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Preface 

In the last two decades, nanoscience and nanotechnology have attracted tremen-
dous research attention towards technological developments that are based on the 
outstanding and appealing intrinsic features of nanomaterials. A variety of nano-
materials are being synthesized that display better performances than their bulk 
counterparts; therefore, a wide range of applications are envisaged. Recently, signif-
icant effort has been devoted to realize applications of nanomaterials in the area of 
science, engineering, and medical field. Considering the technological importance 
of nanomaterials, this book has been designed to provide comprehensive informa-
tion about the recent progress and applications shown by various nanomaterials. 
Editors of this book opine to provide the necessary background of nanoscience and 
nanotechnology to the researchers and readers to build strong fundamentals and 
deep knowledge about the subject. Certain emerging and well-established nanoma-
terials such as carbon and graphene-based nanomaterials, metal, nanometal oxides, 
layered chalcogenides, MXenes, ceramic nanomaterials, polymer nanocomposites, 
metal nanoparticles, nanofluids, etc., are discussed. For the reader, this book covers 
detailed information about the different nanomaterials sources of synthesis roots 
and their characterization techniques. Additionally, this book also provides detailed 
information on fundamental applications of emerging nanomaterials in a variety of 
fields of science and technology, including energy, electronics, medical, sensing, etc. 

This book consists of 12 chapters and provides the fundamentals to advance 
discussion regarding the capabilities of nanomaterials and their potential applications 
and limitations. Chapter 1 provides a general overview of different nanomaterials. 
In this chapter, Dr. Dheeraj K. Singh and co-workers from IITRAM, Ahmedabad, 
India, have discussed the history of nanomaterials from the prehistoric era to the 
modern age. They also cover the properties of materials at the nanoscale, classifi-
cations of nanomaterials based on their origin, compositions, and dimensions, as 
well as various synthesis routes, and applications in different fields including energy, 
electronics, food, medical, sensing, defense, etc. Chapter 2 is based on carbon nano-
materials. In this chapter, Dr. Rajesh Kumar Singh, CUHP, Dharamshala, India, 
and his team have briefly discussed the various synthesis routes of carbon nanomate-
rials including carbon nanotubes, fullerene, and carbon dots. The discussed synthesis
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methods include chemical vapor deposition (CVD), arc discharge, laser ablation, etc. 
A separate section in this chapter is dedicated to the various applications of carbon-
based nanomaterials including energy storage, biomedical, and sensing applications. 
In Chap. 3, Dr. Pawan Kumar Dubey from the University of Connecticut, USA, 
provided a detailed discussion regarding the recent development in the synthesis and 
applications of graphene-based nanomaterials. Chapter 4 is written by Dr. Puneet 
Khandelwal from JHU, Maryland, United States, that presents various synthesis 
approaches, characterization techniques, and applications of metal nanoparticles. In 
Chap. 5, Dr. Dheeraj K. Singh and his group from IITRAM, Ahmedabad, India, have 
summarized the synthesis routes, characterization techniques, and physiochemical 
properties of metal oxide-based nanoparticles (MONPs) and their applications in a 
variety of fields, including solar cells, batteries, biomedicines, wastewater, pollutant 
treatment, etc. 

