epitaxial
growth, and exfoliation of graphite will be briefly introduced. It will be followed by
a detailed discussion on the LPE of graphite. Evaluation of the quality of graphene
through characterization techniques, especially with Raman spectroscopy, will be
elaborated. For the sake of completeness, crucial methods such as SAED and micro-
scopic techniques will also be discussed. Potential applications of graphene in elec-
tronics, energy conversion and storage, environmental remediation, and healthcare
sectors will be reviewed. NCs of graphene with polymers, metals, metal oxides, and
metal sulfides will also be within the scope of this chapter. Finally, the chapter will
be summarized, and future scopes will be highlighted to conclude the chapter.

2 Synthesis of Graphene

Properties of the synthesized graphene are dependent upon the preparation route it
has undergone. Therefore, it is imperative to discussmajor synthesismethods in order
to understand the variation that may arise due to the preparation method. Commonly
utilized synthesis routes are discussed in this section.
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2.1 Epitaxial Growth

Epitaxial growth involves the deposition of a material layer onto a well-oriented
substrate. Thermal decomposition of silicon carbide and molecular beam epitaxy
(MBE) are the two most commonly employed methods for the epitaxial growth
of graphene. The decomposition of SiC, when heated to high temperatures, and its
structural studies were reported byD. Badami in 1962 [36]. In this approach, a crystal
of hexagonal SiC is annealed at high temperatures of around 1000°C in an ultra-high
vacuum (UHV) [37]. The high temperatures allow silicon atoms to sublimate into
the vacuum while carbon atoms, having lower vapor pressure than Si, [38] remain
on the surface. The carbon atoms at the surface then rearrange into a hexagonal
structure which is nothing but a graphene sheet. Two layers of SiC decompose to
form a single layer of graphene [39]. Both SLG and few-layer graphene (FLG) can
be grown with this method. Walt de Heer and his team studied the 2D electron gas of
epitaxially grown graphene on the (0001) face of a 6H-SiC crystal [40]. This method
is advantageous for the semiconductor industry because graphene inherently grows
on an insulating SiC substrate. Disadvantages of the process include the limitation
of synthesized graphene area by the SiC crystal size and the control over the number
of graphene layers synthesized. Decomposition of SiC and subsequent graphene
formation is represented schematically in Fig. 2.

Another frequently reported technique for growing graphene epitaxially is MBE.
In this technique, carbon deposition occurs atom by atom on a substrate from the
source material in the growth chamber under UHV (as shown in Fig. 3). The source
of carbon atoms could be solid such as highly ordered pyrolytic graphite (HOPG),
[41] or could even be a gas, such as acetylene (C2H2) [42]. One significant advantage
of this method is that graphene can be grown onto a variety of substrates. Researchers
have demonstrated the use of metals, [43] insulators, [44] elemental semiconductors,
[45] andmetal oxides [46] as substrates. Films of anothermaterial (especiallymetals)
can also be deposited onto the substrate before exposure to the beam of carbon
atoms and the subsequent growth of graphene. The choice of substrate affects the
quality of the graphene, and thus high-quality graphene can be grown with this
approach [47]. Furthermore, MBE offers possibilities for in-situ growth monitoring
and characterization of graphene sheets [48]. The growth process, however, is slow
and takes tens of minutes to hours depending on the product requirements and thus

Fig. 2 Formation of graphene via decomposition of SiC at {0001}surface; HRTEM images and
schematic representation [37]
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Fig. 3 A schematic representation of the setup for MBE synthesis of graphene

low throughput, which is a major disadvantage of this method. Also, the process
is costly, and therefore, it is generally reserved for applications where high-quality
(pristine) graphene is the prime requirement.

2.2 Chemical Vapour Deposition (CVD)

CVD technique is the most commonly used technique for growing high-quality and
large-area graphene sheets [49]. The process typically involves the adsorption of
a carbon-containing (hydrocarbon) gas on a transition metal surface, its decompo-
sition and removal of unwanted groups, and finally, the rearrangement of carbon
atoms to form the honeycomb structure (Fig. 4 shows the schematics). Commonly
used hydrocarbon gas precursors are ethylene, [50] methane, [51] and acetylene
[52]. Several transition metals have been reported to perform as catalytic substrates
such as Pt, [50, 53] Ni, [51, 54] Fe, [52] Cu [54]. The solubility of carbon in these
metals at high temperatures affects the process. Dissolved carbon tends to segregate
on the surface when cooled, and thus, an additional number of graphene layers are
formed. Therefore, it becomes challenging to control the number of layers with the
CVD process. Copper is considered the best amongst the metal substrates demon-
strated so far for SLG due to the very poor solubility of carbon in it (<1 C atom
per 105 Cu atoms at 1000 °C), [55] which allows only chemical decomposition of
hydrocarbon gas to form graphene. The first ‘single layer graphite’ (as they called it)
through CVD was reported by T.A. Land et al. in 1992 on Pt(111) surface [53]. The
process evolved considerably after Novoselov’s 2004 paper, and CVD has become
one of the most promising techniques for obtaining large-area graphene. The crys-
tallinity of a substrate is another critical parameter. Smooth and well-oriented single
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Fig. 4 Schematic representation of a typical CVD setup and process

crystal substrates are preferred formonolayer graphene because grain boundaries and
other defects act as nucleation sites and thus stimulate the formation of multi-layer
graphene (MLG) [56]. Hydrogen is generally used in the annealing step to remove
the oxide layer, if any, from the catalyst surface. It is crucial to note that increasing
the hydrogen:methane ratio in the feedstock reduces the graphene growth rate on
Cu substrate while boosting the growth rate when Ni substrate is used [54]. It can
be ascribed to the high hydrogen solubility and low carbon solubility in Cu, while
the opposite is true for Ni. The quality of the produced graphene depends on the
flow rate of the precursor gas, the transition metal used as the catalytic substrate,
and chamber temperature. Growth can take place at relatively higher pressures with
argon introduced into the system.

Two configurations, namely Thermal CVD (TCVD) and Plasma Enhanced CVD
(PECVD) are commonly employed for graphene synthesis. TCVD process uses high
temperatures of around 1000°C (close to the melting point of substrate metals) for
the decomposition of hydrocarbon gas [51]. High temperatures, generally, favor the
formation of highly crystalline wrinkle-free graphene sheets [50]. Hot wall CVD and
cold wall CVD are two subclasses of TCVD. The entire growth chamber is heated
in a hot-wall setup while only the substrate is heated in a cold-wall configuration.
High throughput is an inherent advantage of cold wall CVD because the reactants
are not deposited on the reactor walls, and thus it is more suitable for scale-up
production. PECVD, on the other hand, is a deposition technique of substantially
lower temperatures. The PECVD process for graphene synthesis has been reported
at temperatures as low as 240°C [57]. The elimination of heating and cooling of
the substrate in the PECVD process significantly reduces the synthesis time but at
the cost of quality degradation of product material. In a typical setup, plasma is
created, which reacts with the hydrocarbon gas to form more reactive radicalized
species capable of forming a honeycomb lattice at relatively low temperatures. Li
et al. studied the growth of graphene through the PECVD process on Cu substrate at
different temperatures [58].
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The CVD process is a reliable technique for synthesizing high-quality large-
area graphene sheets. However, the transfer of the prepared graphene from metal
substrates to other substrates is necessary for most applications. The transfer process
is critical and leads to the degradation of the quality of graphene by introducing
imperfections such as kinks, wrinkles, cracks, etc. [59]. Some techniques have also
been developed for synthesizing graphene on non-metallic substrates such as glass,
which can avoid transfer steps for multiple applications [60].

2.3 Exfoliation of Graphite

Graphite is a meticulous stack of graphene layers, and thus, free-standing graphene
can be obtained byunstacking these layers. Exfoliation of graphite is just another term
for unstacking it to obtain the graphene sheets. The energy required for exfoliation (or
separation) of two 1nm2 graphene sheets has been calculated to be around 2eV [61].
Several methods have been explored by researchers for providing this energy to exfo-
liate graphite. Mechanical, liquid-phase, and electrochemical exfoliation methods
have been reported more frequently in the literature.

Mechanical exfoliation was the first method used by Novoselov and Geim to
obtain free-standing graphene [4]. They used scotch tape and a crystal of graphite
for the purpose, and thus the technique is referred to as the “scotch-tape-method”
in layman’s terms. In this experiment, a piece of tape is first pressed against a well-
orientedHOPG crystal face and removed carefully. Due to this peeling process, many
layers detach from the crystal and come off sticking onto the scotch tape. Another
piece of scotch tape is then pressed against the first piece and then carefully separated,
which results in the distribution of the detached layers onto these two pieces. The
process is repeated multiple times until the desired number of layers remains on the
tape. The pieces of scotch tape are then either put in a solution to remove epoxy and
obtain free-standing graphene or on a silica slide to get graphene transferred onto a
substrate.

The electrochemical exfoliation process generally involves a setup of two elec-
trodes, one of which is graphite which could either be an anode or a cathode in
a liquid electrolyte solution. When a voltage is applied across the two electrodes,
ionic species intercalate between the layers of graphite, causing weakening of van
der Walls attraction and thus dissociation of mono- and few-layer graphene from
the graphite electrode into the solution [62]. Various geometries of graphite such
as foils, flakes, rods, and discs have been studied for this purpose. Electrodes made
up of HOPG were observed to be providing better quality graphene than naturally
occurring forms [63]. DC voltages between 1 to 30V and low-frequency AC voltages
up to 20V have been explored and reported [64]. Sulfuric acid is a commonly used
electrolyte, which dissociates into H+ and SO4

2− ions in an aqueous solution. Sulfate
ions, compared to other anions, easily intercalate between the graphite layers causing
them to exfoliate into graphene layers more efficiently [65]. High yield of around
50% was reported by J. Liu et al. by using vertical cell configuration [66]. Even
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better results (65%) were obtained by T.C. Achee et al. with the help of a permeable
and expandable container to make a compressed graphite electrode from graphite
powder [67].

Another fundamental method is the oxidation of graphite flakes to obtain exfoli-
ated andoxidized graphene called graphene oxide (GO),which is useful for numerous
applications. It can also be used as a precursor for obtaining graphene through suitable
reduction processes. Hummer’s method is the most popular protocol for oxidation
and exfoliation of graphite to convert it into GO [68]. The process is an age-old
technique used for graphite oxide synthesis, but it kept on modifying over time. In
a typical procedure, sulfuric acid is used for intercalation and potassium perman-
ganate as the oxidizing agent, while hydrogen peroxide is used at a later stage of the
process to eliminate excess permanganate. The material is then washed and dried to
obtain yellowish water-soluble GO. Several methods have been developed to convert
GO into graphene; chemical [69] and thermal [70] reduction are the most common
amongst them. The obtained graphene is not pure or pristine as some functional
groups remain attached to it. Thus, it is referred to as reduced graphene oxide (rGO).

Liquid phase methods use solvents such as water (with and without surfactants)
and organic solvents to exfoliate graphene sheets from graphite flakes. Ultrasonica-
tion in a suitable solvent is the primary method used in this category. Other impro-
vised methods wield a combination of mechanical techniques such as high energy
ball milling (HEBM), shear mixing, and centrifugation, in addition to ultrasonica-
tion. Biological substances instead of synthetic surfactants have also been reported
for LPE synthesis of graphene [71]. LPE methods will be discussed in more detail in
the next section. Exfoliation synthesis, especially LPE, is one of the best techniques
to obtain large quantities of quality graphene at an economical cost.

3 Liquid-Phase Exfoliation (LPE) Synthesis

Liquid phase exfoliation method has tremendous potential for scale-up production
of graphene. It is a simple technique where mechanical energy is applied to exfoliate
graphite flakes in a liquid medium. The energy could be provided through acoustic
waves, shear force, or centrifugal force. Acoustic waves such as ultrasonic waves
are applied through a liquid to transfer energy to graphite flakes which can stimulate
the separation process and lead to the formation of graphene sheets. Surfactants are
generally used to assist the exfoliation process by creating an electrostatic repul-
sive force between layers. Surfactant-free approaches, in which organic solvents are
used instead of water for dispersing the graphite powder, also recurrently appear in
the literature. Graphene is not dispersible in water but exhibits a high dispersion
in many organic solvents, which provides a better possibility of its stability after
exfoliation and hence a better yield. Organic solvents such as ortho-dichlorobenzene
(ODCB) [72] and N-methyl-pyrrolidone (NMP) [73] have been reported quite often
for synthesizing graphene through the LPE method. Further improvements were
reported by the addition and tuning of the concentration of n-octylbenzene in the
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former two organic solvents [74]. The primary stabilization mechanism, with or
without surfactants, mainly involves a charge transfer between unstacked graphene
and the stabilizing agents. The charge transfer, most of the time, takes place from
electron-rich graphene to the stabilizer molecules, but the reverse can also happen
(such as in the case of pyridine) [75].

M. Telkhozhayeva et al. studied in detail the ultrasonication-assisted exfoliation
of graphite [76]. They explored the effect of the frequency of sonic vibrations on the
quality of synthesized graphene and the efficiency of synthesis. They reported that
good quality graphene (~30%monolayer and ~ 45%bi- and tri-layer) with an average
lateral size of 13μm could be obtained in ethanolic bath sonication by increasing the
frequency from the usually used 40kHz to a higher value of 80kHz. They demon-
strated that increasing the frequency positively affects the exfoliation process and
reduces the chances of inducing lattice defects in the synthesized graphene. The
group also reported that bath sonication is a more efficient technique than probe
sonication.

M. Monajjemi theoretically explored the LPE of graphite by ultrasonication [77].
Various types of surfactants and their effects on the efficiency of exfoliation were
studied, and it was found that ionic surfactants are more efficient than others. The
exfoliation efficiency in any dispersion medium can be written in descending order
as cationic, anionic, zwitterionic, and non-ionic. It was further reported that the
sulfonic group is very effective in assisting the exfoliation of graphite and stabilizing
the produced graphene in solvents to prevent restacking.

Water-insoluble stabilizers have also shown potential for increasing the effi-
ciency of LPE [78]. Y. Shin and group have recently demonstrated the use of
pyrene derivatives such as bis-pyrene stabilizers functionalized with pyrrolidine,
which can substantially improve the quality of obtained graphene. The use of toxic
substances, however, limits its applications to the areas where biocompatibility is
not a requirement.

A detailed experimental as well as theoretical study on LPE of graphite was
performed by Coleman’s group, which has greatly contributed to LPE research
[79]. The study reveals three stages of the conversion of graphite into graphene
through the sonication-assisted LPE process, namely: Flake rupture and kink band
formation; peeling off of thin graphite strips; and exfoliation to thin flakes. In the
first stage, acoustic waves travel through the graphite piece due to applied sonic
energy, resulting in ridges forming on the graphite structure. These ridges have a
large number of defects which increase the reactivity and thus the possibility of
attachment of various functional groups. The ridges then crack in the second stage,
and the exposed edges become oxygen-rich due to the addition of functional groups.
The third and final stage mainly involves intercalation and peeling off the layers from
the graphite structure and graphene dispersion into the solvent. The study has led to
a very significant improvement in the basic understanding of the LPE process and is
expected to improve the overall process as well. The three stages are schematically
represented in Fig. 5.

A large number of organic and inorganic solvents have been reported for LPE of
graphite since the discovery of free-standing graphene. A.B. Bourlinos et al., in 2009,
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Fig. 5 Three stages of LPE process [79]

added multiple new solvents to the list of already known solvents for LPE [75]. They
experimented LPE with pyridine and some perfluorinated aromatic solvents such as
hexafluoro-benzene (C6F6), octafluoro-toluene (C6F5CF3), pentafluoro-benzonitrile
(C6F5CN), and pentafluoro-pyridine (C5F5N).

A mixed solvent strategy was proposed by M. Yi et al. for exfoliating graphite
powder to obtain graphene nanosheets [80]. They performed two experiments with
mixtures of alcohol and water. Mixture-1 was prepared with ethanol in water, and
mixture-2 with isopropyl alcohol in water. Mild sonication was employed to exfo-
liate nanosheets from graphite powder. The concentration of alcohols was varied to
optimize the processes for maximum yield and better quality. The optimum concen-
tration was reported to be 40% for mixture-1 and 55% for mixture-2, with a yield
up to 10%. Simple strategies like this one could benefit upscale graphene production
through LPE in the future.

D. Nuvoli and the team first used ionic liquids as solvents for graphite disper-
sion [81]. The team used grinding in mortar followed by ultrasonication and finally
centrifugation for obtaining FLG. Ionic solvent 1-hexyl-3-methyl-imidazolium
hexafluorophosphate was used with no other functionalizing compounds. They
reported a very high dispersivity of graphene (5.33 mg/ml) in the solvent. One more
advantage of this method is that the solvent can be processed for reuse, significantly
reducing the production cost.

The addition of common organic salts during the LPE process has also been shown
to have positive impacts. A group led by X. Jiang proposed using organic salts such
as edetate disodium, sodium tartrate, potassium sodium tartrate, and sodium citrate
in organic solvents to improve the exfoliation efficiency [82]. The group reported
more than a hundred times improvement in efficiency with a mixture of dimethyl
sulfoxide (DMSO) and sodium citrate.

A more sophisticated but effective ‘lab on a chip’ LPE was proposed by X. Qiu
and associates [83]. They exploited a phenomenon called hydrodynamic cavitation,
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which involves bubble generation and implosion in flowing liquid due to sudden
changes in pressure, to induce the exfoliation of graphite. The setup, a microfluidic
channel with a smaller orifice, was fabricated on a silicon wafer. A mixture of water,
sodium cholate (surfactant), and graphite powder were forced to flow through the
orifice, which resulted in a change in pressure of 10 bar. This local change in pressure
stimulates the unstacking of graphene layers. A series of these microchannels can be
fabricated on a silicon wafer for upscale production of graphene nanosheets.

HEBMprocessing of graphite powder is another crucial methodwithin LPE genre
for cost-effective high quality synthesis of graphene sheets. It has been reported by
several researchers that the blending of inorganic materials such as NaCl [84] and
sulfur [85] during the milling process improves the flake size and the quality of the
synthesized graphene, owing to the intercalation of these particles acting as a wedge
between the layers and thus assisting the exfoliation. However, M.F. Alam et al.
reported that the blending of salt during the ball milling process results in the creation
of defects in the synthesized graphene and the residual salt impurities degrade the
overall quality of thus synthesized graphene [86]. The group used a combination of
three techniques viz. ultrasonication, HEBM, and centrifugation, with and without
inorganic salts (NaCl, KCl, and LiI). They compared the results obtained from these
experiments and reported HEBM followed by three times centrifugation without
salts to be the best combination for synthesizing high-quality sheets. The results are
arranged in Table 1 as shown below:

The above discussed results seem counter-intuitive as the earlier discussion in this
section pointed out the intercalation of ions between the sheets acting as tiny wedges
during LPE, thus making it easier to exfoliate the graphene sheets. The results in
this part are with HEBM processing before the LPE step. With HEBM processing,
blending of salt negatively impacts graphene synthesis.

4 Characterization of Graphene

4.1 Raman Spectroscopy

Raman (inelastic) scattering is so tiny compared to Rayleigh scattering (elastic) that
its detection was practically impossible to be utilized in a probing technique until
high-intensity lasers were invented. Raman spectroscopy has become a tool with
extraordinary capabilities to probe molecules and crystals based on the Raman scat-
tering phenomenon which takes place due to the vibrational and rotational modes of
the material. The modes that change the polarizability of material are called Raman
activemodes, and the resulting output spectrum consists of bands of different intensi-
ties. A typical Raman instrument’s output, a plot between intensity and Raman shift,
gives information about the atoms and interatomic bondings that are signatures of a
molecule, and thus, the technique acts as a molecular fingerprinting. This tool has
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Table 1 Summary of results by M.F. Alam et al. [86]

Preparation
Method

Halide
Used

Results (TEM and SAED) Remarks

3 ×
Ultrasonication

None Few 100 nm
size, Fringes
0.33 nm, 2
prominent
rings in
SAED

HEBM
+ 3 ×
Ultrasonication

None Few 100 nm
size, 2
prominent 1
feeble rings
in SAED,
Lattice
defects

HEBM
+
3 ×
Centrifugation

None Size in μm,
sixfold
symmetry in
SAED,
Defect-free
lattice

HEBM
+
3 ×
Centrifugation

NaCl
(40%)

Size in μm,
2 prominent
1 feeble
rings in
SAED,
multi-layer,
Lattice
defects

(continued)
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Table 1 (continued)

Preparation
Method

Halide
Used

Results (TEM and SAED) Remarks

HEBM
+
3 ×
Centrifugation

KCl
(40%)

Multiple
overlapping
sheets,
Asymmetric
pattern in
SAED,
Inefficient
method

HEBM
+
3 ×
Centrifugation

LiI
(40%)

Multiple
overlapping
sheets, 1
prominent 1
feeble ring
in SAED,
Lattice
defects

been proven extremely useful for the characterization of honeycomb carbon mate-
rials. The technique is so sensitive that it can be used to analyze the electronic and
phononic behavior in a single sheet of graphene, [87] a single CNT, [88] a single
fullerene, [89] and any changes introduced in their structure. This section will mainly
be focused on the Raman spectroscopy of graphene and the effects of the number of
layers, defects, and doping on the spectrum.

Figure 6a shows a typical Raman spectrum of an SLG. Many bands arise due to
Raman active phonons, but most result in a weak signal. It is, therefore, a common
practice to study only four prominent bands, namely G, D, G’, and D’, for obtaining
relevant information on the underlyingmaterial. These bands originate due to various
phenomena occurring in graphene, which are illustrated in Fig. 6b. The information
about these bands in the following paragraphs is for laser photon energy of 2.41eV
(514nm wavelength).

The G band originates from in-plane C–C bond stretching vibrations and occurs
at around 1585 cm−1 due to first-order Raman scattering involving one phonon.
The peak of the G band is an outcome of resonance and is a characteristic peak
for honeycomb carbon materials. It is related to doubly degenerate phonon modes,
namely, longitudinal optical (LO) and in-plane transverse optical (ITO) at the center
of the first Brillouin zone. The G band is the only non-dispersive band (having
no correlation between band position and photon energy) in the Raman spectrum



Synthesis and Applications of Graphene and Its Nanocomposites 53

Fig. 6 Raman spectrum of an SLG showing: various bands (a) and origin of these bands (b) [87]

of graphene. The G’ band (also known as 2D band because it occurs at twice the
Raman shift of D band) at around 2700 cm−1 results from a second-order process
involving two phonons participating in the Raman scattering of the excited electron.
A double resonance process arising from inter/intra-valley scattering gives rise to this
band in the spectrum. Triple resonance processes are also sometimes involved and are
responsible forG’ band. TheG’ band is a signature of sp2 hybridized carbonmaterials
in Raman spectra. This band exhibits dispersion, and the slope of the dispersion curve
has been estimated to be ~ 90 cm−1/eV [87, 90]. The D band (D, here, is generally
referred to as defects), seen at around 1350 cm−1, is again a second-order process,
but it arises due to inelastic scattering of the excited electron by a phonon followed
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by elastic scattering by a defect. This band is an outcome of the so-called ‘breathing
of carbon hexagons’. Similar to G’ band, the D band also shows dispersive nature
with the slope of dispersion curve ~ 50 cm−1/eV [87, 90]. It is important to note
here that the G’ band, being the overtone of the D band, is twice as dispersive as the
D band. Sometimes other bands associated with the double resonance mechanism
in which a defect instead of a second phonon is responsible for the conservation of
momentum are also observed, such as D’ band at ~ 1620 cm−1 and D” band at ~
1100 cm−1 [91].

Y. You et al. studied the correlation between the intensity of D band and crystal
orientation (edge chirality) of graphene [92]. Their study revealed that for the zigzag
edge of graphene, the D band is either absent or is of very low intensity, while the
armchair structure produces a much intense D band. G band has also been studied
for determining the orientation of the graphene sheet [24]. The D band intensity,
being a more prominent Raman signature of defects than the G’ band, is a measure
of the number of defects in the graphene crystal. The nature of defects also plays a
significant role in altering the Raman spectrum of graphene. A detailed study in this
regard was performed by A. Eckmann et al. [22]. The study discloses the dependence
of the intensity ratio of D band and D’ band (ID/ID’) on the type of defects such as
a change in hybridization at some locations to sp3 (instead of sp2) and the creation
of vacancies. In the study, the intensity ratio was found to be ~ 13 for sp3 defects
and ~ 7 for vacancy type defects. A more careful study on the sub-bands of the D
band for suspended graphene was done by Z. Luo et al. [93]. They mainly focused
on whether the scattering first takes place through a phonon or a defect. The research
demonstrates that the two processes give rise to two D sub-bands.

A relative intensity, taking the intensity of the G band (IG) as a reference, rather
than the intensity of the band under investigation, is generally estimated for quanti-
tative and qualitative analysis of defects, doping, and the number of graphene layers
in the system. G.S. Papanai et al. studied the intensity of the G’ band as a func-
tion of the number of graphene layers on Si/SiO2 substrate [94]. The G’ band of an
SLG consists of one Lorentzian peak of high intensity (IG’/IG = 24) resulting from
one double resonance process. For two layers stacked in the Bernal AB pattern, the
system becomes more complex, and four double resonance processes take place,
due to which the G’ band becomes a superposition of four Lorentzian peaks. The
intensity of the G’ band compared to the G band is significantly reduced (IG’/IG ≤ 1).
Scattering possibilities keep increasing with the number of layers, and the G’ band
becomes a combination of multiple Lorentzian peaks, each representing a scattering
phenomenon. The relative intensity (IG’/IG) also decreases, which can be estimated
to calculate the number of graphene layers. Figure 7 shows the Raman spectra for
1–5 graphene layers and HOPG.

The positions of G andG’ bands change with doping because of coupling between
electron and phonon and are, therefore, studied to estimate the doping concentration
in graphene [95]. The G band shifts towards higher values of Raman shift, and its
width is also reducedwith increasing dopant concentration.However, the dependency
of the G’ band is different for electron concentration and hole concentration. The
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Fig. 7 Raman spectra for
different numbers of
graphene layers on Si/SiO2
substrate [94]

position of the G’ band shifts upwards with increasing hole concentration while in
the reverse direction for increasing electron concentration [23].

The temperature change significantly affects the position of the G band. I. Calizo
and his group calculated the temperature coefficient of the G band peak position for
SLG and two-layer graphene [26]. For SLG, the value was measured to be –1.62 ×
10–2 cm−1/°C, while for the two layers, it was found to be –1.54× 10–2 cm−1/°C. The
negative value indicates a blue shift in the scattering frequency when the temperature
is increased. Various other parameters such as pressure, [25] strain, [96] etc. have
also been found to be affecting the Raman spectrum of graphene, making it one of
the most valuable tools to study graphene and related carbon materials.

4.2 Selected Area Electron Diffraction (SAED)

Diffraction is simply a change in a wave’s path around the corners of and reaching
in geometrical shadow regions of an obstacle. The electrons, behaving as waves, are
diffracted by atoms in a crystal, and a pattern of diffraction maxima and minima
emerges. This pattern, obtained for a small area, is called SAED and has long been
used to study the crystallinity and crystal structure of materials. It is another valuable
tool to analyze the quality of synthesized graphene. First of all, the technique is used
for assessing the crystallinity of graphene sheets by visual analysis of the electron
diffraction pattern. Distinct and sharp spots arranged in a hexagonal pattern with
six-fold symmetry indicate the crystalline nature of graphene [97]. Furthermore, by
finding the intensity ratios of various spots corresponding to different planes, the
number of graphene layers present in the material can be estimated. The intensity
ratio of (1–210) and (1–100) points (Miller-Bravais indices) is measured, and a value
of less than unity indicates monolayer graphene. On the other hand, research groups
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Fig. 8 SAED patterns attributed to a Graphene (with some overlapping/folding/rotational
stacking), bMLG with some amorphous carbon, and c only amorphous carbon [102]

have reported different values for MLG, but a value close to 2 for bilayer and 4 for
trilayer Bernal AB stacking is generally observed [98–100]. All these groups have
also confirmed the results with Raman spectroscopy.

Sharp concentric rings appear, in general, for polycrystalline materials with
randomly oriented crystallites. Similarly, a random orientation of sheets in MLG
(instead of Bernal AB structure) results in a sharp diffraction pattern with rings and
some intense points on the rings [101]. Similar multiple ring patterns with maxima
points can also appear due to the presence of amorphous carbon along with graphene
sheets, as can be seen in Fig. 8b. In contrast, only the halo ring pattern similar to
Fig. 8c infers the absence of crystallinity and, thus, of graphene (only amorphous
carbon is present) [102]. MLG, with slight misalignment between layers, produces
a cometic aberration-like pattern (Fig. 8a) instead of sharp points [103].

It is necessary to point out here that the electron beam is focused in a small area,
and thus, the results obtained give information only on that particular area of the
material. For thorough investigation, data should be obtained from different regions
of the sample separated by a fixed distance through SAED mapping [97, 99]. Some
researchers have proposed more sophisticated but faster methods to circumvent this
issue for large area sheets [104].

4.3 Microscopic Techniques

Non-microscopic techniques for the characterization of graphene provide data based
on the material’s properties, but a visual perspective makes an entirely different
impact on the understanding of a material. Optical microscopy is one of the oldest
in this category and is also employed for studying graphene in the micro regime, but
the information it reveals is very limited [105]. Transmission electron microscopy
(TEM), especially with high resolution (HRTEM), is a powerful tool to probe the
materials in nano and even sub-nano regimes. TEM is widely used to obtain informa-
tion on surface topographies, growth patterns, and discontinuities. Sheet-level defects
such as wrinkles, folds, kinks, rippling, and twists can be easily observed in TEM
micrographs [27, 98, 103]. It is a highly recommended tool to study the potentially
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preferred sites of the attachment [102, 106]. Information on a much deeper level,
such as lattice defects, atomic planes, and interplanar spacing, can be obtained from
the HRTEM [98]. It can also be utilized to measure the number of graphene layers
by carefully examining high-resolution images of the edges [98, 99, 107].

Atomic force microscope (AFM) is different from other techniques because it
uses a material cantilever tip, rather than electromagnetic (EM) waves or electrons,
to probe the underlying material. It is another useful tool in the microscopy group
to obtain crucial information about the synthesized graphene such as morphology,
[108] imperfections, [109] functionalization, [110] mechanical, [29, 111] and elec-
trical properties [28, 112]. The technique can also estimate the number of layers
by measuring thickness, but results are not very reliable unless confirmed with other
techniques. C.J. Shearer et al. conducted experiments to accuratelymeasure the thick-
ness of graphene with the help of AFM [105]. Apart from characterization, AFM can
also be modified for controlled thermal reduction of GO to draw graphene patterns
for the fabrication of electronic devices [113].

5 Applications

5.1 Electronics

One of the major problems that modern transistors face is power scaling with size.
Dennard scaling law states that the power density of transistors remains the same,
[114] but it no longer holds because of high leakage currents in devices with feature
sizes less than 65 nm [115].M.C. Lemme et al. first demonstrated the use of graphene
as the channel material in field effect devices [116]. The power consumption was
significantly reduced due to the high conductivity of graphene, and they were called
graphene FETs or GFETs. A typical configuration of graphene channel field effect
device is presented in Fig. 9. Graphene, being a zero bandgap semiconductor, causes
turn-off issues inGFETs andmakes them unsuitable for high-frequency applications,
particularly for digital circuits [117]. Several proposed solutions such as electrical
double layer gating, [118] uniaxially strained graphene, [119] graphene nanoribbons
(GNRs), [120] high-k dielectrics, [121] and wrapped channel [122] have demon-
strated potential. The performance was substantially enhanced, and up to 107 IDS
ON/OFF ratio was achieved by using GNRs [120]. A novel configuration, MSIS-
FET, was proposed by P. Li et al. with which they reported an even better ON/OFF
ratio than GNRs [123].

Graphene has shown massive potential for light emitting diode (LED) applica-
tions. Graphene can be used for engineering various components such as electrodes
and activematerial of the device. F.Withers et al. prepared van derWaals heterostruc-
tures using graphene, boron nitride, and metal chalcogenides to fabricate flexible
LEDs with an extrinsic quantum efficiency of nearly 10% [124]. They also proposed
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Fig. 9 A typical graphene-based field effect device (GFET)

further improvements by introducing 2D layers of other chalcogenides. F. Rodríguez-
Mas and his group introduced rGO in a previously explored structure for LED and
reported better intensity with an unaffected output spectrum [125]. D. Yu et al.
fabricated GaN micro-rod arrays on graphene films for flexible micro-LEDs emit-
ting blue light [126]. Y.-X. Chen with his team prepared functionalized graphene
quantum dots (QDs) from fullerenes and blended them with polyvinyl alcohol to
form photoluminescent films that can transform ultraviolet LED into white [127].
Graphene is not only used for improving the existing LED devices but has also
demonstrated the potential for novel all-graphene devices. X. Wang et al. demon-
strated an all-graphene, wavelength-tunable LED device by using GO/rGO interface
for producing light ranging from blue to red [128]. Graphene can also be used outside
of the principal device to enhance its overall performance and stability [129].

5.2 Healthcare

The biocompatibility of graphene has beenwidely studied, [130, 131]which provides
opportunities for its use in healthcare applications. Graphene has been explored for
its potential in diagnostics, therapeutics, medicine, water purification, etc. It has
provided technological advances in smart diagnostic tools for diseases and general
health monitoring. A group led by W. Gao made a diagnosis and telemonitoring
platform for COVID-19 [132]. A recent study shows that septicemia, which causes
the immune system to damage its own tissues, can be diagnosed with the help of
magnetic graphene-based micromotors [133]. Graphene-Based Transistors have also
been applied to disease diagnosis [134]. Graphene and its derivatives have exhib-
ited potential for detection of common bacterial [135] and viral infections [136]. A
large number of reports and reviews on graphene-based diagnostic tools for cancer



Synthesis and Applications of Graphene and Its Nanocomposites 59

indicate its enormous potential for the sector. E.G. Afshar et al. have reviewed appli-
cations of graphene in the diagnosis and treatment of one of the most menacing
cancers, Glioblastoma multiform [137]. R. Majidi and M. Nadafan theoretically
studied the application of twin graphene to diagnose lung cancer by sensing exhaled
gases in human breath with the help of density functional theory (DFT) [138].
An immune-sensor for detecting a biomarker (HER-2) for breast cancer diagnosis
was developed by H. Nasrollahpour with his team [139]. The group exploited the
electroluminescence property of rGO/chitosan nanocomposite for the purpose.

Graphene is not only suitable for diagnostics but also has properties that are
desirable in various therapies. Graphene-based therapeutics is one of the hot topics
in modern healthcare for superior quality products. Several medical scientists have
proposed and demonstrated ideas for the evolution of existing approaches and innova-
tion of techniques by exploiting the unmatched properties of graphene. Among other
methods, graphene-based materials for photothermal therapy (PTT) have gained
significant popularity for cancer treatment in the past decade. PTT involves the
delivery of a photothermal agent to the infection site (infected cells) and its subse-
quent heating through exposure to the near-infrared (NIR) radiation resulting in the
killing of infected cells (Fig. 10 represents the scheme). C.C. Barrera et al. studied
the interaction between rGO/Fe3O4 NC and cell membrane and the effects of PTT
on the viability of the cells [140]. The results show an excellent potential of the
material for PTT of cancer. Another iron oxide and rGO-based NC, Fe3O4/Au/rGO,
was demonstrated by T.S. Ardakani et al. as an effective material for synergistic
radio-/photo-therapy on the oral squamous carcinoma cell line [141]. The material
was reported to have good biocompatibility for healthy cells while having cytotoxic
effects on the infected ones. X. Jia et al. used a hybrid of rGO, Au nanostars, and lipid
bilayer for PTT of pancreatic cancer [142]. The material also exhibits an improved
targeting capability and hence a better efficacy. R. Lima-Sousa et al. demonstrated,
for the first time, the use of injectable GO and rGO incorporated hydrogels for the
treatment of breast cancer [143]. The system shows a chemo-photothermal effect
to reduce the cancer cell viability to 34% with Doxorubicin:Ibuprofen. Another
group reported functionalized rGO as drug loading platforms for targeted delivery of
the drug, doxorubicin hydrochloride, and subsequent chemo-photothermal treatment
[144]. Various other therapies utilizing graphene and derivedmaterials, such as sono-
dynamic, [145] photodynamic, [146] magnetothermodynamic [147] have also been
reported for tumor inhibition. Many researchers are exploring graphene-based scaf-
folds for regenerative medicines, which help enhance the repair process of damaged
tissues, and have reported impressive results [148, 149].

5.3 Energy

The ever-growing energy demand requires continuous improvements in existing tech-
nologies for energy conversion and storage and the creation of new paths that can
meet the needs of the future. Graphene has been extensively studied for solar energy
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Fig. 10 Step-by-step procedure of PTT for the treatment of cancer

conversion, irrespective of the type of device. However, substantial improvements in
the performance of dye-sensitized solar cells (DSSCs) were observed with graphene
introduced in photoanode or used at the counter electrode. One such device was
fabricated and extensively characterized by F.W. Low et al. (shown in Fig. 11)
[150]. They studied the effects of TiO2 content in rGO as photoanode material
on the open-circuit voltage and short circuit current density of the device. S. Sun
et al. also demonstrated the use of graphene/TiO2 composite for DSSC photoan-
odes and reported 59% enhanced efficiency compared to TiO2 photoanodes [151].
K. Basu et al. used graphene incorporated SnO2/TiO2 composite as photoanode
material and reported better efficiency and durability [152]. M.N. Mustafa and Y.
Sulaiman prepared photoanode with graphene QDs decorated titania and identified
the QDs as light scatters responsible for better performance [153]. The enhanced
efficiency has been attributed to the enhanced dye loading due to increased surface
area, which improves the carrier generation process. The addition of graphene also
improves charge transfer by providing shorter paths to the electrode, reducing the
carrier recombination rate. Pt has been themost widely used counter electrode by far;
however, its high cost led many researchers to explore alternative options. Counter
electrodes made by graphene ink spray deposited onto transparent conductive oxide
(TCO) were reported by S. Casaluci et al. for large area DSSCs [154]. W.C. Oh et al.
demonstrated the use of a rather complicated material, graphene composite with
Cu2ZnNiSe4-WO3 nanorods, for efficient (even better than Pt) counter electrode
material [155].

Apart from DSSCs, graphene has also exhibited potential for diverse applications
in most other types of solar cells. For example, X. Miao et al. used SLG/n-Si for
Schottky junction solar cells; [156]. J.Wu et al. made graphene transparent electrodes
applied to organic solar cells; [157]. N.F. Ramali et al. inserted graphene passivation
layer in perovskite solar cells; [158] graphene nanohills on silicon were illustrated
for solar cell applications byM.A. Rehman et al. [159]. T. Lin and team used pristine
and boron-doped graphene as the back electrode for CdTe solar cells [160].
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Fig. 11 Schematic of the device fabricated by Low et al. (a) and results obtained from the device
using different content of TiO2 with graphene as photoanode material (b) [150]

The scope of energy generation, particularly through renewable sources, is limited
unless a device can store it for later use. Batteries have long been used for energy
storage and are the most prominent technology at present for the purpose. Amongst
them, lithium-based batteries have been commercially available in the market for a
long time. A large fraction of them uses graphite electrodes. As the technology is
evolving, new materials are being explored to achieve higher charge storage capac-
ities and longer cycle life. C. Wang et al. demonstrated the use of graphene paper
as cathode for Li batteries [161]. N-doped graphene films have shown better Li-ion
intercalation in an article by A.L. Mohana Reddy et al. [162]. J. Xiao et al. fabricated
functionalized porous graphene structures for very high capacity (15,000 mAh/g)
Li-air batteries [163]. Graphene-incorporated polymer-derived SiOC aerogels have
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demonstrated stunning results as anode material for Li batteries [164]. X. Han et al.
illustrated the use of core–shell structures (Si core, graphene shell) for Li-ion battery
anodes [165]. Using a novel strategy with rGO/Ag-Li scaffolds as anode for Li-metal
batteries was developed by T. Ma et al. [166]. A group from Zhejiang University
led by C. Gao proposed a defect-free principle for high-performance Al-graphene
batteries in 2017 [167]. He, leading another group, reported an exceptionally long
cycle life of 250,000 for Al-graphene batteries later that same year [168].

Another prime requirement for an energy storage device is fast charging. Elec-
trochemical capacitors, otherwise known as supercapacitors, are the most promising
alternative to batteries with the inherent advantage of speedy charging. They offer
high power density, but the energy density is low. Graphene-based electrodes have
exhibited tremendous potential for supercapacitor applications because of graphene’s
high specific surface area. Supercapacitors made by RuO2 modified rGO as anode
and polyaniline modified rGO as cathode have been demonstrated by J. Zhang et al.
[169]. L.T. Le et al. prepared supercapacitor electrodes by inkjet printing of GO on
Ti and its subsequent thermal reduction [170]. Y. Fang et al. fabricated supercapac-
itor electrodes with functionalized graphene and demonstrated that the technology
could bridge the gap between supercapacitor and battery with further optimizations
[171]. H. Kim et al. proposed an all-graphene synergistic system for energy storage
[172]. They also reported that the system works on both battery and supercapacitor
mechanisms and thus creates a link between the two.

5.4 Environmental Remediation

Pollution, whether air, soil, water, or radiation, has caused much harm to the envi-
ronment and human health. Scientists are looking for materials and devices that
can be engineered for providing tools to reduce/eliminate pollution-causing agents.
Many properties of graphene, such as corrosion resistance and mechanical and
chemical stability, are ideal for environmental remediation applications. It has,
therefore, been explored for removing pollutants, especially from water and air.
Several reports have shown that graphene and derived materials are excellent for
organic dye removal applications for wastewater treatment. H. Guo et al. reported
GO/polyethylenimine (PEI) hydrogel for large-scale and efficient dye, Methylene
Blue (MB) and Rhodamine B (RB), removal from wastewater [173]. They attributed
the adsorption of dye to GO while PEI assisted the gelation process of GO. T. Jiao
et al., however, synthesized rGO/Ag/PEI hydrogel via simultaneous reduction of
GO and Ag+ and suggested its application in catalytic degradation of MB and RB
[174]. Y. Zhong and the group used dopamine GO composite decorated membrane
to adsorb Congo Red and Basic Blue dyes [175]. They also demonstrated that treat-
ment of membrane with a minute quantity of reducing agent (NaBH4) to reduce
a small part of GO makes it useful for removal of small concentrations of methyl
orange (MO), MB, RB, and 4-Nitrophenol. Photocatalytic dye (MB) degradation
ability of Ag decorated rGO was exhibited by M. Ikram et al. [176]. Heavy metals in
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water are another primary class of pollutants that are toxic to aquatic as well as non-
aquatic life. T.A. Tabish et al. prepared highly porous graphene and demonstrated its
application for efficiently removing MB and RB [177]. They further demonstrated
the removal of oils (vegetable, engine, and pump oil), heavy metal (arsenic ion), and
other harmful ions (fluoride and nitrate) fromwater. Many other groups also reported
graphene-based techniques as promising candidates for heavy metal removal from
wastewater. G. Zhao et al. prepared GOwith the help of modified Hummer’s method
and displayed its application for sorption of Cd(II) and Co(II) from water [178]. K.
Zhang et al. anchored TiO2 nanoparticles on graphene sheets for effective reduction
of Cr(VI) to Cr(III) [179]. A. Marjani et al. prepared GO dispersed in polyethersul-
fonemembrane for degradation ofMB andMOdyes and removal of heavymetal ions
(Cu2+, Cd2+, and Zn2+) [180]. J. Zhang et al. studied, for the first time, the molecular
interaction mechanism experimentally through single-molecule force spectroscopy
and theoretically with DFT [181]. The study revealed critical aspects of molecular
interactions that will help design graphene-based materials for wastewater treatment.

Though graphene has been extensively studied for the removal of water pollutants,
it has also shown potential for removing contaminants from the air. V. Kumar et al.
reviewed potential applications of graphene and related materials for adsorption and
removal of volatile organic compounds [182]. W. Jung et al. fabricated a robust
system by sandwiching a condenser between two layers of rGO filters to remove
particulate matter from the air [183]. The group demonstrated the removal of both
filterable and condensable particulate matter with the help of the fabricated system.

5.5 Sensing

Graphene, having a high surface-to-volume ratio, is an excellent material for sensing
applications. Graphene has been applied to a range of sensors for physical parame-
ters like pressure, temperature, strain, humidity, etc., and chemical species like gases,
analytes, heavy metals, etc. Due to extraordinary mechanical and electrical proper-
ties, graphene has been studied extensively for pressure and strain sensors that are
key to modern non-invasive techniques for health monitoring. Multiple innovative
graphene-based wearable pressure and strain sensors were demonstrated by T.-L.
Ren and associates for the purpose. In one report, they used tissue paper soaked in
GO solution, which was later given thermal treatment to reduce GO for making pres-
sure sensors for human motion detection [184]. Another report explains the use of
Ag nanoparticles linked to graphene sheets over PDMS substrate for strain sensors
that can monitor human motion [185]. In this work, the group used the laser scribing
technique to reduce the GO. In another innovative work, an abrasive paper was used
to make patterns on PDMS over which GO was deposited and subsequently reduced
[186]. The rGO was then sandwiched by placing another layer of PDMS, forming a
structure imitating the epidermis. The system was used to fabricate a wearable pres-
sure sensor for human motion detection. A strain sensor for motion detection was
made by dipping a polyester fabric in GO followed by thermal treatment to reduce
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GO [187]. In a more recent work by T.-L. Ren and associates, a breathable graphene
electronic skin, susceptible to strain and vibrations, and thus, useful for monitoring
electrocardiogram, body motion, and respiration, was demonstrated [188]. A wear-
able pulse monitoring device with high sensitivity and long-range linear response
graphene pressure sensor was reported by J. He et al. [189]. A graphene strain sensor
for real-time pulse monitoring systems was explored by T. Yang et al. [190]. W.
Liu et al. used wrinkled graphene for making piezoresistivity-based flexible, suscep-
tible, and reliable pressure sensors [191]. Another class of graphene-based sensors,
useful for healthcare applications, detect particular analytes from body fluids such
as non-enzymatic glucose sensors [192, 193].

Z. Zheng and H. Wang performed first-principles calculations through DFT on
doped and undoped graphene-based gas (CO2) sensors [194]. The results show a
better performance with Al-doped than B-, N-, and P-doped graphene. Y. Seekaew
and C. Wongchoosuk reported a novel CO2 sensor configuration utilizing electrolu-
minescencewith graphenefilmdeposited over a patternedAgelectrode on a phosphor
material [195]. G. Liu et al. fabricated a temperature sensor using rGO and demon-
strated its use in robot skin for internet of things (IoT) [196]. B. Davaji et al. demon-
strated the use of suspended SLG, deposited on SiO2/Si substrate and SiN substrate
for a resistance temperature sensor [197]. Devices formed on SiN substrates showed
better performance. J. Yun et al. illustrated using graphene electrodes to build high-
performance capacitive pressure sensors [198]. Graphene-based sensors for other
physical quantities such as humidity, [199] refractive index, [200] magnetic field,
[201] etc. have also been demonstrated.

5.6 Protective Coatings

Corrosion and biofouling are the major concerns for components used in marine
applications and wastewater treatment. Graphene has displayed a great potential for
protecting metals and alloys in corrosive conditions due to its hydrophobicity and
impenetrability. F. Yu et al. demonstrated the use of the CVD process for graphene
deposition onAl alloys for long-termcorrosionprotection [202].Acomparative study
onGOand rGObased epoxy coatings for corrosion protectionwas performed by F.A.
Ghauri et al. [203]. GO was found to be better protecting mild steel than rGO when
exposed to a 3.5%NaCl solution. Y. Ye et al. reported better corrosion resistancewith
salinized aniline trimer functionalized graphene [204]. They reported that graphene
forms an impermeable coating while salinized trianiline promotes self-healing of
the underlying metal; thus, these synergistic effects provide better protection from
the corrosive environment. S. Qiu et al. reported similar self-healing properties with
polypyrrole intercalation in graphene [205].

Even with numerous reports of graphene providing protection from corrosive
fluids, researchers have also shown that graphene coating can have degrading effects
due to it being cathodic to most metals [206]. They have proposed that graphene
inhibits corrosive solutions from reacting with underlying metal, but when a small
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Fig. 12 The chemistry of anticorrosion coatings: a the corrosion tendency of various metals and
graphite (galvanic sequence), b anodic coating of Zn over steel, c cathodic coating promoting local
oxidation, and d corrosion causing weakening of underlying metal/alloy by etching through grain
boundaries. [206]

portion of the metal is exposed due to scratch or some other reason, graphene, being
conductive, acts as the cathode and promotes localized oxidation (Fig. 12). The topic
is debatable, and some material scientists have reported methods to circumvent this
problem. X. Xu et al. demonstrated defect-free graphene coating on Cu(111) surface
for durable protection from humid air [207].

Graphene/Si based antifouling coatings have shown vast potential, especially
for maritime applications. H. Jin et al. proposed a novel graphene/Si rubber-based
antifouling coatings and its working mechanism [208]. They proposed a mechanism
inspired by sea animals having soft and flexible skin like dolphins due to which
a dynamic surface is created, and they named it ‘harmonic motion effect’. They
further reported, in another study, the effects of elastic modulus and color of the
material on its antifouling properties [209]. M.S. Selim and the group also explored
graphene/Si based materials for antifouling properties [210]. Antifouling coatings
have also been proven advantageous for protecting sensors used inmarine technology
[211]. Multifunction coatings, such as antifouling coatings with anticorrosion [212]
and antibacterial [213] effects, have also been proposed and tested.

6 Graphene Nanocomposites

Pristine graphene itself is a material with wonderful qualities and thus, has been
studied for a range of applications and has been commercially employed in various
industries. Other forms of graphene such as functionalized graphene, GNRs, GO,
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and graphene NCs can have desired properties for several applications that pris-
tine graphene cannot provide. Graphene has been utilized to make NC with many
materials, including metals, metal oxides, metal sulfides, polymers, CNTs, epoxy,
Mxenes, etc. Some of these NCs, especially their synthesis and applications, will be
discussed in this section. It is crucial to point out that in some of these NCs, graphene
will be used for reinforcement, while in others, graphene will be the matrix phase.
Nevertheless, the properties are generally improved due to the synergistic effects of
both phases.

6.1 Polymer-Graphene NCs

Graphene is hybridized with polymers to obtain materials having high mechanical
strength, porosity, and thermal stability. Porous materials have a high specific surface
area, one of the key requirements for electrochemical applications.X. Li et al. demon-
strated the synthesis of highly porous polyaniline (PANI)/graphene NC through elec-
tropolymerization of PANI on graphene for electrochemical capacitors [214]. They
reported up to 1209 F/gm specific capacitance and long cyclic stability with the
synthesized materials. S. Fazli-Shokouhi et al. used in situ polymerization to prepare
PANI-graphene NC, which demonstrated good anticorrosion and antifouling proper-
ties when incorporated in epoxy.[212] PANI- graphene NCs have also been used for
EM interferencemitigation [215]. In-situ polymerization, as presented schematically
in Fig. 13, is one of the most appreciated methods for polymer-graphene NCs.

Poly-methyl methacrylate (PMMA) has been used for making composite mate-
rials with graphene through techniques such as in-situ emulsion polymerization,
[216] precipitation polymerization, [217] solution blending method, [218] etc. The
synthesized materials were characterized to find mechanical, thermal, and electrical
properties [216] and dielectric and rheological properties [217]. Z. Zabihi et al.

Fig. 13 Steps involved in the in-situ polymerization process for the synthesis of polymer-graphene
NCs
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studied the interaction between the two components, graphene and PMMA, through
theoretical simulations and their potential for detecting volatile organic compounds.
[218].

Small quantities of graphene significantly improve the mechanical and thermal
properties of polymers such as polyvinyl alcohol (PVA). The majority of researchers
illustrated blending GO with PVA and then reduction of GO through a suitable
method to obtain the desired rGO/PVA NC. X. Yuan reported improved tensile
strength and thermal stability of PVA when 0.8% rGO was water blended into the
polymer matrix [219]. X. Zhao et al. have reported 150% increased tensile strength
andmore than ten times enhancedYoung’smoduluswith 1.8 vol%graphene addition
via facial aqueous solution [220]. X. Wang et al. also reported improved mechan-
ical and thermal properties of PVA with much smaller (0.1 and 0.3%) fractions of
graphene [221]. They attributed strong interfacial interactions between the compo-
nents to the improved tensile strength and restriction of motion of polymer chains by
graphene sheets to the enhanced thermal stability. T. Zhou et al. obtained mechani-
cally more robust and electrically conductive rGO/PVANCwith the help of a sodium
hydrosulfite reducing agent [222].

Graphene has also been reported for making NC with polydopamine for strain
sensor;[[223]] with poly(p-phenylenediamine) for detection of protein biomarkers;
[224] with poly(isobutylene-co-isoprene) for barrier, dielectric, and sensing applica-
tions; [225] with polyimide [226] and poly(ethylene-co-methyl acrylate) [227] for
EM interference shielding; with poly(butylene succinate) [228] and polyvinylbutyral
[229] for improving thermal and mechanical properties; with poly(styrene sulfonate)
[230] and poly vinyl pyrrolidone [231] for ascorbic acid sensing.

6.2 Metal-Graphene NCs

Metal-grapheneNCshave shownpotential in a large spectrumof applications ranging
from electronics to biomedicine. Nickel, which also acts as a catalyst for the synthesis
of graphene, can quickly form NCs with graphene via electrodeposition technique,
which are widely employed in tribological applications [232–236]. It was reported
by all these groups that incorporation of graphene in Ni increases hardness and, thus,
increases wear resistance of the coating as compared to Ni coating. Surfactants, such
as sodium dodecyl sulfate, were also used in deposition baths to further improve the
synthesis process and hence the resultant properties of the coatings [232]. A. Jabbar
et al. explored the effects of bath temperature in the range from 15°C to 60°C on
deposited coatings and reported that moderate temperatures around 45°C are suitable
for obtaining refined grain size and better microhardness [233]. A. Algul et al. exten-
sively studied the effects of graphene content on wear mechanism [234]. A theoret-
ical nanoindentation simulation study on Ni-graphene NCs was performed by S.-W.
Chang et al. [237]. Their study reveals that an increasing number of graphene layers
negatively impact the hardness but improve elastic deformability. The same group
also performed atomistic simulations on Ni- and Cu-based graphene NCs to record
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the effects of temperature andgeometry on thermal interface conductance [238]. They
reported that the effects are similar for both Ni and Cu. They also demonstrated that
the SLG provides a high thermal interface conductance of ~ 500MWm−2 K−1, which
decreases to ~ 300MWm−2 K−1 for bilayer and 150MWm−2 K−1 for trilayer. For
more than three layers, the value (~100MWm−2 K−1) becomes independent of the
number of graphene layers.

Similar to Ni, Cu-graphene NCs have also been used for tribofilm formation. N.
Khobragade et al. fabricated graphene-reinforced Cu NCs through the high-pressure
torsion method and found that the synthesized NC with 10wt% graphene is twice
as hard as pure copper [239]. S. Wang et al. also reported similar improvements
in mechanical properties when graphene layers were directly deposited over Cu
nanoparticles [240]. C.L.P. Pavithra et al. synthesized Cu-graphene NC foil via elec-
trochemical route and reported ~ 250Gpa hardness, which is also close to the above-
discussed results [241]. Not only tribological applications but Cu-graphene NCs
have also been employed for sensing applications such as EC immune-sensors for
detection of newcastle disease [242] and glucose sensor for food [243].

Noble metals such as Ag and Au have also been utilized to make NCs with
graphene and have found applications in numerous areas. The synthesis protocols
are quite similar but differ in the reduction methods applied for Ag+/Au3+ ions
and GO. In a typical procedure, an aqueous solution of silver/gold salt is mixed
with an aqueous solution of GO, followed by simultaneous reduction of ions and
GO [244–251]. Some researchers also reported sequential, instead of simultaneous,
reduction of metal ions and GO [251]. The reducing agents may be chemical (e.g.,
sodium citrate,[244] hydrazine, [247, 251] sodium borohydride [246]) and biolog-
ical (e.g., electrochemically active biofilms), [245, 249], or it can be done with other
means such as electrochemistry [250] and exposure to ultraviolet radiations [248].
Bimetallic-graphene NCs have also been frequently reported in the literature. F.
Tahernejad-Javazmi et al. studied rGO/FeNi3 NCs applied to the detection of tert-
butylhydroquinone in the presence of folic acid [252]. M.R. Vengatesan et al. used
Ag–Cu/graphene NC for hybrid capacitance deionization application [253].

6.3 Metal Oxide-Graphene NCs

Metal oxides are one of the most crucial inorganic materials because they exhibit
a range of properties with a distinct variation within each one. For example, metal
oxides can have bandgaps such that some of them are narrow bandgap semicon-
ductors or wide bandgap semiconductors, and others are insulators. NCs made by
incorporating graphene into metal oxide matrix, or the other way around, offer novel
properties desirable for many applications. Solvothermal/hydrothermal routes are
generally employed for synthesizing NCs of graphene with metal oxides as well as
sulfides. A typical procedure, as schematically represented in Fig. 14, involves the
treatment of precursor material at high pressure and a temperature above the boiling
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Fig. 14 Solvo-/hydro-thermal route for the preparation of graphene-metal oxide/sulfide NCs

point (BP) of the solvent for 24 h. Titanium dioxide (TiO2), a wide bandgap mate-
rial, makes NC with graphene, and the NC thus formed has been widely explored
for solar cells, especially DSSCs, as discussed in section VI [151–153]. A group led
by Y.-J. Xu has studied the photocatalytic applications of TiO2/graphene NC for the
degradation of volatile aromatic compounds [254] and oxidation of alcohols [255].
Both these reports compared the photocatalytic activity of TiO2/graphene NC with
TiO2/CNTNC and reported better performance with the former. TiO2/graphene NCs
have also been employed for several other applications such as battery, [256] pseudo-
capacitor, [257] and sensing [258]. Solvo-/hydro-thermal techniques are often used
to synthesize graphene-metal oxide NCs, especially graphene-TiO2 NCs. [254–256,
258].

Iron oxide, with its various oxidation states, has been reported to make NCs with
graphene, which has found applications in multiple areas. S. Lee et al. prepared
Fe2O3/graphene NC via a solventless route and demonstrated its use in detecting
heavy metal ions (Zn2+, Pb2+, and Cd2+) [259]. H. Su et al. prepared FeOx/GO
NC using the co-precipitation method and demonstrated its use for highly effi-
cient arsenic removal [260]. Y. Yuan et al. employed a hydrothermal method with
hydrazine to reduce GO and prepare Fe2O3/graphene NC applied as a catalyst for
the thermal decomposition of NH4ClO4 [261]. Numerous research papers on iron
oxide/graphene NC as anode material for batteries stipulate its potential for energy
storagedevices. L.Xiao et al. useddirect self-assemblyof ironoxide andGOfollowed
by hydrothermal treatment to reduce GO to synthesize Fe2O3/rGO NC [262]. They
demonstrated its use as anode material in lithium-ion batteries with superior perfor-
mance. W. Jiang et al. reported preparing a novel FeOx/graphene NC through a
solid-state method and exhibited its use as anode material for nickel–iron batteries
[263]. They ball-milled ferrous oxalate dihydrate, GO, and glucose (reducing agent)
followed by a series of heating processes to obtain the final product. H. Ren et al.
used a simple hydrothermal method for obtaining Mn-doped Fe3O4/graphene NC
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for Na-ion batteries [264]. Fe3O4/graphene NCs have also attracted attention for
mitigating EM pollution [265, 266].

Copper oxide/graphene NCs for Li-ion batteries have also been well documented
in the literature. B. Wang et al. prepared CuO/graphene NC through simple stirring
and centrifugation processes [267]. They reported much enhanced cyclic perfor-
mance with the NC compared to anodes made by using only CuO nanoparticles.
A.K. Rai also reported a significant enhancement in the cyclic performance of
CuO/graphene NC for Li-ion batteries [268]. They, however, used short time spex-
milling for obtaining the desired composite materials. L.L. Perreault et al. prepared
graphene-wrapped Cu-Ni oxide nanoparticles with remarkable performance as Li-
ion battery anode [269]. The group spray-dried the oxide nanoparticles and graphene
mixture to form the NC. The use of CuO/graphene NC as an interfacial layer
of metal/interlayer/semiconductor junction diode was demonstrated by Z. Orhan
et al. [270]. They also studied gamma radiation resistance properties of the layer
to demonstrate the device’s ability to work in a radiation-rich environment. L. Luo
et al. discussed CuO/graphene NC for non-enzymatic highly sensitive glucose sensor
applications [271].

Several materials engineers have exploited ZnO/grapheneNCs for photocatalysis,
[272, 273] sensing, [274, 275] solar energy conversion, [276] and pollution mitiga-
tion[[277]] applications. Preparation methods and thus the synthesized NCs differ in
properties, with the most common route again being the solvothermal method [273,
277]. Other methods that have also been explored oftentimes include combinations
of stirring, ultrasonication, and centrifugation techniques; [272, 274] ball milling;
[273] and in-situ reduction of zinc acetate and GO [275, 276]. Tin oxide (SnO2) is
also hybridized with graphene to form NC materials that have found applications in
many interesting areas. Na/Li-ion batteries have seen much advancement due to the
synergistic effects of graphene and tin oxide on the anode [278, 279]. D. Zhang et al.
developed highly sensitive humidity sensors using SnO2/graphene NCs [279].

6.4 Metal Sulfide-Graphene NCs

Metal sulfides have been materials of interest for the scientific community working
in diverse areas, from energy to biomedicine. Some of them, such as MoS2 and SnS,
have layered structures similar to graphite, making them suitable for high surface
area applications such as energy storage. The addition of graphene to these metal
sulfides allowed researchers to push the performance limits in these research areas.

Graphene NCs with tin sulfides (SnS and SnS2) have been researched for multiple
applications, energy conversion and storage remain the dominant ones. M. Zhang
et al. introduced a novel solvothermal technique to synthesize SnSx/grapheneNC and
demonstrated its application as anodematerial for Li-ion batteries [280]. Researchers
have been following the route with few or no modifications to synthesize metal
sulfide/graphene NCs. T. Ma and the team also used the solvothermal method to
prepare SnS/grapheneNC,whichwas later covered byN-doped carbon coating [281].
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They demonstrated the use of this material to make anodes for Li-ion batteries. J.
Shi et al. used graphene sheets hybridized with N, S co-doped carbon-coated SnS
nanoflakes, synthesized again via solvothermal route, for Na-ion battery applications
[282]. B.Yang et al. used solvothermal technique for the preparation of SnS/graphene
NC applied to counter electrodes for DSSCs, replacing the commonly employed
Pt electrode [283]. Another group used the hydrothermal route for the fabrication
of flexible SnS2/graphene sensors for NO2 detection [284]. J. Johny et al. made
SnS/graphene NCs for solar energy conversion and electrochemical applications, but
they followed a rather different synthesis protocol. The procedure involved spraying
a mixture of SnS and GO onto moderately (120 and 250 °C) heated substrates to
obtain the desired material [285].

Cadmium sulfide (CdS), with its various forms (films, nanoparticles, etc.), is a
popular material for solar cell applications [286]. When blended with conducting
graphene, CdS can also be employed for scores of other applications. Hydrogen
production is one such sector where CdS/graphene NCs have been extensively
studied [287–289]. A group led by T. Peng used GO, cadmium acetate, and dimethyl
sulfoxide as precursor materials which were given solvothermal treatment for
CdS/rGO NC preparation [287]. The same group also reported using unreduced
GO to form NC with CdS and its application in H2 storage [288]. In this work, they
just stirred the GO and cadmium acetate mixture and added Na2S dropwise, skip-
ping the thermal treatment step with the autoclave. S. Hammadi et al. used 7–8 layer
graphene (purchased), cadmium sulfate, and thiourea as precursors for NC synthesis
[289]. They performed experiments to display its potential for solar cells in addi-
tion to H2 production applications. CdS/graphene NC has also exhibited potential
for photoelectrochemical sensing applications in a report by L. Ge et al. [290]. They
used an entirely different approach for NC synthesis directly onto an indium tin oxide
(ITO) coated glass with the help of a direct-laser writing technique. The same article
also demonstrated the fabrication of sensing devices with PbS/graphene NC through
a similar approach. Other researchers have also investigated PbS/graphene NCs for
sensing applications [291].

Cobalt sulfide (CoS)/graphene NCs have found applications in supercapacitors
[292–294] and, like other metal-sulfide/graphene NCs, are generally prepared by
solvothermal route [292, 293, 295]. R. Ramachandran et al., however, demonstrated
the use of oil bath technique to synthesize thematerial [294].G.Huang et al. described
their cobalt sulfide phase as a mixture of CoS, CoS2, and Co9S8 and demonstrated
the use of NC thus formed for Li storage with excellent cyclic performance [295].
Graphene NCs with several other metal sulfides have also been investigated, but
the list is long, and thus we will restrict this discussion by mentioning them with
a few of their applications. MoS2, for instance, has been studied for EM pollution
removal, [296] hydrogen evolution reaction, [297] desalination, [298] etc. Copper
sulfide (CuS)/grapheneNCshave been explored for hydrazine andhydrogenperoxide
sensors, [299] biosensor to detect trichloroacetic acid [300] etc. Various reports on
the supercapacitor application of nickel sulfide (NiS)/graphene NC can be found in
the literature [301, 302]. Sulfides of tungsten (WS2) [303] and vanadium (VS2) [304]
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have been investigated for sensing dihydroxybenzene isomers (catechol, resorcinol,
hydroquinone) and Li-ion batteries, respectively.

7 Summary and Future Prospects

In this chapter, graphene and its nanocomposites with several crucial organic and
inorganic materials have been discussed. Researchers from across the globe unani-
mously believe that graphene is a material of unmatched properties and, therefore,
has a bright future. This chapter is designed to encourage this faith to further add
to what researchers have achieved in the past two decades with graphene. The chal-
lenges that current technologies face for the scaled-up production of graphene and
the currently available options to circumvent these issues have been explored. The
discussion has an emphasis on the liquid phase exfoliation (LPE) process as it is a
simple and one of the most promising techniques for cost-effective production of
commercial-grade graphene in larger quantities.

Characterization tools are required for the quality assessment of graphene. Few of
them, which reveal critical information, have been discussed in the chapter. Basics of
Raman spectroscopy andvarious aspects of it,when implemented for characterization
of graphene, have been critically discoursed. The origin of different bands appearing
in the Raman spectrum of graphene, their broadening and shifting due to structural
changes introduced by imperfections have been discussed. SAED was introduced,
within the scope of graphene, for information on the crystal structure and stacking
of layers. A brief discussion of microscopic tools such as TEM and AFM has also
been presented.

The remarkable properties of graphene made curious minds wonder about their
exploitation in real-world applications. In this chapter, applications of graphene are
reviewed in electronics, healthcare, energy, environmental remediation, sensing, and
protective coating sectors. Graphene nanocomposites are generally prepared to opti-
mize properties for application-specific requirements. For example, graphene NCs
with metals have excellent tribological properties, while NCs with metal oxides and
sulfides have shown much potential for energy storage devices, especially batteries
and supercapacitors. A discussion on the nanocomposites of graphenewith polymers,
metals, metal-oxides, and sulfides has been included in the chapter.
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Synthesis of Graphene Oxide and Its
Metal Composites

Ahmad Khalilullah, Ramsha Anwer, and Imran Uddin

Abstract Because of the unique features of a derivative of allotropic carbon graphite
that has been known as graphene oxide, a number of unique optical, electrical and
thermal breakthroughs has come into limelight. This has made graphene oxide as the
material having the most intriguing nature which is still under investigation. Further-
more, apart from just a precursor for the manufacturing of graphene, researchers
have discovered a plethora of unique optical, electrical, and chemical characteristics
of graphene oxide that may be used in a variety of applications. The synthesis of GO,
its structure and characterisation along with its functionalization and GO applica-
tions are the subject of this chapter. Additionally, we have discussed the use of GO in
environmental, medicinal, and biological applications, freestanding membranes, and
diverse composite systems. The synthesis of graphene oxide and its nanocomposite
based on novel nanoparticles will be covered in this chapter. A brief overview has
also been provided, with a focus on the use of graphene oxide and its nanocomposite
in various fields, particularly waste water treatment of water.

Keywords Graphene oxide · Nanocomposite ·Metals · Synthesis · Economical
aspects

1 Introduction

Graphene oxide is the oxidised form of graphene with disrupted lattice as compared
to the lattice of the pristine graphene. For the first time oxidation of graphite has been
studied in the mid-nineteenth century by Brodie in 1860 when graphite was treated
with potassium chlorate (KClO3) and fuming nitric acid (HNO3) [5]. Later in 1898
Staudenmaier improved this approach for oxidising graphite by slowly adding the
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potassium chlorate to a solution containing concentrated sulphuric acid, concentrated
nitric acid (63%) and graphite [59]. Researchers, however, deemed this approach
unsafe as the mass ratio of potassium chlorate with respect to graphite is quite high,
along with that the method is also time consuming. After more than half-century
Hummers and Offeman in 1958 gave a safe method of graphene oxide synthesis,
based on a water-free mixture of concentrated sulphuric acid, sodium nitrate, and
potassium permanganate known as the Hummers method [49]. Temperatures of
only 45 °C are necessary for this approach, and the entire reaction took only two
hours to finish. Literature-based on graphene oxide states that Brodie, Staudenmaier,
and Hummer proposed three methodologies which were later considered to be the
main approaches for the synthesis of graphene oxide via the oxidation of graphite,
resulting in the formation of exfoliated graphite sheets with oxygen based functional
groups attached to it. The structure of graphene oxide constitutes nonstoichiometric
geometry having various oxygen based functional groups such as hydroxyl, epoxy,
carboxyl groups and their bonding to carbon atoms in the graphene layer. Since the
functional groups are having electron pairs which makes graphene oxide as nega-
tively charged in nature. Thus, graphene oxide sheets dispersewell inwater due to the
negative surface charges on the sheets that arise from the phenols, epoxy, hydroxyl,
carbonyl and carboxylic acid groups present on graphene oxide and keep it from
aggregating [23]. Due to the hydrophilic nature of graphene oxide, intersheet separa-
tions range from 0.6 nm to 1.2 nm [6]. Not only in water, but Graphene oxide is also
dispersible in a wide range of organic solvents, such as N,N dimethylformamide,
N-methyl-2-pyrrolidone, Tetrahydrofuran and ethylene glycol [45].

Initially there have been five proposed models of Graphene oxide but at last
the final model of graphene oxide comes out to be the collective model of Scholz-
Boehm’s andRuess’models. Graphene oxide on reduction gives rise to graphene thus
it is used to synthesise graphene by means of a reducing agent like sodium boro-
hydride (NaBH4), hydrazine and dimethylhydrazine [55, 65]. In pure anhydrous
hydrazine, maximum percentile carboxyl groups attached with the lattice carbon
atoms of graphene oxide are reduced which makes graphene formation by anhy-
drous hydrazine an effective method. However, the former use of pure hydrazine for
the formation of graphene shows effective and impressive results but the nature of
hydrazine in this methodology should be anhydrous which requires a dry-box that
act as a limitation that hinders the large-scale production. Graphene oxide can also
be used to form graphene by reducing graphene oxide via electrochemical method
in which a sharp increase in current is employed that give rise to electrochemical
reduction of the graphene oxide.

Exfoliation of graphite is not only done by chemical means but also by thermal
means. In case of thermal expansion of graphite oxide, the decomposition rate of
epoxy and hydroxyl sites of graphene oxide becomes larger than the rate of diffusion
of the evolved gases and this causes a build-up of pressure which overcomes the
van der Waals forces that bind the graphite sheets together and exfoliation occurs
resulting in the formation of graphene oxide [40]. The carbon atom has different
hybridization due to which graphene and graphene oxide exhibit different electrical
nature. The functionalised graphene sheets are electrically conductive due to sp2
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hybridization while graphene oxide act as an insulator because of sp3 hybridization
[52].

Graphene oxide is a two-dimensional crystal structure formed by a flat mono-
layer of carbon atoms arranged in a hexagonal lattice [42]. Graphene oxide has been
a source of contention in recent years, as it represents a reasonable startingmaterial for
the mass manufacture of graphene. Additionally, Graphene oxide Nano sheets have
recently attracted a great deal of attention due to their unique chemical and physical
properties that highlight its potential as a promising material for biological applica-
tions such as bio functionalization [74]. Graphene oxide nanosheets are interesting
materials for enzyme immobilization due to their large specific surface area and abun-
dant functional groups [37]. Depending on the degree of oxidation Graphene oxide
acts as a semiconductor or insulator. This behaviour of graphene oxide attracted atten-
tion towards its chemical structure [47], electronic properties [74], reductive nature
[46] and chemical modification or functionalization [7]. The electronic properties
of graphene oxide mainly depend on the oxidation level and chemical composition
which can be tailored by removal or addition of certain oxygen groups to adjust
the proportion of sp2 and sp3 carbon [30]. The electrical, mechanical, and elec-
trochemical characteristics of graphene oxide are all influenced by the oxygenated
groups present in it. Because of the polar oxygen functional groups, graphene oxide
exhibit hydrophilic nature due towhich graphene oxide shows dispensability inwater
and hence form stable graphene oxide dispersion, making it possible to make thin
conductive films by means of drop-casting, spraying, or spin-coating [31]. Addition-
ally, these functional groups act as sites responsible for functionalization of graphene
oxide. Thus, the chemical composition of graphene oxide makes it possible to tune
its physicochemical properties and makes graphene oxide a promising nanomaterial
to fabricate electrochemical and electro analysis sensors.

Graphene consists of a one-atom-thick planar sheet comprising sp2 bonded carbon
structure with exceptionally high crystal and electronic quality [20]. Graphene has
been making a profound impact in many areas of science and technology due to its
remarkable physicochemical properties like high specific surface area [64] strong
mechanical strength and excellent thermal and electrical conductivities [4]. These
unique physicochemical properties make graphene useful for critical improvements
in the field of electrochemistry.

Apart from graphene oxide and graphene there exist a partially reduced form of
graphene oxide that has layered lattice of carbon atoms similar to that of graphene
oxide but the all the carbon atoms of lattice plane in reduced graphene oxide are
not attached with oxygen-containing groups, rather of all the carbon atoms of lattice
plane, some of them are sp2 hybridised while some of them are sp3 hybridised.
Therefore, based on the observations it has been concluded that graphene oxide is
a single atomic layered nanomaterial synthesized by the oxidation of graphite [18],
and has property of water dispersibility. However, the partly reduced graphene oxide
consist of carbon atoms having sp3 as well as sp2 hybridisation. Some other names
have also been given to reduced graphene oxide, such as functionalized graphene,
chemically modified graphene, chemically converted graphene, or reduced graphene
[16].
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Graphene oxide can be synthesized using graphite, an allotrope of carbon that
act as raw material through cost effective chemical methods with a high yield.
Since, graphene oxide is hydrophilic in nature therefore it forms stable water colloids
and makes it possible for the construction of macroscopic structures by economical
processes. The graphene oxide sheets consist of sp3 carbon atoms which are attached
with oxygen based functional groups that are oriented either above or below the lattice
plane. Because of the structure deformation and the presence of covalently bonded
functional groups, graphene oxide sheets are atomically rough. Several researchers
have studied the surface of graphene oxide and observed highly defective regions,
probably due to the presence of oxygen, and other areas are nearly intact [11].
According to a report the carbon atoms of graphene oxide attached to functional
groups are slightly displaced, but the overall size of the unit cell in graphene oxide
remains similar to that of graphene [44].

2 Synthesis of Graphene Oxide

The synthesismethods of graphene oxide include twomain techniques that are termed
as, Top-down approach & Bottom-up approach.

2.1 Top-Down Approach

Synthesis of graphene oxide based on top-down approach includes the principle of
separation of various graphite layers by overcoming the van der Walls forces of
attraction between them. A schematic representation showing top down approach is
depicted here in Fig. 1.

The major synthesis routes which come under this category are chemical exfo-
liation and electrochemical exfoliation. Chemical exfoliation employs appropriate

Fig. 1 Schematic representation of top-down approach of nanoparticles
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liquid environment and temperature to exfoliate graphite into individual layers via
oxidation. This technique can be considered to be divided into three steps:

(a) Dispersion of graphite
(b) Exfoliation of graphite into single and multi-layer graphene oxide
(c) Purification which separates single and multilayer graphene oxide generally by

centrifugation.

The graphite exfoliation by chemical means is economical and appropriate for the
large scale synthesis. Further for applications like composites [24] thin films [22] and
ink [64], this method gained wide popularity. The major limitations of this technique
are the limited size of synthesized graphene oxide sheets and the presence of defects
and non-exfoliated graphene oxide sheets [43]. Based on the principle of chem-
ical exfoliation, graphene oxide can be synthesized by using methods developed by
Brodie, Park andHummers. The quality of graphene oxide can be improved bymeans
of thermal exfoliation under constant pressure [40]. Graphene oxide synthesized
by chemical oxidation method contains many functional groups which make them
ideal for making composites [58]. This technique produces large size flakes, control-
lable solution processing and can be scaled up for industrial synthesis. Graphene
oxide synthesised from top down approach is used in different applications in its
actual as well as in its reduced form like electrochemical glucose sensor, trans-
parent conducting films, electrodes, solar cells, and ultrafast lasers [17, 66]. The
time-consuming nature of this technique and implication of hazardous chemicals
like hydrazine hydrate, sulphuric acid during the reduction and oxidation process
makes this approach non eco-friendly.

2.2 Bottom-Up Approach

This type of approach refers to the building of material from constituent particle by
constituent particle where, constituent particle includes atom, molecule or cluster.
In the bottom-up approach, one starts with employing carbon molecules usually
obtained from different sources as precursors [68]. The schematic representation
showing concept of bottom up approach is shown below in Fig. 2.

Fig. 2 Schematic representation of bottom-up approach of nanoparticles
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Graphene oxide is usually prepared by various methods that are based on this
approach, and are known as Hummers’ method or modified Hummers’ methods.
Since, top-down approaches employs strong oxidizing agents, to overcome this draw-
back, synthesis of graphene oxide is done by the bottom-up approach in such a way
that graphene oxide so formed will be of required thickness (as per the need) ranging
from 1 to 1500 nm. The lateral sizes of the monolayer and few-layer graphene oxide
are about 20 and 100 mm respectively [27].

In bottom up approach the graphene oxide is prepared by a hydrothermal method.
In this method glucose is used as a sole reagent, that utilizes the bottom-up approach
to synthesize graphene oxide with controllable number of layers ranging frommono-
layer to multilayers, having tuneable properties that have been achieved by thermal
annealing of sample using Rapid Thermal Processor so that the amount of oxygen
present in graphene oxide can be controlled. This method is advantageous over other
methods of top-down approaches as it is environmentally friendly, facile, low-cost
as well as capable of scaling up for mass production [63].

Since graphene oxide is an emerging area of research, a large number of arti-
cles as well as reviews have been published exploring different synthesis approaches
to graphene oxide. Each synthesis technique specializes in various properties of
graphene oxide like dimensions, layers, conductivity, quality, cost-effectiveness,
and so on. The methods used for the synthesis of graphene oxide include chemical
and electrochemical exfoliation of graphene oxide and by means of a hydrothermal
method based on bottom-up technique using glucose as a sole reagent [33, 63].

Since, functionalisation of graphene oxide has a risk on specificity, greater
loading capacity, solubility, stability, and biocompatibility. Therefore, researchers
have implemented a various level of interactions like covalent bonding of the func-
tional molecules with the graphene oxide basal planes, defects and edges of graphene
oxide sheets, noncovalent adsorption via hydrogen bonding, π-π stacking, electro-
static interactions, and van der Waals attractions in order to make graphene oxide
synthesis more efficient [12]. Considering the above factors various chemical and
electrochemical methods have been proposed for the synthesis of graphene oxide
which have been discussed in the following section below.

2.2.1 Chemical Methods

There are various chemical approaches reported to extract graphene oxide from
graphite. The possibility of producing graphene oxide from natural graphite by
chemical approach was first pointed out by Horiuchi et al. during their attempt to
produce carbon Nano films [25]. The method consists of the oxidation process, dilu-
tion in methanol and centrifugation. Another chemical method was developed using
sulphuric acid and nitric acid which introduce intercalate into the layers of graphite.
Then the graphite is followed by rapid heating at 1000 °C which results in the forma-
tion of the thin oxidised graphitic sheet. Chemical exfoliation from graphite crystal
is a widely accepted technique to produce graphene oxide. This method is capable of
producing low-cost graphene oxide in large quantities. Typically, themethod includes



Synthesis of Graphene Oxide and Its Metal Composites 95

oxidation followed by thermal expansion of oxidised graphite [39]. This results in
the formation of graphene oxide having covalently bonded functional groups namely
hydroxyl, epoxide groups, that are bonded to the basal plane of the graphene oxide
sheets, and carboxyl groups that occupy the edges of the lattice planes. Due to the
presence of such functional groups graphene oxide sheets exhibit hydrophilic nature
and hence form negatively charged colloidal suspension.

Reduction of graphene oxide can be reduced to form graphene. The method is
advantageous because of its scalability, large volume of production and effectiveness
in multipurpose functionalization, but the higher number of defects is the main limi-
tation of the method. In the chemical methodology, one of the reliable techniques is
used which is called a modified Hummers’ method. Hummers’ method is a chemical
process in which graphite is subjected to oxidation, with strong oxidising agents
namely nitric acid, potassium permanganate and sulphuric acid, which results in an
increment of spacing between two consecutive layers of graphite from 0.335 nm for
to more than 0.625, nm resulting in the synthesis of large quantities of one atom
thick graphene oxide. B. C. Brodie for the very first time synthesized graphene oxide
in 1859 by oxidising slurry of graphite in the presence of fuming nitric acid and
potassium chlorate. Later, in 1898, Staudenmaier developed this method by intro-
ducing concentrated sulphuric acid to the above-mentioned reaction system and this
work opened a new systematic approach towards graphene oxide synthesis. In 1958,
the scientist William S. Hummers reported an alternative method for the synthesis
of graphene oxide by using KMnO4 and NaNO3 in concentrated H2SO4, which
came to be known as modified Hummers’ method [55]. This method is economically
favourable, but a significant number of defects is the limitation of the method. The
typical experimental procedure of modified Hummer’s method is as follows:

1. Five grams of graphite powder and 2.5 g of NaNO3 dispersed in 115 ml H2SO4

(98%) as an intercalating agent and stirred for 2 h.
2. Then15gmof groundKMnO4 addedgradually to the above solution. The temper-

ature of the solution was kept less than 20 °C by keeping it in the ice bath then
the solution is a deep oily green colour.

3. Next, the mixture was stirred at 35–37 °C for 2 h. The solution colour in the
medium temperature stage is like thick brown paste.

4. The resulting solution is diluted gradually by adding 200 ml of deionized water
under vigorous stirring to get a reddish-brown suspension of graphite oxide solu-
tion with the temperature at this stage being 95 °C keeping constant stirring for
1 h.

5. The suspension is then treated further by adding 30ml of 30%H2O2 solution and
350 ml of distilled water. The bright orange colour of graphene oxide suspen-
sion will appear after adding the peroxide solution (H2O2 convert the residual
permanganate to soluble manganese sulphate and the solution colour changed to
yellowish-brown indicating the oxidation of graphite).

6. The suspension was first washed with 5% hydrochloric acid (HCl) in order to
remove the sulphate ions attached with the graphene oxide and then with DI until
the pH of suspension became neutral by removing the attached salt impurities.



96 A. Khalilullah et al.

Fig. 3 a, b Transmission electron micrograph image (TEM) of graphene oxide nanosheets

7. After maintaining the pH at 7 the thick brown sticky precipitate is dried in
temperature not exceeding the limit of 60 °C.

8. After drying, the precipitate is ground and finally, the silver-brown powder of
graphene oxide is ready to use.

Transmission Electron Microscopy is used to determine the structure of graphene
oxide that has been found similar to that of the structure discussed in the former.
Figure 3 exhibits TEM image of graphene oxide along with SAED pattern
representing its crystalline nature.

2.2.2 Electrochemical Methods

Electrolysis is an important phenomenon occurring due to the chemical effect of
electric current. The effect produced on metallic conductors due to the flow of elec-
tric current heavily differs from the effect produced by the electric current in an ionic
solution called electrolyte. The conduction of electric current through a metallic
conductor is due to the drifting of free electrons and hence chemically or physically
no change occurs except the generation of heat. At the same time, the conduction
of electric current through an electrolyte is due to the movement of ions and hence
that will be associated with chemical changes. In a typical electrolytic experiment,
two metal rods or graphite rods are used as electrodes which are connected to the
positive and negative terminal of the battery and are known as anode and cathode
respectively. These two electrodes are immersed in an ionic solution called elec-
trolyte. An appropriate dc voltage is provided across the electrodes by connecting
the battery. The dissociation process of an electrolyte occurs and the dissociated ions
namely cation and anion will move towards the electrodes.

Electrolytic synthesis is a reliable, cost-effective and eco-friendly method for the
synthesis of nanomaterials. A wide range of nanomaterials can be synthesized using
this technique. An electrochemical approach for the synthesis of nanomaterials was
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first effectively introduced and studied in detail by Reetz and Helbig in 1994. For the
formation of metallic particles, Reetz et al. dissolved a metal sheet (anodic reaction)
to form an intermediate metal salt which was reduced at the cathode. In the reac-
tion, Tetraalkylammonium salts were used as a stabilizer. Later as motivation from
above work, Rodigrigous Sanchez et al. successfully synthesized silver nanoparti-
cles using acetonitrile containing tetrabutylammonium salt. The synthesis of high
purity nanoparticles with controlled size without requiring any expensive equipment
or vacuum is considered as the main advantage of the electrochemical route. The
features like reliable operation, possibly in size and shape control, high yield and
absence of unwanted side products, etc. increased the acceptance of electrolysis
method among researchers. The method is especially advanced in the synthesis of
metallic nanostructuredmaterials and is also used for the synthesis of graphene sheets
[34]. The electrochemical synthesis of graphene oxide includes two graphite rods as
electrodes, the ionic solution as an electrolyte and a constant dc voltage as a power
supply. When a voltage is applied across the graphite rods, the anode gets structural
expansion due to the intercalation of anions and hence exfoliated graphene oxide
sheets form by this oxidation process [57]. Thus, on electrolysis, the graphene oxide
sheets are obtained at graphite made anode electrode.

3 Properties of Graphene Oxide

Graphene oxide sheets disperse well in water due to the negative surface charges on
the sheets and keep it from aggregating [23]. Also due to the hydrophilic nature of
graphene oxide, it shows variable inter sheet separations ranging from 0.6 to 1.2 nm
[6]. Inspite of having hydrophilic nature, graphene oxide can dissolve in a wide range
of organic solvents such as N-methyl-2-pyrrolidone, THF, N, N dimethylformamide
and ethylene glycol. Graphene oxide can act as a semiconductor or in some cases as
an insulator depending upon the parameters of the system and their optical as well
as electronic properties, as per their requirement, can be modified.

The structure of graphene oxide is of nonstoichiometric nature [28]. Graphene
oxide has a carbon network consisting of two kinds of regions i.e. trans-linked cyclo-
hexane chairs and ribbons of flat hexagons with C–C double bonds as well as func-
tional groups [62]. Being a 2D structure with various oxygenated functional groups,
graphene oxide exhibits various excellent qualities in the electrochemical, optical,
mechanical, thermal and chemical reactivity fields. Depending on the chemical &
atomic structures, structural defects and presence of sp3 hybridised carbon atoms,
graphene oxide shows electronic properties such as conductivity. Graphene oxide
shows insulating nature with a sheet resistance of 1012 � sq−1 or higher due to the
sp3 hybridised C–O bonding [54]. However, the reduction of graphene oxide results
in a decrease in sheet resistance by several orders of magnitude and hence transforms
thematerial into a semiconductor and ultimately into a carbonaceous semimetal [21].
The conductivity of the reduced graphene oxide is approximately equal to 1000 S/m
and the activation energy of the graphene oxide has been estimated to be 32 ±
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5 kcal/mol. In addition to these interesting electronic properties, graphene oxide also
exhibit optical properties due to which it shows photoluminescence in Uv–Visible
wavelength range which changes with reduction of graphene oxide and makes it
useful for biosensing, and optoelectronic applications [14]. Graphene oxide shows
electrochemical properties due to its electron mobility and unique surface proper-
ties which make it be used efficiently in electrical wires of the redox centres of
several heme-containing metalloproteins [56]. Graphene oxide also possesses excel-
lent electrocatalytic properties toward oxygen reduction and certain biomolecules
[38]. Graphene oxide exhibits high electrochemical capacitance with excellent cycle
performance and hence has potential application in ultra-capacitors [8]. Due to the
presence of a large number of oxygen-containing functional groups and structural
defects, graphene oxide exhibits enhanced chemical activity [15]. One of the most
important reactions of graphene oxide is its reduction which can be done using
various reducing agents like hydrazine, sodium borohydride or hydroquinone in
liquid medium [50]. One more significant chemical reactivity of graphene oxide
is its capacity regarding chemical functionalization that involves introducing other
groups to graphene oxide sheets via chemical reactions based on in-situ technique
and ex-situ technique. For chemical functionalization, various oxygen-based groups
attached to graphene oxide are subjected to orthogonal reactions. Typically, graphene
oxide can be covalently functionalized using specially selected small molecules or
polymers through activation and amidation/esterification of either the carboxyls or
hydroxyls in graphene oxide via coupling reactions [69]. The noncovalent function-
alization of graphene oxide is achieved by π–π stacking, van der Waals interactions,
or hydrogen bonding graphene oxide can also be used as carbocatalyst for facilitating
oxidation and hydration reactions and hence can be used to catalyse the oxidation
of alcohols and alkenes and for the hydration of various alkynes into their respec-
tive aldehydes and ketones [48, 19]. Also graphene oxide shows strong oxidizing
properties which makes it liable to use for oxidation in a broad range of reactions
like oxidation of olefins to diones, methyl benzenes to aldehydes, diarylethenes to
ketones, and various dehydrogenations [29].

4 Applications of Graphene Oxide

Due to antimicrobial properties and low toxicity graphene oxide has been proposed
for the use as antimicrobial agents. The functionalized graphene oxide could inhibit
Herpes Simplex Virus Type-1 infection through cell attachment inhibition at low
concentrations [51]. A graphene oxide/carbon nanotube-based nanocomposite has
been created and is being used in the treatment of trichomoniasis sickness. This
due to the fact that nanocomposite formed a stable colloidal solution and interacted
with the cell membrane of the protozoan trichomonas foetus strongly. Therefore, the
hybrid nanocompositemight be an excellent candidate for a drug carrier, which could
be used to deliver therapeutic agents to treat trichomoniasis disease [71]. Graphene
oxide sheets has high potential for biological applications which makes it possible to
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use graphene oxide biofunctionalization like enzyme immobilization. For example,
cross-linking of amino groups on pectinase and functional groups and site-specific
interactions can be used to immobilize acid pectinase and Chloroperoxidase on
graphene oxide Nanosheets acting as the matrix. The system showed higher activity,
better thermal stability, and remained active in basic medium and at higher concen-
trations of oxidant in comparisonwith the free enzyme [14]. α-Amylase immobilized
on graphene oxide sheets also exhibits enhanced thermal and storage stability. The
application fields of graphene oxide are mainly focused on sensor and drug delivery
[56]. A number of graphene oxide based electronic devices have been fabricated
that are now implemented in the medicinal field for diagnosis, sensing and moni-
toring of drugs. One such device is a graphene-based field-effect transistor (FET)
[26]. Another example is fluorescent-based biosensors that have been employed for
the detection of DNA and proteins, with the potential for improved HIV diagnosis.
One more remarkable application of graphene oxide is that folic acid-functionalized
graphene oxide helps in detecting human cervical cancer and human breast cancer
cells [69]. Graphene oxide is also used to make glucose sensors that use dc power.
One of the primary ways by which graphene oxide is anticipated to be used is to
create conductive transparent films that can be put on any surface. Such coatings
could be used in flexible electronics, solar cells, liquid crystal devices, chemical
sensors, and touch screen devices [8]. One such example is the transparent electrode
of graphene oxide that has been used as a hole transport layer in polymer solar cells
and LEDs [50]. Graphene oxide has an extremely high surface area which makes it
useful as an electrode in batteries and double-layered capacitors, as well as in fuel
cells and solar cells [2]. Due to its ability to store hydrogen, graphene oxide based
nanocomposite can also be employed in fabricating high-capacity energy storage
devices like lithium ion batteries. Anticancer medications have been delivered using
functionalized graphene oxide. Furthermore, since, the interlayer distance of dried
Hummers graphite oxide was 6.35 A°, but it rose to 11.6 A° in liquid water. This
swelling of graphene oxide structures allows a water penetration channel between
individual graphene oxide layers, which is attributed to water permeation and water
diffusion across the membrane at a rate of 0.1 mg/min/cm2 and 1 cm/h respectively.
These property of graphene oxide makes it suitable for using as a potentially active
nanomaterial for water desalination in 1960, as the membranes of graphene oxide
in a reverse osmosis process shows 90% retention rate for NaCl solutions, and as
the cation exchange membrane especially for the case of massive alkaloid ions.
Graphene oxide based polymer nanocomposites exhibit enhanced properties like
elasticity, tenacity, thermal stability and conductivity as compared to the properties
of the original polymer that is used as the matrix for nanocomposite. Keeping in view
of this extraordinary behaviour of nanocomposite, it is used in the form of stabilized
paper-like structures specifically for hydrogen storage applications, ion conductors
and Nanofiltration membranes [48].
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5 Economical Aspects of Graphene Oxide

Due to the unique and exceptional electrical, optical, mechanical, and chemical capa-
bilities of graphene and graphene oxide, these materials have received a lot of atten-
tion in the last decade [70]. Keeping in view of their applications the economical
aspect of graphene oxide has been a great centre of concern. Graphene Oxide used
in high-performance energy generation and storage technologies. Researchers have
harnessed graphene oxide’s unusual capabilities to build revolutionary electronic
materials such as transparent conductors and ultrafast transistors. Understanding
graphene oxide’s numerous chemical characteristics has recently facilitated its use
in high-performance energy generation and storage technologies [13]. The excellent
2D planar structure, large surface area, mechanical as well as chemical stability,
superconductivity and biocompatibility of graphene oxide, have been extensively
investigated as some of the most promising in biomedical applications. These char-
acteristics suggest that they could be useful in the development of sophisticated drug
delivery systems and the delivery of a wide range of treatments [35]. A graphene
oxide based drug delivery system can also achieve co-distribution of numerous drugs
or genes with improved chemotherapeutic efficacy, thanks to the specialised design
of molecular structure of matrices. It was discovered when two anticancer medicines,
doxorubicin (DOX) and camptothecin (CPT), were simultaneously loaded onto the
Folic Acid-conjugated graphene oxide, via p–p stacking and hydrophobic interac-
tions. Folic acid—graphene oxide delivered two medicines simultaneously that had
superior targeting efficacy and cytotoxicity than graphene oxide that simply deliv-
ered DOX or CPT [72]. It indicates that the usage of functionalized graphene oxide
for controlled loading and targeted delivery of multiple drugs, can improve the ther-
apeutic efficacy because of the increased surface area and surface functionality of
graphene oxide. Also, the pi-pi stacking interactions of graphene oxide GO could
be useful in successfully creating reactive oxygen species (ROS) that can destroy
cancer cells when exposed to radiation [41].

The graphene oxide nano-walls generated by a chemical exfoliation technique by
electrophoretic deposition of Mg2+ on graphene oxide nanosheets are found to have
antibacterial activity. The cell membrane injury of the bacteria generated by direct
contact of the bacteria with the extremely sharp edges of the nanowalls was discov-
ered to be the effective mechanism in the bacterial inactivation based on monitoring
the outflow of cytoplasmic components of the bacteria. Gram-negative Escherichia
coli bacteria with an outer membrane were more resistant to nanowall-induced cell
membrane disruption than Gram-positive Staphylococcus aureus bacteria without an
outside membrane. Furthermore, hydrazine-reduced graphene oxide nanowalls were
more hazardous to bacteria than unreduced graphene oxide nanowalls. The better
charge transfer between the bacteria and the more sharpened edges of the reduced
nanowalls during the contact interaction was attributed to the reduced nanowall’s
enhanced antibacterial activity [1]. An experiment conducted on antibacterial activity
of four types of graphene-based materials graphite, graphite oxide, graphene oxide,
and reduced graphene oxide against Escherichia coli as a bacterial model. Graphene
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Oxide dispersion had the strongest antibacterial activity (under similar concentration
and incubation circumstances), followed by reduced graphene oxide, graphite and
graphite oxide. Both membrane and oxidative stress may play a role in bacterial
cytotoxicity as graphene materials with a higher density of functional groups and
smaller sizes have a greater likelihood of interacting with bacteria, leading in cell
deposition. Graphene oxide nanosheets can cause membrane stress by disrupting and
destroying cell membranes, resulting in cell death when they come into close contact
[36].

Graphene oxide can be used as a catalyst as it has an extraordinary catalytic capa-
bility on its own and in combinationwith another substance. It’s an ideal environment
for molecular engineering. Graphene oxide can act as an oxidant during anaerobic
oxidation and is decreased at the end of the first catalytic cycle due to its many
oxygen atoms. During aerobic oxidation, however, partly reduced graphene oxide
can continue to activate molecular oxygen. Organic dyes or organo-catalysts can
also be used to hybridise graphene oxide. Dye-induced photosensitization and easy
charge transfer across the graphene contact have a synergistic effect that improves
catalytic conversion [60].

The single-layer graphene oxide sheets sized down to a few nanometres in lateral
width have been used to develop techniques for cell imaging in biological systems.
The functionalization chemistry is implemented in order to impart solubility and
compatibility of nano-graphene oxide in biological environments. The obtained size
separated pegylated nano-graphene oxide sheets are soluble in buffers and serum
without agglomeration. The nano-graphene oxide sheets are found to be photolumi-
nescent in the visible and infrared regions. The intrinsic photoluminescence (PL) of
nano-graphene oxide is used for live cell imaging in the near-infrared (NIR). One
technique for producing photoluminescence in graphenematerials is by the induction
of energy band gaps by reducing graphene to finite sizes or by forming sp2 islands,
while the other involves the production of defects [61]. In the photoluminescence
emission of nanoscale graphene materials, both processes are usually active at the
same time. This is due to the fact that these materials are often made by extensive
oxidising graphene cutting, followed by reduction to reduced graphene oxide. Chem-
ical treatments invariably result in structural defects. Any sites that are not excellent
sp2 domains are referred to as defects. The defect-derived photoluminescence is
similar to that of other carbon materials, such as carbon dots, in terms of mechanism
[10]. Owing to its small size, intrinsic optical properties, large specific surface area,
low cost, and useful non-covalent interaction they are effective in imaging [61].

Due to theuniqueproperties of grapheneoxide, the grapheneoxidebasedmaterials
have been used to generate a number of biosensors using a variety of sensing modes,
including electrochemical and optical signalling. The electrochemical approach has
received a lot of interest for biomolecule detection as one of the best methods due to
its ease of operation, quick response, low cost, and high sensitivity. Graphene oxide
based electrodes for detection fields can produce high-sensitivity electrochemical
sensors because graphene has shown significant efficiency [3].
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6 Functionalisation of Graphene Oxide with Metal
Nanoparticles

The synthesis of graphene oxide/nanoparticle hybrids is categorized into two basic
categories i.e. In-situ technique and Ex-situ technique. In the former approach, the
crystalline nanoparticles are formed in the presence of graphene oxide and direct
development or growth of nanostructures on graphene oxide sheets is obtained. On
the other hand, in the ex-situ technique, nanostructures with desired shape and size
are first synthesised, followed by the functionalisation of the graphene oxide sheets
with nanoparticles to form a graphene oxide-based nanocomposite [34]. Figure 4
represents the TEM image of graphene oxide nanocomposite which is functionalised
by gold nanoparticles.

There are many synthesis techniques reported under these approaches. However,
the two main synthesis techniques that have been used for the functionalisation of
graphene oxide to form graphene oxide-based nanocomposites are; hydrothermal
method and electrochemical method.

The hydrothermal technique adapted from mineral formation occurring in nature
has been used as an efficient method for the synthesis of inorganic nanomaterials.
In nature generally, minerals are formed under specific pressure and temperature in
the presence of water. The possibilities of a hydrothermal method for the artificial
synthesis of inorganic compounds were first commercially explored by Karl Josef
Bayer in 1892. Bayer converted aluminium hydroxide to Al2O3 by hydrothermal
method. Today, the hydrothermal method has conquered the major fields of science
such as nanotechnology, medical research, etc. due to its attractive properties like
reduced contamination, the low temperature of synthesis, etc. The hydrothermal

Fig. 4 a Transmission electron micrograph (TEM) and b scanning electron micrograph (SEM) of
graphene oxide nanosheets



Synthesis of Graphene Oxide and Its Metal Composites 103

method has found its application in the field of crystal growth, thin-film preparation,
material processing, etc.

Typically, hydrothermal reactions are carried out in an autoclave. The simple scale
type autoclave uses a 50–100 ml Teflon lined vessel for carrying the precursors and
is designed to work at low pressure and low temperature (around 300 °C and 1000
bars).

The hydrothermal method is capable of reducing graphene oxide. Moreover,
in the hydrothermal method, formation of nanoparticles from its precursors and
functionalization of the nanoparticles on reduced form of graphene oxide, both
are simultaneously possible. Superheated H2O facilitates acid-catalyzed reactions
during the hydrothermal process, which results in an increase in the restoration of
the -conjugation network inside the graphene oxide sheets owing to the availability
of suitably high H+ concentration. This results in the formation of reduced graphene
oxide from graphene oxide. The main advantages of the hydrothermal method are
that it has high production efficiency and the possibility for synthesising nanoparti-
cles with a high crystalline degree. The requirement of high temperature and need
of a long time is the limitations of the hydrothermal method [53, 67].

The electrochemical approach is also used for the functionalization of nanoparti-
cles with graphene oxide by using different electrolytes. This method is considered
as advantageous as it is reliable and cost-effective. Although the in-situ functional-
ization is advantageous because of its efficiency, simplicity and cost-effectiveness,
it has certain limitations, one of which is tuning the morphology of the nanoparti-
cles. Keeping in view the above merits and limitations of in situ technique, ex situ
technique of graphene oxide functionalization for the fabrication of nanocomposite
have been proposed. In ex situ technique the noble metal based nanocomposites
are prepared using nanoparticles which are not dispersed directly into the graphene
oxide matrix. Although the ex situ approach is an excellent one, its limitation acts
as a challenge during nanocomposite synthesis especially for nanoparticles having
higher dispersibility in the matrix of graphene oxide. In order to solve these prob-
lems sonication methods if needed have been employed as per the requirement, to
get complete and stable dispersion of the nanoparticles in the matrix.

7 Graphene Oxide Nanocomposites

Nanotechnology is an emerging technology, which deals with synthesis, characteri-
zation, andmanipulations in the nanometre scale, which leads to various applications
of material science, engineering, and devices. Themain attraction of nanotechnology
is its tendency to approachmaterial to explore the unique physical and chemical prop-
erties of a material. Generally, for nanoparticles, at least one phase of the particle
must be in a range of size 1–100 nm. The larger surface-volume ratio compared to
bulk materials makes nanoparticles as authentic structures to fascinate the chem-
ical transformations. The nanomaterials are bulkily classified as environmental and
engineered. Metal oxides and metal sulphides are commonly found as minerals
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in nature and are termed as environmental. Artificially synthesized nanoparticles
from their precursors and other basic units of the materials are called engineered
nanoparticles. Recent trends in research are mainly based on four different types
of engineered nanoparticles. They are metal-based nanoparticles, carbon-based and
Nano polymers (constructed from pieces of different Nano molecules—also called
dendrimers). Today, advanced research is concentrated on a combination of various
engineered nanoparticles to form nanocomposites. Basically, nanocomposites are a
mixture of different nanoparticles in which one type of nanoparticles (size in a range
of 1–100 nm) will be dispersed on or attached to larger, continuous matrices. Hence
the nanocomposites contain two parts, one is the continuous phase and the other is
discontinuous dispersed phase [32]. An enhancement in the properties of a nano-
material is indented by the formation of its nanocomposite. Any combinations of
materials can be designed for the fabrication of nanocomposites and they are bulkily
classified into three basic building blocks; they are metals (metal oxides), polymers
and ceramics. The composites can have different dimensions such as core–shell (0D),
nanowires (1D), lamellar or sheet-like structures (2D) and metal matrix composites
(3D) [9]. The schematic representation of nanocomposite is shown as below in Fig. 5.

To utilize the full potential of unique properties of graphene oxide, one possible
route is by making its composites with other materials. The major requirement of
making composites is the availability of processable graphene oxide in large amount
and the two popular ways to achieve it are:

1. Chemical and Electrochemical exfoliation of graphite.

Fig. 5 Schematic
representation of
nanocomposite
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2. By utilizing the bottom-up assembly technique and glucose as a sole reagent in
the hydrothermal method.

These methods have advantages of functionalization and tuning of properties of
graphene oxide depending on the desired applications. Graphene oxide composites
are broadly classified into two categories:

1. Graphene oxide/inorganic composites
2. Graphene oxide/polymer composites.

Depending on the material other than graphene oxide, graphene oxide/inorganic
composites can be further classified into graphene oxide/metal, graphene
oxide/carbon and graphene oxide/noble metal nanocomposites.

Noble metal nanoparticles have unique optical and chemical properties which are
completely different from their bulk counterparts. These properties are a function
of size, shape, composition and structure of nanoparticles. They have found a wide
variety of applications viz. catalysis, electronics, sensors and biomedical [73]. Incor-
poration of noble metal nanoparticles in carbonaceous materials further enhances
their chemical reactivity, catalytic behaviour and electrical properties. Among all
carbonaceous materials, graphene oxide has emerged as the most promising base
matrix. The synthesis of graphene oxide/noble metal nanocomposites generally
follows the reduction of metal salt in the presence of graphene oxide Nanosheets.
Further graphene oxide, being two dimensional in nature, besides providing a
base for nanoparticles also increases the effective surface area, which is helpful in
enhancing the properties of noble metal nanostructures. The graphene oxide-based
metal nanocomposites have found applications in biosensors, intracellular analysis,
bio-distribution, bio-imaging, and gene mapping [2].

Although graphite and its intercalated compounds have been known and studied
for more than a century it is only after the experimental discovery of wonder material
graphene that carbon-based materials have created a cornucopia for many potential
applications and new physics. There are a number of reports describing the utilization
of graphene oxide-based composites in many applications. The present status of the
ongoing research in the field graphene oxide-based bioinspired nanocomposite has
exhibited a great potential. Both top-down and bottom-up approaches are available
for the synthesis of noblemetal nanoparticles composites but still, the non biocompat-
ibility, self-assembly, aggregation, reproducibility, low through-output, control over
size and shape of nanoparticles are major obstacles in their implication with respect
to their reliability. Therefore a reliable substrate for the synthesis of nanocomposite
is demanded till now. Two-dimensional nature, cost-effectiveness, bio-compatibility
and the ability to absorb or form complexes with target molecules make graphene
oxide an attractive candidate. So, it would be interesting to study the noble metal
nanoparticles decorated with graphene oxide as composite [73].
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Synthesis of Self-stabilized Metal-Oxide
and Metal-Hydroxide Nanorods

Mohd Asif, Vinayak Pundir, and Irfan Ahmad

Abstract Nanorods (NRs) have been a subject of profound interest because of
a wide variation in their electronic properties with confinement. In this article,
a single-step, self-stabilizing, two-electrode electrochemical synthesis method is
demonstrated for growing metal–oxide and metal-hydroxide NRs at room tempera-
ture. Barium hydroxide NRs were fabricated using a simple electrochemical reduc-
tion of Ba2+ ions from a barium chloride precursor solution without using any
capping agent. The synthesized NRs were characterized using Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray Diffraction
(XRD), Optical Microscopy (OM), Energy Dispersive X-Ray Spectroscopy (EDS),
Selected Area Electron Diffraction (SAED), and UV–Vis. absorption spectroscopy.
Effects of temperature and potential differences across the electrodes on the shape
and size of the synthesized NRswere also investigated. NRs of diameters in the range
of 80 to 300 nm were fabricated with different growth parameters. Furthermore, the
synthesis of silver oxide NRs at room temperature is also demonstrated with the
method.
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1 Introduction

Nanomaterials (NMs) are a very exciting class of materials offering properties that
their larger siblings usually could not. One of the very obvious is a larger surface area
which is advantageous in the applications where the surface becomes a playground
for atoms and molecules such as catalysis and Electrochemical (EC) capacitors.
NMs can be engineered in numerous shapes, most common being sphere, prism,
rod, cube, and sheet, with every method of their preparation providing different
dimensional variations to them. With different shapes, the properties NMs exhibit
could be different. [1–4] Researchers could achieve technological advancements
that previously seemed impossible by exploiting these properties. Nanorods (NRs),
due to their unusual physical properties, originating out of the confinement in two
dimensions, [5] have awide rangeof applications in thefields of piezoelectric devices,
[6, 7] solar cells, [8] LEDs, [9] gas-sensors, [10] etc. Properties of NRs may vary
with size, surface density, and alignment [11] which are tuneable and thus can be
utilized to control (enhance) the performance of NRs in many applications.

Not only the shape and size are crucial, but their preparation route also plays a
vital role in the efficacy of NMs for many applications. EC methods have been used
to synthesize metal [12] and metal-oxide [13] NMs. In the EC synthesis method,
electrons are provided from a low-voltage electric power supply through the cathode
for the reduction of the positively charged metal cations. Metals with more negative
reduction potential tend to oxidize in water by giving up electrons to the dissolved
oxygen and forming their respective oxides. This redox process primarily results
in the formation of nanosheets of metal oxides, but with a controlled process other
shapes such as NRs are also possible to synthesize.

Capping agents/surfactants are crucial for the chemical and the biological
synthesis of NMs, [14] but adversely impact their effectiveness, especially in appli-
cations such as catalysis, as theymake it difficult for reactants to access the surface of
the catalyst. [15] Therefore, the capping-agent-free synthesis approach is desirable
in several applications. Several researchers have previously demonstrated surfactant-
free techniques for nanostructure fabrication, but a high temperature or some other
harsh conditions are usually required. [16] Some attempts have also been made with
the EC method for surfactant-free synthesis of nanomaterials, [17] but the approach
involves stochastic collisions of aqueous nanodroplet reactors on microelectrodes
and has thus far produced only metallic nanoparticles.

Barium hydroxide is an alkaline-earth metal hydroxide with a diverse line of
applications such as catalysis, [18, 19] cathode buffer layer of polymer solar cells,
[20] heat storage, [21] etc. The shape and size of nanomaterials play essential roles
in determining their properties. [22] Barium hydroxide NRs and nanoparticles have
attracted a great deal of attention in the conservation of cultural heritage. [23, 24] In
the past, approaches such as microwave-assisted synthesis in aqueous solution [25]
have been used for the synthesis of barium hydroxide NRs.

In this work, we demonstrate a simple, economical, and effective EC method to
synthesize metal-oxide and metal-hydroxide NRs at room temperature by reducing
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metal ions directly from the precursor solution without using any other chemical in
the synthesis. Effects of varying growth parameters (voltage and temperature) on the
synthesized NRs were also investigated. To the best of our knowledge, this work
on barium hydroxide NRs synthesis is the first report with a two-electrode electro-
chemical synthesis method at room temperature without using any surfactants. Silver
oxide nanomaterials have also attracted interest due to applications in electronics,
[26] gas sensing, [27] antimicrobial [28] and biomedical [29] research. To exhibit the
versatility of the proposedmethod, synthesis of silver oxideNRs is also demonstrated
with the method.

2 Electrochemical Synthesis of Metal Hydroxide Nanorods

Barium chloride salt (BaCl2.2H2O, purity 99%) was purchased from Qualigens Fine
Chemicals. The salt weighing 0.98 gm was dissolved in 20 ml of double distilled
water to make a 200 mM barium chloride solution. A two-electrode electrolytic cell
was formed by using an ITO coated glass (100 �/sq.,) purchased from Techinstro®
as the cathode (2.5 cm× 1.25 cm) and a small aluminium sheet (2.5 cm× 1.25 cm)
as the anode. The two electrodes were held 3 cm apart in 100 ml of double distilled
water with the ITO coating side facing the other electrode. The temperature of the
solution was measured by using a digital thermometer and controlled with the help
of an ice bath and a hot plate. A DC voltage was applied across the two electrodes
by using a regulated power supply. 1 ml of the as-prepared solution was added
gradually in a dropwise manner to the cell system. With each drop, the current
from the power supply spiked and gradually reduced as the ions were consumed by
respective electrodes. After a few drops, coatings on both the electrodes were visible,
marking the deposition of respective ions in the solution on the electrodes. Initially,
the electrodes were only about 10% submerged (along the longer edge) in the water.
After a few drops, the reaction was slowing down, marking nearly complete coverage
of non-conductive coating on at least one electrode. A few drops of the distilled water
were added as needed to raise the level of solution to about 2mmand thus expose fresh
areas of electrodes for the reaction. The reaction continued in this manner until about
75% area of the electrodes was visibly coated. The ITO electrode was taken out of the
setup for characterization, and the Al electrode was discarded. Some detachment of
coating off of the cathode (ITO) was observed that inevitably mixed in the solution.
The left-over solution in the EC setup was also dried to obtain the remainder of the
material as a residual powder for characterization. SEM images were captured for
morphological characterization of the material deposited on ITO as well as in the
powdered form by using a JEOL-JSM 6510 LV electron microscope with 15 kV
accelerating voltage. EDS was performed by using the EDS attachment with SEM
to analyze the chemical composition and impurities in the samples. Carbon tape was
used for holding the powder sample inside the chamber. JEOL-JEM 2100 TEM was
used with 200 kV accelerating voltage to obtain information about the size and shape
of the synthesized nanomaterial. A carbon-coated copper grid was used for holding
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the material in the vacuum chamber. SAED attachment with JEM 2100 was used for
structural characterization of the material. XRD data of the residual powder sample
containing barium hydroxide NRs (Fig. 5) was obtained using Rigaku Miniflex-II
X-Ray diffractometer with Cu-Kα radiation (wavelength= 1.54 Å) and scan step of
0.02°.

2.1 Mechanism

When an ionic salt is dissolved in water, it creates positively charged metal cations
and negatively charged anions. In the presence of an applied electric field, the metal
cations accelerate towards the cathode and impinge on it. At the cathode, the cations
are reduced fromM+ toMO state and form a thin coating. In the case of alkaline earth
metals, a swift hydroxide formation occurs in an aqueous medium at the cathode. In
the case of barium, barium hydroxide with monohydrate {Ba(OH)2·H2O}, trihydrate
{Ba(OH)2·3H2O} and octahydrate {Ba(OH)2·8H2O} formation occur, the latter two
being more common in an aqueous medium. [30] In the case of precursor solutions
containing ions of noble metals, no reaction with water occurs to form hydroxide
after the coating of the metal at the ITO cathode. However, since with every drop of
dilute precursor solution a very thin coating of metal forms on the cathode, oxidation
is possible. Nanomaterials of different shapes and sizes can be fabricated with the
proposedmethod and synthesis parameters can be tuned to provide good control over
the synthesized material.

2.2 Results and Discussion

In Fig. 1a, synthesized barium hydroxide NRs are presented. NRs seem coalesced
and formed a dense network. Several randomly oriented NRs of diameters in the
range of 100 to 300 nm and lengths in the range of 1500–2500 nm are observed. A
closer view of NRs is shown in Fig. 1b. ANR of diameter about 150 nm and length of
about 2000 nm is observed in the central region of the image. Another NR of diameter
about 300 nm and length of about 3000 nm is observed in the lower central region,
which at the other end is branching out into 4 NRs of average 150 nm diameter.
Another NR of diameter about 120 nm and length of about 800 nm is observed in
the central top region of the image.

EDS spectrum of the fabricated Ba(OH)2 NRs on ITO is displayed in Fig. 2.
Atomic percentages of the elements measured on the surface of the sample are
listed on the inset of the figure. A large amount of oxygen (55%) and carbon (32%)
were present on the surface. A substantial amount of barium (8.41%) and small
amounts of silicon (2.27%), chlorine (1.51%), and indium (1.05%) were measured.
It is not uncommon to find about 30% carbon on ITO substrate, due to hydrocarbons
present in usual workplaces [31]. While about 5% oxygen is being contributed from
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Fig. 1 Barium hydroxide nanorods synthesized on ITO cathode (a) and a magnified view of NRs
(b)

the glass substrate (SiO2), about 2% of oxygen is being contributed from the ITO
coating and about 38% (~7.7%× 5) is originating from barium hydroxide trihydrate
{Ba(OH)2.3H2O} NRs. A small amount of chlorine was measured on the sample,
due to the presence of unreacted chlorine ions in the precursor solution.

TEM image of barium hydroxide NRs grown on ITO is shown in Fig. 3a. A
network of NRs of different aspect ratios was formed. A NR of diameter about
12 nm and length of about 100 nm is observed in the left central region of the image.
Another NR of diameter about 20 nm and length of about 200 nm is observed in the
left central region.

It is crucial to mention that performing XRD measurement to identify the exact
phases of the synthesized NRs was not practical on the coated film of NRs on ITO
substrate. The EC reaction on the cathode is self-limiting after a thin coating of
barium hydroxide forms on top of the ITO substrate. The film is not thick enough for
XRDmeasurement. Tomitigate the issue, we performed SAEDmeasurement, which
is compatible with this sample. However, the XRD measurements were performed
on the residual powder samples containing NRs and are discussed later in the article.
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Fig. 2 EDS of Ba(OH)2 nanorods on ITO with inset showing the atomic percentage of constituent
elements

SAED image of the sample is presented in Fig. 3b. Discrete diffraction spots are
aligned in a distinct rectangular grid fashion, without diffraction rings. The pattern
strongly indicates a highly crystalline nature of the synthesized NRs. It is impor-
tant to note that the diffraction pattern of unreacted barium would reveal a body
centre cubic (bcc) pattern, [32] which would result in two square grids pattern,
symmetrically intersecting each other with one grid of significantly higher intensity
than the second grid. The coated barium layer would react with the water present
in the medium to form barium hydroxide with trihydrate. The structure of barium
hydroxide octahydrate is monoclinic with β = 99°, [33] partly eliminating the possi-
bility of its presence since the observed SAED has a rectangular grid pattern. It is
also crucial to point out that commercial ITO coating on glass substrates is mostly
performed with the sputtering technique. Thus prepared ITO coatings are known to
have very limited crystallinity. Vaufrey et al. have reported SAED of sputtered ITO
with multiple diffraction rings and occasional discrete diffraction maxima and have
termed it nearly an amorphous phase [34]. Therefore, the diffraction pattern in the
image has no significant contribution from the ITO substrate. Since no other chem-
ical was used in the synthesis, the SAED pattern could not have originated from any
other material than barium hydroxide trihydrate {Ba(OH)2.3H2O} deposited on the
ITO electrode, which is also consistent with the analysis of the EDS data.

Some of the coated material from the ITO cathode was detached-off. In order
to investigate the material, we dried the left-over solution as a residual powder and
characterized it. In Fig. 4, an SEM image of the residual powder is presented.Multiple
NRs were found in the residual sample. Some NRs seem to coalesce, while a few are
isolated. Two NRs are visible in the central-right region of the image with diameters
in the range of 150–200 nm and lengths between 2000–2500 nm.

In Fig. 5, XRD data of the residual powder of barium chloride (with some barium
hydroxide NRs) is presented. Multiple peaks are observed in the data, indicating
several growth planes. Major peaks are measured at 44.6°, 43.3°, 35.0°, 30.4°,
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Fig. 3 TEM image of
barium hydroxide nanorods
on ITO (a) and
corresponding SAED image
(b)

19.9°, 63.9°, 36.9°, 16.1°, 37.6°, 26.2°, 60.5°, and 40.5°, in decreasing peak inten-
sity order. These peak positions match well with the reported XRD data of barium
chloride dihydrate {BaCl2·2H2O} in the literature. [35, 36] Peaks at 30.4°, 63.9°,
36.9°, and 60.5° matches with the reported XRD peaks of barium hydroxide trihy-
drate {Ba(OH)2·3H2O}. [37] The peak at 36.9° is better matched with the barium
hydroxide trihydrate data. The findings are consistent with SEM and EDS data of
the residual powder.
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Fig. 4 SEM of residual
powder. Barium hydroxide
trihydrate nanorods with
BaCl2 agglomerated
particles

Fig. 5 XRD data of the
residual powder (barium
chloride dihydrate
containing some barium
hydroxide trihydrate NRs)

3 Electrochemical Synthesis of Metal Oxide Nanorods

In order to establish the versatility of the synthesis method, the growth of silver
oxide NRs is also demonstrated in this section. The synthesis was carried out in
a similar manner as before, just the synthesis setup was deliberately placed inside
an ultra-sonicator to assist detachment of the synthesized NRs from the cathode to
increase NRs/salt ratio in the residual powder. AgNO3 salt (from RFCL Ltd., India)
was utilized for the precursor solution. No other chemical or capping agent was used
in the synthesis. After the reaction, partial detachment of the ITO coating was also
observed on the cathode. The residual powder was characterized to investigate the
synthesized material.

A digital optical microscope (OM) from Metzer (Model: Vision Plus 5000DTM)
was used to capture images of the structures formed on ITO electrodes. Agilent Cary
5000 UV–Vis.-NIR spectrometer was used to record the absorption spectrum of the



Synthesis of Self-stabilized Metal-Oxide and Metal-Hydroxide Nanorods 119

Fig. 6 SEM image of
residual powder containing
silver oxide nanorods and
agglomerated AgNO3
particles (a) and a magnified
view of silver oxide
nanorods (b)

materials. The residue powder from the specimen was dissolved in double-distilled
water and taken in quartz cuvette for the purpose.

Presented in Fig. 6a, b are the SEM images of the residual powder containing
silver oxide NRs and agglomerated AgNO3 particles that did not take part in the
electrochemical reaction. In the image (a) multiple NRs with no preferred growth
direction are observed. Since in this case there was a deliberate attempt to detachNRs
from the cathode, the density of NRs is much higher in comparison to that observed
in the residual powder of barium chloride (with barium hydroxide NRs Fig. 4. In
Fig. 6b, a magnified section of the specimen is shown. Multiple NRs with diameters
in the range of 80–250 nm and lengths of 1200–4000 nm are observed in the image.

UV–Vis. absorption spectrum of the synthesized material is presented in Fig. 8.
The lower (red) and the upper (black) curves are from the absorption spectrum of
AgNO3 (precursor) and the residual powder, respectively. The absorption spectrum
of the residue powder has a broad absorption ramp that saturates beyond 400 nm.
Haram et al. have reported UV–Vis spectrum of silver oxide nanoparticles with a
broad peak around 400 nm, which is in reasonable agreement with our results. [38]
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Fig. 7 UV–Vis. absorption
spectrum of silver oxide
nanorods (black) and silver
nitrate solution (red). Inset:
dark black colour of the
coated material

It is also pertinent to point out that UV–Vis spectra of Ag nanoparticles display a
much sharper characteristic peak around 410 nm. [39] Thus, the UV–Vis. spectrum
also indicates the growth of silver oxide NRs. In the inset, an image of the coated
material on another cathode is shown that was grown in a similar setup. The dark
black colour of the material also indicates the presence of silver oxide in the residual
powder.

4 Effects of Parameter Variations on the Aspect Ratio
of NRs

In Fig. 8, optical micrographs of barium hydroxide nanostructures grown at different
temperatures (10 °C, 25 °C, and 60 °C) are displayed. The voltage in this investiga-
tion was maintained at 5 V. At lower temperature (10 °C), a dense dendritic network
of rods is observed with a relatively lower aspect ratio. At room temperature (25 °C)
rods became isolated with a higher aspect ratio than that synthesized at the previous
temperature. Further increase in the growth temperature (60 °C) resulted in an even
higher aspect ratio of the fabricated rods. There are multiple rods in Fig. 8c that are
twice the length of the reference bar of 10 μm in the image. It is straightforward to
conclude from the investigation that an increase in the growth temperaturewould lead
to longer rods, at least up to the temperature range investigated here. This observation
is consistent with the articles reporting a lower surface sticking coefficient on the
substrate with increased temperature [40, 41]. Lower sticking coefficient at higher
temperature results in lower surface density of nucleation points [42] (per unit area
on the glass/ITO substrate) on which nanorods eventually grow. The lower density of
nucleation points leads to dispersed nanorods at higher temperatures. Furthermore,
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Fig. 8 Optical micrographs showing effects of temperature variation: a 10 °C, b 25 °C and c 60 °C

since the current density (or the influx ofBa+2 ions on the cathode) has a feeble depen-
dence on the substrate temperature, a preferential/channelized deposition would take
place, resulting in a higher aspect ratio of nanorods at higher temperatures.

The effect of voltage variation on the synthesized barium hydroxide nanostruc-
tures was also studied and is displayed in Fig. 9. The temperature was maintained at
around 25 °C during the study and samples were investigated at 1, 2.5, 5, and 10 V.
At 1 V, a network of small rods was formed. The network became denser at 2.5 V.
At 5 V, the growth of isolated well-formed rod-like structures was visible. Further
increase in the voltage resulted in a massive reduction in the aspect ratio. The study
demonstrates the optimum voltage of around 5 V for the synthesis of NRs.

5 Conclusions

An efficient and cost-effective two-electrode electrochemical synthesis method is
presented for the fabrication of self-stabilized metal-oxide and metal-hydroxide
nanorods directly from the precursor solution at room temperature. The demonstrated
method does not require any surfactant or any other chemical for the synthesis of
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Fig. 9 Optical micrographs showing effects of voltage variation: a 1 V, b 2.5 V, c 5 V, and d 10 V

nanorods. Barium hydroxide trihydrate and silver oxide nanorods were successfully
fabricated using this synthesis method. Based on SEM images, Ba(OH)2·3H2O NRs
of diameters in the range of 100 to 300 nm and AgOx NRs in the range of 80–
250 nm were synthesized with different parameters. EDS, SAED, and XRD results
confirmed the formation of barium hydroxide trihydrate. The effect of temperature
variation revealed that a higher growth temperature favors a higher aspect ratio of
the fabricated nanorods. The voltage variation study disclosed an optimum applied
voltage of 5 V at 3 cm electrode separation. UV–Vis results indicate the formation
of silver oxide NRs. The versatility of the method is demonstrated in the present
work and the synthesis method can be utilized to synthesize other metal-oxide and
metal-hydroxide nanorods.
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Structure and Stability of Modern
Electrolytes in Nanoscale Confinements
from Molecular Dynamics Perspective

Harender S. Dhattarwal and Hemant K. Kashyap

Abstract Recent studies show that ionic liquids and high concentration salt solu-
tions are promising alternatives to conventional electrolytes for high-performance
batteries. The intercalation of electrolytes in nanoscale electrode confinements is
a vital phenomenon governing the performance of batteries. A fundamental under-
standing of the electrolyte structure and stability inside electrode confinements helps
explore the full potential of modern electrolytes for electrochemical devices. Factors
such as the confinement shape, size, and flexibility govern the stability of elec-
trolytes in nanoscale confinements. Enhanced molecular dynamics simulation can
help delineate the free energy underlying the process of electrolyte evaporation or
deintercalation fromconfinements.However, such studies in this direction are limited
to few electrolytes only. This chapter highlights recent computational studies carried
out in our group exploring the stability and structure of ionic liquids and water-in-salt
electrolytes in nanoscale confinements, and provides a plausible mechanism for their
intercalation and deintercalation behaviour.

Keywords Electrolytes · Intercalation · Water-in-salt · Ionic liquids · Umbrella
sampling · Molecular dynamics

1 Introduction

The field of energy storage has been dominated by lithium ion batteries (LIBs)
for the past few decades [1–3]. Electrolytes in conventional energy storage devices
usually contain Li salt with volatile and flammable organic solvents, resulting in
safety concerns while operating at higher temperatures and larger scale [1, 3–6]. The
demand for clean and sustainable electrolytes is increasing for their use in energy
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storage applications in electric vehicles and grid storage. Ionic liquids (ILs) and
highlyconcentrated water-in-salt (WIS) electrolytes show great potential to replace
conventional electrolytes in next-generation high-capacity batteries [7–9]. ILs are
complex salts that are liquid below 100 ◦C and do not contain any neutral molecular
species such as water or organic solvents [10]. ILs exhibit unique properties such as
a wide electrochemical window, nonvolatility, high chemical and thermal stability,
and high ionic conductivity, which make them suitable candidate for energy stor-
age [11–20]. Several studies have demonstrated the capability of ILs to improve the
performance of supercapacitors [21–26]. WIS electrolytes are another class of elec-
trolytes that have emerged as novel electrolytes for high performance batteries. WIS
electrolytes have a salt to solvent ratio greater than 1, i.e., they have more amount
of salt than water in mass and volume [9]. WIS electrolytes belong to a wider range
of “solvent-in-salt" electrolytes which are also termed as highly concentrated elec-
trolytes [27]. These electrolytes consist of large amount of salts dissolved in different
solvents [28–30]. Like ILs, WIS electrolytes also possess enhanced redox stability
and a wide electrochemical window [9, 29, 31–34]. Highly concentrated or super-
concentrated solutions have been frequently explored as electrolytes in batteries [27,
30, 32, 35–38].

In an electrochemical system, electron transfer occurs at the electrode-electrolyte
interface. The distribution of electrolyte species at the interface governs the inter-
facial reactions occurring within the electrochemical devices. Understanding the
structure and distribution of the electrolytes at the model electrode surfaces helps
determine their capability to be used in batteries and capacitors [39]. Many studies
on the nanodroplets of ILs on electrode surface have revealed that the structure of
ionic liquids at the interface and the extent of wetting are dependent on the extent of
hydrophobic or hydrophilic nature of the surface [40–48]. The structure of ILs has
been studied extensively near different electrode surfaces at varying potentials [49–
54]. Similar but limited number of studies are also available on the WIS electrolytes
under confinement or on electrode surfaces [55–57]. However, most simulation stud-
ies explored the electrodes having smooth surfaces and only the van der Waal and
electrostatic interactions between the electrode and electrolyte molecules have been
considered. Although, the findings in the above mentioned endeavours were very
insightful, an ideal electrode in energy storage devices possesses rough surfaces
with pores of different shapes and sizes [58–60]. The actual performance of the
device also depends on the wetting of these nanopores by the electrolyte molecules
or ions. Additionally, in LIBs the process of charging and discharging involve interca-
lation and deintercalation of electrolyte species at the anode and cathode [3, 61]. The
computational studies focusing on the structure of the electrolytes in the nanoscopic
confinements and intercalation of electrolytes in electrodes are scarce in the litera-
ture. In this chapter, we made an effort to compile our recent studies on the structure
and thermodynamics stability of confined ILs and WIS electrolytes using molecular
simulations.

The interaction of a solvent/solution confined between sufficiently separated
hydrophobic sheets induces the transition from liquid to vapor phase (or evaporation)
inside the nanoscale confinement (capillary). The process of capillary evaporation of
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water from solvophobic confinements has been explored through number of theoret-
ical and computer simulations studies [62–66]. Huang et al. showed that water can
evaporate from a hydrophobic confinement when the separation between two con-
fining plates is less than a critical separation dc. Also, the vapor phase of water inside
the confinement stays in vapor phase below dc. However, near the dc, the liquid and
vapor phases of water are found to be in equilibrium [62]. Remsing et al. showed that
the process of capillary evaporation of water from solvophobic confinement starts
as vapor bubble nucleation on the confining surface. The vapor bubble then spans
across the confinement to form a vapor tube, which further grows in size, leading
to transition from liquid phase to vapor phase of water between the confining plates
[64]. Altabet et al. further verified the vapor tube formation as a critical point in the
process of water evaporation and showed that the process is significantly affected
by the confinement flexibility [65]. Davoodabadi and Ghasemi have recently sum-
marized the studies on the evaporation of water from nanoscale confinements [67].
The literature on the structure and thermodynamics of water inside different confine-
ments is very extensive. However, number of such studies on ILs orWIS electrolytes
is limited. Similar to capillary evaporation, the movement of electrolyte species in
(intercalation) and out (deintercalation) of electrode vacant sites is also influenced
by the electrode properties [61, 68–73]. The deintercalation of electrolytes from the
electrode can bemodelled bymimicking the process of capillary evaporation ofwater
from solvophobic confinements [74–76].

In this chapter, we have reviewed the work done by our group on the stabil-
ity of electrolytes in nanoscale carbon confinements. In the following sections,
we highlight different key factors that govern the process of electrolyte intercala-
tion/deintercalation and their stability inside solvophobic nanopores. Finally, the
structure of electrolyte between the confining sheets is discussed. We limit the dis-
cussion in this chapter to the computer simulation studies of ionic liquids and water-
in-salt electrolytes in nanoscopic graphene/graphite like hydrophobic confinements.

2 Stability of Electrolytes

Stability of electrolytes in confinement is usually discussed in terms of their phase
behavior. When the electrolyte is stable inside the confinement, it usually tends to
be in condensed phase, i.e., the density and structure of the electrolyte inside the
confinement is comparable to that in the bulk [76]. However, when the electrolyte is
unstable between the confining surfaces, it usually exists in vapor phase or does not
prefer to stay in the confinement at all. In this case, the density of electrolyte within
the confining region is significantly lower than the bulk density.
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2.1 Process of Deintercalation

The process of change of electrolyte phase from its liquid to vapor phase inside
a confinement is called deintercalation of the electrolyte, or sometimes termed
as capillary evaporation [66, 76, 77]. The mechanism and thermodynamics of
electrolyte intercalation-deintercalation have been studied by modelling electrolyte
inside nanoscale confinement created by two parallel flat surfaces separated by a dis-
tance d [75, 76]. The interaction between the electrolyte and the confining sheets can
be tuned by tweaking the parameters of the corresponding potential energy functions.
The confining surfaces is considered solvophobicwhen the strength of the interaction,
usually defined through the Lennard-Jones potential of the surface atoms, is weak
and the contact angle formed by the electrolyte is more than 90◦ [48]. For exam-
ple, the contact angles formed by 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIM][BF4]) ionic liquid and Li bis(trifluoromethane)sulfonimide ([Li][TFSI])
WIS electrolyte on the model surfaces discussed here are around 140◦ and 130◦,
respectively [74, 76].

The electrolyte density fluctuations inside the confinement are probed using
the indirect umbrella sampling (INDUS) technique [78, 79]. The free energy of
electrolyte phase transition inside the confinement is estimated through probability
(Pv(N )) of finding the N atoms or species of the electrolyte between the confining
surfaces, separated by a distance d, with a confinement volume v. Shrivastav et al.
used total number of heavy atoms of the ions of [EMIM][BF4]as the order parameter
of enhanced sampling whereas Dhattarwal et al. probed total number of atoms or
species of [Li][TFSI] WIS electrolyte inside the confinement as the order parame-
ter [74, 75]. A harmonic biasing potential is applied to maintain number of species
inside the confinement to the target value N ∗ which typically varies in the range from
vapor phase to liquid phase,

U (˜N ) = κ

2
(˜N − ˜N ∗)2. (1)

Here, the biasing potential is applied on the continuous and coarse-grained variant
of order parameter, ˜N [78, 79]. κ is the spring force constant which guarantees
the sampling of the phase space close to the target value of the order parameter.
Figure1 represents the simulation snapshots of aWIS electrolyte inside the nanoscale
solvophobic sheets depicting a phase transition from vapor phase (VP) to liquid
phase (LP). The free energy of phase transition is estimated from the probability
distribution obtained from the enhanced sampling simulations using the weighted
histogram analysis method (WHAM) as:

�G(N ) = −β−1 ln Pv(N ), (2)

where �G(N ) is free energy of the phase corresponding to N species inside the
confinement, β = 1/kBT , and T and kB are the temperature and the Boltzmann’s
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Fig. 1 Simulation snapshots of [Li][TFSI] based WIS electrolyte inside nanoscale solvophobic
confinements for different number of target species between the confining sheets illustrating the
transition between vapor and liquid phases of the electrolyte. The confining solvophobic carbon
sheets are separated by 1.5nm. Green, red, cyan, and grey beads represent [Li]+, [TFSI]−, water
molecules, and carbon atoms of the sheets, respectively

Fig. 2 Schematic illustration of different possible free energy profiles and stability of liq-
uid/condensed (LP) and vapor phase (VP) of an electrolyte inside nanoscale confinements

constant, respectively [80]. The studies reviewed in this chapter discuss the simula-
tions performed at 310K temperature.

The relative stability of liquid and vapor phases, and the process of electrolyte
deintercalation from a nanoscale solvophobic or ionophobic confinement can be
described in five different scenarios summarized through the illustration shown in
Fig. 2.
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(a) In the first case, the free energy of LP is significantly lower than the VP, and there
is no well-defined VP (see Fig. 2a). In this case, only the LP is stable inside the
confinement and intercalation of electrolyte into the confinement is spontaneous.

(b) In the second case, the free energy of LP is lower than that of VP and both the
phases are separated by a appreciable free energy barrier. In this case, the LP is
stable inside the confinement and VP is metastable (see Fig. 2b). Here, the LP is
more favourable inside the confinement, however, VP requires some amount of
energy in order to make transition to LP or vice versa.

(c) In the third case, both VP and LP have same free energy but are separated by
a significant free energy barrier (see Fig. 2c). Here, both the phases are stable
inside the confinement and phase transition between them is energy intensive in
both directions.

(d) In the fourth case, free energy of VP is lower than the LP and a free energy barrier
separates both the phases. Here, the VP is more stable inside the confinement
than the LP, which is metastable (see Fig. 2d). However, the free energy barrier
needs to be crossed for the transition from LP to VP or vice versa.

(e) In the fifth case, the free energy of VP is significantly lower than the LP and there
is no free energy barrier for LP to VP transition (see Fig. 2e). Here the process of
deintercalation of the liquid or electrolyte is spontaneous, and their constituent
species do not stay in the confinement.

There are multiple factors that govern the relative stability of vapor and liquid
phases of electrolytes inside the confinement. In the following sections, we have
discussed recent studies exploring the effect of these factors on the process of inter-
calation and deintercalation of electrolyte species.

2.2 Dependence on the Surface Area and Separation
of Confining Sheets

Along with the surface area, the separation between the nanoscale sheets confining
the electrolyte is one of the major factors that governs the relative stability of liquid
and vapor states of electrolytes inside the confinement [74–76].

Figure3 shows the simulated free energy plotted as a function of number (N ) of
[EMIM][BF4] heavy atoms inside the solvophobic carbon confinements at different
interplate separations [74]. Here, all the free energy profiles are shifted such that the
free energy of the LP of [EMIM][BF4] is at zero. Basins or minima with smaller
N values on the x-axis correspond to VP of [EMIM][BF4] inside the confinement.
Similarly, the basins formed at larger N values correspond to theLPof [EMIM][BF4].
The free energy profiles have a parabolic distribution at the LP basins, which deviates
to a fat tail as the N value decreases (see inset of Fig. 3). At the larger d values, e.g.
1.6nm, there is no well-defined basin for the VP, and the LP is the only stable state
of [EMIM][BF4] inside the confinement. As the inter-plate separation is decreased
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Fig. 3 Simulated free energy profiles showing variation in the free energy (β�G(N ; d)) for
[EMIM][BF4] as a function of number of heavy atoms inside the solvophobic confinements at
different separations. Inset highlights that in the region corresponding to the condensed or liquid
phase of [EMIM][BF4] (higher N values), the free energy profiles follow a inverted Gaussian or
parabolic distribution, and deviations from the inverted Gaussian distribution are observed while
moving towards the vapor phase region. Reprinted with permission from Ref. [74], Copyright 2018
AIP

to 1.5nm, a minimum corresponding to the VP starts to emerges in the smaller N
region of the free energy profile.

However, the free energy of this basin is still more than the LP basin, and the
VP is metastable. With further decrease in the inter-plate separation, the free energy
of vapor basin decreases. When the inter-plate separation is 1.2nm, the free energy
of vapor and liquid phases is same, reflecting that both the states are stable at this
separation. However, the free energy barrier separating the two states is significantly
high. The separation at which the LP and VP are having same free energy is called
as critical separation, dc [62]. At this separation, the free energy cost of phase tran-
sition between vapor and liquid phases is very high. Moreover, below the critical
separation, the VP tends to be more stable and LP become metastable. If the inter-
plate separation is further decreased, the energy barrier between the liquid and vapor
phases significantly decreases and the free energy cost for the liquid to vapor phase
transition decreases. Below or at 1nm separation between the confining surfaces, the
free energy barrier vanishes, and the transition fromLP toVP becomes a spontaneous
process.

The dependence of stability ofWIS electrolyte on the separation between confine-
ment sheets is similar to ILs and water [76]. Figure4 shows the simulated free energy
plotted as a function of number of WIS species inside the solvophobic carbon con-
finements at different interplate separations. The figure reveals that the electrolyte is
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Fig. 4 Simulated free energy profiles (β�G(N ; d)) for [Li][TFSI]/waterWIS electrolyte as a func-
tion of number of electrolyte species inside the solvophobic confinements at different separations.
The height of the barrier separating the liquid and vapor phases of the WIS electrolyte within the
confinement decreases with decrease in the separation between the confining surfaces. Reprinted
with permission from Ref. [76], Copyright 2021 RSC

more stable inside nanoscale confinements at higher interplate separations, and at sig-
nificantly lower separation, deintercalation of electrolyte is spontaneous. However,
the critical separation, dc, at which the liquid and vapor phases are equally stable is
at around 1.6nm, as compared to 1.2nm in case of [EMIM][BF4][74]. Similarly, the
spontaneous evaporation of electrolyte from the confinement is observed at around
1.3nm, which is significantly higher than 1nm observed in case of [EMIM][BF4].
These observations show that although with an increase in the confinement sepa-
ration, the height of the free energy barrier separating the liquid and vapor phases
increases for different electrolytes and water, the extent by which the barrier height
increases depends on the type of electrolyte.

2.3 Dependence on the Confinement Flexibility

Most simulation studies on confined electrolytes have considered rigid sheets to
model the confinement, by freezing the motion of their atoms. However, significant
effect of confinement flexibility has been shown on the stability ofVP andLPofwater
as well as ILs between solvophobic sheets [65, 75]. Figure5 shows the simulated
free energy profiles as function of number of [EMIM][BF4] species inside rigid and
flexible solvophobic carbon confinements at three different interplate separations.
At all the three separations, introduction of flexibility resulted in slight broadening
of the liquid basin. The effect of confinement flexibility is more prominent on the
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Fig. 5 Comparison between the simulated free energy profiles (β�G(N ; d)) for [EMIM][BF4] as
a function of number of ions inside the rigid (blue) and flexible (red) solvophobic confinements
at three different separations. At all the three interplate separations studied, the free energy of
[EMIM][BF4] deintercalation from the flexible confinements is lower than the rigid confinements.
Reprinted with permission from Ref. [75], Copyright 2020 ACS

vapor basin. The stability of vapor phase of [EMIM][BF4] is significantly increased
between the flexible solvophobic carbon sheets. Theoretical predictions attribute this
enhanced stability to decrease in effective volume inside the confinement at lower
N values [81]. When the electrolyte is in VP, a pressure difference builds up at the
confinement sheets due to low density of electrolyte inside the confinement and high
density of electrolyte outside the confinement. This pressure difference along with
the interfacial tension in the flexible sheets lead to surface deformations, resulting
in lowered confining volume [75, 81]. However, the effect of the pressure difference
on the sheets is negligibly small when the electrolyte inside the confinement is in
liquid state, hence, the stability of liquid state of electrolyte is not affected much by
the confinement flexibility.