A summary of nanocrystalline high entropy alloys (HEAs) and high entropy 
oxides (HEOs) materials is provided in Chap. 6 written by the group of Dr. Rohit 
R. Shahi from CUSB, Bihar, India. A thorough description of the various synthesis 
techniques for nanocrystalline HEAs and HEOs is included along with the under-
standing of their remarkable properties and some of the advanced functional appli-
cations. Further, Chap. 7 provides an overview of two-dimensional (2D) transition-
metal dichalcogenides (TMDCs) materials. Here, Prof. Ashish K. Mishra of IIT-
BHU, India covered several synthesis techniques and briefly emphasized the char-
acteristics of TMDs for their numerous applications in the fields of optoelectronics, 
energy, and biomedicine. In Chap. 8, Dr. Jeevan Jyoti, PDPU, Chandigarh, and Dr. 
Bhanu Pratap Singh, CSIR-NPL, New Delhi, India, provide in-depth information 
regarding MXene-based nanomaterials. This chapter includes a detailed discussion 
of the different MXene synthesis techniques, their properties, and their applications 
in a variety of fields. Moreover, nowadays, ceramic nanocomposite is widely used 
in a variety of electrochemical devices owing to their great applications in the field 
of energy. Therefore, in Chap. 9, Dr. Raghvendra Pandey and Prof. Prabhakar Singh 
describe the key concepts behind nanocomposite ceramics and explore their various 
types. This chapter also reveals the various fabrication techniques for the prepara-
tion and processing of nanocomposites ceramics as well as their physical proper-
ties and applications along with the benefits and flaws of nanocomposites. Polymer 
nanocomposites have a wide range of applications in a variety of fields because of 
their low toxicity and biocompatibility. Hence, Chap. 10 is devoted exclusively to 
polymer composite nanomaterials by Dr. Amaresh Kumar Sahoo, IIIT, Allahabad, 
India, where a thorough understanding of the various synthesis approaches, char-
acterization approaches, and applications of polymer nanocomposites is developed. 
Chapter 11 covers the biomedical applications of advanced nanotechnologies. In 
this chapter, Dr. Chandraiah Godugu from NIPER, Hyderabad, India, outlines the 
uses and applications of several nanotechnologies and advanced nanomaterials for 
diagnosis and therapy. The primary focus of this chapter is on the biomedical appli-
cations of inorganic (metal and metal oxide) and organic (carbon nanotubes and 
liposomes) nanoparticles and their nanopattern surfaces for diagnostics, biosensing, 
and bioimaging applications, as well as drug delivery, theranostic systems, and bone
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replacing implants. In Chap. 12, Dr. Sanjay Singh from DBT-NIAB, Telangana, India, 
addresses the recent developments and uses of nanomaterials as nutritional supple-
ments and therapeutic agents for animal nutrition and the treatment of various animal 
diseases causing microbes, parasites, and fungi as well as vaccine adjuvant made by 
nanotechnology. He also discusses the limitations of nanoparticles for animal health 
and nutrition. 

It is expected that this book will make the readers enthusiastic about the recent 
advancement and importance of nanoscience and nanotechnology by providing a 
thorough understanding of the various synthesis and characterization techniques 
along with the fundamental applications of nanomaterials. Additionally, the outlined 
merits and demerits together with possible solutions will also encourage young 
scientists and researchers to make new discoveries in this field. 

Ahmedabad, India 
Hyderabad, India 
Varanasi, India 

Dheeraj Kumar Singh 
Sanjay Singh 

Prabhakar Singh
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Chapter 1 
An Overview of Nanomaterials: History, 
Fundamentals, and Applications 

Hardik L. Kagdada, Amit K. Bhojani, and Dheeraj K. Singh 

Abstract Nanomaterials exhibit the tendency to alter the fundamental properties 
with the size in the range of nanometers. The fascinating nanomaterials exhibit excel-
lent fundamental properties and possess numerous applications in the fields of science 
and technology. However, the concept of nanomaterials already existed in prehistoric 
times unknowingly. Therefore, the present chapter discusses the historical overview, 
usage, and development of nanomaterials from the prehistoric time to the modern 
age. The scientific milestones achieved for the development of nanomaterials and 
nanotechnology have also been covered. Further, the properties at the nanoscale have 
been discussed in terms of confinement effect and the surface-to-volume ratio. The 
classification of nanomaterials based on several factors such as origin, composition, 
and dimensionality are elaborated. This chapter also included the possible synthesis 
approaches along with their benefits and disadvantages. Moreover, we briefly explore 
the general overview of nanomaterials for a variety of applications in the fields of 
energy, medicine, electronics, sensing, defense, etc. 

Keywords Nanomaterials · Historical overview · Classification of nanomaterials ·
Synthesis approaches · Applications 

1.1 Historical Overview 

Nanomaterials are arising as a revolutionary class of materials, unfolding a wide 
range of applications, by possessing the size or one or all of the dimensions in the 
nanometer range with unique properties. The word “Nano” is originated from the 
Greek phrase “nanos,” which is defined as very short men. The astonishing history of 
nanomaterials reveals that they have existed naturally in ancient times. The history of 
nanomaterials is flabbergasting and long, which includes naturally occurred and man-
made nanomaterials. Natural sources of nanomaterials consist the forest fire products, 
ocean spray, volcanic ash, etc. Moreover, from the meteorites, nanodiamonds have

H. L. Kagdada · A. K. Bhojani · D. K. Singh (B) 
Department of Basic Sciences, Institute of Infrastructure Technology Research And Management, 
Ahmedabad, Gujarat 380026, India 
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2 H. L. Kagdada et al.

been obtained, also known as the most abundant presolar grain [1], which suggests 
that the nanomaterials may have originated from the big bang process. One example 
of nature’s nano assembly is the Nacre, where the mollusks are formed from calcium 
carbonate through the nanopatterning process and provide outstanding hardening 
[2]. Another attraction of nature’s nanomaterials is spider silk, prepared from the 
polymer consisting of protein and exhibits strength more than that of high-tensile 
steel [3]. 