2.4 Dependence on the Electrolyte Concentration

Along with confinement characteristics like separation, size, and flexibility, salt con-
centration also governs the deintercalation process in WIS electrolytes. Figure6
shows the free energy profiles for the WIS electrolyte as a function of number of
species inside the confinement at three different concentrations for a fixed interplate
separation of 1.7nm. For 20m (molal) salt solution, the LP of the electrolyte is more
stable andVP ismetastable inside the confinement. However, when the concentration
is lowered to 10m, the VP becomes more stable and LP is metastable. Just like crit-
ical separation, there is a critical concentration at which the liquid and vapor phases
have similar free energies. For [Li][TFSI]-water system, the critical concentration
lies between 10–20 m.With further lowering the concentration to 5m, the VP is even
more stable and the free energy barrier of liquid to vapor transition is lowered. It is
expected that at even lower concentrations of the salt, the free energy barrier would
further decrease and the process of electrolyte deintercalation will be spontaneous.
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Fig. 6 Simulated free energy profiles (β�G(N ; d)) for three different concentration of [Li][TFSI]-
water WIS electrolyte as a function of number of electrolyte species inside the solvophobic con-
finements at an interplate separation of 1.7nm. Lowering the concentration of [Li][TFSI] in water
resulted in significant increase in the stability of VP of electrolyte inside the confinement. Reprinted
with permission from Ref. [76], Copyright 2021 RSC

3 Mechanism of Electrolyte Deintercalation

The mechanism of capillary evaporation or deintercalation of water from nanoscale
solvophobic confinements involves the formation of a vapor bubble on the surface
of the confinement that further grows to complete removal of water from the con-
finement [64, 65]. Similarly, the mechanism of deintercalation of WIS electrolyte
was predicted by studying the growth of vapor bubble inside solvophobic confine-
ment. Figure7 shows the vapor bubble formed between the carbon surfaces (d =
1.5nm), represented by the interface formed by the liquid (or solution) and vapor
phases.When the electrolyte inside the confinement is in LP, there is no vapor bubble
between the surfaces. As the number of species inside the confinement decreases,
the vapor bubbles begin to appear on the opposite sides of the confinement. At an
interplate separation of 1.5nm, this process of vapor bubble formation is energy
intensive. Decreasing the number of species inside the confinement requires further
energy cost which leads to a gap-spanning vapor bubble formation across the con-
fining sheets. The vapor bubble then further grows in size to eventually cover up the
whole space between the surfaces, and the electrolyte is completely deintercalated
from the confinement.

The process of vapor bubble formation starting from the LP follows a linear equa-
tion and growth of vapor tube can be described using macroscopic theory, [64, 76]
i.e., �Gp(r; d) = �G th(r; d) − 2kBT ln(1 − 2r/L), where r is the radius of vapor
tube forming inside the confinement, L = 3 nm is the side length of the confining
surface, and the translational entropy of the tube is represented by the logarithmic
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Fig. 7 Illustration of liquid-vapor interface formed inside the solvophobic carbon confinements
rendered at different points along the free energy profile. Here, the concentration of the salt in the
WIS electrolyte is 20m and the separation between confining sheets is 1.5nm. N = 135 corresponds
to LP of WIS electrolyte, at N = 117 vapor bubbles begin to form, at N = 105 the bubbles join to
form gap-spanning vapor tube, and N = 54 to N = 3 represent the growth of vapor tube inside the
confinement. Reprinted with permission from Ref. [76], Copyright 2021 RSC

term. Also,

�G th(r; d) = 2πγvl

[

r2 cos θ + r

(

d̃ + 2λ

γvl

)]

, (3)

where γvl and λ are the surface and line tensions obtained from the fitting of free
energy profiles, respectively. Figure8 shows the simulated free energy profiles for
the process of electrolyte deintercalation from the confinement of nanoscale sheets
at three different separations and two different concentrations of electrolyte. The
free energy corresponding to the process of vapor bubble formation is fitted using
linear equation and the growth of gap-spanning vapor tube is fitted usingmacroscopic
theory [76]. For WIS system at smaller d value (1.4nm), single free energy fitting is
sufficient to describe the growth of vapor tube inside the confinement (see Fig. 8a). At
this separation, the vapor tube once formed between the confining sheets is already
of supercritical size and requires no further energy for complete deintercalation
of electrolyte. Remsing et al. reported a similar kind of supercritical point in the
capillary evaporation of water from solvophobic nanoscale carbon confinements
[64]. However, at larger interplate separations (d = 1.6 and 1.7nm) the free energy
of vapor tube growth is best described by two separate fits. At larger d values, the
vapor tube initially formed between the sheets is of subcritical size and requires more
energy to reach the supercritical point after which the deintercalation of electrolyte
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Fig. 8 The free energy profiles (β�G(N ; d)) for (a–c) 20m and (d) 5m concentration of WIS
electrolyte inside carbon confinements as function of number of electrolyte species between the
confining sheets. These profiles are fitted for different processes of electrolyte deintercalation using
macroscopic theory as per Eq.3. Grey dashed lines represent the formation of vapor bubble inside
the confinement, red dashed lines represent the growth of subcritical vapor tube to its supercritical
size, and black dashed lines represent the growth of supercritical vapor tube to vapor phase of the
electrolyte. Reprinted with permission from Ref. [76], Copyright 2021 RSC

is spontaneous. Based on this analysis, Dhattarwal et al. described the electrolyte
deintercalation from solvophobic confinements as a three step process [76].

1. The deintercalation is initiated by the formation of vapor bubbles on the opposite
walls of the confinement surface. These vapor bubbles then join to form a gap-
spanning vapor tube.

2. At the larger separations, the vapor tube formed is of subcritical size and grows
further in size to reach at the supercritical size via an energy intensive process.

3. Once the vapor tube attain supercritical size, its size spontaneously increases,
resulting in complete deintercalation of the electrolyte from the confinement.

4 Structure of Electrolytes Within the Confinement

Recent studies have highlighted the importance of local density fluctuations in gov-
erning the stability of water and electrolytes inside the nanoscale hydrophobic con-
finements [65, 75, 76]. The confining surface area and intersurface separation have
been found to influence the distribution of electrolyte species within the confinement.
The structural features of electrolytes between the confining sheets are usually stud-
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Fig. 9 Number density profiles corresponding to the terminal methyl and ethyl carbons (CM and
CE) and ring carbon (CR) of [EMIM]+ and boron atom (B) of [BF4]−. The profiles show highly
structured and layered distribution of IL species inside the microscopic confinements. Reprinted
with permission from Ref. [74], Copyright 2018 AIP

ied through number density distributions of the constituent species corresponding to
the LP of confined electrolyte [74, 82].

Figure9 depicts the number density distribution of terminal (CM and CE) and
ring carbon (CR) of [EMIM]+ cation and the boron atom (B) of [BF4]− anion
between two solvophobic carbon sheets at different separations [74]. Figure9 shows
the [EMIM][BF4] species inside the confinement are highly structured. At small
separation (d = 1.0nm), the non-overlapping peaks corresponding to ring and ter-
minal carbons suggest that the cations inside the confinement are distributed in a
single layer and are perpendicular to the surface of the confining sheets. Note that
the end-to-end expansion of [EMIM]+ and [BF4]− along the longest axis is around
0.75nm and 0.19nm, respectively. At interplate separation of 1.1nm, the peaks for
the terminal carbons (methyl and ethyl ends of [EMIM]+) and ring carbon overlap
near the confinement surface, suggesting two parallel layers of the ions. However,
few cations also attain perpendicular orientation as reflected by the central peak for
CR. At d = 1.3nm, again two layers of the ions are present, however, their orientation
is not parallel to the surface of the sheets. For intersurface separation of 1.5nm, there
are five peaks corresponding to the cation ring carbon. Three of these peaks overlap
with the terminal carbon near the surface and at the center of the confinement, reflect-
ing three layer distribution of the cation in parallel orientation. Some cations also
attain orientations perpendicular to the confining surfaces between the parallel lay-
ers. Dhattarwal et al. also reported the layered distribution of [EMIM][BF4] inside
the nanoscale confinement and confirmed the orientational preferences of ions at
different separations using orientational order parameter.

Similar to [EMIM][BF4], highly structured distribution of electrolyte species
inside nanoscale solvophobic confinement was observed in case of WIS solu-
tions [75]. Figure10 depicts the distribution of species of [Li][TFSI]-water elec-
trolyte within the solvophobic confinement. Note that the end-to-end expansion of
[TFSI]− along the longest axis is around 0.76nm. At lower intersurface separation (d
= 1.3nm), the [TFSI]- anions prefer to align perpendicular to the confinement surface
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Fig. 10 Simulation snapshots representing the distribution of WIS electrolyte species between
the solvophobic carbon sheets. The upper row shows the distribution of [Li]+ and [TFSI]− ions,
whereas, the lower row represents the distribution of water molecules inside the confinement.
Magenta, blue, green, red, yellow, and white beads represent the lithium, nitrogen, fluorine, oxygen,
sulphur, and hydrogen atoms, respectively. Reprinted with permission from Ref. [76], Copyright
2021 RSC

and water molecules are distributed throughout the confinement. As the separation
between the sheets increases, some of the anions prefer to align parallel to the surface.
Even at higher separations, most anions prefer parallel orientation and the separation
between two parallel layers of anions increases with increase in interplate separa-
tion. The additional space results in more water molecules inside the confinement at
higher separations, which is also reflected in the number density profiles. This also
results in lower anion to water ratio between the confinement at higher interplate
separations. It has also been shown that at the supercritical point, the height of the
free energy barrier separating liquid and vapor phases of the electrolyte is directly
correlated with the amount of salt ion pairs present within the confinement when the
electrolyte is in the liquid phase [76].

5 Structural Changes During Electrolyte Deintercalation

In the previous section, we observed that the electrolytes within the nanoscale con-
finements are highly structured in their liquid phases. In this section,we shall examine
the changes in the structure and orientation of electrolyte species during the process of
electrolyte deintercalation (capillary evaporation). Figure11 shows the joint density
distribution (ρ(z, θ)), which represents the number density of [EMIM]+ ring vectors
between the rigid and flexible confining sheets along z direction forming an angle θ

with the axis perpendicular to confinement surfaces. When [EMIM][BF4] inside the
confinement is in LP (N ∗ = 56), the cations prefer to align parallely near the surface
(θ = 90◦) and perpendicularly at the center of the confinement (θ = 180◦). The plots
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Fig. 11 The joint density distribution, ρ(z, θ), plotted along the free energy profile for
[EMIM][BF4] representing the changes in orientation of [EMIM]+ ions during the deintercalation
(high to low N values) of electrolyte from the solvophobic confinement. Reprinted with permission
from Ref. [75], Copyright 2020 ACS

show that for flexible sheets the number density of perpendicular cations at the cen-
ter of the confinement are relatively higher. As the number of [EMIM][BF4] species
inside the confinement is decreased (N ∗ = 30), the enhanced preference of perpen-
dicular cations between flexible sheets facilitates the formation of vapor tube at the
confinement surface. The difference in the preference of perpendicular orientation of
cations is more prominent when the [EMIM][BF4] reaches towards the vapor region
(N ∗ = 10). Here, the ease of vapor tube formation between flexible sheets results in
lower energy barrier and relatively more stable vapor phase of [EMIM][BF4].

6 Summary and Future Directions

This chapter was focused on highlighting the recent advances in computer simulation
studies on understanding the effect of confinement size, separation, flexibility, and
electrolyte concentration on the process of intercalation-deintercalation of ions of
neoteric electrolytes, such as ILs and WIS electrolytes, through nanoscopic confine-
ments. These studies have clearly demonstrated that the stability of VP and LP of
an IL or WIS electrolyte inside a hydrophobic confinement depends on the distance
between the confining sheets. In the case of WIS electrolyte, stabilization of VP and
LP also depends on the concentration of the salt. In LP, the structure of the elec-
trolytes inside the confinement can be distinct from the bulk depending the interplate
separation. It has also been demonstrated that above a critical separation between
the sheets, LP is more stable for a given concentration of electrolyte. Similarly, for
a given separation between the confining sheets, there exists a critical concentration
of electrolyte above which the LP of the electrolyte is stable inside the confinement.
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Additionally, introducing flexibility to the confining sheets decreases the free energy
barrier of transition from LP to VP of the confined electrolyte.

Similar to the process of capillary evaporation of water from a hydrophobic
nanoscale confinements, the deintercalation of electrolytes also starts with a vapor
bubble formation at the confinement surface. Then the vapor bubble grows to form a
gap-spanning vapor tube, which eventually covers the whole confinement. However,
contrary to water, the size of vapor tube formed is supercritical in case of WIS elec-
trolytes only at lower interplate separations. At higher separations, deintercalation of
electrolyte is a four step process; formation of vapor bubble(s), formation of subcrit-
ical vapor tube, growth of vapor tube to supercritical size, and further spontaneous
growth of vapor tube. It is evident that because of their unique nature, ILs and WIS
electrolytes can be tailored to achieve higher extent of intercalation.

The distribution of ILs andWIS electrolytes within the microscopic confinements
were found to be highly structured in their liquid phases. The structure of electrolyte
between the confining sheets plays an important role in governing the process of
electrolyte intercalation and deintercalation. Preferential deintercalation (dewetting)
of ILs from flexible surfaces makes the process of electrolyte deintercalation more
feasible from flexible confinements.

Although we have discussed some detailed studies on the stability of modern
electrolytes inside nanoscale confinements but there are few important aspects that
still remain unaddressed. Work needs to be done with a wider range of electrolytes
alongwith utilizationof confinementmaterials other thangrapheneor graphite. Effect
of surface charge or potential on the stability of electrolytes inside microscopic
confinements is also not fully understood. We believe that future studies in this
direction would provide valuable insights in the field.
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Synthesis and Biomedical Application
of Coinage-Metal Nanoparticle and Their
Composite

Piyali Sabui, Sadhucharan Mallick, and Adhish Jaiswal

Abstract Coinage metal nanoparticles including gold, silver, and copper are
absorbed due to their size and shape-dependent distinct optoelectronic and chemical
properties, in addition to their effective use in health-related applications. Among
these nanoparticles, Because of their ease of fabrication, characterization, as well
as surface modification, Au NPs have triggered a lot of interest in crucial biolog-
ical applications. Coinage metal nanoparticles provide a robust platform for solving
health-related problems because of their outstanding physical and chemical proper-
ties. Stable and biocompatible coinagemetals NPs have been employedwith targeted
drug delivery and killing cancerous cells, diagnosing several types of cancers phar-
macological applications, i.e., sensing probes, therapeutic agents, and drug delivery
systems.

Keywords Coinage-metal nanoparticles · Photodynamic therapy · Sensing · Drug
delivery ·Multidrug resistant

1 Introduction

Nanotechnology hasmultiple applications in various fields of research.Nanoparticles
(NPs) are indeed the foundational components of nanotechnology. From a historical
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perspective, the Coinage metals gold, silver, and copper are best known for their
economic, ornamental jewelry pieces, and metallurgy values. In contrast, their metal
nanostructures’ remarkable properties and applications may be considered products
of modern science, as nanotechnology’s potential has only recently been realized
[45, 66, 102, 106]. Metal NPs are nanometre-scale objects (1–100 nm) consisting of
pure metals or metal compounds. Metal NPs have sparked a lot of attention because
of their small size, making them preferable to their bulk counterparts in various
applications [45, 66, 102, 106]. The nanoscale materials’ surface area to volume
ratio increases due to the unique features from their bulk counterparts. For over a
century, metallic NPs have fascinated scientists and are not profoundly employed
in biomedical sciences and engineering. NPs’ features, including hardness, catalyti-
cally active surface, chemical reactivity, and biological action, can differ significantly
from micron-sized particulates. It has been suggested that the biocidal effectiveness
of metallic NPs is due to their size and high surface-to-volume ratio [26, 39, 60, 61,
106]. Group 11 coinage metallic nanostructures (i.e., Cu, Ag, and Au) have extraor-
dinary size- and shape-dependent catalytic, optical, electrical, chemical, and other
properties [7, 65, 68, 70]. The brilliant colours of colloidal solutions of coinagemetal
NPs have long intrigued scientists. When compared to other metals in the UV area,
Au, Ag, and Cu nanoparticles have strong surface plasmon resonance (SPR) bands
in the visible region [2–4, 7, 70, 79]. The surface plasmon band (SPB) is a promi-
nent as well as broad absorption band, observed in the Ultra violet-visible spectra
for metallic NPs greater than two nm. This originates from numerous interesting
physical and related applications such as SPR spectroscopy and surface-enhanced
Raman scattering (SERS), which have been widely applied in chemical analysis and
biomedical detection. Due to their sole optical properties arising since the excita-
tion of surface plasmon resonance, plasmonic coinage-metal NPs, namely Cu, Ag,
and Au, have attracted a lot of attention for their potential applications in chem-
ical and biochemical sensing, electrochemical sensing, SERS-based detection, elec-
tronics, optics, catalysis, medical diagnostics, therapeutics, and biological imaging
[21, 22, 53, 68, 93].

The above properties have motivated in-depth study into the creation of coinage
metal nanostructures and their potential applications. The modern scientific evalua-
tion of metallic NPs did not start until Michael Faraday established the preparation
of colloidal ruby colour gold (Au) solution by reducing the aqueous solution of
chloroaurate (AuCl4−) salt with phosphorus in water [28]. Michael Faraday, with
enthusiasm, has identified these finely divided gold particles as the origin of the ruby
red to amethyst colour of colloidal solutions. Later in 1951, Turkevich et al. prepared
AuNPs with an average diameter of about 20 nmwith a very narrow size distribution
and good reproducibility by reducing an aqueous solution of chloroaurate (AuCl4−)
using sodium citrate [27]. In 1908, GustavMie provided the first justification for why
AuNPs are red. He has given a theoretical explanation for spherical colloidal particle
scattering and absorption. Gustav Mie developed a way to resolve Maxwell’s equa-
tion for an electromagnetic light wave interacting with small spherical Au NPs with
the same macroscopic frequency-dependent material dielectric constant as the bulk
metal [73]. A high surface area to volume ratio raises the fraction of surface atoms
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increasing cases the material’s reactivity. They, therefore, hold promise for ubiqui-
tous commercial uses in consumer electronic, environmental, and energy technolo-
gies, data storage, therapeutic devices, and more due to their unique shape and size-
dependent characteristics. It is now acknowledged that nano diagnostics and drug
delivery using nanoparticles are complemental new technologies [18, 19, 34]. The
popular term “theranostic” is used to describe the combination that can bring about
unprecedented advances inmedicine [12, 53]. Coinage-metal NPs’ effective light-to-
heat conversion enables the targeted thermal ablation of diseased or infected tissues.
They can be used to increase CT scan contrast or improve cancer chemotherapy treat-
ment due to their capacity to absorb large amounts ofX-ray electromagnetic radiation
(computed tomography). To detect microbial organisms and their metabolites, bio-
imaging of tumor cells, detection of receptors on their surface, and investigation of
Endocytosis, AuNPs are utilized in resonance scattering dark–fieldmicroscopy [12].

2 Synthetic Routes for Coinage-Metal Nanoparticle

Coinage-metal NPs are made in various ways, with top-down or physical proce-
dures and bottom-up or chemical ones being the most common [72, 82, 86, 100].
A bulk solid is reduced to nanosized dimensions employing different physical and
chemical strategies such as cutting, grinding, and etching techniques in top-down
tactics [72]. In the bottom-up approach, the structure of NPs is generated by atoms,
molecules, or clusters using chemical and biological procedures [68, 100]. Self-
assembly refers to assembling atoms, molecules, or clusters to form NPs. For wet-
chemical synthesis processes like chemical, electrochemical, polyol reduction, and
Sonochemical, the bottom-up (reduction of salt precursors, nucleation, and growth)
approach is widely used [12]. The most popular and cost-effective bottom-up tech-
nique utilizes chemical reduction of metallic ions in solutions. In theory, the metal
salt is reduced using various reducing agents in the presence of a capping agent, stabi-
lizing the nanostructures against aggregation under the proper reaction circumstances
[21, 25, 54]. Many other reducing agents can be employed, including sodium citrate,
LiAlH4, NaBH4, hydrazine, hydrogen, and ascorbic acid. The Lee–Meisel method
uses NaBH4, sodium citrate, and hydrogen to reduce nitrate and sulfate salts of Ag
andAu [54]. The dimensions and shape of the particles are significantly influenced by
the medium’s pH. Both rod and spherical NPs were commonly observed at high pH
due to rapid reduction. On the other hand, the slower reaction resulted in a lesser pH
(5–6), polyhedral, and triangular forms. The size of the nanoparticles can be adjusted
by adjusting the proportion of reducing and stabilizing agents as well as the pH of
the system. Coinage-metal nanomaterials have been synthesized using a variety of
physical and chemical processes. In 1982, Lee-Meisel prepared Au NPs from an
aqueous hydrogen tetrachlorocuprate (HAuCl4) brought to boiling for one hour in
the presence of 1% sodium citrate solution [54]. Wine red Au NPs sols prepared by
this method had absorption maxima at approximately 530 nm [54]. The Lee-Meisel
process, the most common way for synthesizing Ag NPs, reduces aqueous AgNO3
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solution brought to boiling for one hour in the presence of 1% sodium citrate [54]. Ag
sols prepared by procedures were yellow and had an absorptionmaximumof 420 nm.
Sonit et al. had synthesized Ag NP using NaBH4 in the Luria–Bertani (LB) bacterial
growth medium [37]. They reported that Ag NPs were uniformly distributed and
exhibited no agglomeration, with dimensions varying from 2 to 5 nm. Sanpui et al.
made a Chitosan–AgNPs composite bymixing 50ml of 0.2% (w/v) chitosan solution
with 2 ml of freshly produced 10 mM AgNO3 solution and 100 µl of 0.3 M sodium
hydroxide (NaOH) solution at 95 °C with continual stirring [91]. They reported that
the yellow-colored composite had only one, narrow, and strong absorption band at
about 410 nm, which is the typical nature of Ag NP SPR. Rao and Paria reported
synthesizing and stabilizing spherical size (60 nm) Ag NPs in aqueous leaf extract
using A. marmelos at room temperature [44]. Sharma et al. demonstrated the prepa-
ration of Au NPs using Black Tea leaves in an aqueous medium at room temperature
[94]. Biogenic synthesis are advantageous because they have a lower impact on
the environment than some physicochemical production techniques and may create
large numbers of contamination-free NPs with well-defined size and shapes [44].
Cheirmadurai et al. used aqueous Lawsonia inermis leaf extract to make reddish-
brown colour Cu NPs soln with a 570 nm absorption maximum. They claimed that
the diameter of as-synthesized Cu NPs (83 nm) was bigger than that of calcined
Cu NPs (43 nm) [11]. Angajala et al. investigated the in vitro anti-inflammatory
and mosquito larvicidal activity of spherical-shaped Cu NPs fabricated from Aegle
marmelos Correa with greater particle sizes ranging 50–100 nm and 100–200 nm
[5]. Nagar and Devra [76] generated crystalline, cubical Cu NPs using Azadirachta
indica leaf broth and cupric chloride dihydrate as a precursor salt [76]. Cu2+ ions are
reduced to Cu NPs by the biological molecules in A. indica leaves broth, which also
acts as a capping and stabilizing agent.

3 Biomedical Applications

Coinage-metals are unique benign agents with many biomedical uses, including
antibacterial agents, chemical and biochemical sensing, ultrasensitive diagnostic
methods, thermal ablation as radiation enhancers, and drug and gene delivery vehi-
cles [24, 66, 103]. Because of their unique properties of excellent penetration and
traceability within the body, nanomaterials systems have become a powerful tech-
nique in diagnostics and therapeutics, allowing for more efficient treatment with a
lower risk of toxicity than conventional treatments [10, 42, 97]. Man’s valiant efforts
to defeat sickness have resulted in revolutionary methods, detection, therapies, and
new healthcare systems as a result of the fight between man and disease. Metals have
been an essential aspect of human history formillennia. Nano silver, copper, and gold
have all received much interest because of their unique characteristics and activity
spectrum [14, 15]. However, combining them with recent advances in nanotech-
nology and material sciences has opened up new research opportunities in academia
and industry, resulting in a diverse range of innovative biomedical applications such
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as antimicrobial and antiviral agents, diagnostic tools, controlled drug delivery, and
imaging probes [10, 42]. The noble characteristics of these Coinage NPs, as opposed
to other NPs like transitionmetal NPs like iron, nickel, or cobalt and their lower cyto-
toxicity, make them appealing for environmental and biological applications [50, 51,
56]. Coinage metal NPs have also been proven to be capable of inactivating viruses
such as SARS, H1N1 flu, and H5N1 bird flu new wide-ranging nanomaterials (5–
60 nm) can reduce viral loads by 80–100% through direct or indirect contact (New
wide-ranging nanomaterials (5–60 nm) can reduce viral loads by 80–100% through
direct or indirect contact [10, 42]. Chemical and biological sensing, biomedical
such as detecting, targeted drug administration, imaging, photothermal and photo-
dynamic treatment, and the regulation of two or three applications are all potential
advantages of Au NPs, Ag NPs, and Cu NPs [1, 33, 62, 89, 104]. Nanotechnology,
and more precisely nanomedicine, could advance quickly, allowing new and more
efficient technologies to replace established treatment methods in the fight against
the disease [30, 45, 49]. Nanotechnology has many applications in treating chronic
human diseases, such as delivering precise medicines to specific locations [8, 9, 47,
99]. There have recently been numerous notable implementations of nanomedicine
(chemotherapeutic, immunotherapeutic agents, and biological materials, so on) in
the treatment of many diseases. Optical scattering has been employed in cancer cell
diagnosis and is helpful in imaging approaches for detecting connected biosystems
[2, 38, 40, 45, 107, 108]. On the other side, research into using nanoparticles as drug
delivery methods for cancer treatment. Combining diagnosis and therapy features in
one piece of equipment also has excellent potential.

3.1 Coinage-Metal Nanoparticles to Fight Against
Multidrug-Resistant Bacteria

Infectious diseases continue to be a major cause of mortality and illness around the
world. The World Health Organization (WHO) and the Centers for Disease Control
and Prevention (CDC) have expressed great concern about the rise in multidrug
resistance microorganisms [103]. As a result, one of the most critical challenges in
global health security is antibiotic resistance [13, 29, 48, 59, 75]. Many multidrug-
resistant bacteria can colonize and attach to surfaces via hydrophobic interactions by
generating a biofilm, a matrix of extracellular polysaccharide molecules that acts as a
barrier to antibiotic diffusion when treated [39]. It has highlighted nanotechnology-
based medicines to treat the related diseases to tackle resistance to antibiotics, new
infections, and biofilm formation. Recent studies have confirmed that antimicrobial
formulations comprising coinage metal NPs could be effective bactericidal ingredi-
ents. Ag and Cu have been employed most extensively among inorganic antibacterial
agents because of their effective biocidal ability at low concentrations and relatively
less toxicity to mammalian cells [6, 7, 48, 55, 101]. Small dimensions and a high
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surface-to-volume ratio distinguish Ag and Cu-based NPs for improving interac-
tions with biomolecules inside cells and on cell surfaces and cell permeability [7].
An inverse relationship between nanoparticle size and antimicrobial activity has
been demonstrated, where nanoparticles in the size range of 1–10 nm have been
shown to have the most significant biocidal activity against bacteria [75]. According
to a previous investigation by Ahearn et al., pure silver, silver oxide, and silver
chloride materials suppressed Candida albicans, Pseudomonas aeruginosa, Serratia
marcescens, and Staphylococcus epidermidis growth of bacteria by increasing adhe-
sion to an ion-beam-assisted-deposited silver surface and then losing viability [1].
Ag ions and Ag-based compounds have had bacteriostatic and bactericidal proper-
ties for centuries. In recent years, new bactericidal agents based on coinage metal
nanomaterials have become essential due to the development of bacterial strains
resistant to the most effective antibiotic preparations. Sonit et al. had reported the
synthesis of Ag NPs in the LB medium, which had an antibacterial effect of Ag NPs
against green fluorescent expressing (GFP) expressing Escherichia coli (E. coli)
through perforation on the cell wall [37]. Sanpui et al. reported the antibacterial
effect of chitosan–Ag NPs composite against GFP expressing E. coli where Ag NPs
concentrations in the composite were only 2.2 and 2.6 µg/ml in the corresponding
minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of the composite [91]. Optical density (OD) at 595 nmof the sample is usually
determined using a UV–Visible spectrophotometer at distinct intervals to verify the
growth of the bacteria. The MIC value of the NPs is the minimum concentration
of NPs at which there is no visible turbidity. In addition, cultures lacking visible
turbidity are re-inoculated in fresh media. MBC is defined as the Nanoparticles
concentration that killed at least 99.9% of the initial inoculation. Recently, Banerjee
et al. synthesized ternary brown-colored iodinated chitosan-Ag NP composite and
investigated antibacterial activity against GFP expressing E. coli. GFP expressing
E. coli simplifies the monitoring of the cell population changes during the action of
the iodinated chitosan-Ag NP composite at various time points [7]. The Minimum
Inhibitory Concentration (MIC) of the iodinated chitosan-silver nanoparticle (CS-Ag
NP) composite (87.20µg/mL) comprised 38.40 and 48.80µg/mL of chitosan-AgNP
and iodine, respectively, whereas the correspondingMBC (119.00µg/mL) consisted
of 51.70 and 67.30 µg/mL, respectively. In these above MIC and Concentrations,
the quantity of Ag NP was only 0.82 and 1.10 µg/mL, respectively [7]. The posi-
tively charged chitosan might help attach the composite to the negatively charged
bacterial cell wall. Ag NPs embedded in the composite induce pore formation on the
cell wall, making bacteria unviable. The CS-Ag NP composite and generated iodine
atom blend exert reactive oxygen species (ROS) that produce oxidative stress in the
cytoplasm, causing more damage to the cell which is illustrated in Fig. 1.

In a nutrient broth and saline, Ghosh et al. assessed the antibacterial effect of
Ag/agar film on E. coli, Staphylococcus aureus (S. aureus), and Candida albicans
(C. Albicans) [35]. Further, Ag NPs have also been proposed for anticancer therapy
[78, 108]. For example, Ag NPs have been widely used in household products such
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Fig. 1 Schematic representation of the proposed mechanism of antibacterial activity of the iodi-
nated chitosan-Ag NP composite. Reprinted with permission from [7]. Copyright © 2010 American
Chemical Society

as textiles, medical equipment disinfecting, domestic appliances, and their poten-
tial water treatment capacity. As a result of the dramatic rise in Ag NPs manufac-
turing, use, and customer needs, it is unavoidable that large quantities of Ag NPs
discharged into the environment will disrupt typical sewage behavior. The World
Health Organization has established an upper limit of 0.1 mg/L for the amount of
silver that is permitted in drinkable water. Recent studies show that combining Ag
NPs with polymer improves Ag NPs’ antibacterial activity at reduced Ag concen-
trations. Numerous categories of Ag-containing antibacterial agents using diverse
carriers, such as zeolite TiO2 material, mesoporous silica, chitosan, polyacryloni-
trile, siloxane, carbon aerogels, montmorillonite sol, and epoxy resin, have been
observed [7, 66]. Combining Ag NPs with these polymers increases their antimi-
crobial activity efficiency by exploiting the individual substances’ active compo-
nents. These composites may find use in a variety of industries, including those
that deal in food processing, hospital instruments, water purification, and surgical
equipment and devices. However, Ag NPs have recently found wide applications in
water and air purification systems. Furthermore, addingAgNPs orAuNPs to existing
antibiotics such as salinomycin, penicillin G, kanamycin, amoxicillin, erythromycin,
clindamycin, chloramphenicol, and ampicillin are bactericidal vancomycin toward
Staphylococcus aureus was enhanced [74, 81, 88]. Cu has long been recognized as
an effective antibacterial agent with low toxicity. Cu has already been employed
as a powerful fungicidal agent for many decades. Since a period of time ago, Cu’s
germicidal activity has been known and reported for both free and complex species.
Since the nineteenth century, the paint industry has used Cu or Cu oxide particle
dispersions in organic matrixes as antifouling coatings, mainly for maritime appli-
cations. In 2006, Kim et al. deposited metallic Cu NPs with sizes ranging from
3.5 to 11 nm on the spherical silica matrix, i.e., the hybrid structure of Cu-SiO2

nanocomposite formed, which exhibited a remarkable inhibitory effect on various
bacteria [48]. In 2008, Anyaogu et al. reported the synthesis of acrylic functionalized,
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with 2-phenoxyethyl acrylate polymer composites, showing antimicrobial activity
and claiming that Cu ions leach from chemically bound acrylated Cu NPs is the
biocidal species [6]. They also reported that Cu NPs chemically modified with posi-
tively charged thiols were stable in aqueous solution for many months and exhibited
outstanding antifungal activities. Cu NPs and Cu NP-polymer composites are attrac-
tive alternatives to common antibiotics as they have substantial antibacterial and anti-
fungal properties [13, 70]. These stable nanocomposites have a high potential for use
in antibacterial or antifouling coatings in themarine environment. Copper-containing
NPs have been shown effective against animal and plant pathogens impeding MDR
biofilms formation when CuO NPs enter bacteria; metabolic functions are affected
by active transport, electron transfer, and nitrogen metabolism [55]. It is involved in
iron homeostasis’s oxygen transport pathway and electron transport chain. At high
concentrations in free ionic form, it can start generating ROS by reducing O2 and
producing superoxide anion O2−, which come into contact with the cell membrane
and produce free radicals that enter the cell and disrupt the internal cellular contents
and biochemical processes, as well as preventing DNA and amino acid synthesis.
Cu2+ ions generated by nanostructured materials can cause ROS through a broad
range of chemical reactions, including breaks in DNA strands that affect the expres-
sion of genes. Furthermore, Cu2+, Cu+ ions, as well as relatively small Cu NPs
have been shown to stimulate the production of intracellular reactive oxygen species
in bacterial cells. Recently, Mallick et al. prepared the chitosan-Cu NP composite
from the reaction of alkaline CuSO4 and hydrazine in the presence of chitosan in an
aqueous medium [70]. It was taken out of the reaction mixture and dispersed in water
with dilute acetic acid. The spherical CuNPs (9.8± 4.0 nm) were stable after synthe-
sizing if molecular iodine was added to the medium, as depicted in Fig. 2. Mallick
et al. investigated the bactericidal action of iodinated chitosan-Cu NP composite on
gram-negative GFP expressing E. coli and Gram-positive Bacillus cereus (B. cereus)
bacteria which is shown in Fig. 3. The MIC of the Iodine-stabilized Cu nanoparticle
chitosan composite on E. coli was 130.80 µg/mL, which consisted of 21.50 µg/mL
Cu NPs.

Further, Mallick et al. found that chitosan-Cu@Ag NPs composites were stable
in solution for more than two weeks under ambient atmospheric conditions and
exhibited bactericidal activity using a lower concentration of Cu and Ag against E.
coli and B. cereus bacteria [69]. They reported that when chitosan-supported copper
nanoparticles were treated with silver nitrate (AgNO3) solution, Ag shells formed on

Fig. 2 The procedure for making iodinated CS–Cu NP composite is illustrated graphically.
Reprinted with permission from [70]. Copyright © 2012 American Chemical Society
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Fig. 3 A schematic illustration of iodinated CS–Cu NP composite synthesis and bactericidal
application. Reprinted with permission from [70]. Copyright © 2012 American Chemical Society

the Cu NP cores in the composite. Mallick et al. ensure that through their research
work over the preceding few years [7, 69, 70] a contribution has been made to the
progress of nanoscience and nanotechnology, which are summarized in Table 1,
which would be relevant for the improvement of humankind. Cu and Ag NPs can
exert their antibacterial activity via a multitude of mechanisms, such as (a) Direct
interaction of NPs through the bacterial cell wall leading to perforation of the cell
wall, (b) Biofilm formation inhibition; (c) Activation both of essential and adaptive
host immune function; (d) Generation of ROS including oxidative damage to proteins
and DNA; and (e) Intracellular effects e.g., interactions with proteins and DNA have
been induced. In terms of the molecular pathways of Ag (+) inhibiting action on
microorganisms, it has been observed that DNA loses its ability to replicate and the
expression of ribosomal subunit proteins and other cellular proteins and enzymes
required for ATP production is inactivated [29].

3.2 Photothermal Therapy

Photothermal therapy (PTT) is a minimally invasive cancer treatment known as
thermal ablation or optical hyperthermia [2, 59]. In recent years, it has receivedmuch
attention, compared to traditional therapeutic methods, PTT is a highly efficient and
distinct method for treating diseases because it exhibits spatiotemporal selectivity,
with the benefits of high responsiveness, lesser side effects, non-invasiveness, quick
and effective therapeutic interventions, and low cost [20, 23, 84, 95, 98]. Due to
their unique features, with high photothermal activity and small diameters, Au NPs
are generally utilized for PTT as photothermal agents, allowing tumor penetration
greater than normal cells [77, 104]. The optical absorption of Au NPs, particularly
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Table 1 Antibacterial activity studies of chitosan-metal (Ag, Cu, and Cu@Ag) NPs composites
against green fluorescent expressing E. coli bacteria

Composite details Composite
(µg/mL)

Chitosan-Ag
NPs (µg/mL)

Ag
(µg/mL)

Chitosan
(µg/mL)

I2 (µg/mL)

Iodinated
chitosan-Ag
NP composite
[7]

MIC 87.20 38.40 0.82 37.58 48.8

MBC 119.00 51.70 1.1 50.60 67.30

Composite
(µg/mL)

Chitosan–Cu
NPs (µg/mL)

Cu NPs
(µg/mL)

Chitosan
(µg/mL)

I2 (µg/mL)

Iodinated
chitosan-Cu
NP composite
[67]

MIC 130.84 127.62 21.55 106.07 3.22

MBC 239.4 233.50 39.43 194.07 5.9

Composite
(µg/mL)

Cu (µg/mL) Ag
(µg/mL)

Chitosan
(µg/mL)

I2 (µg/mL)

Chitosan
Cu@Ag NP
composite [69]

MIC 63.40 3.03 1.47 58.90 0.0

MBC 92.99 4.44 2.13 86.42 0.0

gold nanorods (Au NRs), is dominating, and the absorbed light energy is gener-
ally dissipated thermally, resulting in localized heat, which is the foundation of
healthcare medical strategies such as photothermal therapy [46]. Au NPs have an
extremely good binding affinity, which makes them ideal for attaching ligands to
improve biomolecular interactions. AuNPs also exhibit an intense color in the visible
range and strongly contrast with electron microscopy imaging [58]. Tunable Au NR
surface Plasmon and photothermal effects and Au NRs’ widely accepted biocompat-
ibility and functional diversity are used in various biomedical sensing, drug trans-
port thermo-chemotherapeutic, and PTT applications [80]. The Au NPs-enhanced
PTT method can more accurately target tumor cells than conventional chemothera-
peutics. Photothermal therapy is confirmed by Au NPs, which can absorb specific
wavelengths of light, resulting in photoacoustic and photothermal characteristics,
making them highly beneficial for hyperthermic treating cancer. The smaller Au
NRs, among other nanostructures, are much more attractive for in vivo PTT [80].
In early clinical trials, PTT was investigated with different forms of Au nanostruc-
tures. For example, the Food and Drug Administration approved pilot clinical studies
with Au–Silica (AuroShell) Nanoshells around 155 nm in diameter, with a layer of
5000 molecular weight polyethylene glycol (PEG). Au–Silica is a multifunctional
theranostic platform based on photosensitizer-loaded plasmonic vesicular assem-
blies of Au NPs developed for practical cancer imaging and primary and metastatic
lung cancer tumors or head and neck cancer treatment [30]. In vitro and in vivo,
Au NRs serve as the most appropriate photothermal contrast agents. Mackey et al.
[64] synthesized three different PEG-AuNRs (median size 38 × 11, 28 × 8, and
17 × 5 nm) and examined (in vitro) their photothermal contrast ability for plas-
monic photothermal therapy application on human oral squamous cell carcinoma
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(HSC-3 Cancer cells) by irradiation of continuous near-infrared (NIR) laser with
a wavelength of 808 nm. Using experimental and discrete dipole approximation
(DDA) theoretical technique, Mackey et al. had established that Au NR (dimensions
28 × 8 nm) exhibits the ideal size for the application as a photothermal contrast
agent [64]. Plasmonic photothermal therapy (PPTT) is a cancer therapy in which
AuNRs are injected at the tumor site before near-infrared light is transiently applied
to the tumor, causing localized cell death [2, 3]. Moustafa et al. reported effective-
ness, molecular mechanism, toxic effects, and pharmacokinetics of PPTT in cancer
cells in vitro and in vivo using PEGylated AuNRs-PPTT as implemented in natural
cancerous cells in the mammary glands (in vivo) of animal clinical cases (cats and
dogs), which more plausibly demonstrate their human equivalents at the molec-
ular scale, and cancer MCF-7 cells (in vitro) by NIR laser irradiating the tumors
for 2 or 5 min. Generally, cell death follows one of two distinct pathways: apop-
tosis or necrosis [2, 3]. Two minutes of laser irradiation generated a moderate alter-
ation (apoptosis) within the tumor, but five mins of laser irradiation caused severe
burning (necrosis). Their findings imply that giving AuNRs to canines and felines
with natural tumors under extremely low photothermal temperatures of 42–44 °C
for two mins causes apoptosis, which is better for tumor treatment than necrosis.
Prostate cancer is major cancer in males and the second most significant cause of
death from cancer. Rastinehad et al. [84] demonstrate that targeting prostate cancers
with gold–silica nanoshells (GSN) guided laser excitation and ablation is a safe
and feasible approach. GSNs, which comprise a silica core and a gold exterior with
an overall diameter of 150 nm range, are intended to absorb near-infrared light as
efficiently as possible and convert it to heat. Photothermal heating of the tumor
causes selective hyperthermic cell death without heating the adjacent non-tumorous
tissue [84]. Tao and colleagues developed a cancer therapeutic platform based on
immunomodulatory cytosine-guanosine (CpG) oligodeoxynucleotides (ODNs) that
are attached with NIR-responsive Au NRs and doxorubicin (Dox) [95]. In 2014, Tao
et al. established a novel DOX-loaded Au NRs (AuNRs -CpG-DOX) for a combina-
tion of chemotherapy andPTT in themouse hepatocellular carcinoma cell (H22) lines
(in vitro) and cancer-inducedBALB/cmice (in vivo). The viability decreased from88
to 52 percent (%)when cellswere incubatedwithDox, depending on theDox concen-
tration. Furthermore, after near-infrared irradiation, the viability of cells treated with
AuNRs-CpG conjugates was reduced to 58 percent, indicating that AuNRs may
function as a photothermal agent to efficiently kill cancerous cells (irradiated by the
808 nm laser). Cell viability was drastically reduced to 12%when the two treatments
were combined under single irradiation, as expected (P < 0.005) is the significance
level. Based on the significant reduction cell viability, AuNRs-CpG-Dox conjugates
(ACD) could be used for photothermal ablation of cancerous cells as well as a drug
delivery vehicle for cancer chemotherapy. Notably, combining chemotherapeutic
and photothermal therapy outperformed solo treatments in terms of cancer treat-
ment. These findings demonstrated that ACDwas an effective thermo-chemotherapy
agent for cancer cells [95]. During NIR laser irradiation, the AuNRs may efficiently
increase the thermal death of cancer cells. Furthermore, the CpG motif-mediated
synthesis of soluble molecules like antitumor cytokines prevented H22 cells from
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proliferating. Furthermore, the enhanced chemotherapeutic activity was due to dox
molecules liberated from ACD after NIR irradiation. These effects had a powerful
anticancer impact and resulted in long-term tumor-specific immunity. This triple
combination of chemotherapeutics, thermotherapy, and immunotherapeutic has the
potential to synergize antitumor effects and maximise the therapeutic benefits of
cancer treatment. These findings suggested that ACD could be a promising tool for
inhibiting tumour cell growth by delivering a proinflammatory signal as well as an
anticancer agent to tumour cells. Dong et al. had synthesized biocompatible and
multifunctional Cu-Ag2S/PVP NPs PTT agents with high photothermal conversion
efficiency. Under 808 nm laser illumination, the new Cu-Ag2S/PVP NPs (average
diameter of 8.6 nm) have a high photothermal conversion efficiency (58.2%), which
is significantly higher than most of the described PTT drugs versus tumor-bearing
mice (in vivo) previously. Furthermore, Cu-Ag2S/PVP NPs might be excreted by
renal clearance and hepaticclearable excretion pathway within a few days signifying
a high level of biosafety for further potential clinical translation [20]. Gallic acid
functional silver nanoparticles (GA-Ag NP hydrogel) (average diameter of 43.1 nm)
work as a photothermal agent that efficiently and controllably alters 808 nm near-
infrared ray light into heat to kill bacteria against Gram-positive Staphylococcus
aureus (S. aureus) and Gram-negative E. coli [59]. The enhanced local temperature
caused by NIR laser light damaged the bacterial cell membrane and caused protein
denaturation. The photothermal properties of GA-Ag NPs and the innate germicidal
activity of Ag+ can disrupt cell membrane integrity and induce the death of bacteria
[59]. Although PTT by itself is sufficient for medical assistance, synergistic therapies
that combine PTTwith other treatmentmethods like as photodynamic therapy (PDT),
radiation, immunotherapeutic, and chemotherapy have recently been investigated to
improve PTT’s treatment effectiveness. Vijayaraghavan et al. reported the multi-
branched gold nanoechinus (AuNEs) exhibiting photodynamic and photothermal
therapeutic effects in both the NIR-I and NIR-II windows [98]. They demonstrated
the in vivo biomedical application of Au NEs (average crystallite size of 350 ±
50 nm) as dual-modal PDT and PTT constituents for solid tumour obliteration using
Light energy in the first and second biological windows.

Photo-irradiation of Au NEs internalized HeLa cells with 550, and 940 nm LED
arrays results in cell death. To create a new type of NP for cancer treatment, Au
NRs are encapsulated with chitosan (CS) derivatives to combine chemical and
photothermal activities. [23] described that thiol-modified CS derivatives are chem-
ically conjugated to DOX and produce nanocarriers DOX-CS-Au NRs [23]. The
biostability of Au NRs is enhanced by CS derivatives. Through the chemical effect
of DOX and the photothermal effect of Au NRs, Au NRs coated with CS derivatives
can be employed for cancer therapy. The photothermolysis impact was enhanced
by increasing the Au NR-loaded nanoparticle concentration (depending on the Au
NR quantity) for CS-Au NR and DOX-CS-Au NR nanocarriers. Because of the
anticancer drug, the clinical efficacy of DOX-CS-Au NR nanocarriers was greater
than that of CS-Au NR nanoparticles at varied concentrations. It is worth noting
that a combined effect of hyperthermic treatment and traditional chemotherapy can
greatly enhance the therapeutic potential of anticancer drugs. In 2014, Vankayala
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et al. demonstrated through In vitro experiments that the PDT effect via irradiation
of lipid bilayer-coated Au NRs (an average length 37.3 ± 2.4 nm and diameters of
11± 1.2 nm) by 940 nm could destroy the Hela cell tumor far more effectively than
the PTT effect (via irradiation of Au NRs by 550 nm light). The amount of cellular
deaths induced by 940 nm light (PDT effect), however, is about tenfold higher than
that by 550 nm light (PTT effect) at Au NRs concentration of 25µg/mL [96]. Exper-
imental studies in mice demonstrated that the PDT effect (via irradiation of Au NRs
by 915 nm light) could destroy the B16F0 melanoma tumour much more effectively
than the clinically used anticancer drug doxorubicin, as well as the PTT effect (via
irradiation of Au NRs by 780 nm light).

3.3 Photodynamic Therapy

Photodynamic therapy (PDT) offers the promise to become incorporated into the
mainstream of cancer therapy [16, 31, 96]. Cancer seems to be the best example
of a disease where both its diagnosis and therapy have profited from nonmedical
technologies. Cancer is the leading cause of mortality in developed countries and
the second most significant cause of death in developing countries, according to the
WHO [103]. The most common cancer treatment modalities that are used effec-
tively in cancer therapy are surgical procedure, chemo, and radiation therapy. PDT
promises to hold whenever surgery is impossible [16, 17, 32, 41, 43, 49]. In contrast
to radiotherapy, the low-cost and repeatable PDT aids in long-term cancer manage-
ment. The PDT was approved by the United States Food and Drug Administration
as the first drug-device combination for cancer treatment. PDT is efficacious both
against malignant and non-malignant diseases. In the future, the abnormal structure
of the tumor vasculature may allow the design of NPs that preferentially accumulate
at the tumor site and, if loaded with a drug, to deliver their cargo directly to the tumor.
PDT uses light and photosensitizers (PS) to create reactive oxygen species to treat
cancer and infectious disease. PDT is a minimally invasive and nontoxic approach
for treating solid malignant tumours that have been clinically validated. PDT is a
site-specific treatment that causes cell death by altering normal tissue oxygen (3O2)
into harmful ROS such as singlet oxygen (1O2) and other free radicals. This ROS
can directly damage the tumour or destroy cancer cells by triggering apoptosis and
necrosis, causing damage to the tumour vasculature or increasing immunological
effects [36]. The three factors (Photosensitizer, Light, and ROS) effectively treat
tumors when combined [87]. Organic photosensitizers employed in PDT have a
number of disadvantages, including high toxicity, tumour non-selectivity, and low
light absorption. As a result, interest in harmless inorganic photosensitizers such as
noble metal NPs has grown. NPs replace organic dyes in bioscience since they have
photostability and non-toxicity [16, 17]. The key features of Au NPs used in photo-
dynamic treatment include strong fluorescence quenching and SPR absorbance. Au
NPs demonstrate PDT is considered a crucial therapy for oncological disorders, and
photosensitizers as light-sensitizing chemicals and a laser are used to treat specific
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skin or contagious diseases. The heightened performance of nanohybrids in PDT
compared to the free sensitizers was also shown for other systems, including Au NPs
functionalized with zinc phthalocyanine and a lactose derivative employing human
breast adenocarcinoma cells (SK-BR-3) breast cancer cells [32]. García et al. [32]
had described how functionalizing phthalocyanine-AuNPs with lactose produced
water-dispersible NPs that can create singlet oxygen and cause cell death when irra-
diated. Haimov et al. had reported the PDT agent, meso-tetrahydroxy-phenylchlorin
(mTHPC) photosensitizer, to AuNPs that serve as carriers for the drug [32]. Haimov
et al. [41] demonstrated higher SH-SY5Y human neuroblastoma cell death rates
when incubated with the stable, soluble AuNP-mTHPC complex than with the free
photosensitizer drug. The Meso-tetrahydroxy-phenylchlorin (mTHPC) photosensi-
tizer, also known as “Temoporfin” (brand name “Foscan®”), has been approved for
the treatment of nonmelanoma skin cancers by theEMA in 2001 [41, 92].mTHPC is a
second-generation photosensitizer, a 650 nm laser beam activates it, and in the triplet
state, the mTHPC has a reasonably extended lifetime. mTHPC also possesses the
unusual trait of accumulating significantly more strongly in tumours than in normal
tissues. As a result, for effective PDT, comparatively lower dosages of mTHPC are
needed. The XTT assay has been used to evaluate cell death quantitatively. In this
case, mTHPC causes singlet oxygen generation, which impacts cell survival. Unlike
free mTHPC, which induces non-specific cytotoxicity at greater concentrations, the
AuNP-mTHPC complex only kills cells when exposed to radiation at concentrations
ranging as 1.2 M. Therefore, cells treated with the AuNP-mTHPC combination died
faster in the investigation than cells cultured with the free drug. In the presence of
endogenous photosensitizer Riboflavin, Hela cells were exposed to pectin-coated
silver nanoparticles (Pec@AgNP) (2.3 ± 0.7 nm). Riboflavin (vitamin B2, Rf) is
a component of proteins that binds flavin mononucleotide and flavin adenine dinu-
cleotide as cofactors in biological systems. The Annexin V test was positive in
irradiated HeLa cells pre-incubated with 50 µM Rf, while the Propidium Iodide
assay was negative, demonstrating early apoptosis. Annexin V and PI, on the other
hand, showed positive results when Pec@AgNP was added to the culture medium,
confirming late apoptosis or necrosis. Rivas et al. [87] had described that when
Pec@AgNP and Rf are present, photodamage increases. The MTT test also indi-
cated decreased cell viability when the nanoparticles were added along with Rf to
the incubation medium [87]. Aggregation is one of the significant drawbacks with
the Au and Ag NPs of diameter less than 200 nm, consequential in decreased reach
to the tumor sites. Also, the stability decreases by inhibiting its use in long-term
applications; however, this has been overcome by using a wide range of materials
such as TiO2, SiO2, and ZrO2 to support Ag and Au NPs [9, 102]. Dhanalekshmi
et al. synthesized core–shell Au@SiO2 NPs are very stable with high photodynamic
efficacy under visible light illumination. Dhanalekshmi et al. [16] proved that core–
shell type Ag@SiO2 NPs retains their potential to kill HeLa cells after being exposed
to light. These results show that the SiO2 shell prevents aggregation and enhances the
photodynamic activity of Ag NPs [16]. Cell viability of the highly stable Au@SiO2,
core–shell NPs against the human cervical cancer line (HeLa cell lines) were studied
by [71] using the MTT assay method [71]. The cell viability studies using HeLa cell
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a line in the occurrence of a light source show that the cell viability depends on the
concentration of the NPs, time, and light dose [71].

3.4 Coinage-Metal Nanoparticle-Enabled Bioimaging

The versatility of metal NPs has been beneficial in various studies related to disease
diagnostics, early detection studies, and well contrast agents for better-quality
imaging techniques. In disease diagnostics and signalling pathway elucidation, the
discovery ofmolecular imaging agents for fluorescence imaging of cells is of tremen-
dous importance. AuNPs andAgNPs have emerged as exciting tools for cell imaging
applications when coupled to target molecules and fluorophores [53, 62, 109]. Their
more excellent brightness and shorter lives have recently been highlighted as advan-
tages of their utilization as cell imaging agents. Fluorescence-based single-molecule
detection in cells needs the use of powerful laser beams that injure cells. Ag NPs
are becoming increasingly popular. Various research teams have started looking
into alternate methods for creating optical sensors and imaging labels in light of
the extraordinary optical characteristics of these metal NPs. Silver Sulfide (Ag2S)
has recently been found appealing for biological imaging due to its near-infrared
fluorescence [63].

3.5 Sensing

Several sensors based on the plasmonic properties of coinage-metal NPs, such as
very high molar extinction coefficients and resonant Rayleigh scattering on the
one hand, and enhanced local electromagnetic fields near the Nanoparticle’s other
surface on the other, have been developed over the last decade. Chemical and biolog-
ical sensing is one of the most important uses of Plasmonic metal nanoparticles
(Au NPs, Ag NPs, Cu NPs). Plasmonic metal nanoparticles have been utilized as
efficient sensors for the detection of various analytes such as metal ions, anions,
and biomolecules such as saccharides, nucleotides, and proteins [105] and toxins
by employing their inherent characteristics [58]. Au NPs sensors can be colori-
metric, surface Plasmon resonance, fluorescence-based, electrical and electrochem-
ical, SERS, quartz crystal microbalance-based, and Bio-Barcode assay sensor,
depending on the sensing approach [57, 85, 90]. The basic principles of colori-
metric sensing are based on visible colour changes caused by Au NP agglomeration.
This is an essential feature for naked-eye colorimetric sensing applications because
changes in their surface charge are translated into visible colour changes. Using a
copper oxide/gold nanocomposite, Rajpurohit et al. recently reported the fabrication
of an electrochemical sensor for the simultaneous detection ofmethylglyoxal (MGO)
and glyoxalase (GLO) as possible diabetic indicators [83] The Rajpurohit et al. used
the adsorptive stripping differential pulse voltammetry (AdSDPV) method for the
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specific and reliable detection of MGO levels in human plasma and urine samples
from healthy people and diabetes patients. The excellent conducting capabilities of
nanoplate CuO and anchored Au nanoparticles, as well as their synergistic effect,
made MGO and GLO determination extremely simple and sensitive [83]. Ag NP-
and Au NP-based assays have been used to detect metal ions, small molecules,
proteins, deoxyribonucleic acid DNA, and enzymes. According to Lee et al. [52],
sialic acid-stabilized Au NPs (d= 20.1± 1.8 nm) can be utilized to detect influenza
viruses quickly by attaching to the influenza virus envelope protein hemagglutinin.
Amino acids, for example, arginine (Arg), histidine (His), and lysine (Lys) have been
detected using quercetin-AuNPs as a colorimetric probe (Lys). Indeed, quercetin-Au
NPs agglomeration produced by amino acids leads to a color alteration from red to
blue [52].

3.6 Drug Delivery

Nanomedicine and nano-delivery systems are a comparatively novel but fast-growing
field. Coinage metals-based nanomaterials are used as disease diagnosis tools, treat-
ment, or to deliver therapeutic drugs to precisely targeted areas in a controlledmanner
[2, 38, 40, 45, 79, 107, 108]. According to the WHO, lung cancer is the most preva-
lent cause of cancer-related death, followed by colorectal, stomach, liver, and breast
cancers. Using NPs as drug delivery vehicles can change how cancer drugs are deliv-
ered to tumors. Liposomes (lipid-based NPs) are already being employed as drug
delivery systems to prevent drugs from degradation, improve pharmacokinetics, and
deliver a significant amount of drugs [67]. These drugs can be better by using drug-
delivery vehicles that passively or actively target cancers. Depending on the physical
and chemical properties of the pharmaceuticals, nanoparticles are chosen for drug
delivery. Nanoparticle-delivery systems are typically between 10 and 100 nm in size.
While many antibiotics’ efficacy is limited by poor membrane transport, drug-loaded
NPs vehicles can penetrate host cells via Endocytosis, making intracellular entrance
easier [99]. Au NPs are an appropriate platform for developing effective delivery
systems as Au NPs have unique optical and physicochemical properties, functional
flexibility, tuneable monolayer, controlled disparity, and biocompatibility. Au NPs
have a large surface area to volume ratio, which permits more drug and prodrug
loading capacities, remarkably reducing the minimum effective dosages compared
to free drug molecules.

As a result, Au NPs can transfer several drugs such as plasmid DNAs (pDNAs),
small interfering RNAs (siRNAs), peptides, proteins, and chemotherapeutic agents.
Verigene (FDA-approved) and Aurimmune (Phase-II) are gold-based nanomate-
rials for the application of therapeutics. Tamoxifen, a breast cancer treatment
medicine, has been commonly used for three decades. Dreaden et al. utilized Au
NPs conjugated to thiol-PEGylated tamoxifen derivatives to select MCF-7 breast
cancer cells. Tamoxifen-gold nanoparticle conjugates have been found to specifi-
cally target estrogen receptor alpha in human breast cancer cells in vitro, with up
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to 2.7-fold increased therapeutic potency [22]. The vital chemotherapy components
are the platinum-based anticancer medicines cisplatin, carboplatin, and oxaliplatin.
Althoughoxaliplatin has shownpromise in treatingvarious cancers in the past decade,
it is presently used to treat colorectal tumors. In the colon cancer cell lines (HCT116,
HCT15, HT29), the platinum-tethered AuNPs are up to 5.6-fold more cytotoxic than
or at least as active as oxaliplatin.

In contrast, the platinum-tethered Au NPs had an IC50 of 0.495 nM in the human
lung cancer (A549) cell line (which is nearly sixfold more active than oxaliplatin
(IC50) 0.775µM). Because Au NPs are nontoxic and nonimmunogenic, they are also
an excellent drug delivery scaffold. Wang et al. developed a drug delivery system by
conjugating DOX onto the AuNPs surface with a poly (ethylene glycol) spacer via an
acid-labile linkage (DOX-Hyd@AuNPs) which can remarkably inhibit the growth
of multidrug-resistant MCF-7/ADR cancer cells due to the high efficiency of cellular
uptake by Endocytosis and following acid-responsive release in cells [99]. Yuan et al.
reported that combining Ag NPs with gemcitabine increased cytotoxicity and apop-
tosis in Human Ovarian Cancer A2780 cells as compared to using the gemcitabine
alone. According to their findings, Ag NPs can boost ovarian cancer cells’ respon-
siveness to therapeutic drugs, and Ag NPs can be employed as chemosensitizing
agents in ovarian cancer therapy [107].

4 Conclusion

Wehave discussed the synthesis and applications of coinagemetal NPs in themedical
domain.

According to preceding research, physical, chemical, and biological approaches
have been used to synthesize Coinage metals NPs and their nanocomposites of
specific sizes and morphologies. The antimicrobial and anticancer characteristics
of these coinage metal NPs (Au NPs, Ag NPs, Cu NPs) and their composites are
highly encouraging. When the size of Nanostructures is reduced, the percentage of
surface area will increase; this means that biological activity, such as antifungal,
antibacterial, antiviral, and anticancer properties, is enhanced compared to larger
particles. Coinage metals NPs and their nanocomposites have involved extreme
care in the medical domain to develop the advanced generation of targeted drug-
delivery systems, diagnosis of diseases, and treatments of various life-threatening
diseases. One of the primary difficulties in nanotechnology and nanobiotechnology
is to improve the therapeutic efficacy of NPs while minimizing any inherent side
effects. With the rapid advancement of nanomaterials, novel treatment procedures
are being investigated thatmay solve current problems employing coinagemetalNPs.
The science of Coinage metals-based nanomedicine and nano-delivery is presently
among the fascinating research areas. In the previous two decades, extensive research
in this area has resulted in the filing of 1500 patents and the achievement of dozens
of clinical trials [79]. Colloids of Au, Ag, Pt, and Pd have been generally used and
recognized in medical trials to treat cancer. The commencement of nanotechnology
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has enlarged the therapeutic standards and taken the technology to advanced stages.
The idea of manipulating nanosized objects, which was once a dream, has become
authentic and has a lot of futuristic prospects. Because of the SPR effect, Coinage
metals NPs have thermally ablated tumour tissue in in vivo and in vitro and have
quickly benefited from PDT anticancer therapy.

Such NPs are specifically designed to attract diseased cells, allowing for direct
treatment of those cells, continuing to improve efficacy, reducing adverse effects, and
overall improving public health. The application of these metals, including Au and
Ag, both in diagnosis and therapy, is an area of research that could potentially lead
to a wider application of nanomedicine in the future [79]. One source of significant
interest in this direction is Au NPs, which appear to be efficaciously absorbed in soft
tumour tissues andmake the tumour susceptible to radiation (e.g., in the near-infrared
region) based on thermal ablation for selective elimination. Due to a favorable safety
profile that allows for repeated dosing with no total dose restrictions, PDT treatment
of malignant tumours has many benefits over other treatment approaches such as
chemotherapy or radiotherapy. NPs combined with therapeutic agents address the
issues associated with traditional therapy; however, a few issues, such as side effects
and toxicity, remain unresolved and must be properly examined before their use in
biological systems.

Ag+ ions have now been probed for a variety of biomedical usages including
use as an antimicrobial constituent in dental resin composites. The antibacterial and
antiviral properties of elemental Ag, Ag+ ions, as well as Ag compounds have been
thoroughly studied.

The use of AgNPs rather than elemental Ag or complex Ag compounds to prevent
biofilm formation on biomedical and other surfaces has been explored. The optical,
electronic, and physicochemical SPR properties of Au spherical, as well as nanorods,
have obtained them a special place. MTT assays, ROS measurement, RT-PCR, and
western blotting techniques are commonly used to evaluate Ag NP’s capability to
prevent cellular growth and mediate cell death. This property has led to the devel-
opment of medical uses such as diagnostics and therapy. The combined effect of Ag
NPs and other compounds (natural and synthetic antibiotics, anticancer or antiviral
compounds) has a synergistic effect that could aid in the development of new ther-
apeutic approaches, overcoming the current limitations in microbial resistance that
have become more prominent in recent years. PVP-coated Ag NPs and Ag+ ions
were also found to be effective against human lung cancer. Although both Ag NPs
and Ag+ had a similar toxic effect on mitochondrial function in an alveolar cell line,
A549, it should be noted that Ag NPs produce more ROS than Ag+ (leading further
to DNA damage). The findings demonstrated that Ag NPs might also preferentially
inhibit HeLa’s cellular mechanisms of DNAdamage aswell as caspase-mediated cell
death. Despite substantial advancements in the laboratory-based implementations of
coinage metallic NPs in the medical sciences for disease detection and drug admin-
istration, clinical trials and real-world applications are still in their early stages. As a
result, there is plenty of room for future studies to bring this technology to ordinary
people.
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Role of Inorganic Nanocomposite
Materials in Drug Delivery Systems

Hira Ateeq, Afaf Zia, Qayyum Husain, and Mohd Sajid Khan

Abstract Nanotechnology comprehends the study of various attributes of nanos-
tructured materials at the molecular and sub-molecular levels. Nanoparticles (NPs)
have garnered attention recently as a potential tool for targeted therapy in the clinical
setting. Distinct benefits of nanotechnology-based drug-delivery systems to over-
come the pharmacokinetic limitations of conventional treatments are due to their
small size and thus promise a good course of action in all aspects of life. Small
biological targets such as RNA, DNA and proteins can be easily manipulated by
nano drug delivery vehicles. The ultimate goal of research interest in nanotech-
nology is to create therapeutically relevant nanoparticles (NPs) with suitable dimen-
sions, chemical composition, and surface properties that can encapsulate the appro-
priate dosage of a targeted drug or molecule with improved kinetics and dynamics
in a biological system. To increase safety and effectiveness, NPs facilitate trans-
port across membranes, enhance the stability and solubility of encapsulated cargos,
and improve circulation time. Inorganic NPs are used in various drug delivery and
imaging applications and are manufactured to have different sizes, topologies and
geometries. These factors have led to substantial NPs research that has produced
positive outcomes, with inorganic NPs serving as the main focus for the delivery of
the drug.
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Abbreviations

NPs Nanoparticles
P-gp P-glycoprotein
MDR Multidrug resistance
ROS Reactive oxygen species
AuNPs Gold nanoparticles
NIR Near-infrared
AgNPs Silver nanoparticles
EPR Enhanced permeability and retention
RES Reticuloendothelial system
SiNPs Silica nanoparticles
IONPs Iron oxide nanoparticles

1 Introduction

Nanotechnology has widened domains of unexplored science in nature. Nanoparti-
cles (NPs) have revolutionised engineering, industry and nanomedicines sectors. The
enhanced structural integrity and unique chemical, optical, mechanical and magnetic
properties owing to the characteristic size, distribution and structure promise more
comprehensive applications of NPs in all aspects of life. NPs are smaller than
cellular organelles, alike in dimensions to macromolecules present biologically, thus
providing new elements to translational research.

Research efforts worldwide are invested simultaneously to develop nanoproducts
to improve health care and advance medical research. Various biomedical appli-
cations such as drug delivery have garnered increased nanotechnology use due to
their ability to alter the drug pharmacokinetics. The traditional drug delivery affects
normal body cells and has limited specificity, uncontrolled biodistribution and risks
of intracellular trafficking while targeting specific cells on the conjugation of the
drug with NPs [44]. On administration into the body, orally or through injections,
the interactions between NPs and biomolecules are inescapable before the NPs reach
the effective sites via the bloodstream. The biodistribution, therapeutic efficacy, and
biocompatibility of NPs are affected by the formation of a protein layer known as
protein corona due to their interaction with serum opsonin proteins. As a result, there
is a need to design a nano-drug delivery system where NPs serve as a drug delivery
vehicle for drugs to reach target cells such as cancer cells. With the advancement
of nanotechnology, more potent drug delivery systems with improved drug efficacy
and lower side effects have evolved to overcome these challenges of traditional
drug delivery [58]. Regarding its characteristics and transport, a drug carrier at the
nanoscale functions as a single entity. These nanoclusters have a confined size range
and at least one dimension between one and 100 nm (nm). It is anticipated that
revolutionary pharmaceutical therapies that target the disease site and help lower
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the cost and toxicity of the active component in healthcare would be facilitated by
nanotechnology-enabled drug delivery vehicles. The targeting moiety of the func-
tionalised NPs recognises and preferentially binds to the receptors expressed by
the target cells once they are close to them [6]. The active drug may occasion-
ally be released inside the target cells, including the nucleus, after the NPs have
entered the cells through receptor-mediated internalisation processes [17, 25]. Nano
encapsulated cargos have increased stability and solubility, easy transport across
membranes, and enhanced safety and efficacy with prolonged circulation time [32].
Enormous quantity of cargo, such as chemotherapeutic medicines, plasmid DNA and
small inhibitory (siRNA) can be loaded onto NPs owing to their high surface-area-to-
volume ratios and easy surface functionalisation chemistries.NPs can simultaneously
deliver more than one drug [25]. Nanomedicine arose from the widespread use of
nanotechnology in treating and detecting diseases [9].

Biological applications of NPs are determined by their method of synthesis
and properties. The colloidal NPs have been proved to be highly stable and
aqueous suspension cater optimised physico-chemical properties including size,
shape, surface charge and chemistry, stability, and optical properties. Biodistribution
of these NPs is dependent on their size and various surface characteristics following
their dispension in the target cell. The respiratory, gastric, transdermal, intravenous,
and intramuscular systems can all be used to administer NPs. NPs eventually enter
the bloodstream and lymphatics throughmost of these pathways, collect in the organs
and are cleared [11].

2 Inorganic Nanoparticles

Since inorganic NPs possess highly advanced chemical properties, they find
major applications as drug carriers. Ascribed to their unique material charac-
teristics and size-dependent physicochemical characteristics, inorganic NPs have
recently attracted much attention. NPs generated from metal, carbon-based mate-
rials, ceramic, etc., are known as inorganic NPs. They have large surface-to-volume
ratios and their surface functionalisation strongly affects their behaviour. Various
physical, optical, and magnetic properties, in addition to ease of functionalisation,
stability and inertness, make inorganic NPs an attractive alternative to organic NPs.
Heavy metals such as gold (Au) and silver (Ag) are being used to produce stan-
dard inorganic NPs. Metals such as nickel (Ni), cobalt (Co), iron (Fe), magnetite
(Fe304) and iron-platinum (FePt) are used to design magnetic NPs particles with
supra magnetic properties in a magnetic field. Fluorescent NPs include quantum
dots, silicon dioxide (SiO2), etc. [47].

Inorganic NPs have received a great deal of attention as possible disease modi-
fiers and drug distribution channels [8]. The stability and resistance of inorganic
NPs to microbial attack can be imparted to shallow toxicity profile, biocompatibility
and hydrophilic nature. Inorganic NPs are preferred over organic NPs in biomed-
ical science to develop a drug delivery system because they can internalize into
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the cells without interacting with P-glycoprotein (P-gp) and potentiating controlled
release of drugs [52]. P-gp is multidrug resistance (MDR) protein belonging to the
ATP-binding cassette (ABC) family of efflux transporters that has a prominent role
in cancer research and drug delivery. MDR can be referred to as cross-resistance
acquired by cancerous cells towards major chemotherapeutic drugs, thus vitally
contributing to the therapeutic collapse. P-gp is normally expressed in the breast,
brain, kidney, liver, and colon but overexpressed in cancerous cells. P-gp promotes
tumor progression and compromises treatment by reducing therapeutic efficacy. P-
gp is the primary therapeutic target to combat MDR as its overexpression is highly
noticeable in tumors [33]. Over the years, the designed P-gp inhibitors have shown
dismaying results due to unexpectedly low selectivity, poor inhibitory efficacy and
accumulated toxic plasma concentrations causing side effects in patients. Other drug
delivery systems, such as NPs, liposomes, etc., have depicted promising ability to
evade P-gp-mediated drug efflux and improve intracellular concentration without
altering the pharmacokinetics of the co-administered anticancer drug and limited
toxicity. Nanocarrier systems characteristically evade the drug efflux transporters
by efficiently escaping MDR [53]. Nanomaterials derived from Au, Fe, Si and
lanthanides have shown promising carrier platforms for therapeutics attributed to
enhanced stability and optical responsiveness [41]. High cellular absorption capacity,
lack of an immune response, and minimal toxicity are further benefits of using inor-
ganic NPs as drug or gene delivery vehicles. Their physical, chemical and biological
characteristics are markedly different from those of their bulk counterparts. The
most widely Food and Drug Administration (FDA) approved inorganic NPs are
Iron oxide (Fe2O3) NPs, including several imaging agents, and iron (Fe) carboxy
maltose for anemia. However, in Phase II clinical trials, AuNPs against multiple
sclerosis, amyotrophic lateral sclerosis, and Parkinson’s Disease [8]. Other charac-
teristic properties of inorganic NPs are electron-rich surfaces due to high surface
area to volume ratios. High surface energy possessed by inorganic NPs facilitates the
easy exchange of outer electrons and surface vacancies with electron acceptors and
donors in a biological system. Inorganic NPs increase reactive oxygen species (ROS)
production brought on by metabolic processing of nanoparticles through enzyme-
or metal-catalyzed chemical reactions in a compromised cellular environment, such
as a tumor. ROS overproduction further induces oxidative stress, disturbing normal
physiological redox-regulated functions, damaging DNA, disrupting cell signalling
cascade, changing cell motility and enhancing cytotoxicity and apoptosis [19, 29].
Several inorganic phosphate NPs such as Ca, Sr, Mg, and Mn phosphates, CNTs, Si,
Au, QDs, and double hydroxides are used for different applications to deliver DNA.
Modifying the surface of inorganic NPs helps in the targeted drug delivery and
keeps track of drug release [42]. Inorganic nanoparticles offer excellent biocompati-
bility, low immunogenicity, low cost, highly scalable production, and strong loading
capacity in addition to having highly favourable chemical, thermal, and mechanical
properties. Large proteins or oligonucleotide strands and a variety of small drugs can
be transported owing to the configurable diameter of porous inorganic NPs. Drug
conjugated inorganic NPs provide a versatile platform for image diagnostic and ther-
apeutic applications. Metallic NPs and inorganic nanomaterials such as graphene,
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Si and silicon are rigid and resistant. Still, they can be easily modified chemically
and mechanically, felicitating more accessible transport into tumor cells but encoun-
tering hampered penetration due to limited flexibility. Organic nanocarriers such as
liposomes can easily penetrate tumors due to their soft nature but present premature
drug release.

Inorganic NPs have revolutionised the biomedical field- nano biosensors have
aided in cellular tracking, imaging and disease diagnosis. Luminescent nanodevices
have contributed substantially to nano diagnosis in identifying disease at the cellular
or molecular level. Nanotherapy involving nanocarrier systems to target the disease
site with increased accuracy and enhanced drug efficacy and minimum side effects
has garnered tremendous success. Another important branch of biomedicine that has
received attention is regenerative medicine-nanotechnology. Tools and techniques
such as gene and cell therapy remove or replace damaged tissues and organs. Dosage
therapy to promote healing includes replacing or restoring damaged tissues or organs
using nanotechnology methods, such as bio regenerative tissue engineering.

Apart from various advantages, naked or bare inorganic NPs cannot be used since
they have a harmful effect on biological living cells. A biological system lacks a
mechanism to eliminate these NPs, which penetrate membranes and accumulate in
the body, causing toxicity. Induction of oxidative stress, which causes damage to
biological macromolecules, genotoxicity and immunotoxicity or inflammation, is
the most typical mechanism of NPs toxicity. Owing to their distinctive surface prop-
erties and interactions with various biomolecules, unbound NPs directly produce
radical and non-radical ROS. Therefore the inorganic NPs are encapsulated with
a nontoxic, biocompatible layer. Encapsulation with another metal forms core/shell
NPs and compliments properties such as quantum yield and photoluminescence. The
non-radiative combination sites are passivated, providing air stability and reducing
surface defects [12]. Encapsulated NPs are transported between cells by either endo-
cytosis or exocytosis. Endocytosis mediated transport is caveolin or clathrin proteins
dependent or independent and plays a crucial role in the cellular internalisation of
NPs [5, 30, 45].

The size of NPs is relatable to their deposition in the respiratory tract; smaller
particles tend to accumulate less. Inhaled NPs are phagocytosed by the macrophages
or cleared via a mucociliary escalator. The NPs may retain, aggregate, or metabolise
on passage to the lungs. The particles further move to different tissues via the blood-
stream. It has been shown that mediocre-sizedNPs (hydrodynamic diameter <34 nm)
pass from the lungs to mediastinal lymph nodes very fast, whereas small-sized parti-
cles (hydrodynamic diameter <6 nm) diffuse into the bloodstream and are eventually
cleared from the body via urine. After entering the bloodstream, NPs disseminated
all over the body, with the liver being the most common target, though other organs
can also be targeted [4, 35].

Chemical and biological processes are used to synthesize NPs using two direc-
tional approaches. The bottom-up approach manipulates atoms, whereas the top-
down method relies on breaking larger structures into nanostructures using different
chemical, physical, or biological techniques [16]. The environmentally friendly
production of metallic NPs using biological components, i.e., green synthesis, has
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gained much attention. Biomass, plant extracts, microbes, and a range of additional
reductants are used in green synthesis [27].

2.1 Classes of Inorganic Nanoparticles as Drug Delivery
Vehicles

2.1.1 Gold Nanoparticles (AuNPs)

The valuable properties of Au have been explored in many applications. Due to
their distinctive combination of physical, chemical, electrical, and optical features,
AuNPs, which first appeared in the late 1990s, have garnered substantial interest
in targeted drug delivery, disease diagnostics, and monitoring surgical procedures.
Au can be functionalised to generate monodisperse nanostructures with high speci-
ficity and chemical inertness with a wide range of ligand species and other chem-
ical moieties. The primary purpose of nanomedicine is to achieve targeted delivery.
AuNPs play a significant role in achieving this goal as they can be easily synthesised,
functionalised and are biocompatible. AuNPs have emerged as a promising candi-
date for delivering a variety of payloads to the desired location. AuNPs have a large
surface to volume ratio, which allows them to transport multiple drug molecules.
Small drug molecules and large macromolecules like DNA, RNA, and proteins can
be easily transported. Without modifying an AuNPs monolayer for administration,
some pharmaceutical drugs can be directly coupled with AuNPs through physical
absorption and ionic or covalent interaction [23]. The optical behaviour of AuNPs
less than 2 nm is based on plasmonic characteristics, which allows AuNPs to absorb
and scatter light with incredible efficiency. Plasmonic characteristics can be tailored
to absorb specific wavelengths based on form and aspect ratio. AuNPs have far
higher absorption and scattering intensity thanmost absorbing and scattering organic
molecular dyes, making them effective contrast agents in imaging. When AuNPs are
exposed to near-infrared (NIR) light (650–900 nm), electron–phonon and phonon–
phonon interactions generate heat. Due to negligible absorption by water and blood
in this area of the wavelength spectrum, NIR light penetrates human tissue from half
a mm to a few centimetres (cm). Au nanoshells, nanocages, and nanorods prepared
using various chemical and electrochemical synthesis methods absorb light in the
near-infrared range and transfer heat to the surrounding tissue. They have beenwidely
used and investigated for tumor imaging and ablation. AuNPs with a core size of
mid-to-large differ from ultrasmall counterparts in various respects, the most signif-
icant of which is efficient light-to-heat conversion. This feature of AuNPs was first
employed in photothermal treatment to eliminate malignant tissue by converting
NIR irradiation into heat. Photothermal therapy with AuNPs can be combined with
other therapeutic techniques, allowing for multimodal cancer treatment. However,
this method has problems such as high irradiation power density and low selectivity.
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Photothermal properties of AuNPs nanoshells are also being investigated for prostate
cancer treatment [48].

Another parameter essential for the coherent delivery of therapeutic agents via
AuNPs is the efficient release of the drug. Internal stimuli such as glutathione,
enzymes and pHand external stimuli such as light affect the release of play loads from
AuNPs. Covalent attachment of cargo to the NPs presents challenges such as early
detachment before reaching the target site; therefore, non-covalent encapsulation is
a good alternative. AuNPs are coated with polyethylene glycol (PEG)- (PEGylation
NPs), oligonucleotides or conjugated with amino acid and peptides to deliver other
payloads. PEGlyations alter the size of NPs and protect them from recognition by
enzymes and antibodies. Thus coatedNPs evade rapid degradation and secretion from
the body. The coating does not, however, stop macrophages or other immune cells
from fully recognising the NPs. When formed in higher concentrations in response
to PEGlyation NPs, the anti-PEG antibodies can rapidly remove NPs from the body
[56]. Hydrophobic pockets of PEGylated AuNPs provide enhanced loading capacity.
The ligandmonolayer on AuNPs also allows for drug encapsulation and delivery. For
delivery to cancer cells, a hydrophobic small molecular anticancer drug can be put
into a monolayer of 2 nm core AuNPs. AuNPs are conjugated with PEG alone or in
the presence of another molecule during the PEGylation process to improve cellular
absorption of AuNPs. Biotin, peptides, and oligonucleotides are examples of these
molecules. Because of their capacity to bind to cell membranes, these functionalised
AuNPs are employed for targeted drug administration. The production of AuNPs
functionalised with lectin, lactose, biotin, and PEG has been studied. Such function-
alised AuNPs can be used for inter and intracellular internalisation. Additionally,
PEGylated AuNPs can be coupled to thiols that have the fluorescent dye coumarin
bound to one side. These fluorescent (fAuNP)moieties operate as hetero-bifunctional
components. The dye molecule attached at one end allows them to enter the cells and
be tracked at the same time. There has been a study that involves internalising such
fAuNPs for use in tumor ablation in mice. The findings of this study demonstrated
that physiochemical characteristics, ligand conjugation, and AuNP size all impacted
how well AuNPs were internalised by cells [2].

2.1.2 Silica (Si) Nanoparticles

Si-based nanocarriers have a high loading capacity and are simple to functionalise for
a wide range of applications. Si NPs find tremendous attraction in biological applica-
tions due to their unique qualities such as size, shape, structure, and morphology, all
of which can be easily manipulated. The made-to-order nature of porous inorganic
NPs has also offered tremendous advantages in drug delivery applications due to
their high drug loading capacity and a high exterior surface area ranging from 500
to 10,000 m2g−1. These particles can easily cross cell membranes and deliver wide-
ranging biomolecules, from macromolecules to tiny organic molecules. For their
potential to solve critical therapeutic concerns such as drug solubility of drug and
prolonged release of drug, Si nanomaterials, particularly porous NPs, have picked
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interest as delivery platforms.Mesoporous silicaNPs (MSiNPs) exhibit hollow chan-
nels and honeycomb-like structures and are employed as silica-based delivery vehi-
cles. Due of their extended cargo loading, heat resistance, chemical stability, and
adjustable structure, MSi NPs have become popular delivery vehicles. They have
shown to be promising in delivering a variety of treatments and anticancer drugs
for various malignancies. MSiNPs are typically synthesised using a cationic surfac-
tant as a template for the base-catalysed sol–gel method. The method and template
selection are highly adjustable, which allows for controlling the particle size, pore
quantity, and pore radius of the final MSi NPs according to applications. The cargos
are encapsulated via non-covalent binding inside the pores of MSiNPs; however, the
controlled cargo release at targets can be benefited from rationally designed cova-
lent surface changes. The surface functionalization and pore sizes influence drug
loading capacity, and the adjustable release rate of MSiNPs is influenced by pore
size and surface functionalization. Cargo molecules are often loaded into MSi NPs
by weak non-covalent interactions such as hydrogen bonding, physical adsorption,
electrostatic contact or aromatic stacking. Charge density and steric effects within
the pore can be significantly influenced by changing pore parameters, altering weak
electrostatic interactions, and affecting cargo release [26].

Porous silicon (PsiNPs) have attracted a lot of interest due to their tailorable prop-
erties, making them a flexible and multipurpose substance in nanomedicine for drug
administration, diagnostics and therapeutic applications interest. Psi is composed of
crystalline Si traversed by pores with nanometer-scale ranging from 2–50 nm for
drug delivery applications. The pore structure depends on manufacturing conditions
that offer exact control of physical properties such as pore diameter, shape and NPs
size to be altered with ease to accommodate various qualities. Because it decom-
poses into orthosilicic acid, which is safe for cells, it has in vivo biocompatibility
and biodegradability. PSi also has a programmable pore nanostructure, customised
surface features, and a large surface area and pore volume, allowing it to load a
therapeutic cargo of varying sizes, ranging from massive macromolecules to tiny
chemotherapeutic chemicals. The optoelectronic properties of Psi also allow them
to function as an imaging agent, photosensitiser, and theranostic platform, releasing
therapeutic drugs while providing information about the diseased tissue. Immersion
or chemical conjugation can be used to achieve drug loading. Thus, the payload will
be held within the Si network by relatively gentle electrostatic interactions in the first
situation. Still, in the second case, it will be retained by robust covalent connections.
The chosen technique will determine the drug withdrawal process. When drugs are
retained electrostatically, they usually tend to leak out from the nanocarrier through
simple diffusion. In somecircumstances, such as the slightly acidic conditions present
in tumor tissue, this process speeds up. As opposed to covalent grafting, which allows
the payload to be released in response to specific stimuli via matrix breakdown or
controlled release. The drug release rate is influenced by PSi particle pore size and
surface chemistry. In many therapeutic situations, a sustained drug release over an
extended period of time is necessary, and the drug must be delivered to particular
tissues or cell populations. To gain fine control over the drug release process in
these circumstances, the cargo should be covalently linked to the PSi pore walls.
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As a result, the drug leak out of the nanocarrier via regulated covalent bond rupture
or matrix degradation accelerated by precise conditions in the target tissue or cell.
Additionally, stimuli-responsive gatekeepers can be used to keep the drug confined
within the silicon matrix until the presence of a specific trigger removes the pore
blocker [28].

2.1.3 Iron Oxide Nanoparticles

Iron oxide nanoparticles (IO NPs) have excellent therapeutic application potential
due to their inherent magnetic characteristics and variable size and activity [31].
Maghemite (γ-Fe2O3) and magnetite are the two main types of IONPs employed for
biological applications because of their relative colloidal stability (Fe3O4). Due to
their inherent magnetic properties (superparamagnetism), IONPs have received an
extensive review, making them useful in a variety of scientific domains, including
electronics or the environment. In addition to their exceptional magnetic properties,
IO NPs are the perfect platform for biological applications due to their biocom-
patibility, stability, and environmental friendliness. In recent years, research on the
delivery of therapeutics using IONPs as carriers has attracted great interest. Loading
drugs onto IO nanocarriers has shown to be a successful method to increase the
therapeutic efficacy of various drugs by using the biological and magnetic features
of these nanocarriers. Most medications can be conjugated to IONPs to overcome
undesirable features such as nonspecific delivery, low solubility, high toxicity and
short circulation time. In the realm of oncology, the formation of leaky blood vessels
characterises the growth of malignant tumors, permitting the diffusion and storage
of IONPs within the tumors. IONPs, can be deliberately targeted to specific sites
using either an external magnetic field known as magnetic targeting or by func-
tionalising their surface with vectors that interact with specific biomarkers. In drug
delivery, IONPs can be employed as individual NPs or as magnetic nano assem-
blies, i.e. NPs enclosed in macromolecular matrices. Despite the recent discovery
of several ferrites, the inorganic core is usually made of Fe3O4 or γ-Fe2O3 which is
covered by an inorganic shell in both cases. The characteristics of IONPs are greatly
influenced by their size and shape in any of these applications and these factors are
critical. Other methods for increasing drug release at specific sites include the use
of stimuli-responsive coatings or functional groups. Drugs loaded onto IONPs via
temperature-responsive polymers cause hyperthermia and boost drug release rate. In
recent years, pH-responsive drug delivery systems based on IONPs have received
a lot of attention. Tumors have a considerably lower extracellular pH than healthy
tissues around them. pH-sensitive bonding or pH-sensitive coatings such as poly-
mers or liposomes can be employed to initiate the delivery of drugs grafted onto
nanocarriers. Fe3O4NPs have attracted much interest in biomedical applications like
targeted delivery, localised hyperthermia therapy, and magnetic resonance imaging
contrast agents (MRI). Fe3O4NPs have been shown to upregulate ROS, including
H2O2, which is useful in biomedical applications [18]. The influence of anticancer
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drug-loaded Fe3O4NPs on elicitation of ROS-dependent (Cyt-c mediated) and inde-
pendent (NADH oxidase) cell apoptosis needs to be fully explored. Fe3O4NPs can
not be used as a drug carrier independently because they can’t survive as an indepen-
dent entity in aqueous conditions. Therefore, surface functionalization with natural
(liposomes, Lipids, proteins, carbohydrates) or synthetic biomolecules is used as a
coating material to counteract this disadvantage.

Ayyanaar et al., synthesised chitosan (CS) modified oleic acid (OA) based
Fe3O4NP. OA acts as a surfactant to stabilise magnetic NPs by forming a bond
between the carboxylic group and IONPs. Drug loaded aggregates of Fe3O4@OA-
CS-5-FLU-NPs were used as a combined drug carrier for pH-responsive 5-
flourouracil (5-FLU) administration in A549 and HeLa S3 cell cultures. Results
showed that Fe3O4@OA-CS-5-FLU-NPs released the drug 5-Flu in response to
acidic pH. The nanoformulation was toxic to the cell cultures. It upregulated ROS
production, thus potentiating its role as anticancer drug carrier with promising
magnetic properties advantageous for magnetic targeted and pH-responsive release
of drugs [3]. Independent.

2.1.4 Cadmium Oxide Nanoparticles

Cadmium oxide (CdO) has attracted a lot of interest because of its intriguing and
beneficial properties. Brown CdONPs are formed when Cd is burned in the air.
It collects CO2 from the atmosphere and converts it to conducting oxides. CdO
nanostructures are polycrystalline wurtzite structured n-type semiconductors with a
direct wide bandgap (4.05 eV). CdONPs find applications in gas sensors, solar cells,
lasers, spintronics, infrared reflectors, and medicine. CdONP is of great importance
in biomedical and pharmaceutical as it possesses antibacterial and anti-cancerous
properties and is also employed as a nano-drug carrier and in image diagnostics such
as magnetic resonance imaging (MRI). However, CdONPs are small in size, thus
limiting the amount of drug carried to the target cell. Therefore millions or billions
of these NPs are used to deliver the drug at the exact location [50]. The formation of
glycated end products and oxidative stress can be linked to the progression of various
diseases such as diabetes, Alzhimer’s disease, and certain cancers. NPs have been
reported to inhibit glycation. Zahera et al., explored the anti glycation properties
of CdONPs. Saos-2 human osteosarcoma cell line and the HeLa cervical cancer
cell line were used to assess the cytotoxicity of manufactured glucose encapsulated
CdONPs (G-CdONPs). The synthesisedCdONPswere passively coatedwith glucose
to prevent aggregation and strengthen biocompatibility. The generated G-CdONPs
were cytotoxic to HeLa and Saos-2 cells in vitro due to ROS production, induced
apoptosis, and reportedly contained glycation [57].

Amongst other semiconductors, CdONPs have low toxicity. The anticancer nature
of CdONPs is due to their unique optical and chemical properties, such as high
resolution, fluorescence, two-photon emission, second harmonic generation, and
electrical and photoelectrochemical properties. CdONPs destroy cancerous cells by
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damaging cell wall, DNA and proteins. CdO/CdCO3 nanocomposite induces apop-
tosis of cancerous cells by generating free radicals, which damage the DNA, inhibit
DNA repair, damage mitochondria and disrupt intracellular calcium signaling. Lefo-
jane et al., synthesised CdO/CdCO3 nanocomposites using plant extracts of Synde-
nium cupulare to determine the effectiveness and selectivity of the nanocomposite
against breast cancer. S cupulare, also known as dead man’s tree, is found in southern
African and Mozambique regions and possesses antimicrobial, anti-cancerous, anti-
inflammatory and antioxidant properties. Plant metabolites play an essential role in
the synthesis and the hydroxyl and carboxyl functional groups found in secondary
metabolites act as reducing agents. Alkaloids functioned as capping agents and
stabilised the reduced NPs. The synthesised CdO/CdCO3 nanocomposites showed
inhibitory activity against MF-7, MDA and MB-231 breast cancer cell lines. It was
seen that the cytotoxic activity of CdO/CdCO3 nanocomposite was attributed to
CdONPs, which induced apoptosis via increased concentration of p53 mRNA and
proteins along with the formation of ROS. It was also found that the inhibitory
activity was irrespective of binding to receptors as the MDA, MB-231 cell lines
lacked receptors [37].

2.1.5 Silver Nanoparticles

Silver (Ag) is a low-cost and abundant natural resource with intriguing material
characteristics. The shift of focus to AgNPs can be attributed to their documented
antibacterial properties. The unique physical, chemical and biological properties of
AgNPs have been intensively studied. Anticancer therapies, diagnostic, optoelec-
tronics, water disinfection and other biomedical and pharmaceutical uses have all
benefited from the appealing features of AgNPs. Ag-based dressings and Ag covered
medicinal products such as nano lotions and nano gels have shown optimal results.
AgNPs have been found to be effective as an alternative to conventional drugs again
MDR gram-positive and negative bacteria, viruses, protozoans and other pathogenic
organisms.

In comparison to relatively stable AuNPs, AgNPs offer untapped potential.
The physicochemical, optical and catalytic properties of AgNPs are significantly
impacted by their size, distribution, morphological shape and surface proper-
ties, which can be altered using various synthesis processes, reducing agents and
stabilisers. AgNPs can be customised to fit a given application; for example, drug
delivery AgNPs are often larger than 100 nm to accommodate the amount of drug
to be supplied. AgNPs can be shaped into various shapes with varying surface prop-
erties, including rods, triangles, rounds, octahedral and polyhedral. Optical prop-
erties of AgNPs surface plasma resonance (SPR) are exploited in drug delivery,
diagnostic, imaging and biosensors. Analytical sensors used in Surface-Enhanced
Raman Spectroscopy (SERS), immune sensors in biological markers and probes and
Metal Enhanced Fluorescence (MEF) find applications of AgNPs. Due to the photo-
catalytic properties of AgNPs, they are used as a catalyst in oxidation reactions and
hydrogenation of organic compounds [43].
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Mechanism of Antibacterial Action of AgNPs

AgNPs penetrate the outer membrane and accumulate in the inner membrane. Adhe-
sion of AgNPs increases membrane permeability, damage the cell by leaking intra-
cellular components and finally kills the cell. AgNPs also interact with sulphur-
containing proteins in the cell wall of bacteria causing structural damage and
rupturing the cell. AgNPs also interact with sulphur and phosphorous-containing
moieties of DNA and proteins and alter their structure and functioning. Interaction
of AgNPswith the thiol group of enzymes disrupts the respiratory chain by damaging
the intracellular machinery by generating free radicals and ROS, activating the apop-
totic pathway. Silver ions released from theAgNPs disrupt themembrane and genetic
material and alter the metabolic pathways. The antibacterial activity of AgNPs is
also due to their small size, which increases the diffusion rate in different media and
releases silver ions.

The acquisition of resistance by microorganisms has increased the burden of
infectious diseases. Existing antimicrobial therapies have limited diversity and show
antagonistic reactions. Nano antibiotics have emerged as an attribute to prevent the
growth of MDR bacteria. Synergistic antimicrobial therapy of NPs-antibiotics have
shown promising results. A combination of AgNPs and antibiotics amoxicillin, chlo-
ramphenicol, and ampicillin have reportedly limited the growth of MDR bacteria.
Munoz et al. [55] evaluated the antimicrobial activity of AgNPs with a combina-
tion of different antibiotics chloramphenicol, aztreonam, biapenem, kanamycin and
ampicillin, against various cellular targets through diversemechanisms.A synergistic
effect was seen by a combination of AgNPs-kanamycin against S typhimurium, E
coli, and S aureus, whereas AgNPs- chloramphenicol showed less significant results.
It can be speculated that the synergy between AgNPs and antibiotics is due to the
binding of the sulphur group of antibiotics and AgNPs, which requires more conclu-
sive studies. AgNPs were found to increase membrane permeability by altering the
integrity of the membrane. It was proposed that the destabilisation of the membrane
by AgNPs complimented the entry of antibiotics and enhanced antimicrobial activity
by promoting access to antibiotic targets such as ribosomes for kanamycin and chlo-
ramphenicol. On the contrary, beta-lactam antibiotic ampicillin did not show any
synergistic effect as the integrity of bacterial cell wall need to be disrupted for their
course of action. Therefore it was concluded that the enhancement of antimicrobial
activity did not involve direct interaction of AgNPs. It was aided due to the disruption
of membrane structure by the NPs [10, 55].
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3 Characteristics of Nanoparticles and Drug Delivery
Parameters

The drug delivery system employs safe and effective technologies to deliver thera-
peutic substances into a biological system to achieve desired resultswhileminimising
adverse effects. The physicochemical properties of a drug determine the delivery
media, drug release kinetics, and mechanism of action. An in vitro drug release
experiment is followed by an in vivo pharmacokinetics investigation in animals and
humans to establish the suitability of a formulation for clinical use. The quantity of
the drug loaded and the duration of the presence of a drug in the body are the two
most common variables used to evaluate how efficient the drug delivery system is.
As a result, the chemical formulation of the drug, its route of administration, dosage
amount, and usage of auxiliary medical equipment are considered when designing
drug delivery systems. Nanoparticle-based drug delivery systems provide a platform
for transporting large and diverse cargos to tumor cells, including hydrophobic and
amphiphilic drugs and genes. The strategy of the targeted delivery system is that
the directed drug is released in a regulated manner over a period of time and is
only active in the targeted location of the body. The potential of a nanoparticle-
based nano-drug delivery system is determined by several parameters, including the
production method, surface features, and administration route. These nanoparticle-
based methods improve therapeutic efficacy by increasing targeted distributions and
lowering off-target systemic toxicity [7].

The systemic transport of NPs to solid tumors after intravenous (i.v.) administra-
tion is never simple; it involves multiple major biological obstacles at all levels, from
organs to tissues to cells. From the injection site to the site of action, NPs face five
biological barriers: (1) serum opsonin proteins adsorption on the surface of NPs, (2)
immune system interactions, (3) selective extravasation of NPs at tumor sites, (4)
penetration of NPs into solid tumors and (5) internalisation of NPs by tumor cells.
Aside from size, shape, and surface chemistry, the mechanical property of NPs has
only lately been recognised as being critical in regulating their biological function.
This is partly motivated by the fact that many cells, including viruses, can change
their mechanical characteristics to perform certain biological roles. The nanometer
size range can significantly modify the physical, chemical, and biological aspects of
a substance. Various compounds, including polysaccharides, proteins, and polymers,
can be used to change the surface properties of NPs. For certain medications, the size
and surface qualities of NPs can be tuned. This opportunity permits many different
therapies to be reformulated into new pharmaceutical products with greater activity
and lower toxicity. Various functional and chemical structures of NPs can be used to
encapsulate active substances. This enables the creation of a wide range of NP-based
delivery systems with specific features tailored to their intended purpose. Encapsu-
lation or bioconjugation of the drug(s) with NPs facilitates their precise localization
and delivery. The specific delivery for a specific role can be manipulated via surface
charge, size, and shape of particles.
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3.1 Particle Size

Because core/shell NPs have size-dependent distinctive features, particle size and
size distribution are fundamental properties of NPs. The size of the delivery vehicles
determines the biodistribution of the desired therapeutic molecule. For many NPs,
size characteristics are expected to have a key influence in regulating cell contact
and adhesion. The size of NPs has a big impact on their cellular absorption. In the
degradation and removal of NPs, size can also play an important role. Colloidal
NPs smaller than 10 nm are quickly excreted by the kidneys, while bigger NPs
are removed via the reticuloendothelial system (RES) of the liver. As a result, it is
critical to remember that NP size has been linked to clearance. The rate of clearance
increases as the size of the NPs grows [36]. Toxicity is caused by NPs greater than
300 mn accumulating in the liver. However, no single geometry is ideal for every
stage of delivery or transportation. There are two types of drug release mechanisms:
active targeting and passive targeting. Active targeting is the method by which cells
take up NPs via the endocytosis mechanisms. NPs are coated with specific ligands
in this scenario. The uptake process of cells in passive targeting is EPR. In this
type of targeting, neither the receptor nor the targeted ligands are present. The EPR
effect is considered to cause NPs to concentrate in cancerous cells. The primary
purpose of some NP systems is to avoid the RES, which is responsible for destroying
foreign bodies. Bioavailability and total blood circulation time and are increased by
avoiding this process. NPs easily evade the mononuclear phagocytic system (MPS)
with hydrophilic surfaces and particle sizes less than 100 nm [39]. MPS is a crucial
part of physiological methods for eliminating external pollutants from the body.
Opsonin proteins expressed in blood serum can effectively tag larger NPs for MPS
degradation. The total blood circulation period, opsonization, and MPS degradation
can be avoided or exploited using small-sized and hydrophilic NPs [14].

3.2 Particle Charge

The activity and efficiency of NPs distribution to and through cellular membranes
are both influenced by the charge of the NPs. The notch of surface charge on NPs
facilitates an NP system’s stability. The repulsion between like-charged particles
is substantially stronger in a highly charged system. This net repulsive force acts
to keep NPs aggregation at bay. It has been demonstrated that NPs with more
pronounced surface charges stabilise NPs suspension and prevent particle aggre-
gation [21]. Highly positively charged NPs create significant mucoadhesion, which
causes entrapment of NPs inside the mucus layer; surface charge features can impact
the degree of absorption. Negatively chargedmembranes are found in a large number
of biological structures. Poly (lactic-co-glycolic acid) (PLGA) and polyvinyl alcohol
formulated NPs have resulted in NPs with substantially negative surface charges. Net
negative surface charge will be higher in NPs made with known anionic polymers



Role of Inorganic Nanocomposite Materials in Drug Delivery Systems 185

or surfactants. When the NP comes into contact with cell membranes, its increased
negative surface charge will cause it to repel them. Cellular absorption is hampered
and cellular adhesion is diminished as a result of this repulsive force. The effects of
positively chargedNPs are polarised. The cationic NP promotesmembrane attraction
and adhesion, providing favourable conditions for cellular uptake via endocytosis or
other processes [13].

3.3 Particle Shape

Particle shape has been discovered to have significant implications on the biological
characteristics of NPs in recent years. Shorter polymer micelles have been reported
to have a longer circulation time when injected intravenously. Shorter spheres have
a higher degree of cell absorption and can efficiently deliver the drug paclitaxel
to tumor cells as compared to longer micelles. The length of the NPs is said to
have an inverse effect on cellular adherence. Previous research has shown that as
particle length increases, subsequent NP binding reduces, implying cellular length
affects attachment and adhesion. These findings suggest that NP shape significantly
impacts therapeutic results in drug formulation and delivery. The characteristics and
design of NPs must be considered more than just particle size and surface charge.
The effect of shape on targeted NP outcomes must be examined in tandem [40].

3.4 Drug Loading

The main characteristics to contemplate during developing nano-drug delivery
systems are drug loading and encapsulation efficiency. Different methodologies,
including hydrophobic, electrostatic, and covalent interactions, are practiced to
conjugate varieties of drug molecules on the surface of NPs. The methods of creation
of nano-drug carriers dictate the pharmacological treatment of diseases. The biolog-
ical, chemical, and physical aspects of the developing nanoconjugates heavily rely
on the composition, size, shape, surface charge, stability, dispersity, solubility, and
bioavailability of nanoconjugates. The synthesis technique has an impact on the
release characteristics of drug carriers. A successful nano-drug carrier must have a
higher loading capacity so that base matrix material should be required minimum
for administration. The drug attachment on the nanocarrier surface can be achieved
via physical absorbance, where a concentrated drug is incubated with a nanocarrier
to form either hydrophobic or electrostatic bonds. However, in the chemical method,
the covalent bonds are established by coupling agents. The direct physical methods
are not considered very accurate compared to chemical coupling methods because
dissociation of drug molecules can be observed non-specifically (at an unintended
location) due to variation in the chemical environment of the cellular compartments.
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The drug release rate is also affected by the degradation of the nanocarrier and, even-
tually, breaking down the bond between the carrier and the drugmolecule. As a result,
drugs are leaked during transportation, and the efficiency at the target site is affected
due to a lower effective concentration. Several different approaches and crosslinkers
can be used to create covalent bonds. The loading capacity of inorganic NPs is high
due to the large surface area. The physical state of the NPs, the molecular weight, and
the stability of the drugmolecule in the synthesis solvent, alongwith the bond strength
between the drug and NPs, can affect the loading and encapsulation efficiency of the
drug.The encapsulation efficiencypercentage and loading capacity of the loadeddrug
over nanostructure aremeasured usingUV–Visible/Photoluminescence spectrometer
or High-Performance Liquid Chromatography (HPLC) [20].

3.5 Drug Release

The overall functionality of NP based drug delivery systems is critically determined
by their ability to release the entrappeddrug,which requires a thoroughunderstanding
of drug release properties to create drug delivery vehicles for biomedical applications.
Researchers can appropriately study new NP system behaviour and evaluate their
potential efficacy in clinical application by measuring NP release kinetics. Surface-
bound drug desorption, polymer matrix erosion and drug diffusion are three ways for
NPs to release drugs. Matrix diffusion or erosion are primary routes for the release of
a drug, while in many NP formulations, rapid burst release is seen for the desorption
of the surface bound drug, which is either unbound or weakly bounded. The overall
content of drug release in cells or animal models is evaluated using chromatographic
techniques. So far, no standard method for determining drug release qualities has
been developed. Researchers have developed many ways, including continuous flow,
dialysis membrane, sample and separation and novel techniques like turbidimetry
and voltammetry [15]. Every approach has its own set of benefits, drawbacks, and
obstacles for setup and sampling. The type of drug, its solubility, the amount of drug
utilised, particle size, and crystallinity can all affect the release kinetics. Controlled
release of the drug includes extended and pulsatile release. Based on nanotechnology,
a pH-dependent, temperature-sensitive or photosensitive drug delivery mechanism
can release the drug at the target site. In the case of nanospheres, the drug usually
is uniformly deposited throughout the surface, and the drug is released through a
diffusion process. The burst release mechanism releases unbound or weakly bound
drugs. The nanoparticle and drug molecule conjugation approach impacts the release
profile.When a drug is combinedwith a strong connection, it releases slowly, referred
to as sustained release. If drug coupled NPs are enclosedwith biodegradable polymer
drug is released through the polymer matrix. The dialysis membrane technique is
commonly used to analyseNP release,whichmeasures the released drug as a function
of continuous diffusion across the membrane [14].
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3.6 Nanoparticle Uptake and Transport

Cellular uptake of NPs is highly dependent on various intrinsic and extrinsic proper-
ties. Different intrinsic, physiochemical properties ofNPs such as size, surface charge
and chemistry influence their uptake and interaction in a biological system. NPs with
positive surface charge have shown higher cellular uptake but higher toxicity than
NPs with a negative surface charge which are more efficiently transported. NPs can
interact with cellular plasma membranes and enter the cell by passive diffusion or
endocytosis when positioned outside the cell.

3.6.1 Endocytosis Mediated Transport

It can be further classified into two categories-Pinocytosis can be receptor-mediated
or macropinocytosis: receptors are engulfed into coated pits in conjugation with the
associated ligand in receptor-mediated endocytosis. The classical form of receptor-
mediated endocytosis is represented by clatherin protein-coated pits responsible for
the uptake of nutrients such as iron and cholesterol. Caveolae mediated endocytosis
engulfs molecules bound to caveola surfaces. Structural caveolin proteins function
as integral membrane proteins and are abundantly found in adipocytes, epithelial
cells and muscles. Larger solute molecules measuring up to 5 μm are engulfed by
macropinocytosis. The clathrin pathway plays a crucial role in the uptake and trans-
port of positively charged NPs. Micropinocytosis participates in the uptake of both
positively and negatively charged NP. Phagocytosis-uptake of large macroparticles
such as microorganisms and dead cells occurs through phagocytosis and the ingested
particles are transported via phagosomes. Phagocytosis occurs only in mammalian
cells such as macrophages which recognise and eliminate foreign substances.

3.6.2 Passive Diffusion

Lipophilic NPs cross the lipid membrane via passive diffusion. The charge on NPs
highly influences the diffusion of NPs across the membrane; cholesterol-containing
lipid bilayer facilitates a 3-fivefold increase in uptake of NPs.

Negatively charged extracellular plasma membrane proteins impart negative
surface charge to epithelial cells. Electrostatic interaction between positively charged
NPs and negatively charged plasma membrane promote the association of NPs with
the cell and cellular uptake by endocytosis [15].
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4 Applications of Inorganic Nanoparticles

4.1 Inorganic Nanoparticles in Oncology

One of the fatal diseases and the major cause of death worldwide is cancer. The
most frequent causes of cancer are damage or mutations in the genetic makeup
of the cells brought on by hereditary or environmental factors. Cancer thrives in
acidic environments and cannot survive in alkaline conditions. Chemotherapeutic
drugs can destroy both healthy and unhealthy cells because they are non-selective.
Someof the adverse consequences brought on by the non-selectivity of chemotherapy
medications include immunosuppression, mucositis, and baldness. These drugsmust
be administered at significant quantities with a high frequency, which causes toxicity
because the bioaccessibility of these drugs tomalignant cells is restricted.Maeda and
Matsumura, two Japanese researchers, made an important discovery in 1986: NPs
tend to concentrate in solid tumors due to a process known as EPR [51]. The unique
blood artery architecture found in solid tumors causes EPR. Solid tumors necessitate
a lot of nutrients to keep their cells growing at a fast rate. Therefore they force the
formation of blood vessels to irrigate the neoplastic tissue. The EPR effect has long
been thought to be the main mechanism that allows NPs to accumulate preferentially
in tumor tissues over normal tissues. These new vessels are produced quickly and
have a number of flaws, including high tortuosity andwide inter endothelial junctions,
which result in huge fenestrations with sizes of a few hundred nanometers. Various
NP-based drug delivery systems have been developed to precisely deliver therapeutic
drugs to solid tumors to improve anticancer efficacy while limiting systemic toxicity.
NPs can travel through these gaps and accumulate within solid tumors, but they can
not traverse the walls of healthy blood vessels, which is why they are only seen in
diseased tissues. This offers a novel technique to deliver chemotherapeutic drugs
selectively to tumoral lesions by simply loading them onto nanometric carriers.

Preclinical development of inorganic NPs as possible diagnostic and therapeutic
systems in oncology for various applications, including tumor imaging, tumor medi-
cation delivery, and radiation augmentation, has gained a lot of attention. Because
of the EPR effect, NPs between 10 and 100 nm in size preferentially concentrate in
tumor sites in cancer disease. NPs have the potential to dramatically improve cancer
diagnostics for early tumor identification and act as configurable therapeutic devices
for integrated imaging and therapy, i.e. theranostics, of a variety of cancer disorders
[46]. In vivo biodistribution is aided by the nanoscale size, huge surface-to-volume
ratios and surface functionalisation capacity. Furthermore, multifunctional nanocar-
rier systems can be used to deliver chemotherapeutic agents to specific locations. The
NPs are functionalised and targeted to the malignant cell through active processes.
Attaching biomolecules or a ligand as a receptor to NPs might sometimes improve
the delivery of the NPs to malignant cells while causing no harm to normal cells.

In children and adolescents, osteosarcoma is one of the most prevalent primary
malignant tumors. In children, it is the sixth most frequent cancer. Osteosarcoma is
characterised by the uncontrolled growth of osteoid-producing mesenchymal cells.
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Compared to surgery alone, neoadjuvant and adjuvant chemotherapy and surgery
have raised the 5-year survival rate for localised illness by more than 60%. On the
other hand, patients with metastases and a poor prognosis had a 5-year survival
rate of less than 30%. The current successful chemotherapy regimens for osteosar-
coma also have harmful effects on normal cells, resulting in life-threatening conse-
quences. Combinations of high dosages of cisplatin, methotrexate, ifosfamide, and
doxorubicin have shown a considerable improvement in the survival rate in the
chemotherapeutic therapy of osteosarcoma. However, due to nonspecific uptakes,
these anticancer medications have various adverse effects, including the need for
high dosages, the insufficient blood supply in the case of osteosarcoma, secondary
cancers, and drug resistance phenotype [49]. Lung cancer is the most significant
cause of cancer-related death, accounting for 23% of fatalities globally, more than
the total deaths from colon, breast, and prostate cancer. Lung cancer is fatal due to
a lack of efficient chemotherapeutic treatments and diagnostic procedures for early
detection. Cisplatin is a highly effective cancer therapy, including lung cancer and
osteosarcoma, that is now widely available, although its use is restricted due to its
numerous side effects [38]. In their scientific report by Iram et al., used bromelain,
a pineapple-based cysteine protease, as a reducing and surface functionalising agent
to manufacture monodispersed AuNPs. Cisplatin was conjugated with AuNPs in
this study to distribute it selectively on the directed site delivery with high patient
compliance. Due to their enormous size, AuNPs preferentially aggregate at tumor
sites and in inflamed tissues. Enzyme mediated synthesis of NPs has been reported
to enhance the adequacy of the medication; bromelain acts as a capping agent to
improve therapeutic efficacy and overcome constraints. Bromelain is hydrophilic in
nature and has numerous polar functional groups on its surface, and NPs with a
hydrophilic surface can resist identification by RES [25].

Furthermore, because of the EPR effect, NPs will have a longer circulation dura-
tion in the circulatory compartment and will be able to accumulate in solid tumors.
Because these groups will be engaged in the covalent bonding for bioconjugation
between the drug and NPs, bioconjugation will also block the functional groups
responsible for nonspecific binding. Anticancer action of bromelain is mainly related
to its protease component. Even at lower concentrations, the synthesised Cisplatin
bioconjugated bromelain encapsulatedAuNPswere potent against osteosarcoma and
lung cancer which can be due to the synergy of bromelain. The encapsulation of NPs
rendered the loss in secondary structure, but the tertiary structure was not altered and
this improved anticancer potential, as reported earlier [25].

4.2 Inorganic Nanoparticles in Skin Regeneration Treatment

Numerous nano-drug delivery methods have been devised for application in skin
regeneration and allied fields due to nanotechnology’s state-of-the-art and striking
development. Nano-encapsulated drugs are harmless and compatible with the milieu
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of skin, ensuring a moist environment for faster wound healing. The nanoformula-
tions can also pass across the cytoplasmic gaps, triggering the drug retention mech-
anism. By avoiding destruction by proteases found in skin wounds, the therapeutic
efficiency of nano conjugated bioactive compounds is increased. Sustained drug
release maintains the drug’s prolonged effective concentration, reduces administra-
tion frequency, and lowers costs while improving compliance [41]. By their very
nature, inorganic NPs have similar benefits in bacterial infection and wound healing;
such as, AgNPs are frequently used as antimicrobial agents. In order to create a syner-
gistic stimulating impact of both materials and medications, researchers choose to
use a combination of inorganic NPs.

Ali et al., used the co-precipitation approach to design and produce ZnO2

NPs. These NPs, due to their effective antibacterial inorganic substances, showed
promising inhibition against the microbes of Pseudomonas aeruginosa and
Aspergillus species isolated from burn patient’s infected wound tissues. Histopatho-
logical results showed ZnO2 NPs accelerated the healing of skin lesions in animal
models in vivo [1].

To improve efficacy, extended studies have been performed to include the combi-
nation of different types of inorganic NPs. Zn is essential in the body to regulate
the immune system, synthesise DNA and proteins and cell division. CuONPs keep
the wounds clean by controlling inflammation and also promote collagen forma-
tion by fibroblasts. Thanusha et al., produced a hydrogel for second burn wound
healing that was co-encapsulated with Asiatic acid, ZnO, and CuONPs. Asiatic acid
is used in skincare products as a skin toning, antiageing and suntan controlling
agent. Porous shape, substantial water uptake, incomparable tensile strength, and
prominent antibacterial potential were all found in physicochemical investigations
of the formulation. The in vivo efficacy of hydrogel revealed that the total protein,
DNA, hydroxyproline, and hexosamine, re-epithelialization, collagen fibers arrange-
ment, and angiogenesis in wounds were significantly better than commercially avail-
able therapeutics. Thus hydrogels containing inorganic NPs as components have the
potential to treat skin wounds and other skin related disorders [54].

4.3 Inorganic Nanoparticles Against MDR Bacteria

Persistent bacterial infections with high morbidity and mortality rates and antibiotic
resistance have presented a dire situation. Nosocomial infections count up to 14%
of hospital admissions. Bacterial resistance, or the ability of bacteria to survive even
after exposure to antimicrobials, is the defining attribute of this problem. Bacterial
biofilm makes them resistant to antibiotics and provides stability. Other mechanisms
to antibiotic resistance are alteration of drug binding sites, reduced permeability
to drugs, enzymatic inactivation and production of flow pumps. Expansion of MDR
microbes is due to inaccessibility to appropriate antibacterial therapeutics. The emer-
gence ofMDR strains and the high cost of their treatment raises the need to find novel
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therapeutic strategies to control highly mutating MDR bacteria. Numerous biolog-
ical processes, including as bioremediation, microbial corrosion, bioleaching, and
biomineralization, depend largely on the interaction between bacteria andmetal. Due
of their many uses, inorganic NPs are currently being utilised on a global scale. The
various metal and metal oxide NPs are used as antibacterial agents such as AuNPs,
AgNPs, ZnONPs and titanium dioxide NPs. Baker et al., synthesised levofloxacin
(Levo) andbalofloxacin (Balo) bioconjugatedAuNPs to amplify the synergistic effect
of antibiotics. AuNPs were capped with antibacterial compound sericin against E.
coli and S. aureus.

A multi-targeting approach showed the synergistic effect of sericin capped
(SrAuNPs) bioconjugated with drugs. The EDC-mediated reaction facilitates cova-
lent bridgingbetween capping agents on the surface ofNPs anddrugs,where carboxy-
late forms peptide bonds with amino groups and ester bonds with hydroxyl groups,
respectively. According to the findings, functionalised NPs had lower intrinsic toxi-
city, improved antibacterial effectiveness, and a lower likelihood of resistance across
a larger spectrum of action. AuNPs are regarded safe up to very high concentra-
tions. After bioconjugation with SrAuNPs, the nonspecific interactions were mini-
mized, and the subsequent efficacy of Levo and Balo (quinolones) was greatly
augmented. Both the drugs interact with the same sequence of amino acids (QRDR)
of topoisomerase IV and DNA gyrase to destroy bacteria. The high surface energy
(intrinsic properties) of inorganic nanoparticles channel the aggressive use of capping
agents and bioconjugated drugs, thus enhancing the antibacterial activity of the
functionalized NPs [7].

Another work usedC. roseus andA. Indica aqueous leaf extracts mediated synthe-
sized economical biogenic AgNPs and checked they’re antibacterial (against MDR
strains of E. coli, K. pneumoniae, S. aureus, and P. aeruginosa), anti-inflammatory
andwound healing potential on animal models. These outcomes strengthened the use
of biogenic AgNPs as therapeutics in microbial infection against MDR and wound
healing [34].

5 Conclusion

A well-coordinated series of biological events in synergism with physicochemical
properties of NPs form the basis of NP based drug delivery to overcome biological
barriers at the target delivery site. Despite extensive research, inconsistency between
mechanical and physicochemical properties such as shape, size and surface modi-
fication has contributed to contradictory results in most NP based drug delivery
studies. This necessitates thorough clarification of linked investigations on regu-
lating mechanical and other nano-bio interaction factors. To achieve similar results,
NP systems with a wide range of mechanical properties should be employed and
their mechanical characteristics should be evaluated using standardised techniques.
Additional consideration should be given to other crucial elements, such as the role of
NP mechanical properties in controlling their extravasation from tumor vasculature
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and retention at tumor tissues by taking advantage of the EPR effect, as well as their
interactions with the extracellular matrix, tumor-associated cells, and tumor stromal
cells in the tumor microenvironment. The impact of NPs mechanical qualities on the
development of protein corona and on cell signalling pathways utilising the newly
developed omics approach, which have an impact on NP cellular uptake, are two
additional crucial issues that should be thoroughly researched. The diverse fields of
nanotechnology, biophysics, cell biology, and mechanical engineering would need
to work together to achieve this [24]. In order to deliver the majority of the drug
to the target site, significant progress has been achieved in altering the characteris-
tics of NPs that can be delivered directly to the blood. The success of gene therapy
and the treatment of tumors, among others, completely rests on the ability of drug
delivery systems to reach their intended targets. Despite substantial primacy, the
availability of nanomedicines to patients is much behind forecasts due to the transla-
tional gap between animal and human studies. This gap results from a lack of knowl-
edge about the physiology and pathological variations between human beings and
animal model species, mainly how these differences affect the behaviour and func-
tionality of nanomedicines in the body.Because the growth, structure, and physiology
of diseased tissue modify NP distribution and functionality, NP efficacy is altered.
This is partly owing to the understudied heterogeneity both in the molecular founda-
tions of diseases and among patients [22]. In small animal models, all nanoparticle
drug delivery systems reduced tumor size more effectively than the control; however,
none of the nanoparticle formulations have been successfully applied clinically. The
confluence of size, physical characteristics and structure of NPsmakes them essential
contributors to developing novel pharmaceutical and imaging agents. The successes
and explicit promises illustrated in the contributions mentioned above suggest that
these nanoscale platforms will advance our knowledge of diseases and improve our
capacity to treat them, even though several obstacles still need to be addressed and
overcome before implementing these platforms in the medicinal field. In terms of
biomedicine, nanostructured materials have a lot to offer.
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Bio-nanocomposites: A Next Generation
Food Packaging Materials

Arati Dubey, S. Irudhayaraj, and Adhish Jaiswal

Abstract Bio-nanocomposites are next generation food packaging materials that
promote better food quality. Bio-nanocomposites are the replacement for current
non-biodegradable and non-renewable materials which are applied as food pack-
aging materials. These nanocomposites are promising materials for human health,
food storage and eco-system. Advantages of incorporating nanomaterials into the
packaging materials include better physico-chemical, mechanical, antibacterial and
antimicrobial properties. Several kinds of nanomaterials includingmetal,metal oxide
and other inorganic and organic nanostructures have proven to be effective to increase
the shelf life and reduce the spoilage of food by different mechanism of action. Incor-
poration of nanomaterials in biopolymer makes the production and application of
food packaging material.

Keywords Food spoilage · Packaging materials · Antimicrobial properties ·
Polymer · Biodegradation

1 Introduction

Now a days, the fear of rising and spreading CORONA virus among the people
increases which leads to the consumption of ready to eat food products globally.
Recently, fresh packed food’s sales in market have been raised more than 60% than
the previous year. Specially in metro and tyre I city demands and sales of frozen
foods like meat and fish products, fries, patties and products such as batter, paste,
curries, and desserts continuously rising which shows that there will be a massive
blow in ready to eat meals in the market. Due to COVID-19 outbreak, online shop-
ping are also growing among the people which again accelerate this business. The
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current challenge in this sector is that ready to eat food is a pre-cooked food so it
is important that packaging of these food should be such that it can protect food
from surrounding contamination, dust, odors, temperature, physical damage during
transport, light, microorganism and humidity. The factors which can deteriorate food
are microbial contamination, chemical and physical reactions which affect the taste,
odor and appearance of food. Here, Food packaging plays a important role to: ensure
the safety, increase health consciousness, and shelf life of the food. In the modern
age, the need for food packaging development is changing due to men’s lifestyle.
Over an extended period, people ate whatever they could collect from their local
surroundings. When people changed their peripatetic lifestyle to staying in a shel-
tered area, they needed to store food items. There has been little sophistication in
packaging materials until the 1800s. The people used various things found in nature
like leaves, shells, and gourds to hold food items and bamboos, grasses, and wood
used for the weave baskets and also for shaping into food containers, people used
some materials such as paper, glass, and pottery. Egyptians formed the glass and
pottery near about 7000 B.C., which was the first evidence; however, industrializa-
tion was not seen by Egyptians as long as around 1500 B.C. Figure 1 shows more
details about the evolution of packaging materials growing demand for the ease of
food products due to change in lifestyle [11, 50]. After early development, there
was rising attention on food and food quality. There were several modifications for
improving the quality of food. Plastics is one of the significant fields that has seen
a considerable improvement in materials and their properties. Plastics have as food
packaging materials in the last 50–60 years for a very long time. Presently, a wide
range of plastic materials are employed for food packaging applications. These pack-
aging application generate waste materials, such as metals, glass, and plastic, which
causes pollution. In a record, 42% plastics produced enter into the world primarily
as a packaging material. Global plastic waste per year is 275 million tones and world
use 500 billion plastics every year. Furthermore, limitation of petroleum resources in
our country pushed researchers to focus on different ecofriendly, safe and non-toxic
packagingmaterial without compromising themain features of the packaging such as
strong mechanical properties, moisture barrier properties and extended product shelf
life. Nanotechnology is considered as an essential tool for ensuring good quality and
safety of food and food products during storage and transportation. It also help to
extend the food product shelf life by avoiding the issues related to chemical contam-
inants, oxygen, damage microorganisms, light, moisture barriers, etc., as a food
packaging materials [14]. Nanomaterials plays an vital role in the food packaging
industry as fillers, nutrient carriers, and antimicrobial agents. Nano-food packaging
is described as a novel food packaging because it has various properties like antimi-
crobial, antioxidant, optoelectronic that could assess the food quality and improving
their barrier properties and mechanical strength. The main nanomaterials used in
food packaging are silver nanoparticles, Zinc oxide, titanium dioxide, and silicon
dioxide to develop strong light and heat resistance plastic with gas barrier properties
to prevent food spoilage and improved the shelf-life of the packaging product [19].
Additionally, some active agents could use as functional food packaging in the food
industry, shown in Fig. 2 [64].
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Fig. 1 Evolution of food packaging

Fig. 2 Active agents for food packaging
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Nanotechnology has recently focused on monitoring the spoilage and increasing
the shelf life of food products. The incorporation of nanomaterials in food packaging
makes it intelligent and active packaging. Food spoilage affects human health, has a
tremendous economic impact globally, and raisesmedical care costs. The active pack-
aging involves the coating of materials and sachet that releases antioxidants, flavors,
antimicrobial agents and preservatives to improve or maintain the food quality. The
new technology can reduce the wastage of food and food born illness via real-time
food quality monitoring throughout the food supply chain. There is growing interest
in specific types of biological and chemical sensors to analyze the quality of food.
Active packaging can utilize as increasing demand for standard and traditional food
packaging. An intelligent packaging system is a continuation of active packaging by
improving the quality to provide information about food spoilage. There is a limited
number of reports that are using nanotechnology for such kinds of applications. Inno-
vative packaging aims to develop a new type of packaging system that can monitor
packaged food quality to the surrounding environment by providing information
related to the freshness of food via various signals. Different food quality indicators
and devices are used in commercial places to detect food spoilage in intelligent pack-
aging systems [68]. This chapter mainly cover the factors that are responsible for
spoilage of food products and the various type of food packaging materials including
biodegradable polymers and nanoparticles to control the barrier properties.

2 Type of Food and Factors Responsible for Spoilage
of Food

Generally foods are categories into two sections: perishable food, having a short
period of life and quickly spoils for example meat, fish, dairy, bread, fruits, and
vegetables. Whereas, non-perishable foods which decompose after a long time for
example canned food items which include meat, fish, peanut butter, jelly, tea bags,
dry soups, stews, etc. All sorts of food can be affected mostly by microbial, chemical
and physical reactions which results changing smell, taste and appearance of food.
The physico-chemical properties of food changed after spoilage and it becomes unfit
for consumption. The food spoilage from microorganism involves production of
an enzyme that leads to the formation of unwanted products in the food which react
together to change the food characteristics.Whereas in the chemical spoilage of food,
chemical reaction e.g., oxidation, enzymatic browning, and non-enzymatic reaction
occur in the food to change the smell or color of the food. In case of Physical spoilage
of food, occurs when foods are physically damaged during harvesting, processing,
packaging or distribution.
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3 Microbial Food Spoilage

The microbial spoilage of food has a great concern and has always been problematic
for human being. Microbial spoilage caused by large number of microorganisms like
bacteria and fungi (molds, yeasts). The microorganisms that are responsible for the
food spoilage are shown in Fig. 3.

3.1 Bacteria

Generally, the bacteria are considered as significant organisms for the spoilage of
food. There are some non-pathogenic bacteria also that are responsible for food
spoilage but they do not pose any threat to human health. However, some pathogenic
bacteria may cause serious concern to human health. Proteinaceous food like milk,
dairy product, meat, fish, shellfish and poultry are affected by the pathogenic species
of microorganisms for example Bacillus cereus, have been found in a fluid milk
product, responsible for spoilage and human illness. Clostridium perfringens are
found in meat and poultry products that are stored under anaerobic conditions. Addi-
tionally, some Enterobacteriaceae include pathogenic species such as Escherichia
coli and Salmonella, responsible for the spoilage of food aerobically and anaerobi-
cally. In the seafood products, obtained from hot atmospheric conditions, the Vibrio.
Spp., species are dominant for the spoilage of marine food products at temperature
above 20 °C.

Fig. 3 Microorganisms for food spoilage
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Furthermore, in fish and meat, the amine is produced by living organisms via
several members of this group. The remaining species that are Obesumbacterium
have disagreeable colors in beer and orders.

3.2 Yeast

The spoilage of Yeast generally occurs at pH 5.5 or lower. Generally, the prod-
ucts with high sugar and salt content, spoilage occur by the genera related to the
Zygosaccharomyces species. Few species like Z. baillii, Z. bisporus, and Z. rouxii
are responsible for the spoilage of foods and beverages. Candida species is one of
the significant contributors to the spoilage of foods [45].

3.3 Molds

Molds are filamentous fungi that are responsible for food spoilage. Molds are found
inwide varieties and number of genera. Usually, the Zygomycetes, termed as the “pin
molds,” are frequently considered fast producers. These species spoiled various kinds
of food by a “hit and run” approach. Generally, at higher temperatures and lower
water activities, Aspergilli and Penicillia, known as common molds, are responsible
for the spoilage. Molds are responsible for the genesis of unwanted mycotoxins
grow on numerous food stuff. Some fungi also produces small secondarymetabolites
belonging mainly to the genera Aspergillus, Penicillium, Fusarium, and Alternaria
[45].

4 Chemical Food Spoilage

Chemical food spoilage refers to the chemical reactions that change the flavor and
color of food during processing and storage. After harvesting the fruits and vegeta-
bles or slaughtering animals, chemical changes begin naturally within the foods and
start degrading the quality. The breakdown of fats turns into rancid, and naturally—
occurring enzymes develop which results extensive chemical changes in foods as
they age [10]. Enzymatic and non-enzymatic browning is two different processes
which are responsible for chemical spoilage.
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4.1 Enzymatic Browning

Enzymatic browning is a naturally process that occurs in many fruits, vegetables, and
seafood. Generally, the negative impact of enzymatic browning in fruits and vegeta-
bles are change in color, flavor, taste and nutritional value. Enzymatic browning
occurs when they are cut, injured, peeled and diseased or exposed to any unusual
conditions. On exposure to air the fruits and vegetables develop brown colored
melanin pigment because of the oxidation of phenolic compounds. It became func-
tional with the oxidation of phenols by polyphenol oxidase into quinones. It has been
reported that polyphenol oxidase present in fruits, vegetables and some seafood is
highly responsible for enzymatic browning [11].

4.2 Non-enzymatic Browning

Non-enzymatic browning is a strong chemical reaction responsible for the char-
acteristic change in color during the heating or long-time storage of fruits and
vegetables. It is attributed to a Maillard chemical reaction, where carbonyl group of
reducing sugars reacts non-enzymatically with free amino groups of amino acids and
proteins. In this chemical reaction, the brown coloration of food occurs without the
activity of enzymes. Non-enzymatic browning can produce fluorescent, brown, and
highly cross-linked pigments such as chromophores andmelanoidins. It is commonly
apparent that L-ascorbic acid degradation products and sugars, e.g., furfural, 5-
(hydroxymethyl) furfural, or other carbonyl compounds are responsible for browning
in juice and further, polymerize with each other or react with amino acids to yield
browning materials [45].

5 Physical Food Spoilage

Physical spoilage of food occurs during harvesting, processing, or distribution due
to physical damage. Due to the physical deterioration of food, there is an increase in
the chance of chemical or microbial spoilage and contamination because the outer
covering of the food is injured or busted, and microorganisms can penetrate the
foodstuff more easily [45].
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6 Condition Required for Spoilage of Food

6.1 Nature of Food

Generally, liquid food like fruit juices, water, butter, sugar, soup broth, etc., spoil
faster since the organisms can lay out all over the food through their movability or by
convection currents. Some semi-solid foods like soup, tinned fruits, and meat stews
can spoil more quickly than liquid foods. The solid food items to be more prone to
tarnish from their outward appearance.

The growth of the most appropriate microorganisms can be controlled by food
that is rich in nutrients. Proteinaceous foods like meat, eggs, and fish are more prone
to be attacked by the organisms that can break down the proteins. On the other hand,
various foods like bread, pasta, jams, and syrups rich in carbohydrates are more
prone to be attacked by fermentative organisms. In contrast, fats are more prone to
be attacked by lipolytic organisms. Enzymes can degrade the foods with lipids to
produce free fatty acids, which have a putrid and annoying odor, and it is crucial
in olive oil, meat, and dairy systems. Several foods have found naturally occurring
antimicrobial and inhibitory substances. These substances can slow down the growth
of microorganisms [42, 45].

Several yeasts grow very well in very high sugar or salt concentrations. Notably,
Debaryomyces hansenii is tolerant to very high NaCl concentration and some strains
are resistant even up to 24% (w/v) NaCl concentration. Furthermore, molds are
tolerant to high concentrations of salt or sugar.

6.2 Activity of Water

The water activity (WA) of food is the ratio of vapor pressure of the food to the vapor
pressure of pure water. WA has a dominant role in the growth of the microorganisms.
The highest WA for most microorganisms is in the range 0.995–0.980. Since an
aqueous phase is a principal requirement for the metabolism therefore any process
like drying, curing by addition of sugar or salt will decrease theWAvalue.Decreasing
the value of WA will slow down the microbiological growth which results longer
shelf life of food. Various microorganisms have different requirements concerning
WA; the composition of the microflora is impacted by the WA.

Bacteria need a high WA and therefore do not cause the spoilage of dry foods
in dry condition. Usually, yeasts grow in a WA value above 0.87–0.94, however
Osmotoler species grow in a low WA value of 0.60. Next, molds can grow in foods
with the most insufficient WA of 0.70–0.80; notably Xeromyces can grow in WA
value of 0.60 [45].
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6.3 pH

The growth of different microorganisms requires different pH values of the food.
Most natural habitat of microorganisms evolve around neutral pH, which is excellent
for bacterial enzyme activities. Yet, few bacteria like Lactobacillus and Acetobacter
are allow to grow at lower pH ranges (3.0–4.4).

Generally, Yeasts can be grown in the range of pH 4.5–7.0. Some yeasts such
as P. membranifaciens and Z. bailii are more permissive to grow at low acidic pH
value while, others such as S. cerevisiae andD. hansenii are more permissive towards
higher pH values within 5.0–7.0 [45].

The stress response mechanisms by microorganisms enables them to sustain
in certain pH conditions. There are two distinct processes with Salmonella
Typhimurium are resistance response to more acidic pH and tolerance response
between pH 4.5 to 6. A few proteolytic bacteria can soar at a higher pH because they
produce amines to buffer the high pH at the time of soaring. Oxidative yeasts oxidize
organic acids, sugar, and alcohol which raise the pH during the growing period; so,
they favor to grow on the surface of liquors forming a film.

6.4 Temperature

Temperature conditions play an essential role in the spoilage process during
processing, transportation and storage of foods. When the temperature increases,
the lag phase decreases which increases the growth rate. Temperature also control
enzyme activity, protein synthesis, solute uptake, and shelf life length. Various
microorganisms can growwithin a wide range of temperatures, but maximum growth
occur at the optimum temperature.

Organisms are divided into mesophiles, psychrophiles, and thermophiles based
on their temperature preferences. Several human and animal pathogens in the
mesophiles category have food spoilage microorganisms. The minimum growth
range of mesophiles occur at 5–15 °C, optimum 30–45 °C, and maximum 35–47
°C temperature range. Escherichia coli, Salmonella, Clostridium botulinum, and
Staphylococcus aureus are the examples of these pathogens. Molds and yeasts grow
at and below room temperature, therefore they are highly responsible for spoilage of
food at cool temperatures [45].

6.5 Gaseous Conditions

The oxidation–reduction potential (ORP) of the food also have impact on the types of
organisms that will grow. The spoilage occurs at the surfaces of foods by the aerobic
organisms; maximum animal foods and fresh plants have a small ORP throughout.
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Facultative microorganisms grow on the surface of the foods and within them, e.g.
spoilage of canned foods by themembers of the genus Bacillus. Anaerobic organisms
can grow in foods stored in the absence of oxygen. Spoilage of food stored in vaccum
packs occur due to the fermentation process of bacteria and yeasts. Yeasts grow
under both aerobic and anaerobic condition. Generally, molds are aerobic, therefore
spoilage occurs at the surface, but mycelium penetrates deep into the food [45].

6.6 Interaction Phenomena

All of the Physico-chemical parameters have a definite impact, but it is essential to
study their mixed interaction concerning the growth of microorganisms. Depending
on the microorganisms, the interactions may be positive or negative, and the permis-
sible levels of food additives may support the growth of microorganisms if it is
present in food. The bacteria will become dominant first; but at a later stage, if the
food conditions permits then mold or yeast spoilage may occur. The waste prod-
ucts produced by the dominant organisms may act as stimulant or depressant in the
growth of another organism’s. For example, few molds of the Penicillium species
may produce antibiotics during their development, blocking the growth of other
microorganisms [45].

7 Basic Properties Required for Food Packaging Materials

7.1 Barrier properties

7.1.1 Mechanical Properties

The polymer architecture of food packaging material plays a crucial role in several
polymer preparation process like injection molding, film forming, sheet extrusion,
blow molding, etc., and further polymeric structure tailors the mechanical proper-
ties of the end product. Additionally, numerous packaging materials are employed
for storage at below room temperature, so it is crucial to examine the mechanical
performance under these storage conditions [13, 58].

The tensile strength, percent elongation and the elasticmodulus are determined by
performing the tensile test analyses. These values provide mechanical information
of the biopolymer materials.
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7.1.2 Chemical Resistance Properties

Chemical resistance is an essential property required for food packaging because it
exhibits its behavior towards acid or base. Consequently, it is required to estimate
the performance and the suitability of food packaging material towards acidic and
basic condition as a function of time. Generally, the tensile stress elongation at break
and modulus of elasticity of sample immersed in weak and strong acid solutions as
a function of time, simulating actual conditions, at ambient temperature [58].

7.1.3 Biodegradation/Antimicrobial Properties

Novel bio-nano composites show unique properties such as biodegradability which
should not be lost during practical applications. Physical properties of biodegradable
polymers need to to improved to replace the current petroleum-based materials.
Exploitation of the antimicrobial properties of metal nanocomposites has received
great attention. The packaging films with metal nanocomposites are found to control
the growth of harmful pathogenic and spoilage microorganisms. The nanocomposite
films with antimicrobial activity are especially advantageous due to their admissible
architectural integrity and barrier properties impregnated within [6].

8 Food Packaging Materials

Materials used for food packing include paper, paperboards, glass and metals
(aluminum, foils, and tin-free steel). In addition, a wide range of plastics in both
flexible and rigid forms are employed [13]. These days, food packaging materials
combine various materials with peculiar functional or aesthetic properties.

In the food industry, packaging is an essential component at each stage. Its
permeability is the fundamental weakness therefore there is a need for innova-
tive, cost-effective, environmentally safe, and intelligent food packaging material.
Consequently, various major factors handle the continuous discovery of intelli-
gent food packaging materials that promote transportation, handling, and storage.
So far, the glass, plastics, and metals are employed in packaging applications
but they face the problem of non-biodegradability. Bio-nanocomposite materials
are promising candidate for food packaging applications. Green packaging mate-
rials, including biodegradable, edible materials, plant extracts, and nanocomposite
materials characteristics, can reduce the negative environmental impacts.
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8.1 Paper as Packaging Materials

The reedy plant papyrus was used by Egyptians to produce the world’s first writing
material. Later bamboo and mulberry barks were used in the development of paper-
making process. Nowadays, paper are manufactured even from cottonseed hair,
sunflower stalk, agricultural waste and leaves [52].

Based on grade the paper can be classified as processed and recycled paper.
Further, paper for food packaging can be classified into two broad categories: (1)
based on pulp or paper treatment (2) based on shape and combination of various
materials. Wood pulp treatment effects the paper properties and its use significantly
[15] (Table 1).

Advantage of using paper as a packaging material are cost-effectiveness,
lightweight, printability, easy availability, and strong mechanical properties. But
its major drawback is humidity and moisture absorption. The paper products were
progressively combined with a layer of biopolymer coating to improve their barrier
properties, functionality and hydrophobicity by the surface modification with the
mixing of biopolymers [13].

Table 1 Different types, properties and uses of paper in food packaging application

Types of paper Preparation and properties Use in food packaging

Kraft paper Unbleached pulp and bleached
pulp
Soft, expensive and White color

Flour, sugar, and fruits and
vegetables

Tissues Wrapping tissue is of two types
Ordinary tissue and neutral tissue

Bakery products, and tea and
coffee bags

Grease proof paper Prolonged heating of wood pulp
Translucent and impermeable to
fats and oils

Oil/fat rich food, milk products
and
meat

Glassine paper Extreme hydrationof grease
proof paper
High density, transparency,
smooth and glassy surface

Liner for baked goods, biscuits
and cooking fat rich food

Vegetable parchment paper Acid treatment of pulp
High wet-strength with poor gas
barrier property

Oil/fat rich food and pastries,

Waxed paper Wax coated on paper base
Liquid and gas barrier properties

Fruit juices, milk, baked food
and pastries

Sulfite paper Light weight, glazed to improve
appearance

Bakery and confectionary
products

Paper board Prepared from 100% virgin pulp
or 100% bleached virgin pulp or
100% recycled paper

Milk and bakery products, fruit
juices and dry fruits

Paper bags Prepared from various types of
paper and available in different
forms

‘Carry home’ and ‘grocery
carry use’ bags
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Recycling of paper refers to reuse of recovered paper after proper processing in
form of new paper or other paper based products [21]. But, recycled paper can never
match the quality of virgin paper, however recycling of waste paper conserves raw
materials such as wood, forest and biomass [65].

8.2 Glass and Metals Based Packaging Materials

Both glass and metals are totally resistant to vapors and gases, they act as an effective
barrier between the external atmosphere and air inside the material. Glass containers
are one of the oldest method and currently practiced method of packaging wide
variety of materials (pharmaceuticals, nutraceutical, dietary supplements and several
other food products) [59]. Glass is manufactured from silica precursor, in presence
of sodium carbonate, limestone or calcium carbonate and alumina. For storing the
pharmaceutical and biopharmaceutical specially designed glass of Type I, Type II,
Type III and Type IV are employed, among these Type I and II are preferred for
medical formulation [55].

Metal-based packaging is one of the most versatile and widely utilized method
for packaging of different products. This packaging provides physical protection
and recyclability [71]. Metals, such as aluminum and steel are durable for food
products. Tin-plated steel are durable properties, such as recyclable, eco-friendly,
provide physical protection, and thermal and chemical resistance (Figs. 4 and 5).

Bio-based packaging materials exhibit better barrier properties, including perme-
ability of vapor and gases, while hydrophobic surface treatments should boost resis-
tance to humidity. The barrier properties of bio-based packaging materials can have
improved by coatings using deposition of atomic layers, while hydrophobic surface
modifications should increase resistance to humidity [13].

Fig. 4 Global production of
petroleum-based polymer
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Fig. 5 Biopolymers for food packaging

9 Petroleum Polymers Based Packaging Material and Its
Draw Back

In the middle of the twentieth century, petroleum-based polymer materials were
widely used by human beings. These materials are advantageous in terms of cost-
effectiveness, usability, aesthetic quality and physicochemical properties. Gener-
ally, plastics are employed as packaging materials, notably they are employed
as food packaging materials. Major drawback of these plastic packages are non-
biodegradability and use of petroleum polymer as source. Percentage of more often
used petroleum-based polymer for food packaging are shown in Fig. 6. Blackberries
packaged in snap-fit package made of poly(lactic acid) and poly(styrene) met the
“US standard No 1” grade for commercialization for more than 12 days at 3 °C [33].

Consequently, nearly 80% of plastics used for landfills, less than 10% of plastics
recycled, and around 10% incinerated. So far, above 6 billion metric tons of plastics
waste in total has accumulated worldwide, and it is a matter of concern for the
environment. Thus, the biodegradable packaging materials give more attention to
the packaging industry [47, 73]. Few petroleum based polymers has been discussed
here.
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9.1 Polyethylene (PE)

PE is one of the most common plastics produced in the world and has a wide range
of physical properties. PE are rigid, hard or soft and malleable. The large varieties
of products stored and packaged made by soft and malleable films in the packaging
industry. Polyethylene has a low cost in comparison with many other plastics. The
lower softening point favors lower processing energy costs. The packaging industry
used two types of polyethylene: high-density polyethylene (HDPE), low-density
polyethylene (LDPE) [6]. LDPE film incorporated with gallic acid and potassium
chloride exhibited excellent oxygen-scavenging potential [2]. LDPE/(clay/carvacrol)
films exhibited excellent antibacterial activity against Escherichia coli and Listeria
innocua [57]. LDPE/ethylene vinyl acetate active packaging films shown controlled
release of ferulic acid as natural antioxidant, which was 635 times higher than that of
LDPEfilm [26]. HDPE/copper nanofiber nanocomposites exhibited enhanced tensile
strength, oxygen barrier and antibacterial properties [8].