Since, prehistoric times, humans have synthesized and utilized nanomaterials for 
several purposes. Specifically, artists from ancient times have strategically used nano-
materials for cave paintings. From Sulawesi, Indonesia, cave paintings consisting of 
hand stencils have been found dated back to 40,000 BCE, which were prepared from 
fat, charcoal, and plant pigments [4]. Date back to 34,000 BCE, another piece of 
work of the hand stencil and wild mammals have been discovered in the Chauvet 
Pont-d’Arc Cave, France, where graphene and other nanocomposites have been used 
unknowingly [5, 6]. Further, for cloth bleaching purpose Cyprus clay have been 
utilized since 5000 BCE [7]. 

In ancient times, humans are not known that soot exhibits carbon-based nanoma-
terials. Before 4500 years, humans utilized asbestos nanofibers having a diameter of 
50–200 nm to the reinforcement of ceramic matrix materials [8]. The PbS nanoparti-
cles (also known as galena) have been used for the hair dye material, where the PbS 
change the optical properties of the hair shaft with no effect on the mechanical prop-
erties of the hairs [9]. This concept provided the development of the hair dye formula 
2000 years ago [9]. The azure pigment exhibits a hydrophobic nature, also known 
as the Maya blue used for corrosion resistance, manufactured using the indigo dye 
and nanoporous clay in the Mayan city of Chichen Itza [10, 11]. One of the ancient 
artworks from the Roman time was the Lycurgus Cup (~400 CE), which changes its 
color from green to red under the illumination of light (See Fig. 1.1). The material 
of the cup consists of the doping of silver and gold nanoparticles modifies the color 
according to the light [12]. In medieval times, the bright red and yellow colors of 
the glass windows in the churches appeared due to the presence of gold and silver 
nanoparticles [13]. Between 300 and 1700 AD, nanoparticles have been extensively 
used for manufacturing steel (also known as damascus steel) swords, where nanopar-
ticles play a vital role in the strength, sharpness, and shatter resistance [14]. In 900 
AD, the Indian civilization used cemenites nanowires and carbon nanotubes in the 
microstructure of wootz steel [15].

The scientific report for nanomaterials started in 1857, by Michael Faraday, 
synthesized the colloidal solution of gold nanoparticles, called “activated gold.” 
Faraday discussed this work at the royal society of London with the statement, “Gold 
reduced in exceedingly fine particles, which becoming diffused, produce a ruby red 
fluid, the various preparations of gold, whether ruby, green, violet or blue consist of 
that substance in a metallic divided state” [16]. Figure 1.2 depicts the major mile-
stones of the developments in the field of nanomaterials and nanotechnology. More-
over, in the 1940s, silica nanoparticles have been used as a replacement for carbon 
black in rubber reinforcement [17]. The concept of nanotechnology and nanoscience 
was boosted in 1959 through the revolutionary statement “There’s plenty of room
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Fig. 1.1 Lycurgus cup, left size is reflected and right side shows the transmission of light (adapted 
with permission from [8]). Copyright (2013) (Elsevier)

at the bottom” by physicist Richard Feynman during his talk at the American Phys-
ical Society meeting at the California Institute of Technology [18]. In the same talk, 
Feynman asked and discussed that “Why cannot we write the entire 24 volumes of 
the Encyclopedia Brittanica on the head of the pin.” Moreover, Feynman suggested 
the possibility of modulation in materials at the atomic level, where the properties 
are drastically different from the large scale. Furthermore, Feynmann also depicted 
that smaller and smaller sizes neglect gravity, while van der Waals interactions and 
surface tension parameters would be more dominant. Due to his revolutionary state-
ments and discussion, Richard Feynmann is also known as the “Father of nanotech-
nology,” although he never mentioned explicitly the word Nanotechnology [17]. In 
1974, Japanese scientist, Norio Taniguchi was the first to define the term Nanotech-
nology as the process of atomic-level deformation and separation of materials [19]. 
However, the term nanotechnology was not famous till 1986, when the American 
engineer Eric Drexler published a book named Engines of creation: the Coming Era 
of Nanotechnology, which brings spans the revolutionary field of nanotechnology 
[20]. After that, the great inventions in experimental techniques such as scanning 
tunneling microscopy (STM) by Heinrich Rohrer and Gerd Binnig in 1981, which 
allowed to see the materials at the atomic scale leads to a boost in the awareness 
of nanotechnology. For such an invention, Rohner and Binning were awarded the 
Nobel prize in physics [21]. After that, the growth in the carbon allotropes towards the 
nano dimensions fuels the development of nanomaterials. Started with the discovery 
of fullerenes by Harold W. Kroto, Richard E. Smalley, and Robert F. Curl Jr. in 
1985 [22], and all three scientists were awarded the Nobel prize in 1996. Further, 
the IBM scientists successfully orchestrated the logo of IBM by moving the Xenon 
atoms on the surface using STM tips [23]. Such exceptional work moves one step 
closer to the Feynmann hypothesis. For carbon nanotubes, Japanese inventor and 
physicist Sumio Iijima is often cited as the inventor of carbon nanotubes [24]. After
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Fig. 1.2 Scientific milestones of nanomaterials and nanotechnology from the year 1857 