9.2 Polypropylene (PP)

Polypropylene is a rigid, rugged, and transparent glossy film with high strength
and puncture resistance. It acts as an excellent barrier to moisture, odors and gases.
Oriented PP is a clear glossy film with better optical properties, high tensile strength
and puncture resistance. It exhibits moderate permeability to gases and odors while
higher barrier property towards water vapor. It is used mainly to pack snack foods,
biscuits, and dry foods [6]. Plasticized protein coatings on polypropylene film exhib-
ited significant bacterial growth inhibition against Lactobacillus plantarum [35].Corn
zein nanocomposite coating of polypropylene films demonstrated reduced oxygen
permeability and water permeablility [35].

9.3 PET Poly (Ethylene Terephthalate)

In the packaging industry PET is one of the most widely used polymers. It increases
the barrier properties of soft drinks packages and several other rigid and flexible pack-
aging applications. Incorporation of nanocomposite is an unique way to improve
the properties of this material [6]. Olive leaf extract impregnated PET/PP films
exhibited significant lipid oxidation of sunflower seeds [12]. Supercritical carbon
dioxide impregnated PET/PP exhibited adsorption of α-tocopherol (TOC), a natural
antioxidant [24].
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9.4 PVC (Polyvinyl Chloride)

It is a thermoplastic material produced via free radical polymerization of vinyl chlo-
ride. It withstands high temperatures and shows excellent resistance to oil and fat.
PVC are used in the formof blow-molded bottles. PVCbased film is tough, high elon-
gation, relatively low tensile and tear strength. It is appropriate for the packaging of
mineral water, fruit drinks, and fruit juice in bottles. Generally, in the food packaging
application, the use of PVC is decreasing because of its toxicity and environmental
issues [6] (Table 2).

10 Biopolymers Based Packaging Material and Its Benefit

Polymers have played an essential role in packagingmaterials for a long time because
they possess various desired features like softness, lightness, and transparency.
Although, synthetic packaging films can cause some severe environmental problems
because of their total non-biodegradability. The complete replacement of synthetic
film with an eco-friendly packaging film is exclusively difficult for particular appli-
cations like food packaging. Biopolymers are natural polymer which has introduced
as sustainable packaging materials. There is another possibility for non-petroleum-
based polymers including polysaccharides, proteins, lipids, poly hydroxyl butyrate
(PHB), polylactic acid (PLA), polyvinyl alcohol (PVA), poly butylene succinate
(PBS), poly caprolactone (PCL) and their biopolymer blends. Biopolymers possess
different properties such as non-toxicity and biodegradability that can be boosting
their application in food packaging.

In the packaging industry, several natural and synthetic biodegradable polymers
are used. The polymers can classify as natural, artificial, and modified natural poly-
mers based on their origin and an environmental point of view Fig. 6. These poly-
mers with excellent physicochemical properties are promising candidate for food
packaging [6].

Table 2 Different petroleum
based product and their
respective packaging
applications

Petroleum based product based Packaging applications

LDPE Carrier bags, bin bags

HDPE Milk and fruit juice bottles

PP Drink bottle, juice bottles

PET Carbonated drink bottles and
other transparent drink bottles

PVC Chemical bottles, trays and
cups



214 A. Dubey et al.

10.1 Natural Polymers

Natural polymers play an essential function in the food packaging business. They
have excellent properties, nutritional food value, antioxidant and inclusive antimi-
crobial properties, cost-effective, renewable origin, spreading, and the fact that are
environment friendly. Different types of biodegradable polymers occur in nature. A
brief explanation of few of them described below.

10.2 Starch

Starch is a natural polymeric carbohydrate present in many green plants (potato,
rice, corn, wheat, barley, soybean and oat). The molecules of starch are composed of
two types of polymers of d-glucose that is amylopectin (70–80%) and amylose (20–
30%). Additionally, it is considered one of the promising alternative biopolymer
materials. The advantages include nontoxicity, biodegradability, easy availability,
and renewability. Starch-based films showed excellent barrier to oxygen at relatively
low humidity. The brittleness nature of the starch film can be improved by adding
few common plasticizers viz. glycerol, xylitol and sorbitol in the food packaging
materials. It can also be plasticized using materials like poly (ε-caprolactone) (PCL),
poly (vinyl alcohol) (PVA), and others. Starch blended with thermoplastic were used
for cups, foodwrapping, plates and other food containers. Yet, the blending technique
do not show improve film properties, such as barrier properties and mechanical
properties as compare to plain starch film. The sugar palm starch, combined with
various plasticizer can be used for preparation of biodegradable films [53].

10.3 Cellulose

Cellulose is a biopolymers in found in all plant materials, algae, fungi, bacteria and
made up of a chain of β-(1→ 4)-linked glucose residues. Due to their poor solubility,
hydrophilic nature and a highly crystalline structure faces some difficulties in food
packaging.

Cellulose has the potential to conserve water loss from dry areas and it can absorb
undesirable liquids. These properties sharpen the treatment of deep ulcers and as an
antimicrobial agents in wound dressings. Surface improved wood cellulose fibers,
like taurine cellulose, α-hydroxysulfonic acid cellulose (HSAC) are used to prepare
environmentally friendly film. The filmmade byHSAC showed excellentmechanical
properties. Improved cellulose fiber blended with PVA played vital role in improving
the tensile strength of the composites and can be used as a packaging material [53].
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10.4 Chitosan

Chitosan (CS) is a nontoxic linear polycationic polysaccharide composed of
randomly distributed β-(1→ 4)-linked 2-amino-2-deoxy-d-glucose (d-glucosamine)
and 2-acetamido-2-deoxy-d-glucose (N-acetyl-d-glucosamine) units. Commercially
it is produced by chemical N-deacetylation of chitin shells of shrimp and other
crustaceans. The molar mass of the polymer and the extent of deacetylation is one
of its most important chemical characteristics which dictate its use. Additionally,
it showed different properties, biodegradability and biological roles, depending on
the relative proportions of d-glucosamine and N-acetyl-d-glucosamine residues. CS
showed many valuable features as a packaging material because of partially or well
enough solubility in the water, films forming nature without the use of other additive
and heat resistance. Further, CS has excellent barrier properties towards oxygen and
carbon dioxide and shown excellent antimicrobial activity. Themembrane of chitosan
is used for coating fresh fruit, in particularly, strawberries, berries, and grapes. The
addition of antioxidant and preservative like garlic extract, lysozyme, nisin allow for
longer storage of products [53].

10.5 Protein-Whey Protein

Whey protein (WP) is a combination of alpha lactalbumin, beta-lactoglobulin and
immunoglobulin. They are adequate of forming flexible films, and they are used
as raw materials because they have good oxygen barriers, average moisture perme-
ability, and goodbiodegradability.WPare one of the cost-effective rawmaterials used
in the manufacute of edible films. The WP with Plastic films is used as biodegrad-
able and showed high barrier to oxygen. The commercial biodegradable Bio-Flex,
blended with WP to form coatings films which is used as biodegradable packaging
material [53].

10.6 Zein

Zein is a mixture of proteins from corn and is classified as a prolamin, which contains
44%-79% of the endosperm protein. It has both hydrophilic and hydrophobic prop-
erties. Although is shown poor mechanical properties, it can be employed as food
packaging material, mainly as an impermeable protective coating because of its good
gas barrier, biocompatibility, and biodegradation properties. Zein-based films with
glycerol, nanocarbonate, oleic acid and nanocarbonate show the possibility to pack
food products [53].
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10.7 Gluten

Wheat gluten (WG) is a main protein of wheat. It is a water-insoluble protein
consisting of more than 60 different polymeric polypeptides. It has a molar mass
of 30,000–100,000 g/mol. WG has been widely modified chemically or enzymat-
ically because of its low solubility. The laminated film of WG with glycerol as a
plasticizer and polylactic acid (PLA) as a reinforcing component has higher strength
than the gluten films and it shows good barrier properties [53].

10.8 Microbial Polymer

Microbial polymers, also indicated to as biopolymers and have been employed in
food, pharmaceutical, cosmetics and other industries applications. The controlled
microbial fermentation has admitted the use of these significant components as
coating, packaging, stabilizing, thickening or gelling ingredients in the food industry.
As an additive, these polymers can act as an antioxidant, antimicrobial, sweetener
preservative, antioxidant material and can be used to boost properties of modern
functional food. In the last decades, these natural polymers have garnered boost
interest due to their biodegradable, nontoxic, eco-friendly, nontoxic, and modifiable
features, along with decreased production costs [53].

10.9 Polyhydroxyalkanoates (PHA)

PHAare naturally occurring biodegradable polymerswhich are produced bybacterial
fermentation of lipid and sugars. Depending on the monomer it can be thermoplastic
or elastomeric materials. These polymers produce excellent packaging films either
alone or in combination with synthetic plastic or starch. Though these polymers are
currently toomuch expensive than petrochemically based plastics. Fewmodifications
of PHA have been developed to expand the range of its packaging applications.
For the food packaging applications polymer must illustrate a high purity level.
The obtained material involves minor impurities like lipids and proteins during the
microbial production of PHA.The small amount of impuritiesmay cause a significant
odor problem when using PHA as a package [53].



Bio-nanocomposites: A Next Generation Food Packaging Materials 217

10.10 Synthetic/Artificial Polymers

Man-made biodegradable polymers and polymers from renewable resources have
found applications in the packaging industry. These polymers are found to be advan-
tageous over natural polymers because they can be tailored to provide a wider range
of properties for specific applications [53].

10.11 Polyglycolide

Polyglycolide (PGA) or polyglycolic acid is the linear, simple, rigid, aliphatic
hydrolyzable polyester. It exhibits high crystallinity and barrier properties against
CO2 and O2. PGA is use as protective layer in multilayer packaging systems, for
carbonated soft drinks and beer bottle for packaging applications [53].

10.12 Polylactic Acid (PLA)

Polylactic acid (PLA) derived from biodegradable and renewable resources like corn,
fermentation of sugar feedstock, etc., which has excellent physical and chemical
properties. PLA is recyclable, biocompatible, biodegradable and compostable, non-
toxic, renewable, hydrophilic and highly transparent. Generally, commercial PLA is a
copolymer synthesized form poly (D-lactic acid) and poly (L-lactic acid) monomers.
The properties of PLA can vary from semi crystalline to amorphous nature depending
on the D-lactide/L-lactide enantiomers ratio. It also has a high heat distortion temper-
ature, good gas barrier properties and mechanical properties. Concerning the optical,
physical, and mechanical performance of the oriented PLA polymer (OPLA) in food
application, the comparative study has achieved two of the commonly used mate-
rials used for new food packaging applications, which are polyethylene terephthalate
(PET) and oriented polystyrene (OPS) [53].

10.13 Polybutylene Succinate (PBS)

PBS is a commercially available aliphatic polyester having succinic acid as one
of the monomers. It is principally manufactured through polycondensation of 1, 4-
butanediol and succinic acid. These polymers give a wide range of environmentally
friendly thermoplastics.When PBSmixeswith other polymers such as poly (ethylene
succinate) (PES) and thermoplastic starch, the materials’ cost reduces [53].
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10.14 Polycaprolactone (PCL)

Poly- ε-caprolactone is a biodegradable polyester obtained by the ring-opening poly-
merization of ε-caprolactone. It is soluble in a broad range of solvents. It has a low
glass transition temperature and exist as semi-rigid material at room temperature. It
is readily biodegradable by Enzymes and fungi. Various copolymers with lactide or
glycoside developed to improve the degradation rate. It uses for packaging materials
with composite films [53] (Table 3).

11 Nanomaterials Used in Food Packaging

In recent years nanomaterials have drawn much attention due to their extraordinary
properties and mainly used to impart antimicrobial function and improve the gas
barrier, mechanical and thermal properties to extend the shelf life and freshness of
packaged food items. The different types of nanomaterials used in food packaging
are discussed below-

11.1 Silver NPs (AgNPs)

Generally, AgNPs is widely used as an antimicrobial agent for food and beverage
safety. AgNPs possess a larger surface area at a nano-scale as compared to micro-
scale or bulk. In addition, AgNPs interact with the surface of the cell via different
mechanism. AgNPs is incorporated into the plastic polymers by different methods
for food packaging. It has been reported that AgNPs and ZnO-NPs containing LDPE
can protect and elongate the shelf life of orange juice. The active-nanocomposite
of this material has proven to be highly efficient for antimicrobial nanomaterial in
combination with heat treatment [13] (Table 4).

11.2 Nanoclay

Nano clay was the most demanding material in the food packaging industry because
it was the first emerging material in the market among the other polymer nanocom-
posites. It is used for enhancing the physical of plastic and barrier properties of
packaging material. Montmorillonite (MMT) is an example of nano clay. These
polymer composites is extensively used because of their magnificent cation exchange
efficiency, good swelling behavior, and wide surface area. Naturally, it is readily
available because it derived from volcanic ash and rocks. Depending on the degree
of nanoparticles distribution in the polymer matrix, the nano clay composites have
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Table 3 Literature report of some examples of biopolymers used for food packaging

Polymer Matrix Properties Applications References

Starch Cassava starch based
foams incorporated
with grape stalks

Biodegradable Suitable for
storage of food
with low moisture
content

[20]

cassava starch based
films incorporated
with cinnamon
essential oil and
sodium bentonite
clay nanoparticles

Biodegradable Packaging of meat
balls

[32]

Cellulose Carboxymethyl
cellulose (CMC)
based films
containing Chinese
chives root extract
(CRE)

Improved moisture
content,
water-solubility,
swelling degree and
thickness by the
addition of CRE

Good antioxidant
and antimicrobial
activity

[48]

Lysozyme and
lactoferrin were
incorporated into
paper containing
CMC

CMC improves the
protein payload of
paper

Lysozyme was
most effective in
preventing growth
of microbiota

[7, 46]

Chitosan Grapefruit seed
(GFSE)
extract incorporated
chitosan film

GFSE made the films
more amorphous and
decrease the tensile
strength

Inhibited the
proliferation of
fungal growth

[61]

CRE incorporated
chitosan based film

Optical properties
were improved

Good antioxidant
and antimicrobial
activity

[49]

Whey protein
(WP)

Lysozyme with
Polyacrylic acid
incorporated WP
isolate films

Incorporating
lysozyme into the
film in complexed
form extended its
release time

Good
anti-bacterial film

[43]

WP incorporated
with Fucus
vesiculosus extract

Strengthened the
mechanical
properties

Inhibited the
chicken breasts
lipid oxidation

[4]

Zein protein
(ZP)

Chilto fruit extract
incorporated ZP

Zein fibers improved
coating integrity
upon water contact

Zein fibers
delayed the release
of phenolic
compounds, hence
suitable for food
packaging

[35]

Glycerol and
polyethers added
zein films

Excellent elongation
and UV barrier
properties

Promising for food
packaging

[31]

(continued)
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Table 3 (continued)

Polymer Matrix Properties Applications References

Soy protein Bilayer of soy
protein and
poly(lactic acid)

Improved
mechanical
properties

Inhibition of mold,
yeast and two
strains of bacteria

[28]

Soy protein isolate:
bees wax edible
coating

High O2 modified
atmosphere did not
extend shelf life

Antioxidant
capacity of cut
artichoke was
maintained

[25]

Microbial PLA films coated
with a cellulose
derivative/cocoa
butter

Coatings decreased
the water vapour
permeability of PLA

Reduced the
number of
bacterial strains

[40]

Table 4 Ag NPs based composite food packaging materials reported in literature

Polymer matrix Tested food Tested microorganism Shelf life References

Ag/LDPE
nanocomposite film

Chicken breast fillets Psychotropic bacteria 8 days [5]

Ag NPs/regenerated
cellulose film

Cherry tomatoes E.coli and S.aureus 9 days [30]

Ag NPs/Alignate Cheese B.cereus, S.aureus,
E.coli and S. typhi

14 days [41]

Ag NPs/PE
packages

Olivier salad Coliform, mold and
yeast

15 days [63]

Silver and clay
nanocomposite

Shrimp V.parahaemolyticus, S.
aureus and E.coli

6 days [44]

either an intercalated or exfoliated pattern. It helps in the dispersion of the nanoparti-
cles in the matrix of the polymer. In general, nano clay acknowledges as a vital filler
for polymer, which is bio-based reinforcements. Therefore, the reinforced polymeric
material reduces the barrier properties and gives mechanical strength to the bio-
polymer. It is used for packaging, carbonated drinks, beer bottles, and thermoformed
containers for industrial purposes. Reportedly, the nano clay in plastic bottles keeps
the juice fresh and prolongs the shelf life up to 30 weeks. The use of nano clay-
based hybrid materials will provide sustainability and reduce environmental risks
associated with dumping synthetic polymer-based packaging materials [38].

11.3 ZnO

It is extensively used in various applications likemedical devices, cosmetics, medical
devices, medication, atmospheric processed (MAP) packaging, and delivery. ZnO-
NPs is specifically more attractive for packaging applications than AgNPs because
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Table 5 ZnO NPs based composite food packaging materials reported in the literature

Polymer matrix Tested
food

Tested
microorganism

Shelf life References

ZnO NPs/PVA/Spathodea
campanulata bud fluid matix

Black
grapes

E.coli, P. aeruginosa
and E.aerogenosa

7 days [29]

Chitosan/potato/protein/linseed
oil/ZnO NPs

Raw
meat

Total bacterial count
reduced

7 days [66]

Betanin nanoliposomes
incorporated gelatin/chitosan
nanofiber/ZnO NPs

Fresh
beef

E. coli and S.aureus 16 days [3]

ZnO NPs/Chitosan Poultry
meat

Total aerobic
mesophilic and
psychotrophic, and
Enterobacteriaceae

11 days [60]

ZnO NPs/ Pullulan/chitosan Meat E.coli and L.
monocytogenes

15 days [51]

its cost-effectiveness and less toxicity. Also, ZnO can produce a large amount of
hydrogen peroxide under UV irradiation that can cause oxidative stress in bacteria
cells. Zinc ions play a crucial role in blocking the growth of bacteria. ZnO-NPs can
oxidize ethylene into carbon dioxide andwater under UV irradiation and decrease the
accumulation of malondialdehyde (MDA) and pyrogallol peroxidase (POD) activity.
PVC–ZnO-nano-composite films can use this mechanism to extend the shelf life of
food products [13] (Table 5).

11.4 Titanium NPs (TiO2-NPs)

TiO2-NPs consider as most crucial metal oxide nanomaterials with inertia and
thermo-stability which can improve the properties of biodegradable films. US-FDA
can approve it in 1996 as a food additive. In the food packaging industry, it is
frequently used as a whitener, photocatalyst, air and water purification, self-cleaning
structures, water filtering, and antimicrobial. Many studies carried out on the antimi-
crobial effects of TiO2, which indicated that, under ultraviolet light or sunlight, it
could produce reactive oxygen species which directly destroy microbial cell walls.
The particles of white TiO2 efficiently scatter the visible light, therefore giving the
coated object power, brightness, and whiteness. The TiO2 in the form of thin coated
solid is non-flammable, non-volatile, totally inert, and completely insoluble in all
foods and food materials [13] (Table 6).
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Table 7 Metal/metal oxideNPs based composite food packagingmaterials reported in the literature

Polymer matrix Tested
food

Tested microorganism Shelf life References

LDPE/Cu NPs Peda
(sweet)

E. coli and S.aureus 8 days [37]

(Ag–Cu)
NPs/polylactide
films

Chicken
samples

S. typhi, C. jejuni and L.
monocytogenes

21 days [1]

CuO/ZnO NPs Guava fruit E. coli and S.aureus 7 days [34]

CMC/PVA/CuO Processed
cheese

Total bacteria count, coliforms,
moulds and yeasts, and
pscychrotropics

28 days [69]

SiO, ZnO and
CuO/4A zeolite

Shrimp Staphylococcus aureus, Listeria
monocytogenes, Escherichia
coli, Pseudomonas
fluorescens, Vibrio
parahaemolyticus and Aeromonas
caviae

[56]

11.5 Copper and Copper Oxide (Cu/CuO)

Copper nanoparticles have relatively Cu0/Cu2+ low reduction potential hence it is
quickly oxidized. It is used as an antimicrobial agent because it can reduce the
growthof fewmicroorganisms such as bacteria, fungi, andviruses.CuOnanoparticles
increase the shelf life of food packaging materials [19] (Table 7).

11.6 Magnetic Nanoparticles (Fe3O4)

Magnetic nanoparticles may come into different shapes, sizes, and crystalline forms
that might alter their toxicity. They were used in food packaging by utilizing a
nanofiller. Several studies have found that the food packaging applications related to
magnetic nanoparticles show better characteristics as a composites film [22].

11.7 Nano-starch

Starch is the cheapest, biodegradable, renewable, and non-toxic polysaccharide. It is
used in food, pharmaceuticals, paper-making, plastic, rubber, and packaging mate-
rials because of its effectiveness, environmentally friendly, and ample supply. Gener-
ally, starch can be found in discrete and partially crystalline granules andmainlymade
up of two glycosidic macromolecules: branched amylopectin and linear amylose. It
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is vital to separate crystalline starch from the amorphous and crystalline complexes
for the production of nano-starch. Flexible food packaging uses starch nanocrystals
as a promising nanofiller. The starch nanocrystals improved barrier properties and
mechanical properties since it is highly susceptible to hydration. Themolecular struc-
ture of starch possesses hydrophilic functional groups; hence it is not applicable in a
humid environment. The film of starch is appropriate as an antimicrobial packaging
material [13].

11.8 Carbon Nanotubes (CNTs)

Carbon nanotubes are hollow tubes with a diameter of a nanometer in range. The two
types of CNTs are single-wall CNTs and multiwall CNTs. It provides an outstanding
high tensile strength and elastic modulus when combined with the polymer matrix.
In recent times, CNTs have been composed of polymers and employed for packaging
purposes and intelligent antimicrobial sensors. The carbon nanotube-based sensor
could be producing a transparent, thin-film embedded with wireless chips which
communicate to the market manager and customer about the spoilage of fruit and
meal [13].

11.9 Nano-silica

The nano-silica mainly use at the time of hydrophobic coatings, especially for self-
cleaning materials. Inside the container, the non-hydrophobic coating can allow food
to be free-flowing material inside the containers or jars. There are various products
such as wine, beer, and powdered soup that benefitted from this technology [13].

12 US and Indian Safety Guidelines in Food Packaging

The packaging and labeling of food is regulated by the U.S. food and drug admin-
istration (FDA). These regulations aim to aware the consumers about the food and
increase the safety of food given out all over the United States. The center for food
safety and applied nutrition (CFSAN) and the office of food additive safety can
ascertain the protection from harmful food contact substances. The guidelines of
FDAs also need that the labeling of the package involves the expiration, nutrition
guidelines and best before used by dates, preparation instruction and handling, and
the packaging company’s contact information. The labeling of allergen has also been
necessary since 2006. The labeling of food allergen and consumer act requires the
disclosure when the product contains potential allergens like cereals, crustaceans,
mollusks, eggs, fish, lupin and milk soybeans, peanuts. Also, a notification for the
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packaging of a product is made using any of the allergens mentioned earlier (U.S.
FDA Administration) (Table 8).

13 Obstacles in Commercialization

There are several issues in the commercialization of nanopackaging films. First, the
production and studies of nanopackagingmaterials are still in the laboratory level and
is not yet scaled up to industrial level due to their high cost of production. Second,
poor barrier and mechanical propertied as compared to that of the synthetic plastics.
Third, leaching of NPs into the food materials. Fifth, lack of awareness. Sixth, cost
of nanopackaging films are higher than currently available synthetic plastics pack-
aging materials. Finally, it is essential for to emphasize manufacturers to label the
nanopackaging packaging materials with requisite information or label.

14 Future Trends

Presently we focus the bio-based packaging materials. It is necessary to transformed
bioplastic research to address industrial application via academic and industrial
collaborations. The growth of the bioplastic market can reduce petroleum-based
polymers. Currently, we are crossing active and intelligent packaging materials.
Innovative packaging reduces the wasting of food to check the spoilage of food
products in real-time. Bioplastics will become a core part of the bioplastics market.
There are many types of research needed to improve the quality of bioplastic for
food packaging applications. Still, much research is required to overcome the next
generation of innovative and intelligent packaging that can improve the shelf life
of food products and know the spoilage of food products by incorporating various
materials and devices. The researcher can create an intelligent barcode by installing
the sensors on the food packaging and scanned to clarify the freshness of packaged
items.
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Table 8 Different other nanocomposites with promising packaging applications

Nanocomposite Method Properties References

Starch
NPs/poly(dimethylsiloxane)

Super hydrophobic
coating

Excellent water
resistance,
self-cleaning, and
liquid-food residue
reduction

[67]

Water chestnut starch
composite films

Acid hydrolysis
method

Starch NPs decrease
moisture content, water
vapour transmission
rate and solubility,
while increase
thickness and burst
strength

[18]

Polylactic acid/CNTs/chitosan Electrospinning Exhibited better
antimicrobial activity
against S. aureus than
E.coli

[36]

Pectin-CNTs films Physical mixing or
chemical bonding

Improvement of
properties of
pectin-CNTs films by
chemical bonding as
compared to physical
mixing

[23]

Nanoclay/cinnamon oil/
Cassava starch films

Green technology Exhibited significant
antibacterial potential
against E.coli, S. typhi
and S. aureus

[32]

LDPE/nano clay composite
films

Twin-screw extrusion Beef color maintained
for up to 4 days and
native micro flora was
suppressed

[62]

Cellulose nanofibrils and nano
clay

Spray technique Higher clay content
increased the barrier
properties

[39]

Silica–carbon/Ag NPs One-step ball milling
process

Exhibited
bacteriostatic effect

[9]

Nisin/nano silica/chitosan Coating Provided longer
storage life for
mushroom

[54]

Mesoporous silica NPs/potato
starch films

Casting Better antibacterial
protection for
mushrooms against M.
circinelloids and
mucur sp.

[72]
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Synthesis of Silver and Copper
Nanowires and Their Application
for Transparent Conductors

Conghua Zhou and Yongli Gao

Abstract Silver and copper nanowires have been used in many areas, like sensors,
catalysis, optoelectronics, etc. They are well-known by the excellent optoelectronic
and chemical properties. Here in this chapter, some interesting aspects of these metal
nanowires are reviewed, including: (i) the synthesis methods of the metal nanowires;
(ii) application of these nanowires in transparent conductors; (iii) application of the
transparent conductors in flexible optoelectronic devices, like solar cells, OLEDs,
touch screens, transparent heaters, and so on. Besides the applications, this chapter
also sheds light to some fundamental problems, including the coarsening dynamics
of nanowires, corrosion and protection of nanowires, and also the conducting mech-
anism of the transparent conductors basing on nanowires. Finally, perspective is
given.

Keywords AgNWs · CuNWs · Transparent conductor · TC · Transparent and
conductive · Solar cells · Flexible

1 Introduction

Metal nanowires (NWs) based on gold [1], silver [2], and copper [3], have arisen
as a new class of one-dimension (1D) materials that attract ever-increasing atten-
tions due to the excellent optoelectronic and chemical properties. They have been
applied widely in transparent conductor (TC, hereafter) [4, 5], conductive composite
[6, 7], optoelectronic devices [8], heater [9, 10], catalysis [11–13], and so on. The
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mechanical flexibility of these metal nanowires renders it possible for the application
in adaptive optoelectronic devices and wearable electronics [14–16].

The exploration of 1D nanomaterials could be ascribed to the successful synthesis
of 0D nanomaterials or nanoparticles [17–20]. Originally in late 1990s, metal based
nanowires was synthesized via templating methods, like anodic aluminum oxide
(AAO) porous membranes or carbon nanotube (CNT) confined growth [21–23],
or DNA chain basing assembly [24]. These methods could help to grow metal
based nanostructures from 0 to 1D, though “large-scale” synthesis is somehow diffi-
cult to realize. This bottleneck was then broken in the early 2000s, owing to the
pioneering works done by Xia et al. (2002). Using the so-called “polyol reaction”,
silver nanowires with aspect ratio up to 1000 could be obtained [25–27]. Following
the success in synthesis, the silver nanowires were quickly observed to show conduc-
tivity of 0.8× 105 S/cm (one eighth of the bulk conductivity of 6.3× 105 S/cm) [25],
which triggered the application in TCs that were usually dominated by oxide films
like indium tin oxide (ITO) or F-doped tin oxide (FTO). From then on, researches
towards the synthesis and application of silver nanowires have bloomed quickly and
widely. Such TCs have been used in many optoelectronic devices, like solar cells,
touch panels, heaters and so on. Recently, due to the development of wearable elec-
tronics, the nanowires are also applied to fabricate flexible and stretchable electrodes
under the form of “conductive composite”. Meanwhile, robustness of the nanowire
based TCs and composite is discussed due to the long-term use concerns. Questions
about the conducting mechanism of such nanowire-based TCs also arise, since the
organization mechanism of these TC differs greatly from those oxide-based ones.
During the past decade, the synthesis [2, 28, 29], application as TCs (including opto-
electronic devices, heaters) [4, 5] or composite [9, 10, 30], and robustness [31] of
metal-based NWs have been discussed in several separate reviewing works, though
less has been done for the conducting mechanism. In current chapter, the authors
will try to put these topics together under the main topic of “nanomaterial and appli-
cation” designated for the book. In more, the chapter will mainly focus on two kinds
of metal nanowires, or silver and copper nanowires (AgNWs and CuNWs). Such
consideration is based on the practical availability and the application of them in
TCs.

The rest of the chapter is organized as the following: in Sect. 2, the synthesis
methods of metal nanowires and the related coarsening dynamics are presented.
Section 3 contains the application of these nanowires as TCs, and the application of
TCs in optoelectronic devices. Finally, perspective is given in Sect. 4.

2 Synthesis of Silver and Copper Nanowires

During the past two decades, several methods have been developed to synthesis metal
nanowires, for example polyol method [25–27], solvothermal reaction (including
hydrothermal reaction) [32–34], templating [21, 23, 24, 35], and so on, among which
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the polyol method and solvothermal reaction are the mostly applied ones. As a result,
these two methods are mainly discussed.

2.1 Polyol Method of Silver Nanowires (AgNWs)

Polyol method was originally proposed by Fievet and coworkers in 1980s in synthe-
sizing metal particles, like nickel, silver, cobalt, platinum and so on [17, 20]. Micro
or submicron sized metal particles could be obtained by reactions using polyol (for
example ethylene glycol, diethylene glycol) as solvent and reducing agent, and corre-
sponding salt or metal oxide as metal source. The proposed reaction can be described
by formulas (1) and (2) [17, 20]:

CH2OH-CH2OH
�−→CH3CHO + H2O, (1)

2CH3CHO + M(II)
�−→CH3COCOCH3 + M ↓ +H2O, (2)

whereas M(II) represents related salt or oxide of the metal. Noting that, the reaction
could take place even the oxide was less soluble [17].

The reaction process was then developed by Sun et al. (2002) in the synthesis
of silver nanowires in the early 2000s. As shown in Fig. 1, with the assistance of
the so-called “seeds” of platinum or silver particles, and the coordination effect of
polyvinylpyrrolidone (PVP), silver nanowire (AgNWs) with width of about 40 nm
and aspect ratio (defined as the ratio between length and width) up to 1000 were
successfully obtained.During the reaction, silver nitrite (AgNO3) and ethylene glycol
(EG) were used as the metal source and reducing agent, respectively, following the
reaction routines described by formulas (1) and (2) [25]. From the crystallographic
study [XRD from Fig. 1d], one can see that these nanowires are of silver. In addi-
tion, effects of several parameters were examined with respect to the morphology
and aspect ratio of the nanowires, including PVP concentration, reaction tempera-
ture, and seeding condition, which will be discussed later. Following that, they also
demonstrated the possibility of AgNWs growth without the addition of exotic seeds
of platinum particles. With the assistance of PVP and silver nanoparticles seeds
(reduced from AgNO3 by EG, also marked as the “self-seeding process”), AgNWs
with width of ~20 nm (in average) and aspect ratio up to 1000 were harvested. PVP
was suggested to act as the coordination reagent in the reaction [26]. It is worth noting
that, “seeding” is somehow a rather complicated process. Two year later in 2004,
Wiley et al. fingered out that hence chloride was present in the reagents of commer-
cial obtained ethylene glycol (EG), depending on the vendor and the lot number. The
concentration was from 0.0019 to 0.116 mM [36]. As a result, they suggested that,
the previous AgNWs synthesis would have been possibly been contaminated by the
hence chloride.



238 C. Zhou and Y. Gao

Fig. 1 a UV-visible extinction spectra of the synthesized product; b Scanning electron microscopy
(SEM) image, c transmission electron microscopy (TEM) image, and d X-ray diffraction (XRD)
pattern of the synthesized silver nanowire (AgNWs). Reproduced with permission [25]. Copyright
© 2002, American Chemical Society

Following that, modifications were proposed to the polyol method. For example,
in 2012, Lee et al. reported a so-called successive multistep growth (SMG)method in
growing very long AgNWs. During the reaction, the obtained AgNWs were purified
and used as the “seeds” for the next round of growth, while the reaction followed
the similar polyol process described above. After 7 rounds of growth, they could
obtain nanowires with length longer than 300 μm (width ~150 nm), and aspect ratio
up to 1000–3000. The schematic of this strategy and typical length distribution is
shown in Fig. 2 [37]. This study shows that AgNWs could also act as the seeds.
Besides that, other methods were also proposed. In 2013, Lee et al. reported a high-
pressure polyol method. By controlling the reaction pressure, AgNWs with width
of 15–30 nm and length of ~20 μm were obtained. Increasing the reaction pressure
could decrease the width of the nanowires. Typically, at pressure of 200 psi (1.38
× 106 Pa), AgNWs with width of 15–22 nm were harvested [32]. As a common
synthesis routine of nanomaterials, solvothermal (similar to hydrothermal) reaction
was also tried. Jiu et al. (2013) synthesized AgNWs with width of 70 nm and length
of 5–20 μm using the solvothermal method, in which AgNO3, PVP and EG were
used as the metal source, coordination reagent and reducer, respectively [38]. Then
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Fig. 2 Schematic for the successive multistep growth (SMG) and the length distribution of silver
nanowires (AgNWs) synthesized from using conventional growth and SMG method. Reproduced
with permission [37]. Copyright © 2012, American Chemical Society

in 2016, Xu et al. (2016) showed that, by importing small amount of HNO3 in the
solvothermal reaction, AgNWs with length longer than 400 μm and average aspect
ratio of 821 could be obtained in a one-spot reaction [33]. In such “one-step” growth
method the reaction process is greatly simplified, thus the method provides a direct
strategy to grow ultra-long AgNWs.

Along with the development of synthesis methods, the crystallographic proper-
ties were also studied. With combination of high-resolution transmission electron
microscopy (HRTEM) and the selected area electron diffraction (SAED) technique,
Xia et al. in 2002 illustrated that, these nanowires were not “single crystalline”,
rather, a twinned structure was adopted [25, 27]. One year later in 2003, with the
assistance of scanning electronmicroscopy (SEM) and selected area electron diffrac-
tion (SAED), Gao et al. proposed a fivefold twinned structure in the silver nanowire,
which was suggested to be bounded by five {100} side planes and capped by five
{111} end planes, with growth direction following [110], as is shown in Fig. 3a [39].
Similar results were depicted by Sun, Xia and coworkers in the same year [41].
Following that, in 2005, Gao et al. embedded AgNWs in epoxy and microtomed
the matrix into slices with thickness less than 50 nm, by which the cross-section of
these nanowires could be directly examined by HRTEM and SEAD. As is shown
in Fig. 3b, pentagonal cross-section is clearly depicted. In more, they demonstrated
that, the cross-section could hardly be separated into five uniform crystals. Since
if that was true, there would be a small region left with angle of 7.5°. However,
no such region was observed. Instead, many defects were observed in the bound-
aries between neighboring twin domains. Accordingly, “fivefold twinned structure”
is named, though in fact many defects exist in the twinning boundaries or the “twin
planes”. This could also be clearly seen in Fig. 4b [40]. This feature is very inter-
esting, showing that the growth of AgNWs is in fact accompanied by formation of
defects. In addition, the growing direction is confirmed to be [110] of the FCC struc-
ture. It might be worthy to note that, AgNWs with single crystalline structure were
reported to be synthesized by templating method in 2001 [35]. Though the width
was as less as few silver atoms (or 0.4 nm). On the other hand, similar five-fold
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twinned structure was also believed to be present in CuNWs [11], and even Pd–Au–
Pd segmental nanorod [42], pending detailed examination on the cross-section of
these nanostructures. However, in 2016 in the atomic study of the Au nanorod, Yu
et al. revealed a “necking and breaking” morphological property in the synthesized
Au nanorod, and meanwhile many stacking fault defects were disclosed [43]. As a
result, it would still be meaningful to verify the relationship between 1D structure
formation and defect.

Fig. 3 a Fivefold twinned structure proposed in literature and corresponding selected area electron
diffraction (SAED) patterns. Reproduced with permission [39]. Copyright © 2003, Elsevier. b
Transmission electron microscopy (TEM) image of cross-section of AgNWs, corresponding SAED
pattern, and high resolution TEM (HRTEM) image of the cross-section. Clearly, fivefold twinned
structure is shown. Reproduced with permission [40]. Copyright © 2004, Elsevier
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Fig. 4 a TEM image of fivefold twinned silver nanoparticles picked from the solution in polyol
growth of AgNWs; and b Schematic illustration of the unidirectional growth of twinned silver
nanoparticles into AgNWs. The nanowire owns five {100} facets on the side, and ten {111} facets at
the end. Heavy capping of PVP molecule on {100} facets is marked by dark grey, while the relative
weak capping at the end {111} facets ismarked by light-blue color. Reproducedwith permission [41].
Copyright © 2003, American Chemical Society. c Schematic presentation of the effect of synergy
between strain and surface energy difference [�ϕ(100)−(111)] onmorphology of the fivefold twinned
silver structures. Clearly, when PVP concentration is low, lateral growth is favored; while at higher
concentrations, unidirectional growth dominates. Reproduced with permission [51]. Copyright ©
2008, American Chemical Society

2.2 Coarsening Dynamics of Metal Nanowire

Comparison between the synthesis of 1D metal nanowire and 0D metal particles
shows that nanowire growth is different from 0D particles, even though similar
reducer and metal source are used [17, 20, 25–27]. Nanowire growth is a unique and
dynamic process that can be separated into two distinctive procedures: nucleation
and growth. From the ever published literatures, one could find several parameters
relating to these two processes, for example, seeds, coordination reagent, reaction
temperature and pressure, and even processing techniques. Readers are encouraged to
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refer to several reviewingworks [2, 28, 29, 44, 45].Here themain issues are discussed:
(i) Transformation of 1D nanowire from 0D seeds; (ii) oxidization behavior during
the nanowire growth; (iii) role of precipitation anions.

2.2.1 Transformation of 1D Nanowire from 0D Seeds

Seed plays key role in the 1D nanowire growth. Originally, Xia et al. used platinum or
silver nanoparticles as the exotic seeds [25], and then “self-seeding” was proposed,
in which the seeds were provided by the originally formed silver nanoparticles [26,
27]. As discussed above, fivefold twinned structure is formed in silver nanowire.
But works reported in 1990s usually showed the growth of single-crystalline silver
nanoparticles [19]. According to previous studies, such single nanoparticles could
hardly develop along typical direction that leads to 1D structure. As a result, before
nanowire growth, it is crucial to grow seeds (“or nanoparticle”) with similar fivefold-
twinned structure like that discussed above. In fact, twinned noble metal particles
were observed before the growth of metal nanowires [46–50].

In 2003, following the observation of AgNWs, the seeding process was studied by
Sun,Xia et al. In the so-calledpolyol process,wherePVPwasused as the coordination
molecule, they picked the solution in the starting stage of the reaction, and observed
some “fivefold twinned” silver nanoparticles, or the seeds in the system (though not
all the particle are twinned). As shown in Fig. 4a, “twin boundaries” are marked [41].
Then they proposed a possible mechanism for 1D AgNWs coarsening. They pointed
out three possible stages. At first, the seeds were covered by ten {111} facets, thus
decahedral shape was observed. Secondly, defects gathered at boundaries of seeds,
make boundariesmore attractive place for silver atoms to deposit (after being reduced
by polyol reaction), and thus lead to the formation of “nanorods”. Following that, the
other five {100} facets appeared. At last, PVP molecules could interact with silver
atoms at nanowire surfaces, but the interaction would be stronger at the side {111}
facets than that at end facets. The difference between the interaction strength then
leads to unidirectional growth of AgNWs. Such processes are clearly depicted in
Fig. 5b, whereas the interaction strength is marked by different color. The difference
in the interaction strength was confirmed by Zhang et al. [51] Using first-principle
calculations basing on density function theory (DFT), the surface energy (eV/atom)
was calculated for facets of both {100} and {111}. It was observed that, the surface
energy was 0.40724 eV/atom [ϕ(100)] and 0.32411 eV/atom [ϕ(111)] for pure facets
{100} and {111}, respectively; After absorption of α-pyrrolidone molecule (similar
to the unit in PVP), it decreased to be 0.39056 and 0.31755 eV/atom, respectively. As
such, the difference between the two, or marked by �ϕ(100)−(111), was reduced from
0.08313 to 0.07301 eV/atom. Thus the difference was minimized by 12.2% [51].
However, from the calculated surface energy (though the practical physical chem-
istry is more complicated) of the two facets, one may expect lateral growth that leads
to thick nanowires. Then why usually long and thin AgNWs could be obtained? The
authors suggested another possible mechanism, or the confinement of strain. Indeed,
from previous studies, it had been known that the nanowires were fivefold twinned.
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But the nanowires could hardly be divided into 5 crystals (If not, there should be a
small angle of 7.5°). To fill the gap (according to the small angle region), there in fact
existed many defects at the grain boundaries as illustrated by Gao et al. [40]. Simi-
larly, strainwas suggested to exist in the nanowires, the thickerwas the nanowires, the
higher was the strain. In contract, increment in nanowire length would not add to the
strain (given straight nanowire). As a result, a so-called synergy effect was proposed,
which is shown in Fig. 5c. When PVP concentration was low, lateral growth domi-
nated due to the relatively high surface energy of facets {100}. Meanwhile the strain
of the 1D structure also rose. To release the strain, “re-entrant grooves” appeared.
When PVP concentration became higher, passivation happens at the outside facets
of {100}, the surface energy difference [�ϕ(100)−(111)] was then decreased. Then the
superiority of lateral growth was reduced, and longitudinal growth happened, since
it would not increase the strain of the system. Indeed, the synergy effect provided
clear explanation towards the role played by the coordination reagent.

2.2.2 Etching Behavior

Up to now, the mostly used metal source in AgNWs growth is AgNO3. Based on
the reaction formula (2), a typical formula (3) is expected, in which a byproduct
of HNO3 appears. Due to the pristine oxidization behavior formula (4) could be
anticipated, though later could be seen, the oxidization behavior might be sensitive
to the concentration of nitric acid. Such phenomenon was disclosed two years later
after the successful growth of AgNWs, along with the two possible reaction formulas
listed as following [36, 52]:

2CH3CHO + 2AgNO3 −→CH3COCOCH3 + 2Ag ↓ +2HNO3, (3)

3Ag + 4HNO3 −→ 3AgNO3 + NO ↑ +2H2O. (4)

Accordingly, oxidization becomes an important issue in nanowire growth. Wiley
et al. (2014) observed that oxygen played a key role in the coarsening dynamics of
silver nanostructures. They added trace amount of NaCl (0.22 mM) in the typical
polyol reaction, and observed two kinds of silver nanoparticles: single crystal and
multi-twinned particles in the starting stage of the reaction. Different products
were observed when oxygen was expelled or not from the reaction or not [36].
Concretely, in presence of oxygen, only silver cubes and tetrahedrons were obtained.
After oxygen was excluded and replaced by argon (Ar) gas, thin and long AgNWs
were harvested. Accordingly, they proposed a etching couple made of “O2/Cl–” and
suggested that, the originally formed multi-twinned silver particles could be easily
be etched by this couple, thus nanowires could be less productive; After oxygen is
expelled, the etching effect disappeared, and the seeds could grow into nanowires.
At the same time, they fingered out the chloride contamination problem in previous
AgNWs synthesis work (as stated in previous section). Indeed, this work drew the
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attention to the effect of O2, chloride to AgNWs formation at the first time, though
the exact etching mechanism would be more complicated. One year later in 2005,
Xia et al. addedHCl in the polyol reaction (withHCl concentration of 0.125, 0.25 and
0.375 mM, respectively), and studied the effect of HCl concentration on the resultant
silver nanostructures [52]. It was observed that, at concentration of 0.125 mM, both
silver particles and nanowires were obtained. While silver nanocubes were obtained
at concentration of 0.25 mM, and thick wires and irregular particles came out as the
concentration increased to 0.375mM.Similarly, they attributed the formation of cube
(at case of 0.25 mM) to the etching effect brought by “O2/Cl–”. From the above two
studies one could know the important role of “etching” in the growing dynamics of
silver nanostructures.

To verify the exact mechanism, more works were done after that. In 2008, Zhang,
Tang and coworkers focused on the acidic etching behavior of the byproduct ofHNO3

[according to formula (3)]. To retard the etching behavior, they added steel plates
into the polyol reaction, and obtained AgNWs in high concentration (0.5 M) [53]. In
2016,Xu andZhou et al. studied the effect ofHNO3 inAgNWgrowth in solvothermal
reaction. By adding small amount of HNO3 in the reaction, they observed 50-fold
increase in nanowire length, reaching >400 μm [33]. In order to study the role
of HNO3, they designed 16 batches of experiments, 8 for reaction with addition of
HNO3 but with varied reaction period, while the other 8 for references (W/OHNO3).
This designation eliminated the disruption that might be drawn by “picking” itself.
Then, the samples were examined by both UV–Visible extinction spectra and SEM
techniques, with photo-images taken at the same time.

As shown in Fig. 5a, b, when there was no HNO3 added, three cyclic round
color changes appeared in the solution. For example, it changed from dark red (1 h)
to colorless (4 h) at the first cycle, then turned back to grey at 5 h, but clear again
at 6 h. When HNO3 was pre-added, different behavior was observed. The solution
remained colorless for the first 5 h, and changed gradually to brown. Extinction
behavior and morphological properties (SEM images could be referred to the litera-
ture [33]) showed that, in each cycle , AgNWs and nanoparticles appeared at first, and
then disappeared. This implied that, dissolution happened. To explain the beneath
mechanism, they carefully examined the reaction environment, and proposed that
oxygen played a key role in the reaction. Indeed, there exists less O2 in the upper
space of the autoclave, calculated to be 2.7mMgiven that O2 could be all dissolved in
the solution. This concentration was about 11% of [Ag]. Considering the byproduct
of HNO3, then following reactions could possibly take place, as represented by
formulas (5) and (6):

4Ag + O2 −→ 2Ag2O, (5)

Ag2O + 2HNO3 −→ 2AgNO3 + H2O. (6)

As such, nanowires could grow steadily only after the consumption of O2, which
is quite similar to that stated by Xia et al. (2004), whereas O2 was expelled and Ar
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Fig. 5 UV–Visible spectra of solution obtained from solvothermal reaction at different
reacting time: a W/O HNO3, b with HNO3 (1.44 mM). c Schematic of the oxidative etching
behavior brought by the etching couple of “O2/H+”, and the effect on long AgNWs growth [33]

was imported as the protection gas [36]. Moreover, it is worthy to note that, to
verify the acidic behavior of HNO3, specific experiments were designated (refer
to literature [33]), showing that when concentration of HNO3 was low, acidic role
appeared, rather than the oxidization behavior. Accordingly, after HNO3 was added,
a screening effect appears. After addition of small amount ofHNO3, etching behavior
brought by the couple of “O2/H+” could dissolve certain amount of multi-twinned
silver nanoparticles or seeds. Then the existing seeds could find more opportunity to
grow longer, as depicted schematically in Fig. 5c.

2.2.3 Role of Precipitating Anions

Besides PVP, O2, HNO3, AgNW growth is also affected by anions in the reaction
system. AgNWs have been successfully synthesized in solution containing Cl− [27],
Br− [54], S2− [55, 56], etc. These anionswere found to affect both nanowirewidth and
aspect ratio. Usually, incorporation of Br− was favorable for thin nanowire growth.
For example, in the so-called high pressure polyol method, Lee et al. (2013) observed
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that, mixture of NaCl and KBr was helpful to obtain AgNWs with thickness low to
15–22 nm [32]. Then, Li et al. (2015) showed, by tuning reacting procedure and
also the concentration of Br− in polyol reaction, AgNWs with diameters of 20 nm
and aspect ratios up to 2000 could be obtained [54]. The effect of Br− concentration
on the nanowire width is clearly depicted in Fig. 6. If only Cl− exists, nanowire
width is 72 ± 15 nm, after incorporating small portion of NaBr (2.2 mM), the width
decreases to 20 ± 2 nm. However, increasing concentration up to 4.4 mM results in
particles for the most. As such, anions should play important roles in those reactions.
To explore the cause, the authors suggested that, the Br− adsorbed on the AgNWs
surface could reduce the coarsening rate perpendicular to nanowire length [32, 57].
However, the detailed mechanism was not clear yet. One possible cause might arise
from the “precipitation behavior” brought by the halide anions. It is well-known that,
halide anions like Cl− and Br− could react with Ag+ and get precipitates; in more,
AgBr is less dissolvable than AgCl. As such, when adsorbed on AgNW surface, Br−
could provide stronger protection for the nanowires. As such, it not only prevents the
further Ag atom deposition on the surface (for transverse growth), but also makes
it more robust when facing with corrosive and oxidizative reagents in the solution.
However, more works are needed to clarify this assumption.

2.3 Synthesis of Copper Nanowires

Copper nanowires (CuNWs) have also been synthesized. ToimilMolares et al. (2013)
demonstrated that CuNWs with width of 30–60 nm could be grown by electrochem-
ical method [58]. Shi et al. (2015) synthesized CuNWs from hydrothermal reac-
tion (120–180 °C, 48 h) containing CuCl2, octadecylamine (ODA) [59]. CuNWs
with width of 50–100 nm, and aspect ratio up to 105 were obtained by this one
pot reaction. In more, reaction temperature was observed to affect nanowire growth.
120 °C reaction helped to obtain uniform distribution in nanowire width (30–50 nm),
while 180 °C reaction produced wider distribution (or 50–1000 nm) and meanwhile
reduced aspect ratio. They suggested that ODA played a key role in nanowire growth.
It could serve as both of the reducing agent and the coordination reagent. The reduc-
tion behavior was easily to distinguish by judge the production from reaction. As
for the coordination reagent, ODA molecules were suggested to coordinate with Cu
(II) cations. They noticed that, since ODA molecules could be hardly dissolved by
water, these molecules tended to form micelles with lamellar structure. Such micelle
could serve as “micro-reactor”, in which 1D CuNWs could grow separately. Similar
“micelle-derived” growth mechanism was proposed later. For example, Zhang et al.
(2015) proposed a growth model basing on “liquid-crystalline medium”. During
the reaction, HDA and cetyltriamoninum bromide (CTAB) were mixed at first. At
elevated temperatures, this mixture will form a liquid-crystalline medium. Then
copper source, or copper acetylacetonate [Cu(acac)2] was added and reacted, with
presence of Pt catalyst in themedium [60]. The growth dynamics are shown in Fig. 7a.
They suggested that, due to the coordination behavior between Cu salt and Br− (from
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Fig. 6 Effect of concentration of NaBr on AgNWs width (mM): a 0, b 1.1, c 2.2 and d 4.4.
Concentration of other reagents was kept the same, or 26.5, 50.5 and 4.2 mM, for AgNO3, PVP
and NaCl, respectively. Reproduced with permission [54]. Copyright © 2015, American Chemical
Society

CTAB) and HDA, the added Cu precursor molecules could fill the tubular channels
of the pre-formed liquid-crystallines. After reduced by HDA, the Cu atoms were
mounted to nanowires. Due to the preferential adsorption of HAD and Br− on {200}
planes, unidirectional growth is favored at [110] direction. CTAB and Pt catalyst
were found to play important role in nanowire formation. When CTAB concentra-
tion was relatively low, only polyhedrals were obtained. On the other hand, without
addition of Pt, neither nanowires nor nanoparticles were observed even after 10 h
reaction. It is worthy to note that, according to the authors, single crystalline-like
CuNWs, with hexagonal cross-section were obtained. This is different from those
AgNWs, releasing an open question. Other methods were also imported for CuNW
growth. For example and also shown in Fig. 7b, copper nanowires (CuNWs) with
width of 17.5 nm and aspect ratio of 1000 were reported by Cui et al. (2015) [61],
using tris(trimethylsily)silane, oleylamine (OLA) and CuCl2 as the reducing regent,
coordinating ligand and metal source, respectively. The reaction routine was similar
to that used in AgNWs growth, though with different reducing regent and coordina-
tion ligand. The coordination behavior between OLA and Cu(II) was suggested to
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play a key role in 1D structure formation [61]. Besides, Jin et al. (2015) synthesized
CuNWs in oil bath (100 °C for 6 h), using glucose, hexadecylamine (HDA) as reducer
and capping agent [also, to coordinate with Cu(II)], respectively [62]. CuNWs with
width of 24± 4 nm, and length from tens to hundreds ofmicrometers were harvested.
Moreover, these works also demonstrated the application of nanowires in transparent
conductors (TCs), which will be discussed later [60, 61].

From above description, one could find that reacting routine of CuNW is similar
to AgNW. Both of them contain metal salts, reducers, and capping (coordinating)
agents, though the detailed materials are different from each other. In addition, coor-
dination agent plays a key role in the reactions. It could coordinate with metal atoms,
thus reduce the surface energy of side planes and prompt unidirectional growth of
nanowires.

Fig. 7 a Formation scheme of CuNWs in liquid-crystalline medium. Reproduced with permission
[60]. Copyright © 2012 American Chemical Society. b Schematic for the growth of ultrathin copper
nanowires (CuNWs), and corresponding SEM image, TEM images of the synthesized CuNWs, and
typical TC prepared from the nanowires. Reproduced with permission [61]. Copyright © 2015,
American Chemical Society
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2.4 Summary

In this section, synthesis routines of AgNWs and CuNWs are described, including
the synthesis methods, coarseningmechanisms of nanowires, as well as the nanowire
structural properties. Honestly, there still remain some interesting questions to
answer: (i) What causes the formation of the five-fold seeds and then the nanowires?
(ii) Could single crystalline AgNWs be realized? (iii) What is the exact role played
by halide anions in the growth of AgNWs? More works are needed to clarify those
mechanisms.

3 Application of Metal Nanowires in Transparent
Conductors

One of the applications of these metal nanowires is the transparent & conductive film
(TCs). Nowadays the commercialized TCs are mainly basing on oxide films, like
ITO or FTO. They have shown excellent optoelectronic performance, though with
relatively poorer flexibility.Metal nanowires is flexible, thus could solve this problem.
Since the first attempt in TCs done by Lee et al. [63], researches on nanowire network
basing TCs widespread, as well as the application in optoelectronic devices. In this
section, these aspects will be all introduced, in addition, conducting mechanism of
the networks, and protection method are also covered. Prior to detailed discussion
on these aspects, it would be meaningful to list typical progress during the last
decade in TCsmade of nanowires, with respect to preparationmethods, treatment and
corresponding optoelectronic performances. Two tables are summarized as Tables 1
and 2, for AgNWs and CuNWs, respectively. It is worthy to note that, for both of
these two kinds of nanowires, T% of 90%, and Rsh of 5–30 �/� have been achieved
on both rigid and flexible substrates, which is comparable to ITO based TCs.

3.1 Preparation of TC

As noted above in 2008, Lee et al. reported a kind of AgNW basing TCs, with
transmittance (T% at 550 nm) of 84%, and sheet resistance (Rsh) of 10.3 �/sq or
(�/�). Typical SEM images, effect of annealing period on sheet resistance ofAgNWs
films, and typical UV–Visible transmission spectra of AgNWs basing TCs are shown
in Fig. 8a–c.When prepared on flexible substrate (Kapton tape), the film conductance
only changed 1% after bending the substrate (along with the network deposited on)
to radii of 4 mm. Also, effect of contact resistance between nanowires was noticed,
and heating was performed to decrease the resistance. Effect of nanowire density
on the film conductance was also studied [inset of Fig. 8c] [63]. Moreover, they
showed power conversion efficiency (PCE) of 0.38% for organic photovoltaic solar
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Table 1 Optoelectronic performance of AgNWs based TCs

T (%)a Rsh (�/�) Haze
(%)

Coating
method

Substrate Treatment Year

Ag 84b 10.3 – Spin
coating

Glass Heatingc 2008 [63]

Ag 95 580 – Spray
coating

Saran wrap Plasma 2012 [64]

Ag 90
85

19
47.78

– Transfer Glass
Plastc

Heating 2012 [65]

Ag 88 40 ≤1 Casting PET – 2013 [32]

Ag 89.4 14.9 – Spin
coating

Glass Plasma/AgNPs 2014 [66]

Ag 92 5 7.26 Roll to
roll

PET Solution bath 2014 [67]

Ag 99.1
93b

130.0
25b

– Meyer
rod

Glass Dryc 2015 [54]

Ag 90.2 12.5 – Spin
coating

PET Bending 2015 [68]

Ag 92.6 35.0 – Spin
coating

PET NaBH4 2018 [69]

Ag 95 28 1.2 Transfer Glass NaBH4 2018 [70]

Ag 94 30 – Meyer PET Dryd 2020 [71]

aMeasured at wavelength of 550 nm; bestimated from the figure of corresponding literatures
c“heating” is used when temperature is higher than 150 °C in the reported document, otherwise,
dry is noted; dAccording to the literature, the fabricated AgNWs TCs are rinsed by ethyl alcohol
and DI respective

Table 2 Optoelectronic performance of CuNWs based TCs

T
(%)a

Rsh
(�/�)

Haze
(%)

Coating method Substra-te Treatment Year

Cu 90 90 – Transfer Glass Heating 2012 [60]

Cu 90 34.8 2–3 Transfer Glass Heating 2015 [61]

Cu 85.5 19.8 – Spray – Heating 2016 [72]

Cu 83.0 24.5 – Roll to roll PCb Pulse light 2016 [73]

Cu 89.3 28.2 ~2 Transfer Glass Cu@r-GO 2016 [74]

Cu 89 35 <3 Transfer Glass Cu@Au 2018 [75]

Cu 70.2c 24 – Transfer PCb Heating 2018 [76]

Cu 87 33 – Transfer Glass Pulse laser 2020 [77]

aMeasured at wavelength of 550 nm; bpolycarbonate; c the T% was measured containing substrate
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cells using such network as bottom electrode [inset of Fig. 7d]. Indeed, this work
opened a door for the metal nanowires to participate in the fast development progress
of optoelectronics. Following that, many state-of-art strategies have been developed,
for the fabrication of nanowire basingTCs, themethods to enhance the optoelectronic
performance of such TCs, and the application of the TCs in optoelectronic devices.
For the sake of organization, the device applications will be discussed separately.

In laboratory, nanowire basing TCs were usually fabricated by spin-coating
method, which it is applicable for small area preparation. Roll-to-roll method might
be more suitable for mass production. In 2014, Lee et al. reported a “roll-to-roll”
routine for AgNW TC [67]. As shown schematically in Fig. 9a, 3 distinct steps were
involved in this strategy. At first (step 1), AgNWs were coated on flexible plastic
substrate (like PET) by “Meyer rod” method, and transferred to a “solvent spray
system”, where several kinds of solvents could be used, like distilled water, methy-
lene chloride and tetrahydrofuran. Then (step 2), the TC (along with substrate) were
laminated by two rollers to weld the nanowires. At last, the compressed TCs were
rinsed by NaCl and FeCl2 solution, and finally by distilled water. Such fabrication
routine holds four aspects of merits: (i) the method is suitable for scalable production
due to fluent treating processes; (ii) Contact resistance between nanowires could be

Fig. 8 a SEM images of AgNWs film on silicon substrates. b Effect of annealing period on sheet
resistance of AgNWs films. c Typical UV—Visible transmission spectra of AgNWs TCs with two
kinds of Rsh of 22.1 and 10.3 �/�. Inset shows the effect of nanowire density on T%. d Typical
current density—voltage (J-V) curves of organic photovoltaic solar cells prepared on ITO and
AgNWs TCs. Reproduced with permission [63]. Copyright © 2008, American Chemical Society
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Fig. 9 a Schematic of roll-to-roll (R2R) coatingmethod for the fabrication of AgNWs TCs. Repro-
duced with permission [67]. Copyright 2009, Royal Society of Chemistry. b Schematic of spray
coating used in fabricating CuNWs TC. Reproduced with permission [78]. Copyright © 2018,
Springer Nature

largely reduced and thus excellent optoelectronic performance could be obtained due
to the compression technique and solution bath. For example, 92% of T% and 5�/�
of Rsh were obtained on flexible plastic substrate, even without high temperature
annealing. (iii) Also due to the compression technique, TC surface could be flattened
which is quite important for the following optoelectronic device preparation. (iv)
This method is compatible to the scalable fabrication of the flexible optoelectronic
devices like solar cells, or OLEDs. Anyway, the haze could be decreased by using
thin nanowires. Besides roll-to-roll, “transfer” method was also proposed. As shown
in Fig. 9b, Zhang et al. used a 3-step transfer method to prepare CuNWs TCs [78].
The first step is filtration in which the nanowire containing “solution” (exactly, it
should be named as turbid liquid) was filtrated by a porous membrane. After that,
network could be formed between the remaining nanowires on the membrane. The
second step is “transfer”, or the formed networks are transferred to a substrate. At
last, the transferred networks were annealed. After that, T% of 96.65%, and Rsh of
115.45 �/� was obtained on PET substrate, while the haze was as low as 1.5% due
to the ultrathin width of 15 nm.

3.2 Methods to Upgrade the Optoelectronic Performance

Normally, there exists a compromise between T% and Rsh of TCs. Given certain
kind of conductive material, high T% usually leads to high Rsh. This is obeyed by
nanowire based TCs. As a result, the enhancement in the optoelectronic performance
always account on the reduction of Rsh at given T%. Such topic is directed to the
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conducting mechanism of such nanowire based networks. Usually, the film conduc-
tivity is relating the aspect ratio of nanowires, nanowire width and also the contact
resistance between nanowires. As seen in literatures, and also the following discus-
sions, longer nanowires are useful in providing more conducting paths, thus favoring
the film conductivity. Thus one possible strategy is to synthesis high aspect ratio
nanowires, which represents an important sub-topic in the field, and could be refer
to several interesting literatures [33, 37, 65, 68, 70, 78–80]. Here we would like to
pay more attention to the reduction on contact resistance.

Due to the loose stacking of nanowires, the contact between neighboring
nanowires is hardly close enough; meanwhile, organic ligands may cap nanowires.
As a result, large contact resistance exists. In 2016, Selzer et al. measured the
contact resistance through the junctionmade by cross-linking nanowires, and showed
that the resistance ranged from dozens to several hundreds of ohm for a junction,
which is far too larger than the nanowire itself (for example, about 4.4 �/μm for
AgNW with diameter of 90 nm) [82]. As a result, it is crucial to enhance the contact
between nanowires.

In 2012, Garnett et al. showed that, silver nanowires could be welded by light
induced plasmas [64]. As shown in Fig. 10a, they used a broadband tungsten-halogen
lamp to irradiate the AgNWs network for 10–120 s, and then examined morpholog-
ical properties near the junctions. Before illumination, loose stack could be seen.
After illumination, welding behavior appeared at the junction region. Furthermore,
they performed finite element method simulation on the optical heat generation
between nanowires. As being demonstrated in Fig. 10a, heat is mainly generated
in the bottom nanowires. Such melting behavior is appealing for junction resistance
reduction, making the network a unit. Following that, similar welding techniques
were developed, for example, laser [83], intense-pulsed light [84, 85], and pulsed
UV laser irradiation [77].

Besides plasma welding, joule heat was also proposed. As shown in Fig. 10b,
Song et al. (2014) demonstrated that, by applying suitable current across the AgNWs
TC for short period (timescale of tens of seconds), Rsh could be cut down quickly.
Careful examination showed that the contact region between nanowires could be
welded [81], like that obtained by Garnett et al. (2012) [64]. They ascribed the
welding effect to the synergy between thermal treatment and electro-migration.With
assistance of simulation and conductivity measurement, they found that the contact
resistance was quite larger than that of AgNW itself. In such situation, the joule heat
mainly distributed at the contact region. Since noble atoms were originally found to
diffuse easily (with surface diffusion activation energy of <1 eV [81, 86]), welding
effect could be harvested under heating, between contact region. The study provides
an efficient strategy to reduce contact resistance. However, joule heating was also
noticed to cause break down in nanowireTCs,which is due to the unevenly distributed
contact resistance, and the high surface energy of nanowire (especially for thinner
nanowires) [87–89]. As such, protection is needed [90], as will be discussed later.

In order to reduce contact resistance, nanowire surface should be highlighted. In
the originalworks towardsAgNWsbasingTCs, the surfactant of PVP remaining from
the polyol method synthesis was noticed to hinder the network conductivity [63, 64].
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Fig. 10 a Plasma treatment on AgNWs networks: schematic of the treatment, enlarged contact
region after the treatment, and finite-element method simulation the treatment are shown. One
can see that heat is mainly generated from the bottom nanowire. Reproduced with permission
[64]. Copyright © 2019, Springer Nature. b Welding AgNWs by current induced joule heating.
Equipment for joule heating on AgNWs TC, SEM image of the contacting region, and the effect
of treating period on Rsh of TC is shown. Reproduced with permission [81]. Copyright©2014,
American Chemical Society. c Schematic for the “Room temperature welding” on AgNWs TCs:
typically, PVP ligands could be removed from AgNWs by borohydride (NaBH4). Reproduced with
permission [69]. Copyright © 2018, American Chemical Society
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Thus such ligands should bemoved away. Indeed, thiswas usually done bymulti-time
rinsing process. In 2018, Ge et al. proposed an idea of “room temperature welding”
between silver nanowires, which was realized through replacing PVP ligands by
borohydride (NaBH4) [69]. As shown in Fig. 10c, the replacement is dominated
by the competition of binding energy between silver atom and different ligands.
According to the authors, it is about 50.9 kcal/mol for “Ag–O” bond (O is from
PVP), while 81.71 kcal/mol between Ag atom and hydride ion (which is caused by
the decomposition of NaBH4). Thus the insulating PVP ligands could be replaced by
the hydride ions,which helps to formatom-level-clean interface between neighboring
AgNWs, by which “room temperature welding” was obtained. Such welding effect
helped to decrease Rsh from 81.5 to 35.0 �/� (T% at 92.6%). Moreover, another
capping layer of hydrophobic dodecanethiol [or DT, in Fig. 9c] was observed to
improve the stability of the TCs. This work clearly indicates that: (i) PVP could
be hardly completely washed off by common solvent due to the relatively high
binding energy between “Ag–O”; (ii) Chemical replacement is effective to remove
these insulating ligands, thus leading to lower contact resistance. Beyond these three
strategies, other methods have also been tried, including mechanical rolling, [67, 91]
or bending (which is similarly to compressing) [68], silver nanoparticle welding [66],
etc. As for the bending treatment, it is usually used to determine the flexibility of TCs
or devices, thus usually seen to deteriorate film conductance of electrode like ITO.
However, Xia et al. (2015) found that, bending treatment could sharply increase the
film conductance of AgNWs TCs [68]. In more, the improvement was found to be
sensitive to bending direction. Inner bending (or nanowires are put to the inner side
of the bended circle) produced better film conductance. Finally, with the assistance
of ultra-long AgNWs, Rsh of 12.5 �/� was obtained at T% of 90.2% (@550 nm) in
2015. The improvement is also due to the improved contact between nanowires.

3.3 Stability and Protection

Due to the high surface energy of both AgNW and CuNW, surface atoms are easily
to diffusion, cause breakdown problem [81, 86–90], or Rayleigh like instability
problem on one hand [33, 92, 93]; On the other hand, bare nanowire TCs could
be easily oxidized or corroded in air or harsh electrochemical environment. As a
result, protection should be performed. Usually, this was done by depositing another
layer of inert material on the NW surface. Here below three methods are introduced.
The first one is electroplating. In 2018, Lee and coworkers electroplated nickel layer
on silvermicrogrid using the equipment shown in Fig. 11a [94]. Nickel electroplating
helped to achieve 4.3 �/� in Rsh and 96% in T%. In addition, Ni coated silver grid
showed largely upgraded corrosion resistance. As shown in Fig. 11b, even being
put in a quite harsh box filled by sulfur (heated by 150 °C) for 60 min, there was
less change in the Rsh of the Ni-coated grid. As such, nickel coating is effective in
enhance the anti-corrosion ability of Ag. In fact, similar methods have been applied
in AgNWs or CuNWs basing TCs [95–99].
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Fig. 11 a Schematic of the electroplating equipment bywhich silvermicrogrid electrode embedded
in PDMS was coated by thin layer of nickel. b Stability test (chemical sulfurization test, 150 °C) on
three kinds of electrode basing onAgNWs, Agmicrogrid andAgmicrogrid coatedwith nickel layer.
Clearly, nickel coated electrode shows the strongest robustness. Reproduced with permission [94].
Copyright © 2013, Royal Society of Chemistry. c TEM image of CuNWs wrapped with r-GO layer
[100] Reproduced with permission. Copyright 2016, American Chemical Society. d TEM image of
a typical Ag-Au core—shell nanowire and corresponding EDX mapping (green-Au, red-Ag) [74]

In 2016, Dou et al. wrapped CuNWs by r-GO, which helped to increase both
optoelectronic performance and stability of the TCs [100]. The wrapping process
could be briefly described. At first, the CuNWs were immersed in graphene oxides
(GO) suspension to get core–shell like NWs. Then the GO-wrapped CuNWs were
filtrated and transferred to substrate. After that, the sample was annealed in “forming
gas” (containing 10%H2 in Ar) to reduce GO, which led to r-GOwrapped core–shell
CuNWs, as shown in Fig. 11c. Such treatment could improve the optoelectronic
performance to 89.3% (T%) and 28.2 �/� (Rsh), along with low haze of ~2%.
Moreover, storage-stability of 200 days was achieved.

In 2021, Huang et al. reported a kind of Ag-Au core–shell nanowire [74]. During
experiments, AgNWs were added to Au precursor where HAuCl4 was used as the
Au source, and kept in room temperature for about 6 h. The reduced Au atoms were
observed to deposit on the surface of AgNWs, with thickness of several nanometers.
Typical TEM image of the resultant sample and corresponding EDX maps could
clearly be seen in Fig. 11d. Such decoration was found to improve the robustness of
the AgNWs against harsh electrochemical environment.
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3.4 Conducting Mechanism of Networks Made of 1D
Conductive Materials

Different from the conventional conductors basing on continuous films or bulks,
above discussed TCs are consisting of randomly arranged nanowires. In fact, they
are networks, rather than continuous films. From this point of view, distinctive
conducting behavior should be anticipated. Indeed, understanding the conducting
behavior of such disordered systems is not only a need for the application of TCs
basing on nanowires, but also a classical task in statistical physics. For example,
experiments showed that network conductance could be affected by aspect ratio
(length/width) [33, 65], density [101, 102] and geometrical parameters [103, 104],
and also junction resistance in addition [64, 67]. While on the other hand, from
the theoretical aspect, the problem could be ascribed to “stick percolation”, which
belongs to the classic percolation systems [105–107]. Then two theorieswere applied
to explain the conducting mechanism. Near percolation threshold, the network
conductivity could be described by the scaling formula (7):

σ ∼ (p − pc)
t , (7)

whereas p is the nanowire density, and pc the percolation threshold; while t is
dimension-relating parameter, equaling to 1.33 for 2D system [28, 106, 108]. For
region away from threshold, or conducting phase has been stably built up, formula
(7) is not applicable. Instead, large gap arises, as has been seen in previous report
[109]. For this situation, Kirkpatrick’s Effective Medium Theory (EMT, sometimes
noted as effective medium approximation, or EMA) proposed in 1970s seems to give
reliable description on the conducting behavior, as seen in formula (8) [110]:

gm = 1 − 1 − p

1 − 2
/
z

= (2p − 1)|z=4, (8)

whereas gm, p, z is normalized conductivity, existence probability of bonds, and
maximum coordination number of nodes in 2D lattice. This theory was also used
in AgNWs basing networks [111]. However, as being stated above, the nanowire
basing TCs are disordered nanowire networks, rather than continuous films. The
conductance should be relating closely to the “conducting paths” in the networks.
As such, the formation dynamics and hence the effect of such “conducting paths”
on the network conductivity should be considered. Honestly, the importance of
conducting paths was noticed in literatures [112–115], though the detailed relation-
ship between conducting path and network conductivity was unclear. This problem
was then solved by He et al. (2018), with the assistance of simulation and experiment
[116]. As shown in Fig. 12, an algorithm was developed to monitor the formation
dynamics of conducting paths and network conductance simultaneously. Obviously,
more conducting paths could be formed if area fraction of nanowire or nanowire
length increases. What is more, two parameters were defined, or the length-ratio
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(ηcp) of conducting-path to all nanowires, and normalized network conductivity
(σ ). According to the numerical simulation, an equation was obtained, as shown
in formula (9):

σ = k
(
ηcp − b

)
. (9)

When contact resistance is not considered, k, b equals to 2 and 0.5 respectively, for
2D networks withmaximum coordination of 4 for a node. As shown in Fig. 12f, a line
could be drawn according to formula (9), which coincides well with the simulated
results. When contact resistance is considered, linear behavior could also be seen
between network conductivity (σ ) and length ratio (ηcp), though with smaller slope
(k).Moreover, such linear relationshipwas verifiedby experiments basingonAgNWs
networks [116]. As a result, parameter of “ηcp” could be used as a basic topological
parameter in describing the conducting behavior of disordered systems [117–119].
In fact, this theory could be named as “Effective Path Theory” (EPT) [120]. This
theory differs to previous EMT theory in three aspects: (i) EPT only concerns the

Fig. 12 Illustration for the suggestion of “Effect-Path Theory” (EPT). Typical 2D disordered
nanowire networks (DNNs) simulated from two nanowire lengths: a 35μm and b 120μm. The area
fraction (AF) of the nanowires in the networkwas fixed at 2%. For comparison, the conducting paths
are marked by dark blue. Effect of nanowire length on: c length-ratio (ηcp) between conducting-path
and all nanowires, and d Rsh of TC (Rsh of regular networks is plotted for reference). e Schematic
of regular 2D network. f Plotting normalized network conductivity (σ ) against length-ratio (ηcp).
Dashed line in (F) shows fitted results according to formula (9) using k = 2 and b= 0.5. Coincidence
could be clearly seen when ηcp is larger than 0.6. Reproduced with permission [116]. Copyright
2018, AIP Publishing
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formation of conducting paths, which are the collective of the segments in nanowires
that really carry current, other than those “dead ends” or branches; while in EMT
theory, this could not be distinguished, since the existing probability p formula (8)
contains all of the existing bonds. (ii) The normalization process of EPT is basing on
the conductance of a regular network with nanowire width and area fraction equaling
to that of disordered nanowire networks; while for EMT, the normalization is basing
on regular network with highest area fraction (originally, the normalization is basing
on resistor network with existing probability p = 1. Then if a resistor network is
transferred into bond network, “p = 1” implies the highest area faction [110]); (iii)
Local conductance or the conductance between neighboring nodes is allowed to
vary one by one in EPT, but not so in EMT [110]. However, it is interesting that the
two theories share the same mathematic form when comparing the formulas of (8)
and (9). Thus further examination is worthy to follow. According to the EPT theory,
more attention should be paid to the formation of conducting-paths, in order to obtain
higher film conductance.

3.5 Applications in Optoelectronic Devices

Immediately after the successful fabrication of TCs, they were introduced to opto-
electronic devices, like solar cells, OLED, touch screen, heaters, and so on. Besides,
metal nanowires were also used in electromagnetic shielding, sensors, stretchable
electronics. Here in this section, the application in optoelectronic devices will be
discussed.

3.5.1 Flexible Solar Cells

During the past 10 years, metal nanowires (mainly Ag and Cu) basing TCs have been
applied as both top and bottom electrodes in the organic solar cells or perovskite solar
cells (typically, OSCs and PSCs). Compared to ITO basing devices, such devices
come out with better flexibility, which is appealing for adaptive applications. In
addition, whenmounted on top, devices could harvest illumination from both top and
bottomsides.As such, in the followingpart, these twokinds of devices are introduced:
one is the flexible device, and the other is the semitransparent (Semi-T, for short)
device. Typical progresses about the two kinds of solar cells are collected in Tables 3
and 4.

In 2019, a kind of lightweight and flexible PSCs was reported by Kang et al.
[125]. As shown in Fig. 13a, they used a very thin (1.3 μm in thickness) and flexible
polyethylene naphthalate (PEN) foil as substrate, orthogonally/randomly arranged
AgNWs networks were deposited on it, which was used as substrate for PSCs. Power
conversion efficiency (PCE) of 15.18% and power-per-weight of 29.4 W/g were
achieved for orthogonal network basing TCs. This PCE was close to 16.25% of
devices using ITO as TCs, but relative higher than random case (10.3%). The main
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Table 3 Application of metal nanowires basing TCs in flexible solar cells

Nanowire Ta (%) Rsh
(�/�)

Subs. b Type of solar
cells

Position PCE

(%)

Year

Ag 83 15 – OSC Bottom 3.4 2011 [121]

Cu 88 24 Glass OSC Bottom 3.1 2014 [122]

Ag 92 7.7 cPI OSC Bottom 7.42 2015 [123]

Ag – – PET PSC Bottom 13.36 2018 [124]

Ag 92.3 – PEN PSC c Bottom 15.18 2019 [125]

Ag 86 11.0 Glass PSC d Bottom 15.31 2020 [126]

Cu 87.8 34.05 PES PSC Bottom 14.18 2020 [127]

Ag 91 22 PET OSC Bottom 8.94 2021 [128]

Ag 95e 30 e PEN PSC module Bottom & Top 16.78 2020 [129]

Ag – – Ag grid OSC module Bottom 16.1e 2021 [130]

aMeasured at wavelength of 550 nm; b substrate when the nanowire network was used as bottom
electrode, or bottom electrode when the nanowire network is used as top electrode; c lightweight
device was prepared; d Carbon electrode was adopted as the top electrode; erepresentative data
is picked from the literature; f OSC module was fabricated basing on a “PET/Ag grid/AgNWs/
PEI-Zn” composite electrode; This efficiency was recorded using an aperture with area of 4.095
mm2

Table 1.4 Application of metal nanowires basing TCs in semi-transparency (Semi-T) solar cells

Nanowire Device Position Bottom T% or AVT PCE (%) Test side Year

Ag OSC Top ITO 66% (T%)a 3.82
4.02

Ag
ITO

2012[133]

Ag OSC Top ITO 51.8% (T%)a 3.15 ITOb 2015[134]

Ag PSC Top ITO 23.3% (AVT) 10.45
11.31

Ag
ITO

2018[135]

aMeasured at wavelength of 550 nm; bdeduced from the literature, or “the top AgNWs TC was
sealed before the efficiency test”

difference comes from the short circuit current density (JSC). It is 20.09 mA/cm2

(ITO), 18.63mA/cm2 (orthogonal) and 14.88mA/cm2 (random) for the three cases as
shown inFig. 13b. The authors ascribed the improved charge collection to the uniform
surface of orthogonal AgNWs network. Since this could help to grow uniform
perovskite (the photo-active layer, basing on organic lead halide). Also, AgNWs
arrangement also affected device stability. For example, after being stored by 500 h,
85% of device efficiency was retained for orthogonal case device, while only 50%
was retained for random case. Again, this was also contributed by the improved
surface quality of the orthogonal network. In more, after bending at radius of 5 mm
for 1000 cycles, about 90% of the start efficiency could be attained. Noting that,
conducting polymer of PH1000 was used to modify the AgNW TCs, which makes
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the TC more conductive. However, PH1000 was observed to cause degradation on
AgNWs, thus protection is needed [131].

CuNWTCswere also used in solar cells. Yang et al. (2020) prepared flexible PSCs
on Al-doped ZnO (AZO) protected CuNW TCs [127]. As shown in Fig. 13b, AZO
layer was coated on CuNWs by atom layer deposition (ALD) method. By tuning the
Al dopant concentration, a composition-gradient AZO (g-AZO) was deposited. Such
g-AZO was suggested to be favorable to device performance. It protected nanowire
from being corroded by thermal treatment or chemical reactions, thus improve device
stability on one hand; and provided gradient energy band alignment, and accelerate
charge extraction, reduce recombination on the other hand. Subsequently, g-AZO
helped flexible PSCs obtain PCE of 14.18%, close to that of ITO/PEN basing devices
(16.33%),while superior to 12.34%of the device assembled frommono-AZO treated
CuNWs. Again, excellent robustness was observed. 98% of the start efficiency could
be attained after bending at radius of 12.5 mm for 800 cycles, compared to the sharp
decrease of ITO basing devices.

More impressively, solar cell modules have also been successfully fabricated
using metal nanowire basing electrodes. Gao and Meng (2020) showed that, PSC
module could be fully prepared by inkjet printing, including both bottom and top
electrodes, light-active layer, electron-transporting layer and hole-transporting layer
[129, 132]. As shown in Fig. 14a, modules with size of 120–180 cm2 were prepared.
Such modules showed excellent power conversion efficiencies, or 16.78% for 120

Fig. 13 Typical applications ofmetal nanowire basing TCs in flexible solar cells. a Flexible organic
photovoltaic cell (OSC) assembled from AgNWs TC. The TC was made of cross-linked AgNWs
on 1.3 μm-thick PEN foil; typical device structure and current density—voltage (JV) curves are
shown on the right side of a. Reproduced with permission [125]. Copyright @ 2013, Royal Society
of Chemistry. b Flexible perovskite solar cell (PSC) assembled from CuNWs TC which was coated
by gradient-AZO (g-AZO). Typical JV curves are shown on the right side of b. Reproduced with
permission [127]. Copyright 2020, American Chemical Society
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cm2 module, and 12.56, 10.68% for 150 and 180 cm2 modules, respectively [129].
Moreover, less hysteresis and prolonged photo-stability were achieved [Fig. 14a].
Modules of organic photovoltaic cells (or organic solar cells, OSCs) have also been
prepared using metal nanowire basing TCs. Zhou et al. (2021) fabricated large-
area flexible OSC modules with size up to 54 cm2, basing on a kind of composite
flexible electrode [130]. As shown in Fig. 10b, typically the composite electrode
used highly conductive Ag grid/PET as substrate (Rsh ~ 1.1 �/�), which had large
void space with size up to 100 μm. Then, “AgNWs/ PEI-Zn” (noting PEI-Zn is
the short form of “zinc-chelated polyethylenimine”) was used to fill the void and
enhance the charge collection of the solar cell. They checked the relation between
Rsh of such “AgNWs/PEI-Zn” film (rather than the whole electrode) and the final
device performance, and found that, when Rsh was as high as 600 �/�, PCE of
14.06% was achieved. Decreasing Rsh to 100 �/� could harvest PCE of 14.74%.
Such phenomenon is different to those devices basing on pure AgNWs TCs, though
could be ascribed to the usage of highly conductive Ag grid. In more, the “PEI-Zn”
itself is conductive. It not only flattens the surface of AgNW TCs, but also improves
the thermal stability of the AgNWs basing electrode. Finally, small OSC device with
efficiency of 16.1% (active area 4.095 mm2), large area single device with efficiency
of 13.1% (6 cm2), 12.6% (10 cm2) and module with efficiency up to 13.2% (54
cm2) were achieved, along with excellent flexibility. Besides, flexible quantum-dots
light-emitting diodes (QLEDs) with external quantum efficiency up to 13.3% were
also successfully fabricated using such composite electrode.

3.5.2 Semitransparent Solar Cells

Beside flexible devices, other unique type of solar cells was also proposed. For
example in 2012, visibly transparent (or Semi-T) polymer solar cells were reported
by Chen et al. (2012), using AgNWs basing TC as top electrode [133]. As shown in
Fig. 15a, owing to the excellent transparency of both ITO andAgNWs TC, the device
actually open “windows” from both of the two sides. In more, the light-active layer
is only sensitive to ultraviolet (UV) and near infrared (NIR) wavelengths. Conse-
quently, the full device is actually “transparent” to our eyes. According the authors,
transparency of the device could reach 66% at 550 nm [middle of Fig. 15a]. However,
such transparent device could generate power from irradiations. Even under illumi-
nation of AM 1.5G (100 mW/cm2, including UV, NIR, and visible wavelengths), it
showed power conversion efficiency (PCE) of 4.02, and 3.82%, when it was illumi-
nated from ITO or AgNWs TC sides. Thus, the power conversion property varies
little. Following that, several works were performed. Typically, semitransparent OSC
modules were reported by Guo et al. (2015), using AgNWs TCs as the top elec-
trode [134]. As shown in Fig. 15b, the photoactive layer derived from the mixture
between pDPP5T—2:PC60BM enables highly transparency around visible regions
in the spectrum.

And series connected modules were prepared using laser pattern technique, using
either rigid glass or flexible PETas substrates. Similarly, suchmodules could generate
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Fig. 14 Typical applications of metal nanowire basing TCs in flexible solar cells modules. a Flex-
ible PSC modules assembled with AgNW TCs as both bottom and top electrodes. Typical device
structure, module image, JV curves, along with photo-stability test curves is shown on the right side
of a. Reproduced with permission [129]. Copyright @ 2021, Elsevier. b Flexible OSC modules
assembled with basing on a “PET/Ag grid/AgNWs/PEI-Zn” composite electrode; Typical device
structure, module image, JV curves are shown on the right side of b. Reproduced with permission
[130]. Copyright @ 2021, John Wiley and Sons

Fig. 15 Typical applications ofmetal nanowire basing TCs in semitransparent solar cells. a Semi-T
OSC prepared using AgNWs TC as top electrode. Reproduced with permission [133]. Copyright
@ 2012, American Chemical Society. b Semi-T OSC module prepared using AgNWs TC as top
electrode. Reproduced with permission [134]. Copyright @ 2015, John Wiley and Sons
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power from the UV and NIR wavelengths, coming out with PCE of 2.31% for single
cell (with active area of 0.1 cm2), and 2.00% for 10-cell module (with active area of
1.6 cm2). Noting that T%of the full deviceswas about 51.8% (@550 nm). In addition,
the efficiencies could be upgrade to 3.15 and 2.25% for devices fabricated on glass
substrate. Such performance is appealing for daily use. For example, such Semi-T
devices could be mounted on windows, as the visible light could pass through, while
the other part could generate power. Besides OSCs, such Semi-T perovskite solar
cells (PSCs) were also prepared using electrode couple of “ITO/AgNW TC”. For
example, Han et al. (2018) prepared Semi-T PSCs by spray-coating AgNW/ZnO
nano particles composite electrode on top of devices [135]. The device showed
average transmission (AVT) of 23.3% between wavelengths of 400–800 nm, and
outcome PCE of 10.45% when illuminated from AgNW side, comparing to 11.31%
for the illuminated from ITO side.Anyway, it isworthy to note that, lead halide hybrid
perovskite layer (for example,MAPbI3) usually showshigh extinction behavior of the
in short wavelengths (<560 nm) [138], thus the semitransparent region is applicable
to longer wavelengths, which differs from those Semi-T OSCs.

In fact, using metal nanowire basing TCs becomes a hot topic in recent years.
Relate progress could further refer to many publications [3, 5, 8, 136–139]. These
works show that, metal nanowires basing TCs could be used as electrodes in thin
film photovoltaic techniques.

3.5.3 Other Applications

Metal nanowire basing TCs have also been applied in other optoelectronic devices,
like OLEDs, touch panels, heater, etc. For example, AgNW TCs were used by Lee
et al. (2014) to fabricate flexible OLEDs [140]. Typically, the TCs were prepared
by spin-coating AgNWs (with length of 10–20 μm and width of 20–40 nm) on
either glass or PEN. Optoelectronic performance of 92.2% (T%@550 nm) and 10
�/�(Rsh) was obtained. Then the hole injection layer, hole transport layer, emission
layer, hole blocking layer, electron transport layer, LiF and top Al electrode were
mounted in sequence. As shown in Fig. 16a, OLED assembled from AgNW basing
TC showed similar electroluminescence spectrum like that basing on ITO electrode.
In addition, these devices also produced comparable current efficiencies, and power
efficiencies. AgNW TCs were also imported to prepare flexible touch screens. As
shown in Fig. 16b, Cho et al. (2017) prepared TCs with cross-aligned AgNWs by
large-scale bar-coating method [141]. Noting that this method could help to fabricate
large area (20 × 20 cm2) TCs, with optoelectronic performance of 95.0% (T%) and
21.0 �/� (Rsh). And then, force-sensitive touch screens were equipped, and linked
to computer system. Similar works were done for application in LED [142, 143], or
touch screens [65, 136, 137].

Kim et al. (2013) showed that, metal nanowire TCs could be used as transparent
film heaters [144]. As shown in Fig. 17, after coating AgNWs on a large piece of
PET, a heater with area of 250× 200 mm2 was obtained by coating two parallel elec-
trodes on the counter sides. After bias was added between the two electrodes, current
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Fig. 16 a Application of AgNW TC in OLEDs. Reproduced with permission [140]. Copyright @
2009, Royal Society of Chemistry. b Application of AgNW TC in touch screens. Reproduced with
permission [141]. Copyright @ 2017, American Chemical Society

could be generated, by which joule heat was produced. They tested the temperature
on the heater, and found that the temperature distribution was sensitive to nanowire
distributions. Hotspots appeared at nanowire aggregations, while uniform distribu-
tion was seen at uniformly arranged networks. This heating functionality could be
used to defrost. Also shown in Fig. 17b, the frost (formed by keeping film in a
refrigerator for 30 min) loaded on surface of AgNW TC could be cleared in just one
min, given voltage of 12 V. Moreover, relationship between the temperature, sheet
resistance and voltage was studied. As could be anticipated, lower resistance and
higher voltage is beneficial for achieving higher temperatures. In fact, the ability
of “defrosting” is appealing for daily life, especially for windows, glasses. This has
become another important application branch.Moreworks could be found in recently
published documents [9, 10, 30].

3.6 Summary

In this section, application of metal nanowire in TCs are described, including the
method to prepare such TCs, the treatment to improve the optoelectronic proper-
ties of the TCs, and also the understanding towards the unique conducting mecha-
nism of such networks. Right now, the main tasks of these TCs are lying on three
cases: (i) method to protect nanowires from breakdown caused by surface diffu-
sion, or oxidization and corrosion from outside environment; (ii) method to further
decrease contact resistance between nanowires; and (iii) further understanding of
the conducting behavior. Silver and copper nanowire TCs have been widely used in
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Fig. 17 Application of AgNW TC in transparent film heaters. a Schematic of transparent heater
basing on AgNW TC; b defrosting test of the heater, photo images are shown for: a pristine TC,
b after frost formation, and c after heating at 12 V for 60 s. Reproduced with permission [144].
Copyright @ 2012, John Wiley and Sons

photoelectronic devices including flexible solar cells, Semi-T solar cells, OLEDs,
touch screens and heaters. High transparency, highly conductive and sound flexi-
bility of nanowire basing TCs have opened new windows of these applications. To
benefit the applications, right now, the main task might be lying on three cases: (i)
In order to favor the charge transport (extraction or injection) process, surface of the
nanowire basing TCs should be flattened, while keeping conductive in every position
of the surface, including the void space between nanowires; (ii) Due the complex
application environment, the nanowires are easily corroded, thus the protection or
passivation methods are needed; (iii) Large-area production with incorporation of
device modules.

4 Perspective

As long as the application in transparent conductor (TC) is considered, AgNWs and
CuNWs are the mostly used candidates. These TCs have shown excellent optoelec-
tronic performance, comparable or even superior to commonly used ITO, and better
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flexibility, enabling the fabrication of flexible and ultrathin photoelectric devices like
solar cells, OLED, touch screens, heaters, and so on. To prompt the application of
such nanowire basing TCs, more works are needed, for example, growth method
of nanowires and the beneath reaction mechanism, protection towards these thin
nanowires, conducting mechanism of random nanowire networks, surface rough-
ness reduction of TC, homogenization on surface conduction, and also the large-area
production of device modules. In more, new applications are welcome.
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Synthesis of Quantum Dots and Its
Application in Heavy Metal Sensing

Atirah Tauseef and Imran Uddin

Abstract QuantumDots (QDs) are zero-dimensional nano-particles portraying their
distinguishing optical and electronic properties, they are used as nano-sensors. QDs
have improved fluorescence characteristics, which comprise photostability, broad
excitation spectrum, and narrow emission spectrum. QDs deal with the extensive and
sensitive sensing of heavy metal ions ascribed to the presence of distinct capping
agents and various functional groups lying outwardly of the QDs. These capping
strata and functional moieties attune to the sensing capacity of the QDs, which
influences the interactions of QDs with different analytes by various mechanisms.
In this chapter, a brief overview of heavy metals as environmental contaminants,
their impact on human health, and conventional techniques of detection and under-
lying modes are first introduced. Then, the role of QDs in sensing heavy metals
such as mercury, cadmium, lead, arsenic, chromium, etc., and their progress in the
multiplexed determination of heavy metal ions are explored.

Keywords Quantum dots (QDs) · Heavy metal · Sensor · Probe · Human health

1 Introduction

Quantum dots (QDs) are semiconductor nanoparticles with excitons contained in all
three spatial dimensions and the ability to transform an entering light spectrum into
a distinct frequency of energy output, resulting in different unique optical features.
QDs contain distinct energy levels, allowing energy levels to be tunedwith small vari-
ations in their size, paving way a for various applications like LEDs, photovoltaics,
etc. QDsmay pass through the bloodstream due to their small size, which unveils up a
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whole new application facet in biomedical applications like biosensing and imaging.
QDs portrayed excellent optical properties, as well as a useful surface chemistry,
ligand binding capability, and the ability to encapsulate in various materials or attach
to various functional moieties besides keeping their native luminescence property,
due to their unique photophysical properties. The occurrence of metallic ions in the
proximity of QDs has a significant impact on their optical characteristics. Optical
equipment can quickly detect even minor alterations in the optical characteristics on
the surface ofQDs (changes in fluorescence and/or colour), making them great candi-
dates formetal sensors. The sensitivity of aQDs to a certainmetal ion causes either an
increase in emission or a decrease inQD intensity. Heavymetals are one of the utmost
significant pollutants in the environment, and they are rapidly becoming amajor issue
of concern. Because of its toxicity, non-biodegradable nature, and ability to accrue
in the environment, metal contamination in the environment is a severe problem
all over the world. Anthropogenic activities such as mining, smelting, industrializa-
tion, domestic and agricultural activities, as well as natural activities such as weather,
metal soil erosion, and volcanic eruptions, are the primary sources of pollution heavy
metal contamination is a major source of concern worldwide, and toxicity caused by
a large number of heavy metal ions is far more destructive and severe than toxicity
caused by a single metal species. The number of worldwide health risks related to
heavy metal exposure has increased [1]. Because of their highly toxic and harmful
health effects, heavy metal ions like lead, cadmium, arsenic, and mercury contami-
nation in water has been a grave alarm around the globe. Their accumulation in the
human body, agricultural, and aquaculture systems has gained widespread interest
in recent years, even at extremely low concentrations. As a result of environmental
contamination, the concentration of these unwanted compounds is steadily growing.
The root cause is industrial effluents and garbage disposal, both of which end up in
the aquatic system. Since they have non-biodegradable nature and hence persists in
soil and water for prolonged periods of time, they ultimately damage humans and
domestic animals, necessitating their identification and removal from biological and
aquatic systems. There are a variety of instrumental methods for detecting heavy
metal species, including atomic absorption spectrometry, X-Ray fluorescence spec-
trometry, inductively coupled plasma mass spectrometry, capillary electrophoresis,
and high-sensitivity microprobes, but sample pretreatment, expensive instruments,
and the need for trained people to operate these instruments are the real challenges
for many of these techniques. As a result, we need a technique for detecting heavy
metal ions that is simple, quick, cheap, selective, and sensitive. For metal ion detec-
tion, quantum dots have significant benefits over traditional approaches. When metal
ions come into contact with the surface of quantum dots, their optical characteristics
are very sensitive. Optical equipment can quickly detect slight modifications on the
surface of QDs (such as fluorescence or colorimetric changes), making them a good
choice for use as a metal sensor.
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2 Mechanistic Insight of Human Health Effects of Heavy
Metals

Human caused activities such as mining and burning of fossil fuels, heavy metals
have been released into the environment by air, water and soil. Bioaccumulation of
thesemetals in living organisms has devastating repercussions. Heavymetals interact
with organelles of cell such as cell membrane, endoplasmic reticulum, mitochondria,
lysosome, nuclei, and important enzymes actively participating in metabolism and
detoxification reactions, leading to DNA damage and conformational changes within
cells, paving way for cancer and apoptosis (programmed cell death) in biological
systems. In the human body, heavy metals are compartmentalised within cells and
tissues of body, here they are attached to proteins and nucleic acids alters their struc-
ture and functioning. On the other hand, heavymetal poisoning can have a number of
effects on the human body. It can inducemental disease by disrupting central nervous
system function, as well as harming blood components and causing damage to the
lungs, liver, kidneys, and other vital organs, leading to a variety of ailments. Long-
term heavy metal deposition in the body may also slow the progression of physical,
muscular, and neurological healing processes, mimicking diseases like Parkinson’s
disease and Alzheimer’s disease. Long-term exposure tomany heavymetals ions and
their compounds cause mutations, and mimic hormones, disordering the functioning
of reproductive and endocrine systems and ultimately causing cancer. Heavy metals
and metalloids are among the major environmental contaminants in both aquatic and
terrestrial ecosystems. Heavymetals are particularly dangerous at low levels of expo-
sure due to their persistence and bioaccumulation, directly alerting living species on
the planet [2] (Table 1).

Table 1 Different limit
values of heavy metal
concentration set by WHO,
EU, EPA (all expressed in
mg/L)

Metal ions EPA WHO EU

Silver (Ag) – – 0.01

Manganese (Mn) 0.05 0.05 0.05

Copper (Cu) 1.3 1 1

Zinc (Zn 5 5 0.1

Iron (Fe) 0.3 0.3 0.2

Lead (Pb) 0.005 0.015 0.05

Mercury (Hg) 0.002 0.001 0.001

Chromium (Cr) 0.1 0.05 0.05

Arsenic (As) 0.01 0.01 0.05

Cadmium (Cd) 0.005 0.005 0.005

a EPA—Environmental Protection Agency
b WHO—World Health Organization
c EU—European Union
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3 Designing and Development of Sensors for Heavy Metals
Toxicity

A range of analytical techniques are used to identify heavy metals. High-
performance liquid chromatography, colourimetry, capillary electrophoresis, voltam-
metry, polarography, atomic emission spectroscopy, inductively coupled plasma
emission spectroscopy, atomic emission spectroscopy, and inductively coupled
plasma mass spectroscopy. Despite the high selectivity and specific sensitivity of
all of these techniques, their use in the sensing of heavy metal ions is restricted due
to high costs, time constraints, tough handling operations, the need for technical
assistances for sample preparation, and the need for a variety of instruments.

Optical fluorescence-based techniques for sensing heavy metal ions in the envi-
ronment have gotten a lot of attention since they offer real-time detection without the
use of expensive equipment. The exceptional generation of a realistic and resilient
fluorescence-based is intrinsically related to the type of the principles on which
it is built especially with new breakthroughs in materials to create unique optical
fluorescence fluorescence-based. Optical processes like as stroke shifts, fluores-
cence quenching, energy transfer, and charge transfer are exploited in fluorescence-
based detection systems. These are the core concepts that provide sensitivity and
selectivity to fluorescence-based sensing systems. Many different probes have been
used in fluorescence-based approaches in a range of scientific disciplines, including
fluorescent proteins, chemical dyes, and quantum dots [3].

3.1 Fluorescent Aptaswitch for Heavy Metal Detection

Aptamers are synthetic oligonucleotide sequences that can preferentially connect
to a target molecule. A simple immobilization method, good thermal stability, and
simplicity of synthesis and modification are only a few of their enticing properties
for sensor design. The most noteworthy characteristic is their outstanding affinity
and specificity for each of their target analytes. As a result, aptamer-based detection
techniques have risen to prominence as highly selective recognition tools [4]. When
thymine (T) interacts with mercury (II) ions, it generates T–Hg2+–T base pairs in
DNA duplexes, and when cytosine (C) interacts with Ag+ ions, it forms C–Ag+–C
mismatches [5]. Since Ono and co-workers [6] reported the first ON-based Hg2+

sensor, T-rich ON sequences have been widely used for the selective detection of
Hg2+ in water samples [7, 8].
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3.2 Heavy Metal Ion Sensors Based on Organic Dyes

Organic dyes are extensively employed in the construction of fluorescence-based
sensors because of their attractive qualities like a high value of molar extinction
coefficient, strong signal, simplicity of modification, and the existence of several
potential reactive sites in their structures. The fluorophores are modified with an ion
recognition unit (ionophore) that serves host for the specific metal ion in order to
detect heavy metal ions. The interaction between the ionophore and the mark analyte
leads to a change in the fluorophore’s photophysical characteristics, which leads to a
shift in its fluorescence emission, generally from “off” to “on.”Mostly, crown ethers,
aliphatic and aromatic amines are commonly used ionophores because they operate
as electron donors, quenching fluorescence light by a photo-induced electron transfer
(PET) mechanism through the fluorophore when the target metal ion is absent.

Rhodamine derivatives are the most widely used organic dyes because of their
structure-dependent characteristics. Fluorescein and coumarin derivatives are two
more dyes commonly used in the production of fluorescent sensors [9]. Fluorescent
dyes have a narrow excitation spectrum, rapid decay, and a low quantum yield. These
problems have been solved, and quantum dots can now be used in sensing devices
[10].

3.3 Quantum Dots as Probe for Inorganic Metal Detection

QDs show great potential for heavy metal ion detection because of their fluorescence
characteristics. QDs are proving to be superior fluorescent probes when equated to
different fluorophores such as fluorescent proteins and chemical dyes. In comparison
to other traditional fluorophores, QDs have greater brightness, high photostability,
hefty stoke shifts, wide absorption spectra, great molar extinction coefficient, high
quantum yield, long fluorescence time, photobleaching resistance, size-dependent
optoelectronic properties, broad absorption spectra, and tuneable emission spectra.
QDs are semiconductor nanocrystals that have lately become popular as fluorescent
probes in chemical research, bio-sensing, and bio-imaging [11]. They are used as a
new class of fluorescent markers as a substitute for conventional fluorescent markers
(organic dyes and fluorescent proteins) due to their excellent and unique optical
and electronic properties, such as broad absorption spectra, narrow and tunable
emission spectra, long fluorescence lifetime, high photostability, and resistance to
photodegradation [12]. The inter-band and intra-band relaxation pathways are altered
by the quantum confinement effect. QDs have inspired a lot of interest as fluorescent
probes for sensing processes, in vitro and in vivo bioimaging, quantum computers,
light-emitting devices, photovoltaics, and, most crucially, analytics-based chemistry.
QDs have remarkable electrical and optical properties which can be transformed by
lowering the number of atoms present in the QDs beside preserving the chemical
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composition. The optical and electrical characteristics of semiconductor nanoclus-
ters are determined by interactions amongst electrons, holes, and their immediate
surroundings. When the excitation energy exceeds the bandgap of QDs, electrons
move from the valence band to the conduction band, triggering photoexcitation. An
electron present in an excited state has a huge amount of energy. A hole and an
excited electron make form an exciton. After being recombined, electrons and holes
relax to a lower energy state. QD luminescence is caused by radiation relaxation.
Recombination and relaxation provide extra energy that might be radiative or non-
radiative. The presence of adsorbates on the surface of QDs has been discovered
to have an impact on their fluorescence efficiency. They can demonstrate a signifi-
cant change in fluorescence intensity property when they approach the surrounding
molecules, which is utilised in the sensing method [13]. Fluorescence intensity in
QDs is caused by combination of the excitation, which in turn is a recombination
of charge carriers (electron-holes), and variations in charges present on the surface
would influence both the efficiency of electron–hole recombination and lumines-
cence efficiency. Photodegradation and quenching of QD fluorescence intensity are
caused by atoms with unmet valencies found on the surface of QDs. To develop
QD-derived sensors for selective sensing of heavy metal ions, it’s best to modify the
surface of the QDs with appropriate capping layer materials and ligand molecules to
make them chemically stable and photobleach-resistant [14]. The nature of capping
layer and ligands affect the fluorescence response of quantum dots. A number of
bifunctional ligands are used to modify the surface of QDs (TOPO, cysteine, PEG,
amphiphilic polymer, glutathione, mercaptoacetic acid, thioglycolic acids, peptides,
avidin, and streptavidin). These surface ligands can modify their sensitivity and
choosiness for explicit analytes of interest by adjusting the fluorescence response
of QDs, and this response can be further changed by changing the capping layer.
Organic and inorganic materials are used as capping materials for QDs. An organic
capping layer facilitates the capacity of QDs to bioconjugate. QDs which are capped
by organic ligands are photo unstable, resulting in trap sites owing to weak interac-
tions between the atoms present on the surface and the capping molecules. Inorganic
capping compounds aid in the passivation of QD surfaces and the formation of the
core–shell structure of QDs [15].

Quantum dots (QDs) finds explicit applications in different fields such as photo-
voltaics, bioimaging, and light-emitting diodes. Direct interaction between the
analyte and the QDs, functionalization of the QDs, and integration of the QDs with
other sensorymaterials are three basic methodologies for developing sensing devices
[16]. Quantum dots are extensively used for detection of different heavy metals due
to their aforementioned features and unique process. Metals such as mercury, lead,
cadmium, arsenic, and chromium are commonly detected.

3.3.1 Detection of Mercury

Mercury (Hg2+) is regarded as hugely detrimental water pollutants by the World
HealthOrganization (WHO)because of its severe impacts on environment andhuman
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health, even at minuscule concentrations. Mercury binds to DNA, interrupting its
normal function, and the toxicity is linked to mitosis across the blood–brain barrier.
Clinical signs of mercury poisoning include pulmonary edema, minamata sickness,
renal damage, chest pain, and chronic central nervous systemdamage [17]. TheWorld
Health Organization (WHO) has set a maximum acceptable amount of 1 mg/L as the
upper limit based on these facts. The main factors attributed to their rising level of
water resources are emissions from several enterprises and refineries. Polluted water
containing mercury must be identified and rectified as soon as feasible.

Zhou and co-workers used CQDs for the detection of mercury for the foremost
time. The synthesis of quantum dots was done by EDTA pyrolysis. The attachment
of Hg (II) on the surface of CQD is anticipated to bring variations in surface states,
paving way for recombination of non-radiative electron/hole pairs. The synthesized
pristine material was capable of detecting Hg(II) to a equal of 4.2 nM, which is
less than limits set by WHO. The probe was effectively used for real water samples
obtained from tap water, lake water, and fountain water and against different ions
[18]. Additionally, CDs synthesized from different precursors like sodium citrate,
polyethene glycol (PEG), folic acid, and casein were used for the detection of Hg
(II) in water with LOD values of 10 nM, 1 fM, and 6.5 nM, respectively.

GCQDs produced from vegetables (Hongcaitai and mushrooms) were used to
detect Hg (II) in spiked and unspiked water samples [19–21]. Kaur and co-workers
[22] synthesized a glutathione-capped CdS quantum dot with a sensing range of
0.54 nM for detection of mercury. However, the presence of copper and chromium
ions obstructed mercury detection, restricting its usage in field applications [22].
Zhang and coworkers [23] used the cooperative effect of Ag2S and ZnS quantum dots
to detect Hg2+ electrochemically under visible light, a novel method that combines
metal and semiconductor sulphides. Manna and co-workers [24] established a ratio-
metric sensor based upon a metal–methyl salicylaldimine complex capped on ZnS
quantum dot doped with Mn+2 for identifying Hg2+ ions. The presence of the analyte
in the sample is indicated by a change in luminescence color [24].

Chu and co-workers [25] designed a mercury detection system based on cerium-
doped silicon sulphide quantumdots. The detectionmethod’s features include double
emission, linear fluorescence dependency on mercury level, and a detection limit of
0.8 m/l [25].

Tanwar and co-workers [26] established white light emission from a combina-
tion of silicon QDs and gold nanoclusters, besides its application in mercury ion
monitoring and mixture ratio management [26].

Non-metal-based quantum dots also find explicit application in heavy metal
sensing. Li and co-workers [27] discussed the application of multimodal carbon dots,
both blue and green carbon dots, in the detection ofmercury ionswith a limit of 50 nM
[27].Wang and co-workers (2019) used UV light to synthesize 1,2 dithioglycol func-
tionalized carbon nitride quantumdotswith a quantumyield of 27%,while Sahoo and
co-workers [28] deployed spider silk to synthesize environmentally-friendly carbon
quantum dots for recognising Hg(II) ions through the FRET mechanism [28].

Graphitic carbonnitride quantumdots (polymeric nanomaterials) forHg(II) detec-
tion via the PL quenching process was described by Patir and Gogoi [29]. A similar
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technique was utilised to develop boron-nitrogen co-doped graphene quantum dots
for sensing Hg2+ and graphene quantum dots [30]. The application of a nitrogen-
doped carbon dot for sensing Hg2+ with a detection margin of 5.3 nM was inves-
tigated by Tadesse and co-workers [31]. Extensive research has been conducted on
ratiometric fluorescence sensing of heavy metals such as Hg2+ and thymine-rich
ssDNA for Hg2+ detection [32].

3.3.2 Detection of Lead (Pb)

Lead (Pb) is a heavy metal ion that poses a substantial effect on biological communi-
ties, different ecosystem, and human health, even in minute concentrations. Lead has
been attributed to hypertension, developmental abnormalities, anaemia, and neuro-
logical and reproductive system malfunctions at blood concentrations more than
5 mM. As a result, the USEPA has set a Pb (II) limit of 15 mg/L in drinking water
[33]. The detection of different ions, such as Pb (II) and Cu (II) ions, was examined
using boron-doped CQDs (B-CQDs) with detection limits of 13.56 and 8.47 nM
[34].

In another study, citric acid-based N-CQDs were coupled with Fe2O3 to precon-
centrate and solid-phase extract little quantities of Pb (II) derived from a matrix
of both vegetable and water samples. This method had a linear detection range of
0.062–62.1 mM and a good detection limit of 16.8 mM [35]. Pb (II) sensing in actual
water samples was also achieved using fluorometric GCQDs made from Ocimum
sanctum leaves (LOD-0.59 nM) and Lantana Camara berries (LOD-9.64 nM) [12,
36]. Sharma and Mehata [37] used MoS2 quantum dots to design a tool for lead
ion detection based on quenching. This detection approach is delicate, with a detec-
tion limit of 50 M, due to dose-dependent fluorescence quenching. Mir and co-
workers [38] employed fluorescence quenching to detect lead ions using ZnSe and
ZnSe@ZnS core–shell quantum dots capped with thioglycolic acid [38]. Kaewprom
and co-workers [39] used dithiocarbamate doped graphene quantum dots to construct
a resonant light scattering sensor of complex metallic nanoparticles for the specific
detection of lead ions inwater samples.Carbondotswithflavonoidmoieties are a very
sensitive technique with a detection limit as low as 55 pM [19–21]. Another carbon
dot-based method developed by Bhamore and colleagues [40] combines glutathione-
capped carbon dots with an agarose gel for optical detection with the naked eye [40].
This systemhas aworthy linear connectionwith lead content anddoes not require a lot
of heavy instrumentation for detection, making it appropriate for a field application.

3.3.3 Detection of Chromium (Cr)

Thepresenceof highquantities of chromium inwater supplies ismostly attributable to
modern-day businesses (e.g., bronzing,mining, electroplating, and textile dyeing). Cr
(VI) is a well-knownmetal that has been linked to carcinogenic andmutagenic health
consequences, posing a hazard to ecological systems. According to the USEPA, total
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chromium in drinkingwater has an acceptable limit of 100 ng/ml, while Cr has a limit
of 50 ng/ml. The inner filter effect and static quenching processes are also examined
in relation to Cr sensing approaches employing CQDs. A detection limit of 24.6 mM
for Cr (III) sensingwas achieved using yellow fluorescent CQDs (y-CQDs) produced
by acid carbonization of sucrose in the presence of phosphoric acid as a dehydrating
agent [34].

Elmizadeh and co-workers [41] deployed a fluorescence quenching method based
on synthetic ligand coated CdTe quantum dots to design a sensitive nanosensor
for quick detection of Cr(III)ion [41]. Parani and Oluwafemi [42] investigated an
aggregation-based quenchingmethod for the selective detection of Cr (III) ions using
AgInS2-ZnS quantum dots [42]. This sensing system used the collaborative effect of
static and dynamic quenching to differentiate Cr(VI) from Cr(III) in mixed samples
[7, 8]. Khan and co-workers [43] presented a ZnO quantum dot-based sensor for
the selective detection of Cr6+, with a detection limit of 0.18 nM [43]. Mondal and
co-workers [44] make use of a white light-emitting Eu and Tb co-doped carbon
fluorescent sensor for the detection of Cr(VI) ions [44]. Hu and co-workers [45]
developed chlorine and nitrogen co-doped carbon nanodots for the speedy detec-
tion of Cr(VI) ions, and CQDs fluorescence was quenched using a combination of
dynamic quenching and the inner filter effect [45]. Wang and co-workers [46] used a
similar co-doping approach for selective detection of Cr3+ ions with a detection limit
of 6M bymeans of doping S/N in carbon dots [46]. A fluorescent probe for detection
of Cr3+ with a limit of detection as low as 0.02 M was also designed deploying a
carbon graphene allotrope.

3.3.4 Detection of Cadmium (Cd)

Cadmium (Cd) is a well-known non-essential human body component. Cd is used in
sectors such as bronzing, storage batteries, plastic stabilisers, waste metal treatment,
dyeing, colorants, nuclear reactor rods, and semiconductor manufacture. Cadmium
uptake beyond the tolerance limit (5 mg/L) has been associated with deadly diseases
such as itai-itai, prostate, kidney, and lung cancers, among others. An electrochemical
sensor based on N-CQDs-graphene oxide hybrid (NCQDs-GO) was designed for
numerous ion detection of lead and cadmium ions by deploying anodic stripping
voltammetry [47, 48]. Because of greater electro-agile surface area and plenty of
oxygen-rich functional surface moieties, the hybrid expedited the specific detection
of Cd (II) and Pb (II) ions through electrostatic force, which further amplified the
detection limit of the improved electrode (Cd (II): 834mM;Pb (II): 1420mM). CQDs
also find application as a luminophore for Cd (II) detection in graphite furnace atomic
absorption spectroscopy. Yin and co-workers [49] described a CdTe/CdS quantum
dot inscribed with ammonium pyrrolidine dithiocarbamate, which leads to structural
changes in reacting with Cd ions, causing dot quenching. The Cd ions are attached to
the changed surface, restoring fluorescence and letting for effective Cd ion detection
[49]. The presence of Cd ions in the material analyzed causes a variation in the ZnSe
quantum dot, generating a ZnSe/CdS core–shell structure. This approach exhibited
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high selectivity for Cd ions, with a detection limit of 11 nM [50]. Pandey and co-
workers [51] synthesized carbon dots using green technology which detect Cd (II)
ions via ligand-mediated electron transfer inMurraya koenigii leaves. This approach
may detect cadmium ions in the least value of 0.29 nM [51].

3.3.5 Detection of Arsenic (As)

Humans are prone to arsenic directly or indirectly by the absorption of contaminated
water, as well as foods and crops that have been irrigated with arsenic-rich water.
According to theWorld Health Organization, arsenic-related health problems impact
up to 140 million people in around 50 nations. The inorganic form of As (III),
also accepted as arsenite, is the utmost lethal of the various oxidation forms of
arsenic because of its kinesis in water and is readily uptaken by cells. Skin damage
(pigmentation, lesions, patches, and other symptoms), cardiovascular sickness, and
skin, lung, and bladder cancer have all been associated with long-term ingestion of
arsenic-contaminated water [52]. As a result of these observations, WHO has set an
acceptable limit of 10 mg/L. Microwave-based pyrolysis of citric acid and sodium
thiosulphate produces sulfur-doped CQDs that can be used in dual info systems,
such as colorimetric and fluorescence, to detect inorganic As (III). The addition of
glutathione to the SCQDs improved the sensor materials’ selectivity for As (III). In
fluorescence mode, these modified S-CQDs had detection limits of 32 and 48 pM,
respectively, in water samples obtained from river water and tap water [53]. CQDs
synthesized from decaying tomatoes and prickly pear cactus have recently been
described for detecting As (III) in pond, tap, river, and industrial water samples.
Pathan and colleagues [54] created a ‘turn-on’ sensor based on magnetic graphene
oxide quantum dots for the selective detection of As3+ ions [54]. An analogous
mechanism was studied by Wu and co-workers [55], in which CdTe/CdS core–shell
quantum dots capped with cysteine make coordinating interaction with the arsenic
ions, resulting in dots aggregating. This technique displayed high sensitivity and
selectivity with a detection limit of 10 ng/L [55].

3.3.6 Detection of Copper (Cu)

Isarov and Chrysochoos [56] proposed a method for determining Cu2+ content and
describing the mechanism of action using CdS QD. Cu2+ interacts rapidly with CdS
QD surfaces, stimulating the core conduction band excitation state electrons, leading
to recombinant valence band holes [56]. Itwould result inQDfluorescence quenching
and a redshift emission peak. Xie [57] enhanced the QD modifier by coating the
ZnS-coated CdSe core shell QD (CdSe/ZnS QD) surface with bovine serum albumin
(BSA). So they detected Cu2+ and copper in Chinese herbal medicine using QD-
BSA light probes [57]. Yan and co-workers [58] used cysteine and glutathione as
modifiers to manufacture CdTe QDs and obtained quantitative Cu2+ detection with
0.15 g L−1 LOD. In this, Cu+2 binds to the surface of CdTe QDs via coordinated
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actions initiated by the surface’s abundant carboxyl amino groups. Then it’s reduced
to Cu+, which causes fluorescence to fade [58].

3.3.7 Detection of Silver (Ag)

CdS quantum dots were synthesized using L-cysteine-cysteine. QDs on interaction
with AgC, produced florescence enhancement which could be ascribed to CdS/AgC
SR complexes. Fresh L-cysteine was add on to improve imperishability. The sensi-
tivity of this method has been improved, with a LOD of 5 × 10–9 mol/L. Xia [59]
tailoredwater-soluble CdTeQDof four varying sizes (19, 26, 31 and 42 nm) followed
by coated of mercaptopropionic acid and studied the interactions between CdTe QD
of different sizes and AgC [59].

3.3.8 Miscellaneous Metal Ion Detection

Li and coworkers [60] developed CdTe QD coated with thiol and nano-rods for
bivalent metal ions such as Co2+, Ca2+, Mg2+, Zn2+, Mn2+ and Ni2+. In this study,
fluorescence enhancement was caused by Zn2+, whereas fluorescence quenching
was caused by Mn2+, Ni2+, and Co2+ [60]. Na and Ming [61] created CdTe QD
modified with thioglycolate and discovered that the mechanism could be linked
to the coordination bond formed between hydroxyl and carboxyl groups and ions,
besides other characteristic groups present on the surface of the QDs. This approach
can be used for detection of vanadium in water samples in traces. Ali and co-workers
[62] synthesized glutathione modified CdTe and CdSe/ZnSe QDs for the quantitative
detection of fluorescence quenching Pb2 + with a LOD of 20 nmol L−1 [62].

3.3.9 Multiplexed Detection of Heavy Metals

Singh and colleagues [63] synthesized CdSe QDs which are capped with starch for
collective detection of Cr along with Hg in aquatic environments. The capacity to
determine the oxidation state of the analyte and the ease of synthesis are distinct
features that make it a feasible field application alternative [63]. On the basis of
quenching, Zhou and co-workers (2019) established a microfluidic system based on
ZnSe quantum dots for the specific detection of lead and cadmium. Because of its
eco-friendly nature, low cost, and high efficiency, this device is a viable alternative
for field application. A comparable approach using SnO QDs for effective detection
of Hg2+ and Pb2+ ions in water was discovered by Liu and co-workers [64]. Another
quenching-based detecting technology is CdTe QDs which are capped with mercap-
topropionic acid [65]. To detect Pb, Cr, and other metal ions, Baslak [66] employed
hydroxylated CdTeS QDs coated with cetyl tri ammonium bromide. This technique
had a higher sensitivity for detecting Cr (III) ions [66]. Radhakrishnan and colleagues
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[67] synthesized a carbon dot–graphitic nitride-based nano-composite with fluores-
cence recovery in the presence of lead and chromium. This turn-on sensor depicted
greater specificity and sensitivity, with detection limits of 0.2 nM, and 0.54 nM for
Lead and Chromium, respectively [67]. Chini and co-workers [68] designed a FRET-
based graphene quantum dot-carbon dot system for the detection of As5+, Pb2+, and
Hg2+, in which non-radiative energy transfer to carbon dots which is an acceptor
causes donor-graphene dots (donor) to quench [68]. Yarur and co-workers [69] used
carbon dots to construct a ratiometric detection system for the sensing of Pb2+ and
Hg2+ ions, with detection limits of 37.1 and 39.5 nM, respectively [69]. Buledi and
co-workers [70] studied a range of nanomaterial-based sensors formultiplexed detec-
tion of heavy metals like mercury and lead, using both metal and non-metal-based
QDs [70] (Table 2).

4 Important Trends and Challenges in Present Scenario

This chapter presents big picture on the different quantum dots with special emphasis
on carbon dots and their current development in the optical diagnosis of key envi-
ronmental contaminants (heavy metal ions) divulges their intensified progress in
topical past. Still, many tasks until now must be considered for their probable reli-
ability and application as practically feasible sensing probes in daily life. Synthesis
approaches for emerging highly stable and effective quantum dots, along with the
emission from the total visible spectrum and fine bandwidth of fluorescence signal is
essential for precise applications and improved sensitivity. Chemically tailored QDs
have high quantum yield and FL signal intensity in comparison to green QDs. Partic-
ularly, research is in progress to find the probable inexpensively feasible methods
for purification of green QDs. Numerous less explored workable precursors such as
recycled waste, microbes, and residuals, are lined up for assessment of synthesis of
QDs of natural doping with greater quantum yield. Above and beyond the mandatory
mechanistic apprehension of green QDs synthesis, it is crucial to recognize the cause
responsible for the precursor-predicated precision of theQDs for explicit heavymetal
ions. On the contrary, a synchronized and upfront surface alteration might upsurge
optical signal for improved pertinence. Further comprehensive studies are needed for
development of a ratiometric and recyclable (by operationalizing QDs onto 2D/3D
substrates) sensing probes exhibiting FL emission in the UV–visible-NIR range. We
have faith in up-coming inquisition of optical detection-based systems deploying
carbon dots will procure wide-ranging consideration in different fields such as agri-
culture, food, and textile pollutant sensing owing to its easiness, biocompatibility,
profitable.
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5 Probable Steps for Improving Sensitivity and Selectivity
of Individual Metal Ions

Suitable unpretentious and handy functionalization procedures, without mislaying
the biological, optical, and chemical properties of the nanoparticles, are needed to
augment discrimination and sensitivity of QDs toward various heavy metal ions.
Beside this, the application of maintainable genetically modified biomass with
precise metabolic paths can assist in the designing of finger-printed response based
on optical sensing. Like specificity, signal intensification is the unswerving process
for enlightening the sensitive nature of optical sensors. Specifically easy-going and
projecting ways to expand the signal strength is by passivating the QDs with various
polymer-based operationalization procedures. Therefore, equilibrium amid the selec-
tivity and sensitivity protocols can be attained. Furthermore, metal/semiconductor
nanoparticles functioning as a carrier for CQDs active species might conceivably
consequence in needed optical characteristics. These nanoparticles will be attaining
an improved signal amplification and function as an supersensitive optical sensor
for sensing analytes. There is a style for mini and simplification of detection by
portable and mini devices which deliver quick and precise responses with probable
importance in the point-of-care technologies. Hardware and software can be united
with detection measures like colorimetric assessment and luminescent assays using
portable devices adequately.

6 Concluding Remark

Escalating anthropogenic activities are responsible for releasing heavy metal pollu-
tants in natural aquatic and soil systems, and which poses a substantial menace
to human and environment. Taking into account the grave health and environ-
mental issues of these lethal and non-biodegradable metal ions, there is immediate
need of solutions like monitoring in aquatic system. Optical-chemical sensors of
nano-dimensions have undeniably shown higher sensitivity and specificity for these
contaminated metal ions. Yet, there is demand of environment friendly and work-
able sensor material in this area. Quantum dots are low-priced, ecologically friendly,
biocompatible, and exhibited improved properties, and hence are considered as supe-
rior nanomaterials for sensing of heavy metals. This chapter has been systematized
to brief the attempts made in the development of QD sensing systems with prime
focus on the present status, challenges, and future prospects. This chapter will benefit
the researchers, technologists, and engineers to scale up both biological and chem-
ical synthesis methods along with establishment of outstanding visual color-based
sensing techniques. Simplicity in designing and augmentation of specificity towards
target metals needs upgradation in their performance, selectivity, and sensitivity. To
conclude, challenges concerned with QD-based disposable sensors and user-friendly
readout systems needs extensive investigation to inflate their use in real-world sensing



Synthesis of Quantum Dots and Its Application in Heavy Metal Sensing 287

applications. The field applicability of the sensors will offer feasibility in onsitemetal
detection and the work hassle free. It will also impart incessant monitoring of metals
ions conceivable on the locations selected for observation.
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Synthesis of Magnetic Ferrite
and TiO2-Based Nanomaterials
for Photocatalytic Water Splitting
Applications
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and Detlef W. Bahnemann

Abstract Clean non fossil sources of energy have an increasing urgency to support
industrial and population growth to achieve this goal, the continuous development
of nanostructures and nanomaterials for different applications such as photocatalytic
water splitting is under intense investigation. Two of the most important materials
namely, titanium dioxide, TiO2, and ferrites having the MFe2O4 structure where M
is transition metal are introduced in this chapter. Ferrites and titanium dioxide are
two interesting nanostructures having great potential. Ferrites have many members
in the family hence, offering diversity in structural and physical properties which in
turn give chance for a large variety of purposes and applications. They own an energy
band gap that is small enough to crop photons from the visible light region. They are
also abundant on earth and have important physical properties like magnetism and
multiferroicity in addition to being biocompatible which will increase their usability.
On the other hand, TiO2 has several advantages, including its stability in terms of
chemical and thermal properties, in addition to its availability, photoactivity, and
relatively elevated charge transfer ability. Furthermore, the nontoxicity, high oxida-
tive strength, and cheap price are additional advantages. Despite the large band gap
and its related UV-light activation, TiO2 is one of the highly studied photocatalysts.
Moreover, it has been extensively investigated in many aspects, including the kind
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of the oxidative species (·OH radicals vs. h+), the location of the photoinduced reac-
tions (at the surface or in the bulk), and the ways that enhance the photocatalytic
performance.. Many of the synthesis techniques for both, ferrites and TiO2 were
adopted to serve definite purposes like control over phase purity, morphology, size,
and dispersion which are discussed in this chapter.

Keywords Ferrites · TiO2 · Water splitting · Photocatalysis · Green hydrogen

1 Introduction

Fossil fuels were extensively exploited for decades to drive the development of
our modern society without considering the potential damages to the sustainable
environmental systems. Global energy consumption is projected to rise by 28% from
2015 to 2040 [48] with the simultaneous depletion of fossil fuels. Thus, the big global
challenge is to fulfill the rising energy demand while minimizing environmental
pollution. The quickest developing energy sources are anticipated to be renewables,
having an annual increase in consumption of 2.3% from 2015 to 2040 [48]. The
sun, which falls on the earth’s surface with solar energy power of 1000 W m−2, is
indeed the largest and cleanest renewable energy resource [79, 96]. Solar energy is
considered a sustainable energy supply when its transformation into chemical energy
carriers is efficiently fulfilled.

Molecular Hydrogen owns the highest energy content, i.e., 120 MJ kg−1, among
other fuels [4, 11]. Therefore, H2 can be considered a sustainable fuel when it is
cleanly resulted from renewable or abundant origin at reasonable prices [126, 153].
Among other methods, solar hydrogen production seems to offer the best sustainable
route. There are several processes to produce H2 through water splitting reaction,
including (1) thermochemical process using solar concentrators to split water via heat
from concentrated sunlight [155], (2) photobiological process, in which aerobic or
anaerobic Bacteria are used [42], (3) water electrolysis process, in which an external
bias generated from renewable energy is applied for the electrically driven splitting
of water [59], and (4) photocatalytic process, in which a suitable photocatalyst is
suspended in an aqueous solution to convert the light energy into a chemical one
[100].

The photocatalytic route for water splitting offers a sustainable conversion of
energy from renewables in comparison with conventional processes based on elec-
trolyzers [62]. This method has attracted attention due to the clean transformation of
energies, i.e., light into chemical energy, using a photocatalytic material. Moreover,
the ambient conditions are applied to carry out its two half-reactions (Eqs. 1, 2), in
which protons are reduced to H2 and water molecule is oxidized to O2 through a 4-
electron reaction, respectively [7, 14, 62]. The splitting of awatermolecule is coupled
with a change in �G0 equal to 237.2 kJ/mol, i.e., �E° = 1.23 V in compliance with
the Nernst equation [165]. Thus, a photocatalytic system must absorb photon energy
(hv) of at least 1.23 eV to thermodynamically split the water.
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2H+ + 2e− → H2(↑) E0 = 0 V vs NHE (1)

H2O → 1/2O2(↑) + 2H+ + 2e− E0 = 1.23 V vs NHE (2)

The overall water-splitting reaction has a �G > 0, therefore, it absorbs energy.
However, a suitable photocatalyst can indeed drive such a reaction with a positive
�Gvalue [128]. In contrast to a normal catalytic system, redox reactions are spatially
separated using a photocatalyst, inwhich both�Ge and�Gh should be negative [129]
as presented in Fig. 1. Accordingly, the thermodynamic demand water-splitting by
photoctalysis is more cathodic energy level at the bottom of the CB compared with
the standard electrode potential of (H+/H2) and more anodic energy level at the top
of the valance band compared with the standard electrode potential of (O2/H2O),
respectively [128, 135]. Therefore, only a few photocatalysts possess the thermo-
dynamic driving force for the complete light induced splitting of water into H2 and
O2.

According to the previous thermodynamic discussion, photocatalysis is a process
that includes photon absorption by material to induce a reaction that has enormously
slow kinetics outside this system [62]. The so-called photocatalyst absorbs certain
light energy during illumination and generates e−/h+ as charge carriers, which are the
driving forces for the next redox reactions on the surface. The thus light-absorbing
material is called photocatalyst,which, in heterogeneous systems, is usually semicon-
ducting material [62]. Consequently, heterogeneous photocatalysis essentially relies
on the unique properties of the semiconducting material for an efficient harvesting
of incident light and successively initiate surface reactions.

Figure 1 illustrates a typical schematic of the significant steps involved during
photocatalytic water-splitting. First (1), photogeneration of electron–hole pairs via
suitable irradiation of a photocatalyst to excite electrons from the valence band (VB)
to the conduction band (CB). Second (2), Separation andmigration of charge carriers
to reach the surface. Finally (3), the electrons on the photocatalyst or the co-catalyst
participate in a reduction reaction and generate hydrogen,while the holes are involved

Fig. 1 Scheme of
Gibbs-energy difference
during photocatalytic
reactions, reprinted with
permission from Elseiver
[128]



296 W. Ramadan et al.

in an oxidation reaction to form oxygen or to oxidize an organic substrate. The
criterion for an efficient photocatalyst is the solar–hydrogen conversion efficiency
(STH) shown in Eqs. (3) [38]:

ηSTH = ηA × ηCS × ηCT × ηCR (3)

The STH conversion efficiency depends on the capacity of light absorption (ηA),
charge separation (ηCS), charge transportation (ηCT), and reaction efficiency (ηCR)
(Fig. 2).

As an alternative, the so-called photocatalytic reforming is a process that brings
together two photocatalytic processes, namely the split of water and the oxidation
of organics [7]. An organic substrate can be oxidized at the photocatalyst surface
instead of O2 production, while protons can be reduced to H2 by photogenerated
electrons [12]. The thus organic substrate is frequently named sacrificial reagent
due to its irreversible reaction with the photogenerated holes, prohibiting, conse-
quently, the undesired e−/h+ recombination [15]. Because organics are commonly
greater reducing agents than water, they can be oxidized at a less positive potential.
Therefore, photocatalytic reforming can more easily meet the band edge potentials
of a semiconductor than the overall photocatalytic water-splitting, offering more
variety of suitable materials. In such systems, O2 is not simultaneously produced,
which inhibits the back reaction forming water from O2 and H2, and avoids a gas
separation stage [55]. A widespread range of organic substrates including alcohols
and organic acids have been utilized as sacrificial reagents for H2 evolution through
photocatalysis [69].

Fig. 2 The main steps of photocatalytic water-splitting on a semiconductor. Reproduced with
permission Elsiever [120]
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In this chapter, we concentrate primarily on the synthesis of two of the most
important photocatalytic materials namely, TiO2 and the ferrites family. They offer a
lot of advantages to the field of photocatalysis in terms of their availability, stability,
and response to light whether it is UV or visible. In particular, we focus on their
application, performances, and the observed drawbacks in solar water-splitting. The
progress witnessed in the field of materials science has been quite spectacular and
this has enabled and fueled deep investigations on discovering the usage of a wide
collection of the novel materials or enhancing and/or modifying the performance
of some existing ones like TiO2 and ferrites. In this chapter, different compos-
ites/heterostructures based on these photocatalysts, which are employed for water
splitting, are presented.

2 Semiconductor Photocatalysis

In accordance with the molecular orbitals theory, the electronic orbitals of a semi-
conductor are merged and split in two bands, which are separated by an energy
bandgap (Eg) as shown in Fig. 3. The valance band (VB) that is created from the
highest occupied molecular orbitals (HOMO) is completely filled with electrons at
0 K. In opposition, no electrons are located in the conduction band (CB), which
is built from the lowest unoccupied molecular orbitals (LUMO). Hence, such an
electronic band structure offers light-induced properties for semiconductors. These
involve exciting the VB electrons to partially filled CB states upon absorption of
appropriate light energy [11, 89]. The family of semiconductors includes various
binary compounds, but not all are used for heterogeneous photocatalysis. Several
criteria should be met for these binary compounds for such applications, including
the right band gap energy for effective light absorption (1–4 eV), charge carrier
mobility, non-toxic properties, and the positions of their band edges, which should
be suitable for the particular application [112]. Most compounds and composites that
work as photocatalysts are based on d-transition-metal metal oxides such as titanium
dioxide (TiO2), zinc oxide (ZnO), tungsten oxide (WO3), and iron oxide (Fe2O3)
[13, 67, 135]. An electron vacancy called a positively charged hole is produced in
the VB after the excitation of an electron to the CB due to the illumination of the
semiconductor [9, 160]. Both electrons and holes in the CB and VB, respectively, are
considered mobile entities, but due to the higher diffusion coefficients of electrons,
they create an electric field that pulls them back to recombine with the slower holes
[134]. However, the trapping of the electrons drastically diminishes their mobilities.
The charge carriers created by the light move to reach the surface due to the near-
surface electric field, then the e−/h+ species react with adsorbed molecules. On the
surface, the holes act as oxidants (+1.0 to +3.5 V vs. NHE), while electrons are
consumed in reduction reactions (+0.5 to −1.5 V vs. NHE) [61]. As illustrated in
Fig. 4, one of the main limitations is the recombination of charge carriers in an indi-
rect way via surface defects (5), or through a direct band-to-band recombination (6)
[28, 113]. The crystal structure of the semiconductor is the key factor affecting this
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limitation. Consequently, the movement of the charge carriers to the liquid junction
is essential, where the photocatalytic redox reactions with solution species on the
surface take place [51]. Therefore, careful synthesis of the photocatalyst should be
conducted to overcome such undesired critical issues.

Fig. 3 Band structure of a semiconducting material based on atomic orbitals theory, adapted from
the author dissertation [11]

Fig. 4 Semiconducting-based photocatalyst: the possible paths of the photogenerated charge
carriers, adopted with permission from ACS [102]
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3 Titanium Dioxide Photocatalyst

Titaniumdioxide (TiO2) is awidely studiedmaterial for photocatalytic purposes since
its reasonable reactivity, hydrophilic properties, high resistance to photo corrosion,
and optimal electronic and optical capacity [15, 56, 62]. TiO2 is considered as an
intrinsic n-type semiconductor, in which one Ti4+ and six O2− are coordinated to
produce a TiO6 octahedron [113]. TiO2 belongs to the nonstoichiometric transition
metal oxides due to the presence of oxygen vacancies as defects at ambient condition.
These vacancies produce an excess of electrons, increasing the electrical conductivity
[51]. Thus, the surface of n-type TiO2 contains a lot of oxygen vacancies (Ov)
defects as unpaired electrons in the CB [39, 147]. These donor-like defects lead to a
downward band bending due to the creation of an accumulation layer on the surface
[11, 46]. It is crucial to study the charge carrier dynamics in TiO2 because the fast
recombination of the photogenerated e−/h+ is a decisive factor that determines the
competence of using TiO2 in photocatalytic applications.

TiO2 has three polymorphs: (1) brookite with an orthorhombic crystal structure
and Eg of 3.3 eV, (2) anatase with a tetragonal crystal structure and Eg of 3.2 eV,
and (3) rutile with a tetragonal crystal structure and Eg of 3.0 eV [28]. Therefore, the
photocatalytic properties of all TiO2 polymorphs are originated from the photogener-
ation of charge carriers after the excitation with UV irradiation. Table 1 presents the
main properties of TiO2 polymorphs. Various TiO2 sources are available, butDegussa
P25 is known as a standard photocatalytic material due to its well-defined structure
containing anatase and rutile in a 3:1 ratio [56]. The thermodynamic stability of TiO2

is highly related to the crystalline phase with its particle size. The highest thermody-
namic stability can be achieved when the particle size is less than 11 nm for anatase,
while it should be greater than 35 nm for rutile and lie between 11 and 35 nm for
brookite [50]. TiO2 in the anatase phase is considered commonly more active than
rutile TiO2 [7, 147]. Compared with rutile, anatase nanoparticles have relatively a
higher surface area and more concentration of oxygen vacancies (Ovs), enhancing
charge separation efficiency [11]. Anatase TiO2 offers additionally a slightly higher
redox capability than rutile due to its larger bandgap energy.

The synthesis of TiO2 nanostructures with different morphologies has recently
attracted great attention [121]. In this regard, TiO2 can be fabricated as spheres [20,
171, 186], fibers [36, 181, 185], tubes [83, 105, 114], nanorods [40, 127, 181], sheets
[19, 82, 151], and interconnected architectures [1, 63, 163] (see Fig. 5). Many factors
largely affect the photocatalytic performance of TiO2, e.g., particle size, pore volume,
surface area, and surface facets. Therefore, regulating these factors is relevant for
improving the photocatalytic performance of TiO2. Structural dimension is also a
crucial factor that gives TiO2 different properties. While a sphere structure with
zero dimension has a high surface area and high adsorption properties [103], one-
dimensional fibers or tubes offer lower recombination rates due to the short distance
for charge carrier diffusion [83]. On the other hand, two-dimensional nanosheets
display smooth surfaces and high adhesion properties [82], while three-dimensional
monoliths are characterized by their high carrier mobility due to the interconnecting
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Table 1.1 Different TiO2 polymorphs and their physicochemical properties. Data are adopted from
Refs. [28, 113]

Property Anatase TiO2 Rutile TiO2 Brookite TiO2

Crystal structure Tetragonal Tetragonal Orthorhombic

Molecules/cell 4 2 8

Crystal size (nm) <11 >35 11–35

Lattice parameters
(nm)

a = b = 0.3785, c =
0.9514

a = b = 0.4594, c =
0.2959

a = c = 0.5436, b = 0.9166

Space group I41/amd P42/mnm Pbca

Volume/molecule
(A°3)

34.061 31.2160 32.172

Density (g cm−3) 3.79 4.13 3.99

Bandgap (eV) 3.26 3.05 3.3

dielectric constant
Ƹ (0)

6.04 6.62 7.89

structure. Therefore, synthesizing TiO2 with adequate dimensionality is very impor-
tant as it may be reflected in better physicochemical and photocatalytic properties.
The size can affect the efficiency of the photocatalytic system. Smaller nanoparticles
are generally more suitable for photocatalytic water-splitting. In fact, the smaller size
diminishes the distance of the charge carriers’ migration to the surface leading to
boosting the photocatalytic activity [81]. On the other hand, larger particles can be
generally used for photoelectrochemical water-splitting due to the lower electron–
hole recombination rate [137]. However, the recombination rate is related to the
particle size, wherein in larger particles, the travel distance to the surface is longer,
rising the likelihood of electron–hole recombination [50, 91].

TiO2 is photoexcited and generates charge carriers within a few femtoseconds.
Thereafter, these charge carriers either recombine with each other (in the bulk and/or
at the surface) or move to the surface of TiO2 for trapping or for initiating interfacial
redox reactions [140]. Therefore, the photocatalytic efficiency of TiO2 is related
to the competition between charge carrier recombination, charge carrier trapping,
and interfacial charge transfer [69]. It has been proven, that the quantum yield of
photooxidation using TiO2 in aqueous media is lower than 10% because more than
90% of the photogenerated charge carriers tend to recombine within 10 ns after
UV irradiation [149]. However, the size of TiO2 nanoparticles plays a crucial role,
where 10–30 nm particle size is optimal for photocatalysis [24, 29] because of the
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Fig. 5 Scheme of thematerial’s structural dimensionality and their properties with permission from
Elsevier [121]

faster migration and trapping of the charge carriers in the small particles. In contrast,
the photogenerated e−/h+ can be trapped as trapped holes, trapped electrons in the
bulk or at the surface or they can remain as free electrons distributed in the bulk
[179]. Finally, e–/h+ pairs can induce a water-splitting reaction through an interfacial
charge carrier transfer. Nevertheless, the incompatibility between very short lifetimes
of e–/h+ pairs and slower kinetics of redox reactions is the main drawback in TiO2

photocatalysis [54].

4 Synthesis of TiO2 Photocatalytic Nanoparticles

Many synthesis procedures with diverse parameters have been successfully applied
for the synthesis of TiO2 photocatalysts. These include sol−gel, surfactant-based
micelle, hydrothermal, solvothermal, chemical or physical vapor deposition, sono-
chemical, and microwave methods. A wide range of titanium precursors has been
also applied, including titanium chloride, titanium sulfate, and titanium alkoxides.
Nevertheless, the choice of the synthesis procedure in addition to the precursor type
and the parameters applied has a pronounced impact on the structural, electronic,
and optical properties of the synthesized TiO2 nanoparticles [14, 176].

Nanostructured TiO2 spheres are typically synthesized using titanium alkoxide
precursors such as titanium tetra-isopropoxide or titanium tetra-butoxide. While
adding an acid would accelerate the synthesis procedure, the existence of a polymer
offers a porous assembly [103]. Further treatment using the hydrothermal method
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has been shown to produce porous or hierarchical structures. TiO2 photocatalysts
that have a one-dimensional structure in form of fibers and tubes have demonstrated
a higher surface-to-volume ratio, allowing a decrease in the hole–electron recombi-
nation rate and an increase in interfacial charge carrier transfer rate [10]. One of the
various methods used for making TiO2 fibers is the electrospinning process using
a high-voltage electric field (Ramakrishna). TiO2 fibers can be tailored in terms of
diameters and morphologies by regulating the synthesis parameters, including the
ratio (titanium alkoxide: polymer), the concentration of the titanium precursors, the
type and molecular weight of the polymer, the solvent and electric field used, and
the deposition distance [121].

Mesoporous and nanoporous TiO2 nanoparticles have been synthesized either
with or without employing organic surfactant templates [15, 33]. Such porous mate-
rials have shown a larger surface area and continuous particle frameworks, offering
more active sites for the adsorption of molecules and facilitating the electron transfer
within the material [103]. Evaporation-Induced Self-Assembly (EISA) is one effec-
tive method of mesoporous TiO2 synthesis. In this method, multiple titanium precur-
sors can be used in addition to a co-polymer surfactant molecule in an alcoholic
medium to form colloidal particles before the aggregation as a three-dimensional
open network. The pores are then formed upon the removal of surfactant by a
calcination step [11, 33].

During water-splitting, the photogenerated charge carriers can rapidly recom-
bine unless adequately controlled. Extensive efforts have been applied including the
tuning of crystal structure, defects states, dopants, and electronic structure. However,
the one-dimensional photocatalytic systems still experience from a relatively low
photocatalytic activity. Alternatively, 2D photocatalytic materials can be a promising
strategy because the transit distance of the photogenerated e−/h+ is relatively shorter.
Two-dimensional TiO2 nanosheets are nanosized flake-shaped materials, having a
flat surface, a high aspect ratio, and a very small thickness of 1–10 nm. Such a shape
is typically prepared through an alkaline hydrothermal process starting either from
TiO2 powder [152] or from protonic titanate hydrates [151].

4.1 Synthesis of Defective TiO2 Photocatalytic Nanoparticles

Black TiO2 have lately been suggested as a potential photocatalyst for solar-driven
photocatalytic hydrogen production. Lots of efforts have been made to synthesize
extremely reduced TiO2, however, even the moderate reduction degree of TiO2, i.e.,
gray TiO2, can generate peculiar defective catalytic sites, which offer the capability to
use such defective materials for cocatalyst-free hydrogen production. Nevertheless,
further investigations should be carried out to understand the electronic structure
of defective TiO2 and the associated mechanisms and properties, including better
light absorption and enhanced charge separation. Reduced TiO2 can be synthesized
by introducing intrinsic oxygen vacancies (VOs) and generating lattice Ti3+ centers.
Several synthesis procedures are proposed that are typically proceeded by reducing
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Fig. 6 UV–Visible light reflectance spectra of the prepared TiO2 (a), schematic illustration of the
band alignment (b). Adapted with permission from Elsevier [15]

TiO2 at a high temperature using various reducing atmospheres (e.g., under vacuum,
Argon, H2/Argon mixture, and pure H2) [31, 123]. Using such synthesis methods,
gray, blue, brown, or black Ti2O can be produced. It was found that the color obtained
is related to the concentration of Ti3+ and VOs in the material, i.e., a strong reduction
condition leads to a higher density of these defects, hence, a darker color of TiO2

powders. The first black TiO2 nanomaterial for photocatalysis was reportedwith high
visible light absorption in 2011 upon thermal treatment of anatase TiO2 at 200 °C
under high pressure of H2 (see Fig. 6a). Such an increase in the absorption of light
is related to introducing electronic states and the tailing of VB and CB due to the
creation of lattice disorder and H-doping (Fig. 6b) [34].

Different types of defects can be introduced that regulate many physical prop-
erties of crystalline TiO2. Therefore, defects engineering is essential in controlling
electronic, optical, and quantumproperties of TiO2, in addition to their role in the acti-
vation of TiO2 photocatalytic processes [97]. In this regard, the synthesis method and
its parameters play an essential role. As an example, the use of TiCl3 as a precursor in
the Evaporation-Induced Self-Assembly (EISA) method produced a defective TiO2

for co-catalyst-free photocatalytic H2 development [15]. TiCl3 in addition to F-108
as a surfactant producing pure anatase TiO2 that is characterized by its response to
the visible region as shown in Fig. 6a. The unique photocatalytic activity of bare TiO2

in the reforming of ethanol to generate hydrogen gas was explained by an increased
carrier density alongside the extension of the edge of VB and the shift in the CB
edge potential (see Fig. 6b).

The crystal defects can be generally classified regarding their dimensionalities
[123, 132]. Zero-dimensional (0D) defects (points defects) are generated from a
single or a few atomic positions (Fig. 7a). Such point defects can be found as Ti
vacancy TiV (rare), Ti interstitial Tii (common), Oxygen vacancy VO (common in
reduced TiO2), and interstitial (e.g., hydrogen or nonmetal dopants) or substitutional
impurity (e.g., metal or nonmetal dopants). Upon the introduction of crystal point
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defects, structural rearrangements would be initiated, leading to significant distor-
tions in the local symmetry of Ti octahedra. This effect can, in his turn, affect the
transportation and the recombination of the photogenerated charge carriers. Doping
of TiO2 by metals or the introduction of high VOs concentration contributes to addi-
tional 3d states forming below the CB [122]. However, excess electronic states below
the CB can act as recombination centers for photogenerated charge carriers, lowering
the photocatalytic efficiency. On the other hand, Doping of TiO2 by nonmetal (e.g.,
N, C, S) and interstitials (e.g., H or Ti) creates electronic features above the VB,
providing an efficient strategy to modify TiO2 [32, 122] (Wang et al. 2017).

Another dimensional-defect type is the linear or 1D defects (dislocations), in
which the crystallographic registry is lost [123]. Such types of defects lead to a lattice
strain, which can be useful for TiO2 photocatalytic activity. Otherwise, 2D crystal
defects canbe classified into three groups: (1) free surfaceswith uncoordinated atoms,
(2) interphases within a crystal such as stacking faults and antiphase boundaries,
and (3) grain boundaries and two-phase boundaries (interphases). Such 2D defects
are important in TiO2 photocatalysis because they tune its surface reactivity and
participate in charge transport and separation in the bulk as in the case of anatase/rutile
nano-junctions [133].

Fig. 7 A schematic represents the Schottky barrier (Sb) formation between a metal co-catalyst
and n-type semiconductor. a �M: Metal-work function and EFM: Fermi level energy. b �S:
Semiconductor-work function, X: electron affinity, and EFS: Fermi energy. c Charge distribution
at the metal/semiconductor (M/S) junction. d M/S junction equilibrium-band-diagram. �i is the
energy barrier to the flow of electrons from the S to M, while �B is the Sb. W is the extension of
the depletion-layer. Reprinted with permission from Elsevier [45]
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5 Modification of TiO2

It is well known that the bandgap of the photocatalyst is the essential feature for
its application in the reaction of water-splitting. Light harvesting governs electron
and hole generation rates, recombination, and surface reaction kinetics. Regarding
the TiO2, the anatase, and rutile, the generally accepted bandgap values are 3.2 and
3.0, respectively [46]. While anatase is excited at 388 nm by UV light, the rutile
extends slightly into the visible region at 415 nm, which can be related to the various
positions of the CB and VB of both phases. The CB and VB of anatase are −
0.5 V and 2.7 V, respectively, while for rutile they are −0.7 V and 2.33 V [2, 35,
146]. As mentioned in the previous section, however, TiO2 satisfies the criterion for
water-splitting, it suffers from (i) the rapid recombination between the electron–hole,
where only ~10% of the photogenerated charge carriers successfully transfer to the
interface to participate in the redox reactions which results in decreasing the reaction
efficiency [147]. (ii) its large overpotential for H2 production in water in the presence
and absence of the hole scavenger. Therefore, to extend the charge carrier lifetimes,
lower the overpotential of H2 generation, and broaden the light absorption of TiO2

towards visible light, several strategies and modifications have been employed for
the TiO2 to achieve hydrogen production from the photooxidation of water during
the photocatalytic process, such as deposit metal nanoparticles like Pt, Cu, Ag, and
Au on the surface of TiO2, doping with cation or anion or sensitizing with dyes or
small bandgap semiconductors.

5.1 Metal Co-Catalyst

The deposited metal co-catalyst or combination of two, such as Pd, Pt, Au, Cu,
and Ag, on the surface of the semiconductor function as electrons sink that signif-
icantly reduce the recombination between the photogenerated e−/h+ and facilitate
the reduction of water by lowering the activation energy (Yang et al. 2013). The H2

production efficiency of different metal co-catalysts is affected by the work function
of each metal. In fact, the work function of each metal plays the main role in the
formation of the Schottky barrier [45]. Metal nanoparticles such as Pt (5.65 eV) and
Au (5.10 eV) have higher Fermi level energy [111] compared to that TiO2 (4.2 eV)
[172]. Therefore, the photogenerated electrons move from the semiconductor to the
metal nanoparticles through the interface until a thermodynamic equilibrium takes
place (Fig. 7a–d) [147]. During the illumination, this equilibrium will be unsettled,
thus, the generated electrons move continuously from the conduction band of the
TiO2 to the metal co-catalyst [75, 147]. The formed Schottky barrier �B blocks the
flow of collected electrons from the metal to the TiO2 photocatalyst which provides
an efficient separation for the charge carriers. Therefore, the trapped electrons have
a longer lifetime to stimulate the reduction reactions [174, 175]. In this sense, it is
worth mentioning that not all the photogenerated electrons trapping by the metal
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Fig. 8 Exchange current
densities, log(i0)vs the
calculated hydrogen binding
energy. Reprinted with
permission from Ref. [150].
Copyright 2013 from the
Royal Society of Chemistry

co-catalyst. By the mean of the EPR techniques, Al-Madanat et al. showed that the
irradiated Pt/TiO2 exhibited a simultaneous signal for the Ti3+ centers, confirming
that not all the photogenerated electrons transferred to the Pt NPs [8].

As shown in Fig. 8, Pt appears as the most active noble metal for H2 formation
[150]. Despite this general conclusion, the efficiency of H2 production is strongly
dependent on its nature, preparation method, and concentration [8, 37]. Recently, it
has been shown that the preparation method used for the metal co-catalyst deposi-
tion has a strong effect on the H2 formation during the photocatalytic reforming of
naphthalene and methanol [8].

There are different common techniques used for deposition the metal co-catalyst
nanoparticles on the TiO2 nanoparticles surface including a chemical reduction [124,
167], impregnation [53], deposition–precipitation [21], photodeposition [5, 6, 12,
14, 21, 53], electrode-position [80], and physical mixing [21]. The strong interac-
tion between the metal co-catalyst and the photocatalyst is considered the key role
to ensure the electron transfer from the photocatalyst to metal efficiently, otherwise
increasing the electron/hole recombination rate and decreasing theH2 formation rate.
In fact, several factors are highlighted in the literature which are associated with such
methods, thus, affecting their effectiveness, such as, the weak interaction between
the co-catalyst and semiconductor, the large size of the metal co-catalyst nanopar-
ticles, and the nucleation of the isolated metallic nanoparticles in the electrolyte
[115, 124, 182].

Although some researchers reported the efficiency of the bare TiO2 (anatase)
toward the H2 production, others reported the contrary. The Photocatalytic H2

production over co-catalyst-free TiO2 synthesized by a simple Evaporation-Induced
Self Assembly (EISA) method was achieved during the photocatalytic reforming
of ethanol and oxalic acid [5, 14]. While, after loading the TiO2 with Pt and/or
Au as a co-catalyst, the authors found that the activity of the H2 production
was markedly boosted. Pt/TiO2 exhibits greater photonic efficiencies compared to
Au/TiO2, whereas Au–Pt/TiO2 did not show any additional advantage [12]. On
contrary, other research groups proposed that bimetallic co-catalyst such as Pt–Au
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and Pt–Ag shows a better activity towards H2 production reaction with respect to
the monometallic co-catalyst [78, 156]. On the contrary, when the bare Sachtleben
Hombikat UV100 (TiO2, anatase) and bare Aeroxide P25 (anatase/rutile mixture)
were used as a photocatalyst during the photocatalytic reforming of methanol and
naphthalene, the H2 formation was not observed [5, 8]. However, loading these
photocatalysts with Pt nanoparticles lead to photocatalyzed the proton to molecular
H2. The difference between both cases can be related to differences in the titanium-
precursor type and the preparation method of the TiO2 which leads to the formation
high number of trapped states, that are advantageous for the photocatalytic properties
and facilitated theH2 production.Modification of the TiO2 photocatalyst with copper
(Cu), silver (Ag), and gold (Au) metal co-catalyst Nanoparticles is another important
aspect from a practical point of view, because these metals extend the TiO2 absorp-
tion to longer wavelengths (visible light) due to surface plasmon resonance (SPR).
Several reports have shown that the irradiation of the Au/TiO2 photocatalyst with
visible light (λ ≥ 550 nm) leads to the transfer of the electron from the Au nanopar-
ticles to the semiconductor due to SPR [57, 157, 158]. Tanaka et al., discovered
that plasmonic Au nanoparticles on TiO2 act as a visible light driven photocata-
lyst for overall water-splitting in the absence of any additives [161]. Modification
of the Au/TiO2 with various types of metal co-catalyst nanoparticles boosted the
H2 and O2 formation. Of these metals nanoparticles, Ni-modified Au/TiO2 revealed
5-times higher rates of overall water splitting. This study showed that the authors
designed and fabrication an effective novel solar energy conversion system consisting
of three elemental technologies, including, (i) light harvesting with charge carrier
separation and an active site for O2 evolution (plasmonic Au particles). (ii) Elec-
trons transfer from metallic Au nanoparticles to the active site to enable molecular
hydrogen production (TiO2), and (iii) Ni co-catalyst as an active site for hydrogen
production (Fig. 9). In the other hand, the unfavorite reverse reaction between the
molecular hydrogen and molecular oxygen into water could be suppressed by using
NiOx.

Fig. 9 Photocatalytic
water-splitting over an
Au/TiO2–NiOx. Reprinted
from Ref. [161] with
permission from the Royal
Society of Chemistry



308 W. Ramadan et al.

5.2 Cation or Anion Doping

In the late 1980s, other approaches have been adopted to develop second-generation
TiO2 that extend the TiO2 visible light response, thereby enhancing the overall effi-
ciency, by the replacement of cations or anions in the lattice. The cations (metal
ions) replacement creates impurity energy levels within the bandgap of the TiO2,
thus, facilitating the absorption in the visible range. Although a cation-doped TiO2

can bridge both the UV and the visible radiation, it is mostly acted either as a centers
for recombination of the photogenerated e−/h+ or ineffective in driving the surface
redox reactions [148]. Moreover, the levels of impurity created by dopants in the
TiO/ photocatalysts are usually discrete, which would seem disadvantageous for the
transfer of the photogenerated holes [94].

In the early 1990s, the first study of anion-doped TiO2 was reported. However, it’s
reported in science published in 2001 by Asahi and co-workers that documented the
preparation of the visible-light-activeN-dopedTiO2 in heterogeneous photocatalysis.
Afterward, several studies reported other visible-light-active materials such as C-
doped TiO2, and S-doped TiO2 [148]. Asahi et al. [119] reported that the doping with
Nitrogen increased the photocatalytic activity of the TiO2 in the visible light region,
which shifts the absorption edge of TiO2-xNx to lower energies through narrowing
of the TiO2 bandgap. Carbon- and sulfur-doped TiO2 showed similar redshifts of
the absorption edges and increased photoactivity [41, 180]. Different scenarios of
the modifications that might occur to the TiO2 bandgap (Fig. 10a) after doping with
non-metals were presented in Fig. 10b–e.

By oxidizing titanium nitride under ambient conditions, a different kinds of N-
doped TiO2 nanostructured photocatalysts were prepared at different temperatures.
N-TiO2 calcined at 450 °Cmanifested the highestH2 evolution activity in comparison
to the other synthesized and commercial materials under UV–Vis illumination. The
highest H2 activity of theN-doped photocatalyst was attributed to the bandgap energy
shifting toward the visible region [184].

Besides, loading themetal ion and themetal oxide on the surface of N-doped TiO2

leads to enhancing the photocatalytic activity toward the production of hydrogen
[49, 99]. Lin et al. [101] synthesized M–N/TiO2 (M: Cr, Ni, Cu, Nb) by using the
microwave-assisted method. These materials exhibit a higher photocatalytic molec-
ular hydrogen production activity than the N dopedTiO2 and the pristine TiO2.
Among all the prepared doped TiO2 photocatalysts, Cu–N/TiO2 showed the highest
activity due to the synergistic effects ofCu andN that leading to formation an impurity
energy levels which decreases bandgap energy and enhances the charge separation.

5.3 Dye Sensitizing

Another effective strategy to enhance the photoactivity of the wide bandgap semi-
conductor by harvesting the visible light is dye sensitizing. in this technique, the
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Fig. 10 Possible modification to anatase TiO2 photocatalyst electronic structure after doping with
different nonmetals: a pristine TiO2; b localized dopant levels near the valence and conduction
band of TiO2; c expanding the valence band for TiO2 narrowed the bandgap; d localized dopant
levels and electronic transitions to the conduction band of the TiO2; and e electronic transitions
from localized levels near the valence band to their corresponding excited states for Ti3+ and F+
centers. With permission from ACS [148]

dye sensitizer acts as an energy antenna and does not change the properties of the
semiconductor. The physical principle of the dye’s sensitization process is based on
the excitation of dye as a result to the absorption of light with suitable energy. This
process is resulted to inject the electrons from the excited state of the dye into the
CB of the semiconductor. In order for this process to take place, the excited state of
the dye should possess a higher energy than the photocatalyst CB. In this case, the
VB of the semiconductor remains unaffected in this process, whilst the CB acts as
a mediator for transferring the excited electrons from the sensitizer to the electron
acceptors on the surface of the photocatalyst [91]. Despite that various attempts have
been done to enhance the photocatalytic activity of water-splitting, the production of
molecular hydrogen and molecular oxygen in a single dye-sensitized system is still
far away from the lowest accepted level (5%) of solar-to-H2 conversion efficiency,
which is represent 30% in terms of a quantum yield at 600 nm as suggested by Kudo
[91]. The one-step excitation of Ru(bpy)32+·C12-sensitized Pt/TiO2/RuO2 exhibits a
quantum yield of ∼5% under λ > 400 nm light irradiation [183].

The photocatalytic efficiency of molecular hydrogen production from split-
ting the water can be improved in the dye-sensitized semiconductor suspen-
sion systems by loading the semiconductor with a metal co-catalyst and using
a sacrificial electron donor in this system [35, 162]. It was reported that
thiophenothiazine@Pt/TiO2 showed a reliable performance for molecular hydrogen
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production from water-splitting at neutral conditions. The (E)-3-(10-hexyl-8-
(methylthio)-10H-phenothiazin-3-yl)-2-cyanoacrylic acid sensitized Pt/TiO2 photo-
catalyst exhibited up to 1048 μmol H2 evolution with an apparent quantum yield
around 50% [162].

6 Introduction to Ferrites

Ferrites are themost earth abundantminerals. They are promising candidate as photo-
catalysts due to their small band gaps and interesting magnetic properties. Most
ferrites have a typical formulation of AB2O4, as shown in Fig. 11a. Oxygen ions are
positioned in cubic closed packing, tetrahedral sites, A, and octahedral sites, B, are
taken by metal cations. Such structure offers various combinations of metal cations
that could show different properties. A is a transition metal and could be any of the
transition metals like, Mg, Co, Mn, Ni, Cu or Zn. There is deficiency in abundance
of some metals like Bi and Te making it difficult to meet large scale energy demand.
On the other hand, many of the important indispensable elements used to in ferrites
synthesis are abundant in earth’s crust [168, 178]. Thus, earth abundance is an impor-
tant factor to consider which will be reflected on the price of the metals, as presented
in Fig. 11b. However, some rare earth elements frequently utilized in catalysis, like
Platinum (Pt), Iridium (Ir), Ruthenium (Ru), and Rhodium (Rh), are less abundant
and pose concern when large scale hydrogen generation and /or photocatalysis are
intended.

7 Synthesis of Ferrites

Bulk ferrites are conventionally made by solid-state reaction. Such reaction consists
of a series of thermal treatments with intermediary regrinding of stoichiometric
admixtures of pulverized oxide precursors. Despite being cheap and could be easily
scaled up, it has its own drawbacks, like the high synthesis temperatures that result
in poly dispersed particles and less control over morphology. This is detrimental for
most applications including photocatalytic water splitting. Dimension transforma-
tion of ferrites from bulk to nanometeric scale could be realized by many different
approaches; physical and chemical. Most of the physical synthesis is a “top-down”
approach in which bulk pure powder is transformed into nanoscale via ball milling.
It is an easy, scalable, and cost-effective technique; however, contamination is one
of its biggest concerns. Conversely, chemical processes are a “bottom-up” approach
where nano scale particles are synthesized through reactions of reactive species.

Many advantages are offered by the wet chemical synthesis routes, they provide
better control over size, dispersibility, and morphology. Ferrites surface offer great
versatility for ligand functionalization because of their high reactivitywhich specifies
the best use. These characteristics are essential in defining the magnetism of the
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Fig. 11 a The crystal structure of ferrite AB2O4. b Production and inferred value data of some
elements in 2010

synthesized ferrites, hence their potential applications in photocatalysis (Mendoza
et al. 2016) [159], MRI [93, 131], ferrofluid [18, 141], hyperthermia and magnetic
storagemedia [173]. Solution based chemical synthesis produce good quality ferrites
with good crystallinity even though synthesized at relatively low temperature.

7.1 Co-Precipitation Method

Coprecipitation is the most popular synthetic approach used; it is straightforward,
effective, and could be expanded for many of the ferrites [3, 145, 177]. It was first
developed by Massart in 1981 [109]. Massart developed a method for peptizing
magnetite in either alkaline or acidic media to form stable aqueous magnetic sols. It
was a breakthrough such that an aqueousmixture of ferric and ferrous ions is added to
the ammonia solution hence precipitates are formed. The gelatinous precipitate was
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then isolated from the solution by centrifugation. In case of alkaline sol: ferrofluid is
done by peptizing the precipitate with 1 molar of tetramethylammonium hydroxide
aqueous solution. In case of acidic sols: precipitate is mixed with 2 molars aqueous
perchloric acid, which is separated by centrifugation. Precursors used in this method
are mostly inorganic divalent metal, such as sulfate, and the trivalent iron salt that are
dissolved in water or any other suitable medium to form a homogeneous solution.
Variety of different compositions of ferrites nanoparticles like ternary metal oxides
having the nominal composition of AFe2O4, where A could be Mn2+, Fe2+, Co2+,
Cu2+, Zn2+, [30, 58, 60, 154]. Hsu et al. [71] have been prepared using coprecipi-
tation. In this process, the aqueous solutions containing divalent metal precursors,
and trivalent iron salt mixed in proper stoichiometry are treated with a precipitating
alkaline agent like NaOH, KOH, ammonia solution, or urea [26, 92] to increase the
pH. Amorphous intermediates like hydroxides or oxyhydroxides are precipitated at
room temperature and in a subsequent step crystalized by thermal treatment to obtain
ferrites nanoparticles.

Changing experimental conditions such as the pH of the meduim, reaction time
and temperature, as well as the ionic strength of the used metal precursors, it is
likely to acquire array of particle dimensions, phases, as well as different shapes
[107, 108, 143]. Figure 12a shows the crystal structure of Mn ferrite synthesized by
coprecipitation method. One can clearly see the evolving of the XRD peaks with the
change in pH. XRD of MnFe2O4 synthesized at pH = 9.0 displays broad and low
strength peaks indicating small-scale cparticles and little crystallinity. Increasing the
pH value up to 10.5 results in sharp and more intense peaks, indicating higher crys-
tallinity and larger particle size. As expected, the surface area (BET measurements)
shown in Fig. 12b, of MnFe2O4 corresponds well with the induced size changes.
Measured surface area values were 182.82 m2 g−1 and 53.99 m2 g−1at pH 9.0 and
10.5, respectively. The observed decrease in surface area at pH 10.5 is related to
the accumulation of small particles into larger ones. The average pore diameter, as
seen from the BET measurements, increased as the pH increased and are shown in
Fig. 12c. It was also reported that saturation magnetization, Ms, of the Manganese
ferrite nanoparticles enhancedwith the increase in the pH.At the pHvalue of 10.5, the
recorded value of Ms is 41.48 emu g−1 owing to the large magnetic dipole moments
of the particles. One important disadvantage of the coprecipitation method is the
difficulties of complete separation of nucleation process from growth stages, that
eventually contribute to the wide-ranging size distribution observed. In these cases,
the resulting nano powder should be thermally annealed to enhance crystallinity and
related properties like magnetization [3, 177].

7.2 Sol Gel Method

Sol Gel is a well known preparation technique that is widely used for the preparation
of several types of materials like magnetic [16, 84, 87, 88, 139], ferroelectric [23, 66]
and thermomechanics [52], multiferroics as well as glasses [43] and catalysts [72,
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Fig. 12 a XRD patterns of MnFe2O4 synthesized by coprecipitation. b N2 adsorption–desorption
isotherms at different pH. cMagnetization ofMnFe2O4 synthesized at various pH.With permission
from RSC

164]. The emergence of sol gel process was in the year 1921, and 40 years later, in
the 1960s. It was further developed and promoted due to the need for new synthesis
techniques in the nuclear industry. Ever since flurry of research in materials science
using sol gel was reported. Fundamentals of sol–gel technique require knowledge in
the fields of physics (aspects related to fractal geometry and percolation theorem)
and chemistry (hydrolysis and condensation) and ceramics (sintering). Sol gel is a
multi-step synthetic technique that could involve a variety of precursors [65]. The
most used precursors in sol gel are the alkoxides and the metal salts. Binary metal
oxides having the formula M2Oz, where M could be Ti, Zr, Nb, Ta, Ce or Th have
been successfully synthesized using sol gel technique from the corresponding metal
alkoxides [104, 164]. Metal salts precursors are usually used in the synthesis of
complex structures like hexagonal ferrites (MFe2O4 and MFe12O19) [64, 98, 136].
Metal alkoxides are popular precursors because they react readily with water in a
reaction called hydrolysis, because the hydroxyl ion becomes attached to the metal
atom, as shown in the following reaction:

Si(OR)4 + H2O − HO − Si(OR)3 + ROH (4)
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Fig. 13 Representative diagram of the Sol Gel Process. Open access from MDPI Catalysts, 2018

Here, R represents an alkyl group and ROH is alcohol. The increase in the alkyl
chain length retards the hydrolysis of alkoxysilanes, while, increasing its degree of
branching lowered the hydrolysis rate due to the steric effect [25]. colloid is defined as
a suspension in which the dispersed phase or particles is s in the range of 1–1000 nm.
In this case gravitational forces are expected to be trivial and interaction between
particles is mainly governed by forces, such as van-der Waals and surface charges.
TAcquired inertia by scattered phase is small enough to exhibit Brownian motion.
Suchmotion ismotivated bymomentumconveyed by collisionswithmolecules in the
medium. There are two chemical processes that are commonly participating in the sol
gelmethod: hydrolysis of themetal alkoxide used as a precursor aswell as the conden-
sation of the intermediates. Both reactions, hydrolysis, and condensation, occur either
concurrently or separately. The hydrolysis reaction takes place when a proton is elim-
inated from the coordination sphere of the cation hence, promoting the possibility of
generation of the different types of intermediates like metal hydroxo-aqua (M(OH)x
(H2O)N), metal oxyhydroxide (MO(OH)N) or metal hydroxide (M(OH)N) where M
is the metal ion.

Condensation process liberates molecules such as water or alcohol and continues
to build largermetal-containingmolecules or clusters collide and link to producegiant
clusters called gel. Clusters in the sol phase are mostly tangled in but not connected
to the spanning cluster. However, with time, they get attached to the network causing
an increase in the gel stiffness. On the other hand, the bond between clusters forming
networks is responsible for the elasticity of the created solid network. Figure 13 is a
graphic diagram showing the different steps of sol gel formation.

8 Water Splitting Application

Solar water splitting is oneway to producewhat is become known as green hydrogen.
Many factors influence the performance of semiconductor materials intended to be
used for hydrogen production making it a rich topic of scientific research. Finding
materials with suitable properties like stability, efficient charge separation and trans-
portation, and showing activity in the visible light region of the solar spectrum is still a
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challenge [169]. In this context, ferrites can offer some of the above-mentioned prop-
erties and all of themhave suitable bandgap to harvest visible light (Eg ≤ 2.6 eV) [77].
The variety of transition elements that could fit in the composition and the multiple
valency states according to the metal cation used are major factors in enhancing
photocatalytic water splitting [159]. This could improve the electrical conductivity
of ferrites compared to the single-component iron oxide (γ/α Fe2O3). This improve
is primarily ascribed to the existence of various metal cations which enable elec-
trons transportation and/or establish rich redox chemistry [110]. Many inorganic
compounds were used for photocatalytic water splitting [91, 106, 117] but metal
oxides, in general, and ferrites, are considered materials of interest for water split-
ting due to stability under the different photocatalytic operation parameters and the
facile synthesis techniques used with the ability to scale up for large scale applica-
tion, unlike the organic materials. Basic properties like band position of the valence
and conduction bands compared to water splitting redox potential were investigated
and shown in Fig. 14. As shown in the figure, ferrites could be n-type, and p-type like
p-CaFe2O4. They are mostly small band gaps materials which make them harvest
photon in the visible range of the solar spectrum. Some of them have the suitable
band positions required for full water splitting redox reactions i.e., the simultaneous
generation of hydrogen and oxygen. However, and despite the many advantages,
their photocatalytic performance is poor in comparison to other well-established
semiconductors like TiO2 and BiVO4. The energy required for complete water split-
ting is 1.23 eV and this energy as well as the energy necessary to overwhelm the
kinetic barrier of the reaction should be provided by a light absorber. Even though
position of both CB and VB in some ferrites is suitable for full water splitting, it
does not happen in practice. There are other factors that could be responsible for
the inferior performance of ferrites like their indirect bandgap features, weak charge
carrier dynamics, short diffusion lengths and short lived charges [130]. As far as we
know, there are no reports of full water splitting achieved using ferrites alone in a
photocatalytic process. And while bias free photocatalytic water splitting remains
a significant challenge, a lot of advancement has been made, especially in the last
decad, in electrically biased photoelectrodes. Formation of heterojunction and/or
solid solution is another method used to achieve complete water splitting. Another
adopted technique is the usage of a hole/electron scavenger that enables half-cycle
water splitting i.e. production of either O2 or H2 [47, 117]. The usage of ferrites in
photocatalytic water splitting, along with any other material, is commonly achieved
by three different methods depending on their role in the photocatalytic process: they
could be photo-cathodes, photo-anodes, or aqueous suspensions.

8.1 The Effect of Cocatalyst

There are two primary processes involved in any photocatalytic process: charge
carrier separation and catalytic redox reactions on the surface. And to enhance these
two processes to boost the photocatalytic water splitting performance of ferrites,
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Fig. 14 Band positions of some ferrites with respect to NHE. With permission from SPIE [159]

coupling with cocatalyst seems to be a successful way to enhance charge sepa-
ration [76]. Platinum (Pt) as a cocatalyst has been broadly examined and proven
to be an effective cocatalyst for hydrogen evolution reaction, HER. platinum (Pt)
works as a trap for electrons promoted to the surface after light irradiation thereby
minimizing electrons and holes recombination, consequently enhancing the photo-
catalytic performance [73]. Platinum was added to magnetite, Fe3O4, nanoparticles
from platinum salt source like chloroplatinic acid and was deposited on the ferrite
surface during a photo chemical reaction. It was reported that hydrogen amount
intensely increased by Pt addition a yield of 8275 μmol h−1 g−1 compared to a
yield of 458 μmol h−1 g−1 without Pt addition. The optimum amount of platinum
producing the largest amount of H2 was 0.095 mg. An increased amount of metal
particles on the surface of a photocatalyst could potentially reduce the absorption of
photons. Moreover, cocatalyst may function as a recombination center for the photo-
generated charge carriers, thus, lowering photocatalytic performance [138]. Similar
behavior was observed for bismuth ferrite, BiFeO3, BFO, but for oxygen evolution
reaction, OER, and the usage of IrO2 as cocatalyst [142]. OER is somehow difficult,
the creation of a single molecule of oxygen involves 4holes as indicated in Eq. 7
[118]. OER occurs on a time scale approximately 5 orders of magnitude slower than
H2 evolution.

2H2O(l) + 4h+ → O2(g) + 4H+
aq (7)

IrO2 is one of the most active O2-evolution catalysts and is located on top of the
volcanic catalyst diagram shown in Fig. 15a. Other oxides like NiO, RhO2, RuO2,
and Co3O4 are also at the apex of the volcanic graph [22] and some of them are
more abundant and affordable in terms of their cost compared to IrO2. However,
IrO2 has an important advantage over the other cocatalysts, it shows good stability
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against corrosive environment which make IrO2 more favorable in different reaction
mediums [17]. The capability of a catalyst to achieve either water oxidation or reduc-
tion depends on the CB and VB position, as mentioned earlier in this chapter, which
could be constructed using Mott Schottky measurements. In the case of bismuth
ferrite, BFO, the CB and the VB lie at −0.46 V and 2.69 V, respectively, against
NHE (Fig. 15b). It clearly shows that the bottom of the CB is more positive than the
reduction potential of the proton (H+) to produce molecular hydrogen. But the top
of the VB in BFO is also more positive than the oxidation potential of H2O hence, it
is anticipated that BFO is capable of only water oxidation (Fig. 15b). An important
and facile technique to load cocatalyst oxides outside the surface of the catalyst is
the impregnation method [74] in which Ir precursor in water was evaporated in a
water bath, then calcined at 260 °C. In Fig. 16c, the photocatalytic oxygen evolved
at different IrO2 content is shown. Many considerations can impact the ability of
OER cocatalyst activity as the type of cocatalyst and the loading amount of both
the catalyst and the cocatalyst in the reaction medium. there is a bell shape type
of dependance relating the amount of a cocatalyst and photo catalytic performance.
Figure 15d shows the OER dependance on the loading amount of IrO2 cocatalyst on
surface of BFO, OER reaches an optimum value at 2wt % IrO2 content. The small-
scale of the cocatalyst particles makes it difficult for charge carriers to interact via
recombination in the bulk of such small-scale particles. It worthmentioning here, that
additional increase in the IrO2 loading caused a reduction in the OER activity. The
reduction might be related to many possibilities. The high-level of loading is likely
to cover up the surface active sites on the BiFeO3 surface preventing its interaction
with the sacrificial agent and/or water. On the other hand, a high level of cocatalyst
loading could reduce or at worst prevent light absorption, afterwards lower the photo-
generated holes inside the BFO. One other key component influences the cocatalyst
effectiveness is the cocatalyst dimension such that at greater IrO2 loading content,
cocatalyst accumulate forming separate islands on the surface of the catalyst, thus
wasting the benefit of the nano length scale and the large surface area.

8.2 Ferrites Based Heterojunction

Constructing semiconducting heterojunctions was always an effective way to
promote charge carriers separation. Ferrites show exciting photocatalytic and photo
electrochemical properties towards water splitting application. Magnesuim ferrite,
MgFe2O4, and zinc ferrite, ZnFe2O4, have demonstrated ability for water oxidation
reactions upon formation of CoFe2O3/MgFe2O4 and α-Fe2O3/ZnFe2O4 heterojunc-
tions [70, 85, 86]. In such heterojunctions, the photoinduced holes are moved from
the VB of semiconductors like CoFe2O3, and α-Fe2O3 to the VB of the ferrites
owing to the more negative VB location of the ferrites, this in turn will lead to effi-
cient charge carrier separation. In the same context, the semiconductor, graphitic
carbon nitride (g-C3N4) which has narrow band gap of the order of 2.7 eV and shows
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Fig. 15 a Volcano plots for the photocatalytic Oxygen Evolution Reaction (OER.With permission
from RSC (Fabbri et al. 2014). b Graphic diagram showing the CB and VB in bismuth ferrite.
c Photocatalytic OER at various IrO2 cocatalyst on BFO under solar irradiation. d Relation of
photocatalytic oxygen evolution of BFO/IrO2 on the content of IrO2.With permission fromElsevier
publisher [142]

Fig. 16 a Histogram showing photocatalytic H2 generation of graphitic carbon nitide loaded with
1 wt.% Pt cocatalyst and/or MgFe2O4. b Proposed structure of the photocatalytic H2 generation
over Pt and g-C3N4/MgFe2O4 Heterojunction with permission from ACS publisher [34]



Synthesis of Magnetic Ferrite and TiO2-Based Nanomaterials … 319

suitable band positions, versus NHE. such properties making it a favorable mate-
rial to produce both H2 and O2. However, both g-C3-N4 and MgFe2O4 show poor
responses toward photocatalytic H2 production (Fig. 16a). Chen and coworker [31]
used a heterojunction ofMgFe2O4 ferrite and g-C3N4 and assessed their performance
for H2 production. However, the photocatalytic activity of gC3N4/MgFe2O4 is quite
poor, which could be explained by taking the band position of g-C3N4 andMgFe2O4

into consideration. The bandgaps (Eg) of g-C3N4 andMgFe2O4 were calculated from
the UV–Vis measurements and concluded to be 2.68 and 1.78 eV, respectively.

The VBmaximum location of both magnesium ferrite and graphitic carbon nitrde
are 1.79 and 2.39 eV, respectively. In the same way, the CB maximum of both
compounds are 0.01 eV, lower than fermi level, and 0.29 eV, over the fermi level,
respectively, showing difference in the CB maxima of 0.28 eV which will assist
electrons to move from the CB of g-C3N4 to the CB of MgFe2O4. On the other hand,
the difference between the VB maxima of the two compounds is 0.60 eV which will
encourage hole transport from the VB of g-C3N4 to the VB of MgFe2O4. There-
fore, formation of heterostructure and the associated change in band structures of
g-C3N4 and MgFe2O4 could initiate movement of photoinduced electrons and holes
from g-C3N4 to MgFe2O4. However, such charge allocation in the heterojunction
will promote charge carrier recombination at MgFe2O4, thus and again, weak photo-
catalytic activity of the proposed junction. The photoinduced charge carriers in the
proposed heterojunction chosed to move to the magnesium ferrite, MgFe2O4, unfor-
tunately, it was unable of photocatalytic H2 generation. Therefore, the resolve to a
good H2 catalyst like Pt to boost H2 production. The proposed mechanism in this
approach for hydrogen production over Pt loading on g-C3N4/MgFe2O4 heterojunc-
tion is shown in Fig. 16b. To establish high photocatalytic activity, photogenerated
electrons in g-C3N4 should be confined in their position meanwhile, holes continued
in transferring from g-C3N4 to MgFe2O4. By using Pt, which is a good hydrogen
catalyst, electrons could be entrapped in the g-C3N4 and could not migrate into the
ferrite, hence promote charge separation and induce efficient photocatalytic activity
towards H2 production. One can conclude that the charge transport procedures in the
Pt/g-C3N4/MgFe2O4 are quite distinct from those in g-C3N4/MgFe2O4. The photoin-
duced electrons in g-C3N4 prefer to move to the metal Pt for H2 creation instead of
being exhausted at the ferrite,MgFe2O4, in the Pt/g-C3N4/MgFe2O4. Pt as a reductive
hydrogen production catalyst is essential in this case and in many similar cases.
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9 Concluding Remarks

This chapter covered some aspects of themost used synthesis techniques for TiO2 and
ferrites nano-structures and their application in photocatalytic water splitting towards
H2 production. Choice of the synthesis procedures in addition to the precursor’s type
and the applied parameters have a great influence on the structural, electronic, and
optical characteristics of the synthesized nanoparticles. Mesoporous and nanoporous
nanoparticles also demonstrate a larger surface area and continuous particle frame-
works, offering more active sites for the adsorption of molecules, and facilitating
the electron transfer within the material. In photocatalytic water-splitting, the photo-
generated charge carriers can rapidly recombine unless controlled. In this regard,
synthesis techniques including the tuning of crystal structure, defects states under
inert atmosphere, dopants, and electronic structure can influence the H2 production.
Synthesis and application are two synchronized processes in these two materials as
well other most systems. Meanwhile, TiO2 is a well-established photocatalyst with
good photocatalytic water splitting, ferrites in its pure form, and despite the many
advantages they can offer, have poor photocatalytic performance, and can perform
better with the application of biased voltage, formation of heterojunction with other
semiconductors to adjust bands position and/or the attachment of cocatalyst on the
surface.
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Carbon and Metal Doped Polyaniline
(PANI) for Energy Storage

Abdallah Ramadan and Wegdan Ramadan

Abstract With the depletion of traditional fossil fuels, rising pollution levels and fast
growth of the global economy. New technology for energy conversion and storage,
as well as efficient, sustainable energy sources, are all urgently needed. The devel-
opment of supercapacitors (SCs) as an energy storage device has received a lot
of interest in recent years. SCs are comparable to dielectric capacitors in terms of
their high-power density, cyclic stability, and discharge rate. In addition, a high
energy density that is comparable to batteries. In this chapter, polyaniline (PANI)
based materials for electrochemical supercapacitor (ESs) electrodes are thoroughly
reviewed. Pure PANI electrodes have low cycle life, low power density, and poor
mechanical stability resulting from the swelling and shrinkage during the charging
and discharging processes. Nevertheless, the development of nanocomposite of PANI
with carbon materials or metal compounds could overcome the drawbacks of pure
PANI and achieve higher electrochemical performance. Capacitance, energy, power,
cycle performance, and rate capability have all been used to evaluate the performance
of nanocomposites.

Graphical Abstract See Scheme 1.

Keywords Energy storage · Supercapacitors · PANI · Electrochemical
double-layer capacitors · Pseudocapacitors

1 Introduction

Due to the depletion and shortage of non-renewable fossil fuels-based energy sources,
a serious challenge in the current century is the energy crisis [26]. Additionally, the
environment, people, and human activities are negatively impacted by the growing
emissions of pollutants from nonrenewable energy (oil, gas, and coal). According to
the Environmental Protection Agency (EPA), Carbon dioxide (CO2) makes up 82%
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Scheme 1 Electrode materials of supercapacitor with advantages and disadvantages [35]

of emissions that are classified as greenhouse gases, followed by methane (CH4),
9%, nitrates (NOx), 6%, and fluorinated gases (perfluorocarbons, hydrofluorocar-
bons, and sulfur hexafluoride), which make up 3%. Climate change consequences
have been made worse by greenhouse gas emissions. These outcomes have pushed
research efforts towards the creation of renewable energy sources. Energy storage
devices are necessary when harvesting energy from renewable sources like photo-
voltaic panels or wind farms because the captured energy (such as wind or solar
energy) is not always available. For example, the sun doesn’t shine every day and
night, and the wind doesn’t always blow when we need it to. Consequently, one of
the key problems that will improve the use of sustainable energies in the future is
energy storage, particularly electrical energy storage. Among various energy storage
technologies, lithium-ion batteries (LIBs) and supercapacitors hold great promise in
broad applications such as portable electronics, smart grids and electrical vehicles
[6]. Since the Sony Company first began selling LIBs in 1991, this type of secondary
battery has become increasingly common in people’s daily lives. Because LIBs have
a high energy density of 150–200Wh/kg, theymay store electrical energy in portable
devices. With a power density at least two orders of magnitude lower than that of
fossil fuels, LIBs are very difficult to compare with them. Because of this, a signifi-
cant number of LIBs are required to replace fuels, which sharply increases the mass
of products. Different electrical energy storage devices and conversion technologies
(Fig. 1) can be identified bymany parameters, including energy storage mechanisms,
charging and discharging processes, energy, and power densities, which define their
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Fig. 1 Ragone plot for various electrical energy storage devices (figure used by permission of AIP
Publishing) [1]

uses. Because of their slow discharge process, batteries may be employed for long-
term and steady energy storage density. On the other hand, Capacitors can be used
in applications that demand quick energy transmission due to their fast charging and
discharging capabilities. Between traditional capacitors and batteries, supercapac-
itors, also known as ultracapacitors or electrochemical capacitors ESs, are a new
energy storage technology. Due to its many advantages over lithium-ion batteries,
such as quick charging and discharging, enormous power density, wide working
temperature ranges, and extended service life cycles, supercapacitors have gained
increased attention in recent years. As a result, ESs have been found to be readily
applicable in a wide variety of important applications such as hybrid and electrical
vehicles, portable electronics, backup power supplies, aircraft, and smart grids [9].
Batteries, capacitors, and supercapacitors are compared in Table 1 in terms of their
characteristics and performance.

2 Fundamentals of Supercapacitors

A basic supercapacitor consists of two plates (current collector) coated with porous
materials and separated by a porous separator soaked in an electrolyte. Each compo-
nent plays an important part in determining a supercapacitor’s overall performance.
The supercapacitor electrode materials are deposited on conductive substrates called
current collectors, it allows electrons to travel in the direction of the electrode’s
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Table 1 Comparison of conventional capacitor, supercapacitor and battery (table used by permis-
sion of Elsevier) [63]

Parameters Conventional capacitor Supercapacitor Battery

Time of charge 10–6–10–3 s Sec to min 0.03–3 h

Time of discharge 10–6–10–3 s Sec to min 1–5 h

Energy density (Wh/kg) <0.1 Up to 1091 Up to 1,606

Power density (W/kg) >10,000 Up to 196,000 <1000

Cycle life >500,000 >100,000 500–2000

Charge/discharge efficiency ~1.0 0.9–0.99 0.7–0.85

thickness instead of along the electrode’s length vastly reducing the charge trans-
port distance [86]. The porous separator allows charge transfer, and the electrolyte
interacts with both electrodes. Because they determine the performance of superca-
pacitors, particularly the energy/power densities and life cycles of a supercapacitor,
electrolytes (salt and solvent) used in supercapacitor cells are as important as the elec-
trodematerials. The electrolytes also influence the series resistance and the operating
voltage of the cell. Finally, the electrode material is the most important component
to achieve significant improvements in supercapacitor performance. Below is a list
of the characteristics an electrode material must possess.

• To create electrochemical double-layer capacitors, a high specific surface area is
required, generally between 1000 and 2000 m2g−1.

• Controlled distribution of pore size.
• Reversible redox reactions to prevent stability loss.
• Electrochemical stability beyond the limit of electrolyte decomposition.
• Surface wettability of the electrolyte.

3 Types of Supercapacitors

Based on the mechanism of charge and discharge process, there are two main types
of supercapacitors as shown in Fig. 2 namely: non-Faradic, electrochemical double-
layer capacitors (EDLCs) and pseudocapacitors (or redox-based electrochemical
capacitors, Faradic). However, there is a hybrid type that combines the mechanism
of both types mentioned above, hybrid electrochemical capacitors.

3.1 Electrochemical Double Layer Capacitors

The EDLC supercapacitor type is the first family of supercapacitors that employ
porous carbon-based materials with a large specific surface area as the electrode
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Fig. 2 Different types of supercapacitor electrodes (figure used by permission of Elsevier) [23]

material. To be more specific, the charging-discharging of an EDLC is by the accu-
mulating of electrolyte ions onto the surface of a porous electrode by polarization.
The solvated ions flow towards the two carbon electrodeswhenDCvoltage is applied,
passing across the separator to create an electric double-layer that stores the electric
charges as seen in Fig. 3. The two parallel charge layers that surround the plate are
referred to as the double layer.

Fig. 3 Charged and discharged mechanism of an electric double layer capacitor (figure used by
permission of Elsevier) [41]
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The principle of EDLCs is like that in conventional capacitor, however EDLCs
show high capacitance due to their maximum effective surface area and very small
charge separation distances [63]. EDLCs exhibit excellent cycling stability due to the
absence of chemical or composition changes associated with non-faradaic process
and electrostatic charge transfer in this device is completely reversible. In EDLCs, the
capacitance is related to the accumulation and separation of net electrostatic charge
at the electrolyte– electrode interface. In this case, the net negative charges (mainly
electrons) are accumulated at the surface of the electrode, while positive charges with
an equal number (mainly cations) are accumulated near surface of the electrode facing
the electrolyte solution, forming electric double-layers. Therefore, the level of the
capacitance is thus determined by surface characteristics of the electrode materials.
However, there is always a limitation in the magnitude of capacitance.

3.2 Electrochemical Pseudocapacitors

Unlike EDLCs, some electrochemically active materials called pseudocapacitive
materials could present much higher capacitance. Pseudocapacitive materials are the
second type of materials used in supercapacitors where the charging-discharging
of pseudocapacitors happens at the electrode surface or close to it through fast and
reversible redox reactions between electrolyte ions and electroactive species [34]. The
common materials that exhibit pseudocapacitive behavior are conducting polymers
and transition metal oxides/hydroxides [77]. The redox process can be described as:

OX + ne− ⇐⇒ Rd (1)

where OX and Rd are the oxidant and the reductant which are insoluble in the elec-
trolyte solution, n is the number of transferred electrons (e−) in the redox reaction.
Due to the redox reactions, the change in quantity of the produced charge (�q)
is a continuous function of the change in applied potential (�V), while the ratio
�q/�V is defined as the pseudocapacitance. On the one hand, pseudocapacitance
materials such as conducting polymers and metal oxides can remarkably enhance
the capacitance and energy stored of supercapacitors. On the other hand, because
to the inadequate reversibility of the redox reaction, which affects the shape of the
electrode, it displays limited mechanical stability and a short cycle life [61]. The
comparison between two types of supercapacitors are summarized in Table 2.

3.3 Hybrid Electrochemical Capacitors

The hybrid type supercapacitors are an energy storage device which exploits the
advantages of EDLC and the pseudocapacitors using composites or two asymmetric
electrodes. The high power density of the EDLC and higher capacitance and energy
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Table 2 Comparison between electrical double layer capacitor and pseudocapacitor

Electric double layer
capacitor

Pseudocapacitor

Storage mechanism Electrostatic adsorption
(non-faradaic process)

Redox reactions on electrodes
(faradaic process)

Capacitance Capacitance remains constant Capacitance changes with voltage

Energy density Low High

Power High power due to good
diffusion

Low Power due to kinetic
limitations

Diffusion resistance Low High

Reversibility High reversibility Moderate reversibility

Cycle life Good cyclability Moderate cyclability

Potential window Narrow (1–3 V) Large (1–5 V)

density of the pseudocapacitors is combined to form a devicewith better performance
[47]. A single electrode in a hybrid configuration system that combines carbon-
basedmaterials with conducting polymers ormetal oxides provides the advantages of
both physical and chemical charge storage mechanisms. Asymmetric supercapacitor
denotes to the combination of two separate electrode materials that use two distinct
storage mechanisms. Ideally, a pseudocapacitive material electrode provides high
energy density while the EDLC material electrode furnishes the system with high
power capability [71].

4 Electrochemical Evaluation

The electrochemical assessment is based on their specific capacitance and capacity, as
well as their energy and power densities. Different approaches, including as cyclic
voltammetry (CV), and galvanometric charge discharge technique (GCD) can be
used to calculate the above-mentioned parameters. These parameters are measured
using techniques such as three electrode and two electrode configurations.

Because it is simple to determine the cycle life, CVhas emerged as a key technique
for assessing the performance of SCs. Additionally, the information on the impacts of
internal resistance and the ensuing dissipative losses may be discovered by analyzing
the shapes of the voltammograms as a function of scan rate s. The form of the cyclic
voltammogram for EDLCs should resemble a rectangle, confirming no chemical
reaction as in Fig. 4a, the rectangular shape is distorted with reversible oxidation
and reduction peaks for the pseudocapacitive material, indicating a Faradaic redox
process, as shown in Fig. 4b. CV data can be utilized to determine the specific
capacitance Cs of an electrode material by calculating the area enclosed in cyclic
voltammogram

∫
I(V ) ∗ dV using the following formula [60]:
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Fig. 4 Cyclic voltammograms of a EDL capacitor and b pseudo-capacitor (figure used by
permission of Elsevier) [66]

Cs =
∫
I(V ) ∗ dV

2m ∗ s ∗ �V
(2)

wherem (g) is the mass loading of active material, �V (V) is the potential window,
and s (mV/s) is the scan rate

The galvanostatic charge and discharge method is a more precise approach than
the CV method for determining the specific capacitance of active materials. The
working electrode is exposed to positive and negative continuous currents that charge
and discharge the electrode within a predetermined voltage range while timing the
process. Figure 5 displays a typical GCD curve that plots the voltage as a function
of time. The specific capacitance Cs by F/g related to the discharge current density
(I) by A/g through the relation [61, 73].

Fig. 5 GCD curves of a EDL capacitor and b pseudo-capacitor
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Cs = I ∗ t di s
m ∗ �V

(3)

where t di s (s) is the time of discharge and �V (V) is the working potential.
The characteristics of the active material are determined by the type of the GCD

profiles, much like with the CV curves. Due to their consistent charge distribu-
tions during the charge–discharge process, an ideal EDLC profile has a linear GCD
(Fig. 5a). The oxidation and reduction processes that occur throughout the charge–
discharge process cause the pseudo-/Faradaic supercapacitors to have a non-linear
GCD profile (Fig. 5b). To learn more about a supercapacitor electrode’s electro-
chemical performance, the GCDmeasurement is required. It is used to do additional
calculations about electrochemical characteristics including energy, power densi-
ties, and capacitance retention. The energy density (E) and power density (P) can be
calculated using the following equations [91]:

E(Wh/K g) = 1

2
∗ Cs ∗ V 2 ∗ 1000

3600
(4)

P(W/K g) = E
tdi s

∗ 3600 (5)

where Cs (F/g) is the specific capacitance, V (V) is the potential window and t di s (s)
is the discharge time corresponding to Cs calculated from GCD curve.

5 Polyaniline PANI

The most studied conducting polymer among the family of conducing polymers
is polyaniline (PANI) due to its interesting characteristics such as ease of synthesis,
doping, dedoping, low cost, mechanical flexibility, chemical properties, and environ-
mental compatibility. There are numerous ways to synthesize polyaniline, including
chemical and electrochemical polymerization. Using chemical polymerization as
an example, aniline monomer is placed in an aqueous acid solution and chemical
oxidants such as ammonium persulfate or ferric chloride. The polyaniline precipi-
tates out of the chemical reaction solution. When preparing PANI nanocomposites,
chemical synthesis of polyaniline provides much greater flexibility for managing
the nucleation and growth mechanisms throughout the polymerization process [14].
While electrochemical polymerization is typically performed in a three-electrode
electrochemical cell with an electrolyte that supports the electrochemical reaction
and dissolves the aniline monomer. The monomers oxidized by repeating cycles
between a potential window where the oxidation takes place and the polymer will
then be electrodeposited directly onto the substrate which is a worthwhile advantage
for the fabrication of binder-free supercapacitors [53].
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5.1 PANI-Based Materials for Pseudocapacitors

Morphology is one of the primary factors affecting PANI’s supercapacitive behavior.
Varying the PANI morphology during the preparation can lead to better performance
of supercapacitor [14]. Guan and coworkers [21] reported that adding a small amount
of para-phenylenediamine (PPD) as additive during the polymerization of aniline can
lead to the formation of longer, less entangled PANI nanofibers, which significantly
enhances the electrochemical performance of PANI. Even in two electrode cells
where the electroactive material is not immersed in the electrolyte to expand the
electrode/electrolyte contact, the function of PANI morphology is crucially impor-
tant. Also, changing the chemical polymerization temperature can produce different
morphologies of PANI which could provide different cyclability. Porous PANI can
also considerably enhance the performance of supercapacitor due to increasing the
electrochemically accessible surface area. Sharma and coworkers [64] synthesized
a nanoporous hypercrosslinked PANI with a SBET of 1059 m2/g which could deliver
a specific capacitance of 410 F/g with outstanding cycling stability with 100% of
the capacity retention after 1000 cycles. The electrochemical performance based on
different morphologies of PANI reported in the literature are listed in Table 3.

The type of the dopant ions, electrolyte, pH of the solution, the substrate, and
the deposition conditions all have an impact on the electrochemical and mechanical
characteristics of the PANI supercapacitor electrode, which in turn has an impact
on the capacitance of the PANI electrode [18]. The main drawbacks of PANI are
the poor mechanical stability and solubility. As a result of repeated redox reac-
tions, PANI suffer several physical/chemical changes, including swelling, shrinking,
cracking or breaking, which over time reduces the material’s performance. There-
fore, the synthesis of composite materials may be a promising choice to improve the
mechanical performance of PANI.

6 PANI/Carbon Based Material Composites

The aim of developing composite material electrodes is to incorporate the desirable
characteristics of the various materials into a single electrode in order to improve
stability and capacitance. Additionally, asymmetric type supercapacitors employ
nanocomposite electrodes to boost operating voltage to enhance energy density. The
electrodes in the PANI-carbon composites have not only efficient pseudocapacitive
reactions due to synergistic effects, but also better rate capability due to the substrate’s
high conductivity and super cycle stability due to the excellent mechanical properties
of the supporting carbonmaterials. Due to synergistic effects, the electrodes in PANI-
carbon composites not only have effective pseudocapacitive reactions but also better
rate capability and super cycle stability due to the substrate’s high conductivity and
the superior mechanical properties of the supporting carbon materials, respectively
[45].
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Table 3 Capacitance performance of different morphologies of PANI

PANI
morphology

Electrolyte Current
collector

Specific
capacitance

Capacitance
retention

Refs.

Nanoporous
PANI

1 M H2SO4 Carbon paper 350 F/g at 1
A/g

99% after 500
cycles at 40 A/g

[17]

PANI
nanowires

1 M H2SO4 Stainless steel 742 F/g at 23
A/g

92% after 1500
at 3 mA/cm2

[22]

PANI
Nanofibers

1 M H2SO4 Stainless steel
mesh

548 F/g at
0.18 A/g

75% after 1000
cycles at 1 A/g

[21]

Nanofibrous
PANI

1 M H2SO4 Stainless steel 839 F/g at
10 mV/s

90.71% after
1000 cycles at
20 mV/s

[10]

Nanofibrous
PANI

1 M H2SO4 Stainless steel 861 F/g at
10 mV/s

82% after 2000
cycles at
100 mV/s

[11]

Nanowire
arrays

1 M HClO4 Au plate 950 F/g at 1
A/g

88% after 500
cycles at 20 A/g

[72]

PANI
nanowhiskers

1 M H2SO4 Wafer 470 F/g at 1
A/g

90.4% after
1000 cycles at 1
A/g

[81]

PANI nanobelts 1 M H2SO4 Ti sheet 873 F/g at
10 mV/s

96.5% after
1000 cycles at
10 mV/s

[37]

PANI
nanotubes

1 M H2SO4 Glassy carbon 714 F/g at
0.5 mA

85% after 500
cycles at 1 mA

[65]

PANI
nanospheres

1 M H2SO4 Graphitized
carbon paper

345 F/g at 1
A/g

58% after 5000
cycles at 10 A/g

[8]

PANI
nanosheets

1 M H2SO4 Glassy carbon 272 F/g at 1
A/g

50% after 1500
cycles at 3 A/g

[49]

PANI
nanolayers

1 M H2SO4 ITO nanowires 738 F/g at 4
A/g

100% after 700
cycles at 4 A/g

[67]

PANI
nanogranules

0.1 M H2SO4 Carbon paper 500 F/g at 1.5
A/g

80% after 5000
cycles at 1.5 A/g

[40]

PANI nanorods 1 M H2SO4 – 297 F/g at 1
A/g

65% after 1300
cycles at
100 mV/s

[74]

PANI
nanofibers

1 M H2SO4 Stainless steel
mesh

252 F/g at 0.5
A/g

76% after 1000
cycles at 2 A/g

[27]

6.1 PANI/Activated Carbon

Activated carbons ACs are one of the cheapest materials which generated by either
physical or chemical activations of natural precursors (e.g. wood, coal, nutshell, etc.)
[89] The specific capacitance values of supercapacitor electrode based on activated
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carbon are typically between 100 and 300 F/g in both aqueous and organic elec-
trolyte operating in potential windows between 1 and 3 V. The main drawback of
ACs for supercapacitor application is the wide distribution of pore size, including
micropores (<2 nm), mesopores (2–50 nm) and macropores (>50 nm) [56]. Since
not all these pores are efficient for supercapacitor energy storage, Micropores with
a diameter around 1 nm are not accessible to most of the organic electrolyte ions.
These unnecessary micropores not only increase the volume that not contributing
to the charge storage, but also hinder the electrical conductivity, limit their energy
density (5–8 Wh/kg) and power density [88]. To solve this issue, nanocomposite
of PANI and ACs have been investigated to enhance electrochemical performance.
PANI nanorods uniformly polymerized onto the cellulous-derived highly porous acti-
vated carbons (C-ACs) framework by a chemical polymerization process have been
investigated as a supercapacitor electrode material by Zhang and coworkers [93].
Due to their great electron conductivity, rapid ion transit, quick and stable surface
redox reactions, PANI/C-AC composites with a 3D and hierarchically porous struc-
ture were able to achieve good capacitive performance. The PANI/C-AC composites
displayed a specific capacitance of 765 F/g at a current density of 1 A/g, a specific
power of 14 kW/kg, and a specific energy of 22.3 Wh/kg at a scan rate of 10 mV/s.
Additionally, PANI/C-ACs composites shown outstanding cycling stability with
91% capacitance retention after 5000 cycles in a symmetric two-electrode system,
in contrast to PANI electrodes, which display 82% capacitance retention. Further-
more, PANI/C-ACs have a higher rate capability because the 3D C-ACs skeletons
provide enough mechanical support to avoid PANI volumetric changes during the
charge/discharge process. As a result, PANI/C-ACs are potential electrode materials
for high-performance SCs.

Toovercome the lowconductivity andhydrophobicity ofACs, nitrogendopedACs
been investigated for the purpose of increasing specific capacitance. The purpose of
nitrogen doping is to increase pseudo-capacitance as a result of the redox reaction
that occurs in the nitrogen-contained functional groups. Furthermore, the functional
groups improve the electrode’s wettability, resulting in an increase in capacity.

Yu and coworkers [88] developed hierarchical nitrogen-doped porous carbon
(HPC)/polyaniline (PANI) using wheat flour as carbon precursor, as shown in Fig. 6.
The PANI nanowire arrays were well-ordered on both the interior and external
surfaces of the hierarchical porous HPC, facilitates the electrolyte ion into the whole
electrode and ensures the highly efficient charge storage, resulting in a high specific
capacitance of 1080 F/g. The 3D interconnected honey-comb-like porous structure
with nitrogen doping can further increase the electrode’s surface wettability and
provide mechanical support for PANI nanowires.

6.2 PANI/Carbon Nanotubes

Carbonnanotubes (CNTs) have gained popularity as promisingmaterials in an energy
storage device as a result of their unique properties. These properties such as large
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Fig. 6 Schematic illustration for the preparation of hierarchical nitrogen-doped porous carbon
HPC/PANI composites (figure used by permission of John Wiley and Sons) [88]

surface area (SBET = 1600 m2 g−1), different spaces for storage the electrolyte ions
based on their structure, light weight, high electrical conductivity (=105 S cm−1) and
mechanical properties [63]. SWCNT, MWCNT, and functionalized CNT are exam-
ples of CNT layers that may be used to achieve different characteristics in superca-
pacitors. Surface functionalization of hydrophilic groups increased the wettability
of CNTs in solvents [75]. In recent years, PANI/CNT composites have received
a lot of interest in the field of energy storage based on the PANI or CNTs alone.
CNT facilities the electrolyte ions to diffuse into the PANI/CNT nanocomposite
electrode materials and can also improve the cycle stability of the composite during
charging/discharging. Furthermore, the greater mechanical strength of PANI/CNTs
electrodes allows us to construct lightweight, flexible, and foldable supercapaci-
tors with thinner separators, eliminating the need for a binder or heavy metal foil
current collectors [45]. To enhance capacitive performance, smaller size of CNT
arrays with hierarchically porous structures should be aligned, for example, Zhang
and coworkers [90] prepared core–shell structured PANI/CNTs arrays composite
Using an electrodeposition approach. PANI/CNTs electrodematerial showed specific
capacitances as high as 1030 F/g, excellent rate capability (95% capacity retention
at 118 A/g) and great stability (5.5% capacity loss after 5000 cycles).

A plasma polymerization method was developed by Hussain and coworkers [29]
to synthesize a PANI/CNT composite that is green, simple, fast, oxidizers and binder
free. It produces a pinhole-free ultra-thin filmwith controlled thickness. Lowpressure
plasma accelerated chemical vapour deposition of PANI on CNT ensures a regular
morphology of PANI in contrast to simple electrochemical deposition, which results
in random morphology and narrows the conducting pathways. Vertically aligned
CNTs and PANI/CNT electrodes have specific capacitances of 12 F/g and 1225
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F/g at 5 mV/s, respectively. In a three-electrode system, the PANI/CNT electrodes
demonstrated high cycling stability (65% at 15 A/g after 5800 cycles).

6.3 PANI/Carbon Fiber

Carbon nanofibers (CNFs) are an excellent alternative to CNTs for energy storage
devices due to their superior mechanical, electrical, and thermal conductivity prop-
erties. Furthermore, they are less expensive, and are simpler to manufacture. There
is a lot of interest in developing PANI-CNF composite with superior supercapacitor
performance since PANI materials have high specific capacitance and CNFs have a
long cycle life. CNFs not only offer shorter electron pathways [45] but also allow
ions to enter the fiber from directions perpendicular to its longitudinal axis, which
makes them ideal for CNF-based supercapacitors.

Yanilmaz and coworkers [84] used the sol–gel and electrospinning methods to
fabricate binder-free flexible PANI/carbon nanofiber electrodes. The hybrid electrode
outperformed an individual carbon nanofiber electrode in terms of specific capaci-
tance (234 F/g) and cycling stability (90% after 1000 cycles). In addition, it has a high
energy density of 32Wh/kg at a power density of 500W/kg. The remarkable pseudo-
capacitive characteristics of the PANI coating on the carbon nanofiber are responsible
for the high performance. The possible reason for poor rate capability of PANI/CNF
nanocomposites was the high internal resistance of CNFs carbonized below 1000 °C
[45], which led to a negative effect on electron transport and decrease the capaci-
tive behavior of the nanocomposite. The electrical conductivity and hydrophilicity
of CNFs should be considered in order to increase the rate capability, graphitized
electrospun carbon fibers GECF which carbonized at 2200 °C were immersed in
concentrated sulfuric acid for a short time [98]. Then Hou and coworkers [25] used
in situ polymerization to grow long, ordered and needle-like PANI nanowires on
GECF surface. 3D flexible composite of PANI/GECF electrodes without using any
binders and conductive additives presented a high specific capacitance of 976.5 F/g
at 0.4 A/g, an energy density approached 86.8 Wh/kg, and a capacitance retention
ratio of 89.2% after 1000 cycles at 10 A/g. Furthermore, at a high current density of
50 A/g, PANI/GECF electrodes kept a specific capacitance of about 500 F/g and a
coulombic efficiency of 95%.

To achieve the best possible supercapacitive performance and to push the energy
density of supercapacitor electrode to a new limit; the activematerial, electrolyte, and
substrate must all be engineered to operate together in a supercapacitor. Hashemi and
coworkers [24] fabricated tubular form with rectangular pores of PANI as an active
material on chemically functionalized carbon cloth FCC as a substrate as shown in
Fig. 7a–b. Then, they added 1,4-napthoquinone (NQ) to the electrolyte as a redox
additive,which not only offers pseudo- capacitance through direct redox processes on
the electrode surface, but also forms the basis for a regeneration pathway to long-term
usage of electrode active materials. After that, asymmetric configuration device used
electrolyte of an acidic polymer hydrogel containing the redox additive and made
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up of two electrodes PANI/FCC as the positive electrode and negative electrode of
AC-FCC as shown in Fig. 7a. In the presence of NQ and at current density of 1.4 A/g,
this device exhibited an outstanding specific capacitance of roughly 4007 F/g, which
is more than 14.5 times greater than whenNQwasn’t present. (Fig. 7c). Furthermore,
the device shows extremely high energy density of 1091 Wh/kg, high-power density
up to 196 kW/kg, and 84% cycling stability under 35A/g current density during 7000
cycles Fig. 7d–e. A clock, a red LED, and a rotor were all successfully operated for
1 h and 17 min, 47 min, and more than 20 s, respectively, by two asymmetric devices
connected in series. (Fig. 7f).

Fig. 7 a Schematic design of (PANI-FCC) device. b Field emission scanning electron microscope
(FE-SEM) images of PANI. c estimated capacitance for an AC-FCC//PANI-FCC device from 1.4 to
105 A/g in the presence of napthoquinone NQ as a function of current density. dRagone plots for an
asymmetric device at different current densities compared to active mass normalized commercial
devices. eCyclability under 35A/g current density during 7000 cycles; and f photographs of running
a clock, lighting a red LED and turning a rotor with two asymmetric supercapacitors in series (figure
used by permission of Elsevier) [24]
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6.4 PANI/Graphene Electrode Materials

Graphene, a one-atomic thick layer of 2-D with unique morphology, was discovered
in 2004 by Novoselov and Geim [55] to be a potential electrode material. Graphene
has exceptional properties, such as [69]:

• High electrical conductivity (~200 Sm−1),
• Great thermal conductivity (5000 W m−1 K−1),
• Large surface area (> 2600 m2g−1),
• Great charge mobility (> 200,000 cm2 V−1 s−1),
• Excellent chemical and thermal stability,
• Strong Young’s modulus (1 TPa); and

Based on the advantages of PANI and graphene that mentioned previously,
PANI/graphene nanocomposites have become crucial electrodes for supercapaci-
tors due to the high mechanical stability with a wide thermal operating range and
the synergistic effects. On the one hand, homogeneous PANI coating on graphene
sheets acts as a spacer to separate nearby graphene sheets, prevent their irreversible
aggregation from occurring, and raise the usage ratio, adding more EDL capacitance
to the overall capacitance [45]. On the other hand, graphene sheets offer outstanding
chemical stability, high surface area, significant increase in electrical conductivity,
fast electron/ion transport and a wide working potential in electrochemical devices.
These advantages render it as an attractive support material to restrict the volu-
metric changes (expansion/contraction) and improve the cycle stability of PANI
[45]. Depositing a PANI on a graphene electrode without a binder by electrochem-
ical polymerization can overcome the drawbacks of poor stability and high resistance
of the powder sample. Ye and coworkers [85] synthesized an ordered PANI nanowire
array by electrochemical method on partial exfoliated graphite substrate to produce a
hierarchical nanostructure. It effectively reduced the disadvantage of “dead volume”
caused by the PANI stacking.Moreover, a pathway for the quick transport of electrons
and ions is created by the flawless bonding of the graphene nanosheets and orderly
PANI nanowire arrays. Finally, high cycle stability is ensured by the presence of
graphene, which reduces the volumetric changes of PANI. A high capacitance of 3.57
F/cm2 (607 F/g at 1 A/g) and outstanding cycling stability (80.4% after 10,000 GCD
cycles) were displayed by the ordered PANI nanowire and the graphene network [85].
Adding functional groups and vacancy defects to the graphene surface provide a great
beneficial in energy storage mechanism. By enriching the active sites of graphene,
the specific capacitance and cycling stability of PANI/graphene composites may
be greatly enhanced. Zheng and coworkers [96] developed a route for the prepa-
ration of a high electrochemical performance electrode based on three-dimensional
multi-growth site grapheneMSG/PANI nanocomposite. Active sites on the surface of
graphene nanosheets, such as oxygen functional groups and carbon vacancy defects,
were produced using chemical treatment (70% HNO3 and 30%H2O2). MSG/PANI
nanocomposites were found to have a specific capacitance of 912 F/g at 1 A/g, which
is much greater than GO/PANI without acid treatment (432 F/g), maximum specific
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energy and maximum specific power of 30Wh/kg and 3200W/kg, respectively. The
capacitance retention rate of the nanocomposite achieved 86.4% at a high current
density of 20 A/g, and after 10,000 GCD cycles at 10 A/g, it attained 89.5% cycle
stability. Tabrizi and coworkers [68] found that an acid-treated GO/PANI nanocom-
posite with a porous structure and high specific surface area revealed a maximum
capacitance of 727 F/g which attributed to acid functionalization and well-defined
PANInanoarrays onGOsheets. The symmetrical device designedbycombining these
electrodes has a maximum energy density of 40 Wh/kg and a power density of up to
15.3 kW/kg with an outstanding stability (95.7% retention after 5000 cycles). Li and
coworkers [39] used a supra-molecular in-situ assembly approach to decorate carbon
nanodots on graphene-PANI (rGO@CN/PANI). The nanocomposites reveal high
electrochemical performance with specific capacitance of 871.8 F/g at 0.2A/g and
acceptable cycling performance (72%after 10,000CVcycles at 30mV/s).Mangisetti
and coworkers [52] prepared nitrogen doped 3D porous carbon-graphene/PANI (3D
PC-g/PANI) by a simple in-situ polymerization process. They also synthesized N-
doped porous carbon/gC3N4 from bio- waste seeds to use as a negative electrode
for ASC device. The 3D porous carbon prevents graphene nanosheets from aggre-
gating and produces a 3D PC-g composite with a well-connected structure, that
provides high conductivity, quick ion and charge transport, and high surface area
(2418 m2/g). Also, more space can be provided when using 3D PC-g as a template
for PANI dispersion, which minimized the volumetric changes of PANI through
charging and discharging cycles. In 0.5 MNa2SO4 electrolyte, symmetric SC device
of 3D PC-g/PANI shows a high energy density of 117 Wh/kg and retained about
94% of initial capacitance. Also, The ASC device offered a high electrochemical
performance with energy density of 97.5 Wh/kg and cyclic stability of up to 91%
after 10,000 cycles in 0.5 M Na2SO4 as shown in Fig. 8. Table 4 lists some recent
studies on graphene/PANI composites.

Fig. 8 Ragone plot of 3D
N-doped porous
carbon-graphene/Polyaniline
nanohybrid as a function of
current densities in different
electrolytes for SSC and
ASC (figure used by
permission of Elsevier) [52]
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Table 4 Various supercapacitor electrode materials based on graphene and PANI nanocomposites

Nanocomposite Electrolyte Substrate Specific
capacitance

Capacitance
retention

Refs.

Graphene/PANI
layers/PANI nanorods

1 M H2SO4 Glass
carbon

578 F/g at 1
A/g

93% after
10,000 cycles
at 2 A/g

[38]

PANI nanofibers/rGO 1 M H2SO4 Stainless
steel mesh

692 F/g at
1A/g

83.3% after
1,000 cycles
at 10 A/g

[32]

Flower-like
PANI/graphene hybrid

1 M H2SO4 Glassy
carbon

1510 F/g at 1
A/g

89% after
1,500 cycles
at 100 mV/s

[33]

Sulfonated PANI/GO 1 M H2SO4 Glassy
carbon

1107 F/g at 1
A/g

94% after
5,000 cycles
at 3.8 A/g

[2]

Phytic acid assisted
graphene/PANI

1 M H2SO4 Glassy
carbon

865.6 F/g at 1
A/g

82% after
1,000 cycles
at 5 A/g

[31]

PANI/rGO 1 M H2SO4 Pt foil 423 F/g at 0.8
A/g

75% after
1,000 cycles
at 50 mA/cm2

[76]

Graphene carbon
sphere/PANI/rGO

1 M H2SO4 Stainless
steel mesh

446 F/g at
5 mV/s

88.7% after
5,000 cycles
at 2 A/g

[43]

Holey N-doped rGO/PANI 1 M H2SO4 Slice of
carbon

746 F/g at 1
A/g

97% after
2000 cycles at
100 mV/s

[42]

3D rGO/self-suspended
PANI

1 M H2SO4 glassy
carbon

480 F/g at 1
A/g

94.16% after
10,000 cycles
at 10 A/g

[16]

N-doped graphene/PANI
hydrogels

1 M H2SO4 Stainless
steel mesh

514.3 F/g at 1
A/g

87.1% after
1,000 cycles
at 10 A/g

[99]

PANI nanorod
arrays/graphene

1 M H3PO4 Graphene
fiber

0.23 F/cm2 at
0.1 mA/cm2

86.9% after
8,000 cycles
at 0.8 mA/cm2

[78]

PANI/rGO/functionalized
carbon cloth

1 M H2SO4 Carbon
cloth

0.47 F/cm2 at
0.5 mA/cm2

75.5% after
10,000 cycles
at 0.8 mA/cm2

[13]

GO/PANI/Ni(OH)2 6 M KOH Nickel
foam

743 F/g at
1 mV/s

84.4% after
2,000 cycles
at 20 mA/cm2

[48]

Graphene/MnO2/PANI 6 M KOH Nickel
foam

1081 F/g at
1 mV/s

99% after
1,000
cycles at 3 A/g

[70]

(continued)
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Table 4 (continued)

Nanocomposite Electrolyte Substrate Specific
capacitance

Capacitance
retention

Refs.

PGO@PANI 6 M KOH Nickel
foam

603 F/g at 1
A/g

77% after
1,500 cycles
at 3 A/g

[4]

6.5 PANI/Graphene Quantum Dots Electrode Materials

The chemical interaction can introduce graphene quantum dots as a molecule dopant
into PANI chains. The graphene quantum dots GQDs did not only offer the double-
layer properties to the nanocomposites, but it also improved the charge transfer
to the surface of PANI. Malik and coworkers [54] prepared GQDs from graphene
oxide flakes, followed by synthesis GQD-PANI by the chemical oxidation method
of aniline. The synthesized GQD-PANI composites show a specific capacitance
of 1044 F/g at 1 A/g with 80.1% cyclic stability after 3000 cycles and this high
specific capacitance is attributed to higher surface areas in nanotube morphology
which provide better conductive paths for fast electron transportation. In previous
studies our group showed that the Sulfur and nitrogen co-doped GQDs has a positive
impact on the electrochemical properties of PANI. PANI/S,N:GQDs nanocomposite
exhibitedmaximum specific capacitance of 2524 F/g at 2A/gwith an excellent cyclic
stability of 100% after 1000 cycles [60].

7 PANI/Metal Compounds

Because of their potential for pseudocapacitance over a large range of potential and
excellent stability, metal compounds are interesting candidates for supercapacitors.
However, they typically have limited electrical conductivity. In recent years, the
nanocomposites of PANIwith high conductivity andmetal compounds such asMetal
oxides/hydroxide, metal sulfides, metal chlorides, and metal nitrides have all been
employed as supercapacitor electrodes to improve electrochemical performance.

Metal oxides/hydroxides (MOx) electrode materials are characterized as Faradaic
pseudocapacitive materials. In general, they offer higher energy density than carbon-
based materials and better electrochemical stability than conducting polymers for
supercapacitors [66]. The following general conditionsmust be satisfied before using
metal oxide in supercapacitors.

(i) High specific surface area.
(ii) Electrical conductivity.
(iii) Possibility of existing in two or more oxidation states across continuous range

without phase transitions; and
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Among the metal oxides, RuO2, MnO2, V2O5, cobalt oxide/hydroxide, nickel
oxide/hydroxide, etc. have been investigated as electrode materials for supercapaci-
tors applications. Due to its wide working potential window, highly reversible redox
processes, and three different oxidation states, RuO2 is the most researched metal
oxide. Additionally, RuO2 has a high specific capacitance (900 F/g), metallic conduc-
tivity, good thermal stability, and extended cycle life. However, the poor perfor-
mance at high current densities, toxicity, and high cost limit practical applications
of RuO2-based supercapacitors.

MnO2, on the other hand, has a large theoretical specific capacitance (1370 F/g),
is inexpensive, and is environmentally friendly, but its poor conductivity restricts its
applicability [3, 79] Considering these facts, constructing a MnO2/PANI composite
is a suitable way to increase the electrochemical use of MnO2 and PANI in superca-
pacitors. PANI/MnO2 composites have been synthesized electrochemically via pulse
electrodeposition by Liu and coworkers [46]. The prepared composite has rod-like
structure and MnO2 particles were uniformly distributed on PANI nanorod. MnO2

and PANI work together synergistically to produce MnO2/PANI composite with
higher specific capacitance (810 F/g) than pure PANI (662 F/g) at 0.5 A/g. Also,
after 1000 cycles, it maintained 86.3% of its original capacitance. The electrochem-
ical properties of PANI/MnO2 composite were studied extensively in recent years.
However, it suffers from poor contact between MnO2 and PANI membrane restricts
the complete interface of electrolyte andMnO2 resulting the loss in energy density. A
super bridge between the PANI membrane and the MnO2 nanostructure is required.
The MnO2/PANI composite with silver nanoparticle decoration has a higher specific
capacitance and superior conductivity. Silver nanoparticle not only facilitate the elec-
tron transfer but also reduce the internal resistance of metal oxide pseudocapacitive
materials and increase the proton diffusion throughout the electrodes [57]. Among
metal oxides, doublemetal oxides have attracted attention for electrochemical energy
storage due to their ability to create multiple oxidation states and electrical conduc-
tivity in ways that single metal oxides and carbon-based materials cannot [5]. Yu
and coworkers [87] showed that the core of NiCo2O4 nanowires has strong elec-
trical conductivity and may be used as a backbone and electron highway for charge
storage, overcoming MnO2’s low electrical conductivity. In the core–shell struc-
ture, the NiCo2O4 core was also employed to improve the structural instability of
PANI. Jabeen and coworkers [30] provided a newmethod for fabricating a core–shell
NiCo2O4/PANI nanorod arrays for high stability PANI based-electrode material for
SCs as illustrated in Fig. 9a. Highly porous conductive core NiCo2O4 not only acts
as a strain buffer support for PANI layer but also offers rapid electron transport path-
ways between PANI and current collector, resulting in small electrode polarization
and great power capability. The heterostructure achieves a high specific capacitance
of 901 F/g at 1 A/g, exceptional cycling stability of ∼91% after 3000 GCD cycles
at 10 A/g and good coulombic efficiency shown in Fig. 9b.

Transition metal molybdates, such as MnMoO4, CoMoO4, and NiMoO4, with
superior pseudocapacitive characteristics have developed as promising electrode
materials in recent years [50]. For example, Liu and coworkers [44] reported a facile
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Fig. 9 a Schematic diagram of the fabrication process for NiCo2O4@PANI nanorod arrays. b
Cycle performance of the NiCo2O4@PANI nanorod arrays electrode for 3000 successive charge–
discharge cycles at a large current density of 10 A/g and corresponding Coulombic efficiency (inset
is the typical charge–discharge curves). Reprinted with permission from [30], copyright (2016)
American Chemical Society

method for fabricatingCoMoO4-NiMoO4. xH2O bundleswith a high specific capaci-
tance but poor cycle life (only 75.1% of the initial specific capacitance remained after
1000 GCD cycles). The structural collapse of NiMoO4 during charge and discharge
operations might be prevented by PANI with high mechanical stability. As a result
of the synergistic effect between them, PANI/NiMoO4 nanocomposite exhibited
high capacitance retention of 80.7% after 2000 cycles at 5 A/g, and high specific
capacitance of 1214 F/g at 1 A/g, revealing their good electrochemical stability [15].

Tungsten oxide (WO3) has gained popularity as a viable SC electrode material in
recent years due to its large specific surface area, electrochemical stability, and envi-
ronmental friendliness [95]. However, low capacitance of WO3 limit its application
in high performance pseudocapacitor. WO3 modified with PANI has attracted a lot
of attention for enhancing specific capacitance and cycle stability due to the syner-
gistic effects of each component. Yang and coworkers [83] fabricated the inner/outer
coating structural hexagonalWO3/PANI through the hydrothermal-electrodeposition
route. The hexagonal WO3 nanowires were grown-up on the titanium Ti surface, and
the outer PANI layer decorates the innerWO3, resulting inWO3-PANI hybrid nanos-
tructures as shown in Fig. 10a. The specific capacitance (278 F/g at 1 A/g) and good
cycle stability (91.9% after 1500 cycles) of WO3/PANI electrode Fig. 10b should
be attributed to its innovative nanostructure design and the interaction between the
outer PANI layer with the inner WO3 layer. On the one hand, PANI could dramati-
cally increase the capacitance of hybrid electrodes, which is due to two factors: high
specific capacitance and excellent electrical properties. On the other hand, the free
spaces within the porous hexagonal-WO3 interior helps the volumetric expansion of
PANI during charge and discharge cycling.

Recently, Metal tungstates such as CoWO4 [7], ZnWO4 [20], MnWO4 [58],
FeWO4 [19], and CuWO4 [36] are regarded the most attractive transition-metal
oxides due to low toxicity, abundance, rich polymorphism, and stablemultifunctional
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Fig. 10 a Schematic illustration of h-WO3/PANI hybrid nanostructures. b Cycling performance
of the PANI, WO3, and WO3/PANI at a current density of 3 A/g, respectively (figure used by
permission of Elsevier) [83]

properties. CoWO4/PANI electrode exhibited high specific capacitance of 653 F/g
and outstanding cycling stability of 93.3% even after 5000 GCD cycles [59].

Supercapacitor electrode materials can also be made of other metal compounds,
such as metal sulfides, metal chlorides, and metal nitrides. They are more stable in
acidic electrolytes than metal oxides, but they lack the electrical conductivity and
electrochemical performance of metal oxides. Majhi and coworkers [51] synthesized
PANI/CoCl2 composites through in situ polymerization processwith different doping
levels of CoCl2 (10, 15 and 20wt%). The CV test revealed that the PANI–10%CoCl2
composite had a significantly higher specific capacitance value (918 F/g) than pure
PANI (382 F/g). This shows that the electrochemical performance of PANI–10%
CoCl2 is significantly influenced by the quantity of CoCl2 present in the composite.

Because of its unique structural features and larger theoretical capacitance (than
graphite 2D molybdenum disulfide MoS2 nanosheets have increasingly attracted a
lot of attention in the fields of energy storage. MoS2 monolayers are made up of
three atom layers (S-Mo-S), and their adaptability can be related to the analogous
structure of graphene, which can provide a large surface area. Unfortunately, 2D
MoS2 nanosheets are easy to agglomerate due to the strong interlayer van der Waals
forces [62], resulting in a decrease in active surface area andpoor specific capacitance.
The combination of conductive PANI with molybdenum disulfide MoS2 not only
prevents 2DMoS2 nanosheet agglomeration, but also improves PANI cycle stability,
which is beneficial to their electrochemical abilities [28]. Zhao and coworkers [94]
have created a highly conductive metallic MoS2 and PANI monolayers with unique
alternating heterostructure, which will help to enhance electron/ion transfer across
the electrodematerial while also providing great structural stability (91%capacitance
retention after 2000 cycles). Zhang and coworkers [92] investigate the MoS2/PANI
core–shell structure (Fig. 11) as a supercapacitor electrode. This pompon- shaped
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Fig. 11 Schematic illustration of the formation of MoS2/PANI core/shell microsphere (figure used
by permission of Elsevier) [92]

MoS2/PANI composites with a high specific surface area and a more mesoporous
pores presented a specific capacitance of 633 F/g with cycle stability of 86% for
1000 cycles.

Among the metal nitrides, Titanium nitrides (TiN) has an excellent candidate
as an electrode material for SCs in highly corrosive electrolytes [12] due to its
corrosion resistance, low-cost, thermal stability, mechanical properties and good
electrical conductivity [82, 97]. Xia and coworkers [80] prepared a PANI/TiN core–
shell nanowire arrays (NWAs) by electrodepositing PANI onto TiN NWAs. The TiN
NWAs core was vital in improving the electrode’s rate performance by providing a
large surface area and rapid electron transport. The PANI shell on TiN NWAs might
improve cycle stability and help to achieve excellent pseudo-capacitance perfor-
mance. The PANI/TiN core–shell NWAs electrode exhibited a very high specific
capacitance of 1064 F/g at 1A/g and kept 95% capacity retention after 200 cycles.

8 Conclusion

This chapter summarized current developments in PANI as a supercapacitor elec-
trode material, including their design, and synthesis process. Pure PANI is unable to
fulfil the rising demand due to its poor cycling stability and inefficient capacitance
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contribution. As a result, PANI must be used in conjunction with other active mate-
rials such as carbon materials and metal compounds. Due to the synergistic effect,
PANI works as a conductive layer in various PANI based composite structures,
and the resulting PANI based composites have showed improved electrochemical
performance in supercapacitors.
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Ceria-Based Nano-composites:
A Comparative Study on Their
Contributions to Important Catalytic
Processes

Kumer Saurav Keshri and Biswajit Chowdhury

Abstract CeO2 has been an important functional material due to its unique oxygen
storage capacity and ability to form Ce3+/Ce4+ redox system. The abilities of CeO2

can be further modified by forming composites with noble metals and metal oxides,
which can lead to the design of unique catalysts for different catalytic processes.
Hereby, the useofCeO2 based composites in the important gas phase, liquidphase and
photocatalytic reactions, namely—water–gas shifting, oxidation of alcohol, water
splitting, photocatalytic degradation of organic pollutants, Suzuki–Miyaura coupling
etc. have been discussed.

Keywords Catalysis · Ceria · Photocatalytic degradation · Water splitting ·
Organic pollutant

1 Introduction

1.1 Catalysis: General Overview

Catalysis is a highly demanding field of chemistry due to its direct relationwith chem-
ical productivity [1]. The term “Catalysis” was first coined by Berzelius in 1835,
after investigation of various related chemical phenomena [2]. Catalysis involves
materials known as catalysts, that can increase or decrease the rates of certain reac-
tions, without facing considerable alterations in its own structure. A society without
sufficient abundance of food, medicines, fuel or other necessary chemicals is hard to
progress. Catalysis revolutionizes the productive force of suchmaterials by providing
sustainable, cheaper and greener routes of their production. From economic point of
view, catalysts have generated products with 200–300 times of worth than their own
cost [1].
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The first use of catalysis is almost as old as the human civilization, alcohol
fermentation being one of such early examples. The first documentation and proper
research on inorganic catalysts was done by Valerius Cordus in 1575, by utilizing
sulphuric acid to convert alcohol to ether [2]. In 1817, catalytic activity was reported
by Humphry Davy, who noticed that combustion of fuel gasses by oxygen is acceler-
ated in the presence of platinum wire. The heavy industrial usage of catalysts started
from the end of the nineteenth century, influenced by the pioneering contributions
of eminent scientists like Ostwald, Nernst, Haber, Bosch and Mittasch [2].

The catalysts influence chemical reactions kinetically by reducing their kinetic
energy. An efficient catalyst can-not only provide high conversion of the substrate
material at ambient conditions, but can also improve the yield of the desired prod-
ucts by increasing their selectivity. Although in ideal cases the catalysts cannot get
consumed or get structurally altered after the ending of a reaction, in reality they
have certain limitations in such capabilities. Thus, immunity against deactivation is
also a deciding factor against the efficiency of a catalyst.

Catalysts are basically divided into two groups:

(i) Homogenous Catalysts: These are the catalysts that remain in the same phase
as the reactants in a reaction. Some advantages of this type of catalysts are: easy
accessibility of the catalytic active sites, controllable enantio-, regio- and chemo-
selectivity and easier mechanistic approach for optimization of the catalyst.
However, one of the major disadvantages of the homogenous catalysis is the
difficulty in separating the catalyst from the reaction medium [3].

(ii) Heterogenous Catalysts. The heterogenous catalysts remain in separate phase
from that of the reactants. Heterogeneous catalysts are highly utilized in
chemical industries due to easier separation and optimization techniques. The
heterogenous catalysts depend on high surface area and tunable adsorptive prop-
erties, as the catalyst surface acts as the hub for chemical reactions. Thus, the
performance of heterogenous catalysts vary as per size, shape, exposed crystal
planes, surface functionality, lattice defects etc. The activity of a heterogenous
catalyst is determined from the Turn-Over Frequency (TOF), which is defined
as the moles of the reactant converted per mole of active sites in the catalyst.
Usually, the reactants follow three kinds of pathways to form products over the
heterogenous catalysts, as described below (Fig. 1) [4]:

(i) Eley–Rideal Mechanism: In this kind of mechanism, only one of the
reactants is chemisorbed on the catalyst surface while the other reactant
is not chemisorbed. The products get desorbed after their formation.

(ii) Langmuir–HinshelwoodMechanism: In this kind of mechanism, all the
reactant molecules are adsorbed on the catalyst surface. The product is
desorbed after formation.

(iii) Mars–vanKrevelenMechanism: In this kind of mechanism, the catalyst
itself actively takes part into the reaction by providing reactive species to
the reactants and aid in the product formation.
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Fig. 1 Different reaction pathways in heterogenous catalysis

1.2 Ceria Based Catalysts

Ceria based materials have high demands in both industrial and academic research
due to their versatility in heterogenous catalysis. The wide range of use and studies
on ceria materials for over the recent twenty years confirm the irreplaceable dignity
of ceria as unique “functional material” [5–11]. This dignity can be attributable to
both geological and chemical reasons. Geologically, the abundance of cerium is
highest among the apparent “rare earth elements”, even surpassing the abundance
of copper and nickel [10]. Chemically, ceria is unique in many prospects: besides
its cubic fluorite structure and Fm3m space group, it can change its oxygen states
while unaltering structural integrity, can activate and modify supported metals and
can hinder their sintering. One of the effects of the structural integrity of ceria,
which is unaffected by its changing oxidation states, is that it can smoothly store and
release oxygen species through the creation of Ce3+/Ce4+ redox cycle. This property
is quantized as Oxygen Storage Capacity (OSC) [5]. Thus, in suitable conditions,
ceria can easily donate itsweakly bound oxygen to a reactant species, creating oxygen
vacancies in its own surface; on the other hand, it can easily refill those vacancies if
oxygen is supplied externally. This aspect promotes lucrativeness of ceria specially
as an oxidation catalyst, as ceria can directly involve in the reactions via its own
active oxygen species throughMars–van Krevlen mechanism, other than Langmuir–
HinshelwoodorEley–Ridealmechanisms,where the catalyst surface acts as spectator
[12].

Despite these interesting features, most of the oxygen vacancies of bulk ceria are
inaccessible due to low surface area. Thus, to further exploit the oxygen vacancies
to enhance oxygen storage capacity of ceria, a further increase in surface area and
uncoordinated bonds in necessary. This goal can be easily achieved by stabilizing
ceria materials in the nano regime [13]. Ceria is known to contain three stable crystal
planes, namely (111), (110) and (100) with stability order of (111) > (110) > (100)
[14]. These planes provide hugely different surroundings to the Ce4+ species. The
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(111) plane exhibits Tasker Type 2 oxide surface, where O–Ce–O–O–Ce–O–O–Ce–
O repetitive layers are found [15]. Therefore, although these planes are charged, the
surface dipole is nullified due to O–Ce–O three layer units. On the other hand, the
(110) planes are charge neutral as they contain both anions and cations in each plane;
this structure is denoted as Tasker Type 1. The (100) planes follow Tasker Type 3
pattern with charged surface and Ce–O–Ce–O layer sequence. Therefore, the (100)
planes are polar in nature and possess very high surface energy [15]. As a result,
the Ce (111) planes contain single co-ordination vacancies on both O and Ce, often
denoted as (1CUS). The Ce (110) planes possess double co-ordination vacancies
(2CUS) on Ce, and single co-ordination vacancies on O (1CUS). In Ce (100) planes
both O and Ce have 2CUS [15]. Thus, the unique natures of these stable planes of
ceria are worthy of investigation in catalytic viewpoint. Novel research works have
revealed that different planes of ceria can be predominantly exposed by synthesizing
different morphologies of ceria nanocrystals [16]. Especially, the nanorods, nano-
cubes and nano-polyhedra are of paramount interest due to competitive and unique
contributions in different catalytic reactions [5].

Although ceria materials are well known for their versatile catalytic applications,
they often get sintered at high temperatures, which reduces their surface area and
oxygen storage capacity and reduce their catalytic effectivity [17]. Due to this reason,
CeO2 is often doped or composited with other metal oxides [18] like TiO2, Al2O3

and ZrO2, and other materials like SiO2 zeolites and MOFs. Deposition and impreg-
nation of noble metal nanoparticles on ceria materials form another class of useful
nanocomposites, with special abilities like the activation of molecular O2. Thus,
the summarization of the key roles of ceria-based nanocomposites for industrially
and environmentally relevant reactions like Water–Gas shifting, Alcohol oxidation.
reduction of organic pollutants, photocatalytic water splitting, Suzuki coupling etc.
are expected to contribute in the better understanding over this important field.

2 Ceria-Based Composites

2.1 Ceria-Metal / Metal Oxide Composites

The composites of CeO2 with other metals can be designed in different ways, e.g.,
(i) metal on top of CeO2 surfaces, (ii) CeO2 on top of metal surfaces and (iii) CeO2

and metal particles on top of other metal oxides [7]. The first kind of composites
mentioned here are the most common ones, which usually comprises the noble metal
particles deposited on CeO2 support. For the second kind, CeO2 films are deposited
on metal surfaces as overlayers [19]. This type of CeO2 based inverse oxide metal
composites show unique features of CeO2 thin films and ultra-thin films compared to
the bulkCeO2 materials. The catalytically active sites of these inversemodel catalysts
can be situated on the CeO2-metal interphases [20] or on the isolated ultrathin CeO2

islands themselves [21].
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2.2 Metal Support Interaction

An amazing property of ceria is its capacity to support a variety of metallic species,
ranging from nanoparticles to clusters and single atoms [10]. A major challenge in
utilizing metal (specially transition metal) nanoparticles as catalysts is their rapid
deactivation due to sintering and Ostwald ripening [22]. Therefore, Strong Metal
Support interaction (SMSI), a term explained by Tauster in 1978, is important to
achieve maximum catalytic performance from supported metal particles [23] SMSI
can be majorly attributed to electronic redox interaction betweenmetal nanoparticles
and the support [24]. Ceria is already acknowledged for its affinity to redox cycles
due to non-stoichiometric nature [25]. Therefore, it can easily facilitate complete
utility of the supported metal particles by enhancing their dispersion and letting
them escape being shadowed by bigger particles [26].

2.3 CeO2-Coinage Metal Composites

Investigation for interaction between ceria and coinagemetals (i.e.metals fromGroup
10 and 11 in the periodic table) have been done extensively [27]. As it was discussed
earlier, stabilization and high dispersion of noble metal nanoparticles is important
for high catalytic applicability. It was found that, morphology of ceria plays a major
role in determining its interaction with coinage and noble metals [27]. In general,
the coinage metals also help in the activation of molecular O2 which is essential for
many reactions [28]. Moreover, to further understand the chemical and electronic
interaction between coinage metals and ceria polymorphs, it is important to compare
interactions with other metals that share the same group as those noble metals in the
periodic table. Therefore, interactions between ceria and twomajor groups consisting
of coinage metals, i.e., Groups 10 and 11 are discussed below.

2.3.1 Cu/CeO2 Systems

The contacts between copper and ceria is noteworthy because of formation of
Cu2+/Cu+ and Ce3+/Ce4+ redox couples, increase in reducibility and metal-support
interfacial reactivities [29]. Moreover, Copper can help in the activation of molec-
ular oxygen by forming adduct with O2 via different ways, namely: superoxo (η1

and η2), hydroperoxo (η1), μ-1,2-peroxo, μ-η2: η2-peroxo, bis-μ-oxo, bis-μ3-oxo,
μ4-peroxo etc. [30]. copper-based enzymes can be attributed to the ability of copper
to donate electrons to the π* HOMO of O2, which activates O2 to O2−

2 . As O2−
2

also contain singlet ground state as most organic substrates, spin allowed bonding
becomes easier [31]. The inadequacy of Strong Metal Support Interactions (SMSI)
theory in explaining Cu/CeO2 interactions, resulted in an alternate explanation in
terms of Electronic Metal Support Interactions (EMSI) [29]. The EMSI theory
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Table 1 Interactions
between CeO2 polymorphs
and Group 11 metals [33–35]

Group 11 metal Crystal plane of CeO2

111 110 100

Most stable sites for adsorption of Group
11 metal

Cu Od Ou–Ou 2NN Ou–Ou 1NN

Ag Od Ce–Ce 3NN Ou–Ou 1NN

Au Ou–Ce Ou–Ou 2NN Ou–Ou 1NN

describes that the catalytic activity of metal sites are result of electronic perturbations
arising from bonding interactions between metal and ceria support. James et al., the
group responsible for coining the term EMSI, have shown that the affinity of copper
towards stoichiometric sites of ceria results in rapid increase in Ce3+ species in the
expense of Ce4+ [32]. The most stable sites of Cu, Ag and Au on different CeO2

planes have been summarized in Table 1.
Branda et al. have done theoretical calculations to investigate the nature of inter-

actions between Cu, Ag, Au and the (111) surface of CeO2 [33]. As per that study,
Cu is most stably adsorbed with threefold co-ordination at Od sites, i.e. with O atoms
at 3rd atomic layer. The second most stable site is the Ou–Ou sites where Cu bridges
between to O atoms of the uppermost layer [33].

As for of CeO2(110) surfaces, theoretical investigations by Cui et al. suggest that
Cu mainly gets adsorbed at Ou–Ou and Ce–Ce sites. Moreover, the electronic charge
transfer fromCu is not only limited to its first nearest neighboringCe atom (1NNsite),
but can be transferred to 2nd and 3rd nearest neighbor (2NN and 3NN) Ce atoms too.
In these cases, the charge transfer results in the oxidation of Cu to Cu+. However,
in some cases, Cu donates two electrons to two 3NN Ce atoms, which results in
oxidation of Cu to Cu2+. The most energetically favorable site for the adsorption of
Cu is the Ou–Ou site [34]. In the case of CeO2(100) planes, Cu is adsorbed at Ou–Ou

and Ou and Ce-top sites with adsorption energy order of Ou–Ou > Ce top > Ou [35].

2.3.2 Ag/CeO2 Systems

The interactions between Ag and the (111) planes of CeO2 have been extensively
studied by many research groups [33, 36–39]. Some works have suggested the pres-
ence of Ag2O layers between Ag metallic and CeO2 phases [39]. DFT calculations
have shown that O2molecules at the interface between Ag and CeO2(111) surface
have lower O2dissociation barrier due to formation of triple phase boundaries (TPB),
which can be successfully utilized in Solid Oxide Fuel Cells (SOFC) [38]. The strong
bonding betweenAg atoms and the (111) terraces and defects of CeO2, resulted in the
formation of sinter resistant Ag nanoparticles [40]. Synchrotron Radiation Photoe-
mission Studies (SRPS) suggest that Ag nanoparticles grow three dimensionally on
properly ordered (111) surfaces of CeO2. However, in defect enriched CeO2(111)
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surfaces Ag nanoparticles show two dimensional island growth around the defect
sites and three dimensional island growth around the other parts of the surface [36].

It is evident that, similar to Cu, Ag also partially reduces the CeO2 surface
[37]. There are, however, different opinions about the process of reduction of the
CeO2(111) surface in the presence of Ag nanoparticles. SPRS studies by Kong et al.
suggest that CeO2 is reduced due to reverse spillover by O atoms from Ag–CeO2

interface to Ag nanoparticles [36]. On the other hand, Luches et al. has ascribed
such reduction to electron transfer from Ag to CeO2 [37]. In general, Ag has average
lower work function compared to Cu and Au [41, 42]. As a result, electron transfer
from Ag to CeO2is much more facile [43].

The ideas revealed from the theoretical and experimental studies on Ag/CeO2

interactions has been further applied and explored on different ceria polymorphs.
CeO2 nanorods, which predominantly expose (110) plane are known to support
majorly cationic Ag+ species [44]. On the other hand, ceria nanocubes, that
predominantly expose (100) planes, mainly support metallic Ag species [44, 45].

2.3.3 Au/CeO2 Systems

Au/CeO2systems appear as one of the most elite groups of catalysts that are much
explored due to academic enthusiasm as well as wide-spread industrial efficiency.
Similar to Cu and Ag, the interactions between Au and the CeO2(111), (110) and
(100) planes have been theoretically studied by Branda et al. [33], Cui et al. [34] and
Chen et al. [35] respectively. However, the nature of the active Au species and its
interaction with CeO2 supports have been matter of continuous debate. While some
groups claim that the active Au species on CeO2(111) is predominantly cationic
[46], some other groups have questioned the stability Auδ+ species on CeO2(111)
and have suggested the presence of neutral Au as active species [47]. Investigations
and comparison by Branda et al. suggest that, the theoretical results obtained about
the oxidation states of Au species on CeO2(111) is completely method dependent.
Therefore, there might be statistical distribution of metallic and cationic Au species
dependent on temperature [48]. Castellani et al. inferred that Au on most of the
CeO2(111) sites is neutral, however, someAu species situated in the junction between
CeO2(111) terraces are oxidized to Auδ+ due to greater interaction [49]. Zhang et al.
have investigated the diverse nature of interaction between Au and CeO2(111) in
stoichiometric and non-stoichiometric forms. In the stoichiometric CeO2, the Au
species are most stabilized in the bridge like section between two O atoms, due to
greater hybridization between O 2p and Au 5d. The oxidation of Au species is aided
by the empty 4f orbitals of Ce atoms near Fermi level. On the other hand, in non-
stoichiometric CeO2−x, Au gets reduced toAuδ− due to strong ionic bonding between
Ce and Au [50]. However, in contrast to the stable sites of Ag and Cu mentioned
above,Au is predominantly stabilized atOu–Ce site ofCeO2(111),which is a bridging
site between Ce and Ou sites [33]. The fact that, some theoretical methods predict
the Ou–Ou and Ou sites as the most stable site for Au, is largely due to use of a
larger lattice parameter than experimental value and the energetic similarity between
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Fig. 2 Interaction between different planes of CeO2 and Au (Reproduced with permission from
Ref. [52], Copyright © 2015, American Chemical Society)

neutral and cationic Au species [48]. Engel et al.’s recent study on the interactions
between Au clusters and non-stoichiometric CeO2−x(111) surface demonstrates that
Au clusters only interact with oxygen vacancies in their vicinity [51]. Study by
Lin et al. have revealed that the adhesion as well as atomic structure of adsorbed
gold nanoparticles rely on the exposed plane and reaction environment (Fig. 2). In
oxidative condition, the Au–CeO2 nanorods with (111) exposed plane containing Au
nanoparticles and rafts. However, in reducing condition the rafts get vanished due to
increase in interface free energy [52]. As for CeO2(110) and (100) surfaces, Au is
predominantly stabilized at Ou–Ou site [34, 35] and mostly remains in the oxidized
state [34].

Hu et al. have performed detailed study on the interaction of lower and higher
valent dopantswith the (111) plane ofCeO2 [53, 54]. Itwas observed that lower valent
dopants can create delocalizedor localizedholes.Duringgenerationof oxygenvacan-
cies, some of the formed unpaired electrons find these holes to stabilize themselves.
Therefore, the energy of oxygen vacancy formation is reduced. These dopant-induced
electronic movements can work in both short and long ranges. However, the dopants
with similar or higher valences than Ce usually show short-range effects, mostly
limited to the oxygen atoms in their adjacent neighborhood [54].

2.3.4 Ni/CeO2 Systems

The Ni/CeO2 composites have been efficient in a variety of reactions, like reverse
water gas shifting, CO2 methanation etc. [55–57]. Chafi et al. have calculated the
interactions between Ni and CeO2 using VASP calculations [58]. The study has
shown that Ni is adsorbed at top position of the (1 1 1) plane of CeO2, but it resides
at the bridging position for (1 1 0) surface of CeO2. The study also revealed that Ni
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is incorporated in the tetrahedral site of CeO2 when the amount of Ni is ¼. When the
amount of Ni is increased from ¼ to 1, the incorporation of Ni becomes exothermic
and a trigonal environment comprising of 3 O atoms is preferred for Ni insertion.
Both insertion and adsorption of Ni in CeO2 occurs slightly in greater amount on
the (1 1 1) surface, compared to the (1 1 0) surface of CeO2. Also, Ni2Ce alloys
might form in the system, which might cause decrease in the Ni–Ce bond length.
Wang et al. have postulated that Ni atoms present at the interstitial and substitutional
point defects of CeO2 helps in promoting its oxygen buffering ability [59]. The Ni
atoms present at the interstitial positions form Ni+–Ce3+ defect complexes, which
causes the reduction of Ce4+ to Ce3+ and elevated oxygen vacancy formation in these
regions. On the other hand, the substituted Ni2+ species create oxygen vacancies in
a different manner, without the need for the reduction of Ce4+. In case of substituted
Ni2+ species, unsaturated O2p valence bands and unoccupied gap states are formed
in the O atoms in the vicinity of the Ni2+ species. Oxygen vacancies in these cases
are formed by quenching of these gap states.

2.3.5 Pd/CeO2 and Pt/CeO2 Systems

The industrial efficiency of Pd/CeO2 systems is well acknowledged in scientific
society. The core activity of Pd is due to formation of PdO, which has good oxygen
donor capacity at limited temperature range [60]. It was proposed by Shyu et al.
that the interactions between Pd and CeO2 can be attributed to the presence of Pd–
O–O–Ce–O species [61]. He et al. have analyzed the interaction between Pd atoms
with different crystal planes of CeO2 [62]. It was revealed that the Pd species most
strongly interacts with the (100) plane of CeO2, followed by the (110) and (111)
planes. Also, the stabilization of different oxidation state of the Pd species were
found to be dependent on those crystal planes. It was found that Pdδ+ with (0 ≤ δ ≤
1) can be stabilized on the CeO2 (111) planes, where-as the CeO2 (110) planes can
support Pd2+ species under certain conditions. The CeO2 (100) can sustain the Pd1+

and Pdδ+ (δ < 1) species with almost equal probability.
Pt/CeO2 materials are another novel class of catalytic systems versatile usage [63].

Pt/CeO2 systems have been widely used for electro-oxidation of ethanol [64–68], an
important reaction in Direct Alcohol Fuel Cells (DAFC). One of the most studied
combinations in this respect, are the Pt–CeO2/C systems [68]. The review paper by
Mori et al. gives detailed information about various Pt–CeO2/C based systems in
Direct Alcohol Fuel Cells [68]. Derevyannikova et al. have done an extensive study
on the interactions between Pt and CeO2over a wide range of Pt loading (1–30%)
and wide range of Pt species size (single atoms to clusters) [69]. The Pt species is
found to exist in two major oxidation states, Pt2+ and Pt4+.
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3 Application of CeO2 Based Nanocomposites in Different
Reactions

3.1 Water Gas Shift Reaction

Water gas shift (WGS) is a very important CO utilization reaction where CO and
Water is converted to CO2 and H2. The significance of WGS lies on the fact that,
it can simultaneously reduce the amount of harmful CO from the environment and
provide H2 as a useful alternative fuel [47]. The traditional WGS approach involves
Fe–Cr catalysts for high temperature [70] and Cu–Zn catalysts for low temperature
[71]. However, the practical application of most of the traditional catalysts in fuel
cells is limited due to their low stability and activity [72]. There have been multiple
efforts to use nanocomposites and doped metal oxides catalysts containing metals
from group 10 and 11 and oxides of Ce, Ti, Zr, Al etc. [73] to facilitate WGS
reaction. Yildirim et al. [74] have done an extensive statistical study and predictive
modelling on different water gas shift catalysts reported in scientific publications in
the years from 2002 to 2012 by the means of decision tree analysis and artificial
neural networks. The study shows that CeO2 has been the most reported catalyst
support and an efficient promoter for Pt, for at-least the time frame defined by the
study. The decision tree analysis (Fig. 3) postulated that the reaction temperature
lower than 165 °C is insignificant for any water gas shifting to occur with supported
gold catalysts. The study also shows that the method of catalyst preparation also
highly affects the reactivity of the catalysts, e.g., deposition–precipitation method is
quite unfavorable to achieve high WGS reactivity for Au catalysts, as there is lower
concentration of active sites that restricts strongmetal support interactionswith CeO2

catalysts. On the other hand, methods like gelation and co-precipitation facilitates
high active site concentration and Au–CeO2 interaction. The Pt catalysts usually
required higher temperature than the gold ones, usually higher than 260–300 °C for
moderate CO conversion and greater than 300 °C for high conversion.

Therefore, it can be clearly noticed that, there are multiple contributing factors
behind the activity of noble metal-CeO2 nanocomposites. The studies on Au–CeO2

catalysts for WGS were started by Andreeva et al. [75]. The first reported work
on Au–CeO2 catalysts for WGS by the research group [75] consists of detailed
analysis on the effects of gold amount, vapor/CO ratio, space velocity etc. on WGS
activity. Pt/CeO2 catalysts are also quite efficient in water–gas shifting reactions.
Theoretical calculations reveal that the interactions between Pt and CeO2 aid in the
dissociation of water molecules and also prevent the deposition of carbon on Pt and
its deactivation by Boudouard reaction [7]. The inverse CeO2 catalysts like CeOx/Au
[76] andCeOx/Cu [77] have also acted as goodwater gas shift catalysts. TheCeOx/Cu
systems are particularly useful as CeOx aids in the dissociation of water molecules,
Cu adsorbs the CO and the reaction proceeds through the HOCO intermediates [78].

There have been extensive studies on the effect of CeO2 morphology on water gas
shift reaction. Flytzani-Stephanopoulos et al. have explored the water gas shifting
on Cu/CeO2 [80], Au/CeO2 [81] composites with different CeO2 morphologies like
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Fig. 3 Decision tree analysis for water gas shift over noble metal catalysts. Reprinted with permis-
sion from [74] Copyright © 2014 Hydrogen Energy Publications, LLC. Published by Elsevier Ltd.
All rights reserved

nanorods and nanocubes. Their studies indicate the existence of different types of
CuOx species on the Cu/CeO2 nanocrystals [80]. The weakly bonded CuOx clusters
and CuO nanoparticles don’t participate in the low temperature water gas shifting.
On the other hand, the regions where strong interactions between Cu and CeO2 lead
to the formation of Cu–[Ox]–Ce species, act as active sites for the low temperature
water gas shift. The Cu2+ species that are doped in the CeO2 support in scattered and
secluded manner, can also indirectly contribute to the reaction process, by providing
oxygen vacancies for the reaction and by supplying Cu when the surface Cu species
is removed by leaching or sintering. The morphology of the CeO2 support also plays
a key role in the process. The abundance of oxygen vacancies on the {1 0 0} and
{1 1 0} facets of the CeO2 nanorods provide better catalytic performance compared
to the {1 0 0} facets of the nanocubes. The works of Flytzani-Stephanopoulos et al.



372 K. S. Keshri and B. Chowdhury

also suggest that Au nanoparticles stabilized on the {1 1 0} facets of the CeO2

nanorods provided the optimum activity for water gas shifting [81]. Apart from,
the nanorod, nanocube morphologies of CeO2, some other morphologies have also
been explored recently. Chen et al. have prepared CeO2–TiO2 hybrid nanotubes to
support Pt nanoparticles for effective water gas shifting [82]. The CeO2–TiO2 hybrid
nanotubes caused the generation of PtOx species with good redox capability and
excellent interaction between the Pt0 species and oxygen vacancies, which lead to
its superior ability in water gas shift reaction.

3.2 Preferential Oxidation of CO (CO-PROX)

The excess CO remaining in the water–gas shift reaction can be oxidized to CO2 via
Preferential Oxidation of CO or CO-PROX process. CeO2 based composites have
also been effective as CO-PROX catalysts. The nanoparticles of group 10 and group
11metals like Pd, Pt, Ni, Au, Ag and Cu supported on CeO2 have been quite effective
in CO oxidation [5, 7]. Among those, the Pt/CeO2 composites have been very useful
due to strong electronic interactions between Pt and CeO2. The Pt(111) can convert
CO to CO2 via disproportionation reaction (2CO → C + CO2) and also increase
the sticking coefficient of O2 [83]. The nature of CO oxidation also depends on the
amount of CO coverage on the material. As per Polster et al.’s study [79], the CO
oxidation on Pt/CeO2 catalyst follows Langmuir–Hinshelwood mechanism at lower
CO coverage while the reaction proceeds through Mars–van Krevlen mechanism at
high CO coverage (Fig. 4). Apart from Pt and other expensive metals, Cu is recently
being used as a cheaper alternative for COoxidation. Some recent studies suggest that
reduction treatment on Cu/CeO2−x catalysts prior to the CO oxidation change the
shape of Cu nanoparticles from 3-dimensional to 2-dimensional, which increases
the interactions between the Cu and CeO2−x species, oxidizes Cu from 0 to +1
oxidation state, promotes the transport of O atoms to the border of the Cu species
and increases the CO oxidation [84]. The effect of different morphologies of CeO2 on
its catalytic activities towards CO oxidation have also been explored. CO oxidation
reactions have been studied onAu/CeO2 catalysts with different CeO2 morphologies,
like nanorods, nanocubes and nanopolyhedrea. In general, the CeO2 nanorod based
systems had shown the highest catalytic activities, due to the stabilization of cationic
Au species on the {110}, {1 00} and {111} facets of the nanorods [85, 86].Recently,
Li et al. have used Au clusters (Au25) stabilized on CeO2 nanorods, nanocubes and
nano-polyhedra for catalyzing the oxidation of CO [85]. Their work suggests that
Au25 clusters are stabilized on the {2 0 0} facets of the nanocubes and on the {0 0 2}
and {1 1 1} facets of the nanorods and nanopolyhedra. The higher adsorption of [O]
species on the {0 0 2} and {1 1 1} facets of the CeO2 nanorods and nanopolyhedra
compared to the {2 0 0} facets of the nanocubes, and partial charge of Au on the
Au25 clusters lead to the highest catalytic activity of Au25/CeO2 nanorods.
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Fig. 4 The dual reaction pathways (Langmuir–Hinshelwood andMars–van Krevlen) for the oxida-
tion of CO on Pt/CeO2 composites. Adapted with permission from [79] Copyright © 2010 Elsevier
Inc. Published by Elsevier Inc. All rights reserved

3.3 CO2 Mitigation Reactions

The enhancement in concentration of CO2 in the atmosphere due to uncontrolled
usage of carbon sources in various anthropogenic activities is a major reason for
global warming, elevated ocean water level and sea-water acidification [87, 88].
Therefore, mitigation of CO2 and its conversion to useful chemicals is a useful
approach for the greener future. One of the foremost routes for CO2 utilization have
been the reduction of CO2 toCO [89, 90],methanol [7, 91, 92], hydrocarbons [55, 93]
etc. The reduction of CO2 to CO is usually performed by reverse water gas shifting
(RWGS) reaction, where mixture of CO2 and H2 is transformed to CO and H2O
[89]. Ni based catalysts have been found to be efficient for RWGS reactions, and
Ni/CeO2 systems have been widely explored for this purpose [89, 90]. Winter et al.
have done isotopic studies on the RWGS reaction catalyzed by Ni/CeO2 catalysts
[90]. The study suggests that CeO2 is initially reduced partially by the H2 provided
during the reaction. The partly reduced CeO2 (which contains both Ce3+ and Ce4+

species) exchanges O atoms with CO2, although the reduced CeO2 system doesn’t
get completely re-oxidized. The exchange of O atoms leads to the formation of CO
from CO2. The Ni in the system maintains a metallic state and aids in the hetero-
exchange of atoms and the dissociation of CO2 to CO via hydrogenation route.
Shen et al. also studied the RWGS reaction on Ni/CeO2 catalysts with lower Ni
doping [56]. Their investigations by density functional theory (DFT) and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) revealed an alternate
mechanism, where H2 gets dissociated heterolytically on CeO2 surface. Due to this
type of dissociative chemisorption of H2 on the surface of CeO2, some unique species
like Ce4+–OH and Ce–H are formed. The study suggests that Ce4+–OH species can
activate the CO2 molecules and bicarbonate (*HCO3) intermediates are formed. The
active H− in the Ce–H species helps in the reduction of the bicarbonate intermediate
to formate intermediate (*HCOO) and subsequent reduction to CO. Along-with Ni,
the effects of some other metals have also been studied. Yang et al. have incorporated
oxides of Cr and Fe into Ni/CeO2–Al2O3 composites [57]. The incorporation of Fe
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in oxide form developed electronic enrichment of the Ni surface via good FeOx–Ni
interaction. This resulted in elevatedCO2 conversion inRWGSand excellent catalytic
stability. On the other hand, incorporation of CrOx in Ni/CeO2–Al2O3 composites
lead to increase in selectivity towardsCO2 methanation instead ofRWGS.Apart from
Ni/CeO2 systems, some other systems like Cu/CeO2 composites are also efficient in
RWGS reactions. Studies byYang et al. suggest that strongmetal support interactions
(SMSI) between CeO2 and Cu result in high dispersion of Cu, which causes high
H-spillover on Cu–CeO2 interface [94]. This in turn, causes reduction of oxidized
Cu and CeOx systems to Cu0 and Ce3+. These reduced species can easily dissociate
CO2 to CO via formation of Cu+–CO intermediates.

In the fossil fuel crisis of the present world, methanol is gradually taking the role
of one of the most important alternate fuels. Therefore, the generation of methanol
from CO2 is getting special attention from researchers around the world. The CO2 to
methanol reactions are usually dominated by Cu based catalysts, although Cu shows
no significant catalytic activity when used alone. CeO2 has been composited with
Cu to achieve better production of methanol from CO2 [7]. Specially CeOx/Cu(1
1 1) inverse oxide/metal catalyst have shown lower activation energy for methanol
production compared to Cu(1 1 1) alone and ZnO/Cu(1 1 1) composites as per the
studies of Senenayake et al. [91]. Their study also investigated the surface chemistry
of CeOx/Cu(1 1 1) catalysts by AP-XPS and AP-IRRAS techniques. This revealed
that Ce3+ can stabilize the important CO2

δ− intermediate during the reaction, which
leads to the facile formation of methanol. The study also suggests that the methanol
production rate is maximumwhen CeOx covers 30–40% area of the Cu(111) surface.
However, the CeOx/Cu inverse catalysts often show lower selectivity to methanol
despite having high activity. The reason for the low selectivity is the formation of CO
by reverse water gas shifting, which competes with the formation of methanol [92].
Therefore, instead of inverse catalysts, Cu/CeO2 composites have also been used.
Zhu et al. have investigated the effect of Cu–CeO2 interactions in the conversion
of CO/CO2 mixture to methanol in detail [92]. The study indicates that Cu–CeO2

catalysts can provide greater yield of methanol from CO/CO2 mixture due to greater
dispersion of Cu on CeO2 as well as inhibition of reverse water gas shifting (RWGS)
during the reaction. The inhibition of RWGS has been attributed to the formation and
high adsorption of formate species on the Cu surface, which decreases the abundance
of active sites for the RWGS reaction. The study also indicates that CO2 can act as
poison to inhibit the formation of methanol from CO, via formation of carbonate-
type intermediates at Cu–CeO2 interface. In that case, methanol is mainly generated
from CO2 directly, instead of CO intermediate.

Another way for the mitigation of CO2 is the generation of hydrocarbons from
it. Ni/CeO2 systems have been quite efficient in the generation of methane by the
reduction of CO2. Zhang et al. have done theoretical calculations to predict the
mechanistic pathways for CO2 methanation [55]. The study suggests that CO2 can get
transformed to CH4 via three different pathways, namely (i) the formate pathway, (ii)
reversewater gas shifting (RWGS)+COhydrogenation pathway and (iii) direct C–O
bond cleavage pathway (Fig. 5). CO2 methanation on Ni/CeO2 is usually dictated by
the RWGS + CO hydrogenation pathway, where the adsorbed CO2 is first converted
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to CO* and then is hydrogenated to CH4. The breakage of the C–O bond in H2CO*

intermediate with the aid of H* species acts as the rate determining step in the
process. Wang et al. used CeO2/TiO2 composites to prepare photocatalysts for the
production of methane from CO2 [93]. Their study suggests that the adsorption of
CO2 along-with H2O on the CeO2 surface leads to the formation of bidentate CO−

3
andHCO3-species, which can easily get transformed to surface CO−

2 when simulated
sunlight is irradiated. The surfaceCO−

2 can easily be converted toCH4 in the presence
of H2O.

Fig. 5 Different reaction pathways for CO2 methanation on Ni/CeO2 catalysts. Adapted with
permission from [55] Copyright © 2021 Elsevier Inc. Published by Elsevier Inc. All rights reserved
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3.4 Alcohol Oxidation Reaction

Alcohol oxidation is one of the most studied reactions in chemistry with both
academic and industrial applications. The selective oxidation (also named as “selox”)
products of alcohols, e.g. aldehyde, ketone, acid, ester etc. have awide scale of usage;
ranging from agrochemical, pharmaceutical industry to plastic, clothing, cosmetics
manufacturing processes and even bio-fuel production [95].

Metal oxide supported noble metal catalysts have been widely used to oxidize a
wide range of alcohols, Au [96, 97] and Pd [98, 99] based catalysts being the most
prominent among them. Typically, alcohol oxidation on Au/Metal Oxide catalysts
follow the following steps [96] (shown in Fig. 6):

Step 1. The deprotonation of the alcohol on the metal oxide surface
Step 2. The β-hydride elimination of the alcohol by the Au nanoparticles and

formation of aldehyde product
Step 3. The re-oxidation of Au nanoparticles by supplied oxygen.

Au/CeO2 system is widely explored in alcohol oxidation reactions. One of the first
instances of utilizing Au/CeO2 systems in alcohol oxidation belongs to the work of
Abad et al. on different types of alcohols [97]. The study reveals thatAu nanoparticles
deposited on CeO2 nanoparticles can perform better than conventional CeO2, as
the requirement of base and solvents become obsolete. The study by Abad et al.
also demonstrate that the secondary alcohols provide selective and high conversion
of corresponding aldehydes in a shorter time compared to the allylic or benzylic
alcohols. Also, it shows that the aliphatic primary alcohols have lesser chance to

Fig. 6 Reaction mechanism of alcohol oxidation [96]
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undergo reaction in solvent-free condition and have higher chance to be converted to
esters via hemiacetal intermediate. While comparing the performance of Au/CeO2

catalysts with that of Pd/CeO2, it was observed that Au nanoparticles are more active
and selective towards “–OH” groups than the Pd particles. This chemo-selectivity
is especially important while oxidizing allylic alcohols, as the allylic double bonds
must be protected from oxidation [96]. However, the reactions were usually carried
out in basic aqueous solution or in solvent-free conditions, in the latter case the
catalysts needed to be washed in basic medium before reuse, to prevent poisoning
from carboxylic acid groups. A major drawback of basic washing was, the leaching
of gold, which affected the catalytic activity. Investigation byAbad et al. has revealed
many important aspects of alcohol oxidation reaction usingAu/CeO2 catalysts [100].
As a result of this study, toluene was granted as the most efficient solvent, partly
because it doesn’t promote the leaching of gold. Moreover, the catalysts were treated
with different reduction procedures, however the catalytic activity was observed to
be more dependent on the gold content and the nature of supports, rather than the
reduction methods.

Simple alcohols like methanol and ethanol are currently being globally produced
from different biological sources due to their huge demand as potential biofuels and
as precursors to industrially important chemicals like acetaldehyde, acetic acid, ethyl
acetate, diethyl ether etc. Gazsi et al. have studied the decomposition of methanol
on Au/CeO2 catalysts, along-with other gold deposited supports like TiO2, MgO,
Norrit, Al2O3, SiO2 etc. [101]. It was observed that the efficiency of these different
catalysts in MeOH decomposition follow the order of Au/CeO2 > Au/Al2O3 >
Au/TiO2 > Au/MgO > Au/Norit > Au/SiO2. Au/CeO2 was also found to be more
effective than other supported Au catalysts in the decomposition of ethanol [102].
Idriss et al. have studied the reaction and interactive nature of ethanol with different
metal nanoparticles like Au [103], Pd [104], Pt [105] etc. supported by CeO2, by
means of FT-IR (Fourier Transform Infra-Red Spectroscopy) and TPD (Tempera-
ture Programmed Desorption). The presence of acetaldehyde was detected all these
catalysts. However, unlike Pd/CeO2 and Pt/CeO2, the Au/CeO2 catalysts didn’t show
any peak of adsorbed acetaldehyde in FT-IR. This indicates that the energy require-
ment of acetaldehyde formation is higher than the adsorption energy of acetaldehyde
on the Au/CeO2 catalyst, which facilitates the desorption of acetaldehyde. Overall,
the Au/CeO2 catalysts were found to provide acetaldehyde as the major oxidized
product of ethanol at 573 K, where-as at higher temperature like 773 K, acetone was
the major product [103].

For a long time, benzyl alcohol has been used to evaluate the catalytic activ-
ities of several CeO2 based catalysts in alcohol oxidation reactions. Even from
the early stages of investigation, Au/CeO2 systems have shown favorable activities
towards benzyl alcohol oxidation [100, 106]. However, to enrich the catalytic output
Au/CeO2 was doped with different types of metal dopants. Investigations by Guan
et al. with Au/CeO2 nanorods and nanocubes revealed that, the rate limiting steps
in liquid phase benzyl alcohol oxidation is different in base-free and base-assisted
reaction conditions [106]. The base-free condition follows O–H bond cleavage as
rate limiting step, but this switches to the C–H bond cleavage in the basic condition.
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The activity of the gold nanoparticles are also altered in these two cases. While the
metallic gold nanoparticles are more active on the CeO2 nanorods in base-free reac-
tion condition, the nanocubes contain more active gold species in the base-assisted
reaction. Haider et al. found that medium sized gold nanoparticles (approx. 6.9 nm)
canprovide optimumactivity in benzyl alcohol conversion [107]. The same study also
showed that supercritical CO2 solvent can provide better selectivity of benzaldehyde
compared to organic solvents like toluene,mesitylene etc. The nature of gold particles
was further modified by using different synthesis procedures. Two such methods, i.e.
‘homogenous deposition precipitation’ and ‘direct anionic exchange’, were used by
Sudarshanam et al. to synthesize Au/CeO2 catalysts [108]. The homogenous deposi-
tion precipitation method was proved to provide more catalytically efficient material
due to creation of more oxygen vacancies and smaller gold nanoparticles compared
to the direct anionic exchange method. The gold particle variation has been extended
to the synthesis of single Au atoms and Au clusters over CeO2 nanorod supports
in some recent works by Lei et al. [109]. The CeO2 nanorod supported Au single
atoms provided more than twice turnover frequency of benzyl alcohol conversion
compared to CeO2 nanorod supported Au clusters or nanoparticles. This efficiency
was achieved due to the presence of smaller Au species, high concentration of oxygen
vacancies and the existence of [O–Ov–Ce–O–Au] sites in the interfaces between Au
and CeO2. The catalyst pre-treatment conditions also have great impact on benzyl
alcohol oxidation.

Some early comparative studies by Abad et al. demonstrated the lesser efficiency
of Pd/CeO2 catalysts compared to Au/CeO2 in catalyzing alcohol oxidation [96].
However, Xin et al. carried out investigations on the nature of active species in
Pd/CeO2 for alcohol oxidation reactions [99]. In that work, single atomic Pd and
Pd cluster containing 6 atoms were deposited on CeO2 nanorods. The catalysts with
atomically dispersed Pd showed very high conversion of benzyl alcohol (TOF =
6739 h−1) with very high selectivity to benzaldehyde (>99%) and high recyclability.
On the other hand, the samples with Pd clusters didn’t show any activity. This result
indicates that single Pd atoms are the true active species in alcohol oxidation. Zheng
et al. have studied the effect of CeO2 morphologies on the activity of Pd/CeO2

systems [98]. That investigation revealed that Pd/CeO2polyhedra are the most active
catalysts due to the presence of high amount of Pd2+and Ce3+ species. On the other
hand, combining Pd/CeO2 with N-doped graphene resulted in solvent free oxidation
of benzyl alcohol with very high turnover frequency (110664 h−1 or 30.74 s−1).
Moreover, CeO2 helped to prevent the oxidation of Pd on N-doped graphene, which
increased the stability of the catalyst.

Combining Pd with Au in a single system is also a very good approach in this
regard. AuPd/CeO2 systems have shown higher activities than their Au or Pd based
counterparts. The high activity of AuPd/CeO2 system has been thought to be the
accumulation of electron density towardsAu fromPd,which increases the interaction
of Pd to the alcohol substrate [110]. The synergy between Au and Pd systems have
been explained by the migration of Pd onto Au nanoparticles during the reaction,
thus forming Au@Pd and AuPd@Pd nanoparticles [111].
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3.5 Suzuki–Miyaura Coupling

Suzuki–Miyaura coupling is a very efficient and powerful method to produce C–C
bonds where aryl halides react with aryl boronic acids in the presence of Pd based
catalysts [112]. Although the initial experiments on Suzuki Miyaura coupling were
done in the homogeneous catalytic route, this route has some major disadvantages
like: formation of undesirable palladium black and the the difficulty in the separation
of catalysts [113]. Therefore, heterogenous catalysts are synthesized by depositing Pd
nanoparticles on different support materials. CeO2 has been very useful support for
Suzuki coupling. Carrettin et al. have studied the catalytic effect of Au(III) and Pd(II)
species stabilized on CeO2 on Suzuki homo-coupling and cross-coupling reactions.
It was observed that Au(III) facilitates homo-coupling while Pd(II) species promotes
cross-coupling [114]. Borkowski et al. have used CeO2–Al2O3 supported PdCl2 and
imidazolium type ionic liquids as catalysts to get high conversion in Suzuki reaction
[115].

Apart from the thermocatalytic route, Suzuki coupling has also been done in
the photocatalytic route. Zhang et al. reported the Pd and Au deposited porous CeO2

nanorods as effective photocatalysts for Suzuki–Miyaura coupling under visible light
(>400 nm) and room temperature [112] In the presence of visible light, hot electrons
and holes are generated in the porous CeO2 nanorods (Fig. 7). The hot electrons are
transferred to the nearby Au species, which further transfers it to the neighboring Pd
species. This process increases the concentration of hot electrons in the Pd particles
and those electrons are transferred to the chlorobenzene—which results in the acti-
vation of the C–Cl bond. On the other hand, the holes present in the valence band
of the porous CeO2 nanorods are transferred to the phenyl boronic acid and aid in
breaking the C–B bonds. In this way, the combined role of Pd, Au and CeO2 helps
in C–C bond formation with high yield.

Fig. 7 Suzuki–Miyaura
coupling over Au–Pd/porous
CeO2 nanorod catalysts.
Adapted with permission
from [112] Copyright ©
2015, American Chemical
Society
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3.6 Photocatalytic Reactions with CeO2 Based
Nanocomposites

CeO2, having its unique redox property,wide band gap (~3.2 eV) and n-type semicon-
ducting capacity, act as excellent photocatalyst for different photocatalytic processes
like degradation of organic pollutants and water splitting reactions [5]. The photo-
catalytic oxidation and reduction of organic pollutants are viable ways of removal of
these hazardous molecules and their conversion to useful chemicals [8]. Thus CeO2

morphologies like nanorods, nanocubes, nanodiscs, hollow-spheres etc. have been
used in the chemical conversion of phenol, nitrophenol, organic dyes like methyl
orange, methylene blue, Rhodamin-B etc. [116]. However, low visible light absorp-
tion capacity and high electron–hole recombination rate of CeO2 are major draw-
backs to use it for such reactions [117]. To overcome this limitation, CeO2 has been
composited with other non-metal, transition metal and noble metal based systems
[8]. These modifications can bring the light absorption capacity of CeO2 materials
to visible light range. For example, N and S doped ZnO–CeO2 nanocomposites can
aid in the degradation of methyl orange in the visible range, by decreasing the elec-
tron hole recombination [118]. CeO2 has been coupled with various carbon based
[119, 120] silica based [121], and zeolite [122, 123] materials. These composites
possess high surface area, thermal stability, facile electron transport and lower band
gaps, which makes them effective catalysts for the degradation of organic dyes [8].
heterojunctions are really effective in this type of photocatalytic degradations. The
CeO2 based heterojunction composites can be classified into type I, type II and type
III heterojunctions. In the type I heterojunctions (Fig. 8), two semiconductors are
coupled in such a way that their bands are aligned in straddling position, i.e. the
valence band and conduction band of the first semiconductor is lower and higher
than the valence band and conduction band of the second semiconductor respec-
tively. The type II heterojunctions (Fig. 8) show staggered alignment of the energy
bands of the semiconductors, i.e. both the valence and conduction bands of the first
semiconductor possess higher energy than the valence and conduction band of the of
the second semiconductor respectively. In type III heterojuctions (Fig. 8) the bands
of the component semiconductors are in broken alignment, i.e. both the valence
and the conduction band of the second semiconductor are lower in energy than the
valence band of the first semiconductor [124]. Type II heterojunctions are usually
more effective for the photocatalytic degradation of organic pollutants, because of
good separation between electrons and holes [8].

Some advanced heterojunctions like p–n heterojunctions, Schottky junctions, Z-
Scheme, S-Scheme etc. provide better redox efficiency and electron–hole migration
compared to the conventional heterojunctions. The p–n heterojunctions consist of
one p-type and another n-type semiconductor. In the interface of the p and n-type
semiconductors, holes and electrons are exchanged-which leads to the formation of
negative charge on the p-type semiconductor and positive charge on p-type semi-
conductor. Thus, an internal electric field is generated in the material. Under light
irradiation, the electrons and holes can be excited simultaneously, which leads to the
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accumulation of electrons and holes in the conduction band of n-type semiconductor
and the valence band of the p-type semiconductor. This leads to greater electron–hole
separation and result in better photocatalytic efficiency. BiOI and TiO2 are effective
p-type semiconductors that can be composited with CeO2 which is n-type semicon-
ductor in nature [125]. On the other hand, CeO2–CdS heterojunctions are effective
as n–n heterojunctions [126].

The Z-scheme heterojunctions (Fig. 9a) have similar structure compared to the
type-II semiconductors but different electron and hole migration pathway. Here the
electrons and holes of weaker redox capability from the first and second semicon-
ductor respectively are combined but the holes and electrons with stronger redox
power remain undiminished. The S-scheme heterojunctions (Fig. 8b) contain one
oxidation semiconductor and another reduction semiconductor. The oxidation semi-
conductor has lower level of conduction band and Fermi level compared to the
reduction semiconductor. In the presence of light, the S-scheme heterojunctions show
electron–hole recombination of weaker electrons and the stability of stronger elec-
trons and holes similar to the Z-scheme heterojunctions [127]. Various CeO2 based
Z-scheme and S-scheme photocatalysts have been reported. TiO2 and g-C3N4 have
been composited with CeO2to form both Z-type [128, 131] and S-type [132] hetero-
junctions and have been used for the degradation of methylene blue p-nitrophenol,
methyl orange and other organic pollutants. The Schottky junctions (Fig. 9c) are
another type of heterojunctions, a co-catalyst is combined with the catalyst material
such that electrons are migrated from the catalyst to the co-catalyst, thus generating
free electrons and holes in the catalyst/cocatalyst interfaces [8]. For CeO2 usually
noblemetals likeAu,Ag, Pt, Pd etc. are used to generateSchottky junctions.However,
transition metal carbides and carbonitrides are currently being explored as cheaper
alternatives of these noble metals for the design of Schottky junctions. Shen et al.
have used Ti3C2-MXene as to be coupled with CeO2 and generate Schottky junc-
tions for the effective photocatalytic degradation of tetracycline [129]. The surface
plasmon resonance (Fig. 9d) of noblemetals are also utilized by combining themwith
CeO2. As a result of the surface plasmon resonance, the noble metals generate hot
electrons in the presence of light irradiation. These hot electrons can be transferred
to CeO2 to get greater photocatalytic ability. Wen et al. synthesized Ag/Ag2O/CeO2

heterojunctions for the effective degradation of enrofloxacin [133]. Here the metallic
Ag particles acted as the provider of hot electrons by surface plasmon resonance
whereas the Ag2O and CeO2 acted as p and n-type semiconductors respectively and
aided in the electron transportation for the pollutant degradation procedure.

Differentmorphologies ofCeO2 have also been explored in this regard.Magdalane
et al. have prepared CeO2/Y2O3 hierarchical nanorods for the degradation of
rhodamine-B dye [134]. The one-dimensional nature and high surface area of the
CeO2/Y2O3 composite nanorods provided higher catalytic activity in this regard
compared to other CeO2 based composite catalysts. Kohantorabi et al. synthesized
Ni nanoparticles supported on CeO2 nanorods along with Ag, Co and Cu nanopar-
ticles for photocatalytic degradation of rhodamine-B and p-nitrophenol [135, 136].
Langmuir–Hinshelwood model was used to explain the reaction mechanism. It was
proposed that BH−

4 ions from the NaBH4 reducing agent got absorbed on the metal
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Fig. 8 Type I Type II and Type III semiconductors [8]

Fig. 9 a Z-scheme, b S-scheme, c Schottky junction and d Surface plasmon effect [127–130]
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nanoparticles at the catalyst surface. The adsorbed BH−
4 species interact with the

solvent water molecules and lead to the formation of surface –H species. The p-
nitrophenol molecules on the other get transformed to nitrophenolate ions in the
presence of BH−

4 species and get adsorbed on the catalyst surface. Thereafter p-
nitrophenol gets reduced to p-aminophenol by the surface –Hgroups generated on the
catalyst. On the other hand, Karuthapandian et al. used CeO2 nanocubes immobilized
on zeolites for the degradation of Congo red and methyl orange dyes [137].

Photocatalytic water splitting is an important reaction for hydrogen production,
and thus has good prospect in alternative fuel techniques. CeO2 based photocatalysts
have efficiently helped in H2 production from water due to their easy reducibility
CeO2 has been composited with materials like CdS, Fe2O3, MoS2, TiO2 etc. to form
effectiveZ-schemeandp–nheterojunction photocatalysts for the effective production
of H2 by water splitting [11]. Graphitic carbon nitride (g-C3N4) is also being coupled
withCeO2, despite the fact thatC–Nbond has quick electron–hole recombination rate
and low quantum yield. The g-C3N4/CeO2 based 0D/2D heterojunctions and ternary
composites have shown improved ability compared to many previous water-splitting
catalysts [138, 139]. The photocatalytic water splitting with nano-composites of
different CeO2 morphologies have also been explored. Hao et al. used CeO2–ZrO2

composites with dendritic crosslink for photocatalytic water splitting [140]. The
unique morphology of the catalyst provided high surface area, lower grain size and
lower band gap, which led to higher electron–hole separation for efficient reaction.

3.7 Electrocatalytic Reactions with CeO2 Based
Nanocomposites

The ability of CeO2 to propagate Ce3+/Ce4+ redox cycles and the possession of high
amount of oxygen vacancies facilitate its electronic and ionic conductivity.Moreover,
alkaline solution CeO2 can exchange oxygen ion reversibly in the following manner
[9].

1/2O2(gas) + 2e−(from CeO2) ⇔ O2−(in CeO2)

Therefore, CeO2 gathered attention as efficient electrocatalyst for different reac-
tions like oxygen reduction reaction (ORR), hydrogen reduction reaction (HOR)
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). The ORR,
HOR, OER and HER reactions are used in lithium ion batteries, hydrogen fuel cells
and proton exchange membrane fuel cells [141, 142]. In the ORR and HOR reactions
O2 is reduced and H2 is oxidized to water or H2O2. In the OER andHER reactions O2

and H2 are generated in electrochemical routes, e.g. electrocatalytic water splitting
[9]. However, CeO2 has several limitations in the electro-catalysis of these reactions
too. The high charge–discharge potential and low-rate capability of CeO2 limits its
usage in the ORR reaction. The HOR reaction in CeO2 is limited by the difficulty in
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managing the adsorption and desorption of H atoms on the CeO2 surface. high anodic
overpotential of CeO2 also limit its usage in OER reaction. The HER reaction also
proceeds in slower reaction rate on the CeO2 material [9]. Therefore, to overcome
these challenges, CeO2 is composited with different materials.

Platinum nanoparticles have been effective companions for CeO2 to increase its
ability to catalyze ORR reaction. Chauhan et al. synthesized Pt–CeOx nanowire/C
composite catalysts for the effective electrocatalytic reduction of O2 to H2O (Fig. 10)
[143]. The reaction utilized the Frenkel and Schottky defects of the Pt–CeOx
nanowire interface for superior catalytic activity. The Frenkel defects formed in the
surface of the Pt–CeOx nanowire resulted in increased oxygen affinity of the system.
On the other hand, the Schottky defect clusters formed in the bulk region of the
Pt–CeOx nanowire helped in propagating the Ce3+/Ce4+ redox cycle and aided in the
reaction process. Apart from the composites with noble metals, CeO2 has also been
coupled with other important electrocatalysts like La1−xSrxMnO3 (LSM), NOSCF
(N,O, S dopedCarbon foam) and reduced graphene oxide (rGO) for effective oxygen
reduction [9, 11].

The Pd–CeO2/C systems have been quite effective for the HOR reactions too.
Apart from Pd; Ni and Ir have also been used for the effective oxidation of H2 [25].
The OER activity of CeO2 has been improved by compositing it with RuO2, which
increased its electron conductivity [144]. Apart from RuO2, Ni based materials are
also being used as the cheaper alternatives [11, 145]. The HER reaction have been
improved by the composites of CeO2 with group 10 metals like Pd and Ni [9]. Also,
transition metal phosphides like NiP and CoP have been effective materials to be

Fig. 10 Electrocatalytic Reduction of Oxygen on Pt–CeOx/C composite catalyst. Adapted with
permission from [143] Copyright © 2016, American Chemical Society
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combined with CeO2 for effective HER and OER for electrocatalytic water split-
ting [146, 147]. The density functional theory calculation on CoP–CeO2 composites
suggests that these types of materials have lower water splitting free energy and
favorable hydrogen adsorption energy which leads to their optimal catalytic activity
[146].

4 Conclusion

This chapter elaborates the design and usage of several ceria-based composites in
versatile reactions. The high activity of CeO2 based composites can be utilized
to catalyze multiple types of reactions like alcohol oxidation, water–gas shifting,
photocatalytic degradation of pollutants etc. CeO2 is unique because of its non-
stoichiometric nature, oxygen storage capacity and capability of propagating redox
cycle in its lattice. CeO2 acts as efficient support for stabilizing the noble metal
nanoparticles and is capable to act as an n-type semiconductor in photocatalytic reac-
tions. Thus, a huge number of researchworks onCeO2 based nanocomposite catalysts
are getting published by different research groups. Our goal was to summarize some
key aspects of these research works.
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