that, the concept of nanoimprint lithography has been proposed for the first time by 
Chou and the group at the Nanostructure Laboratory of the University of Minnesota 
[25]. The transformation of integrated chips (ICs) also can be considered a part of 
the historical development of nanotechnology in the field of electronics. In 1947, 
the single transistor size was in the range of micro-objects, based on the demands 
of miniaturization and maintaining the pace with Moore’s law, the size of tran-
sistor deduced significantly and in the year 2002, it further reduced to 90 nm [17]. 
Currently, the size of transistors is reduced to below 10 nm. In 2001, the United 
States established the national nanotechnology initiative (NNI) for the systematic 
and scientific development of nanomaterials and nanotechnology [26]. With novel 
properties and remarkable applications, the most eminent carbon-based nanomate-
rial, single-layer graphene has been synthesized successfully by Andre Geim and 
Konstantin Novoselov and awarded the Nobel prize in Physics in the year of 2010 
[27]. The discovery of graphene further leads to the development of numerous two-
dimensional materials. There are several specific journals devoted to nanotechnology 
and nanomaterials such as the International Journal of nanotechnology, Journal of 
nanoscience and nanotechnology, Journal of nanoparticle research, Nano letters, etc., 
have been started [26]. 

1.2 What Happened at the Nanoscale? 

The nanometer is the distance, which is equal to the 1 billionth part of the one-
meter distance (1 nm = 10–9 m). The properties of nanomaterials show a drastic 
change when one of the dimensions or sizes belongs to the nanometer range. Now, 
the question is: why the properties of materials are so different at the nanometer scale 
compared to their bulk structure? The classical mechanics or thermodynamics failed 
to reveal the proper explanation of the properties of nanomaterials. While quantum
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mechanics unveil the fundamental aspects of the materials at the nanoscale region, 
where the motion of the electron is confined. The size or dimension of materials 
is analogous to the de Broglie wavelengths of electrons, phonons, or excitons, the 
confinement effect originated, which leads to the dramatic variations in the properties 
of the materials. Based on the amount of confinement, the materials can be distin-
guished into (i) quantum dots or zero-dimensional materials (0D), (ii) quantum wires 
or one-dimensional (1D) materials, and (iii) two-dimensional (2D) materials or thin 
films. The detailed classification of nanomaterials is discussed in the next section. 
Due to the confinement effects, the density of states (DOS) plays an important role in 
the fundamental understanding of the transport, spectroscopic and optical properties 
of materials at the nanoscale region [28]. The density of states is defined as the number 
of energy states for the range of unit energy. For each dimensionality of the particles, 
the density of states related to the energy is presented in Fig. 1.3. It is clear that the 
DOS for 0D materials has discrete energy levels and is represented by the Dirac delta 
function. In the case of 1D materials or nanowires, the energy states are inversely 
proportional to the square root of the energy. However, for 2D materials or thin 
films, the density of states becomes constant as a function of energy, while the same 
is proportional to the square root of the energy for the case of 3D materials, where no 
quantum confinement is probed [28]. Moreover, reducing the particle size increases 
the portion of atoms at the surface of the nanomaterials. Therefore, the nanomate-
rials exhibit a larger surface area to volume ratio, compared to the bulk materials, 
which results in anomalous changes in the fundamental properties. Furthermore, at 
the surface region, the atoms may possess unsatisfied dangling bonds, which exhibit 
lower stability than that of the bulk materials. The interaction of materials occurred 
at the surface, and therefore, due to unsatisfied bonds and large surface-to-volume 
ratio, the nanomaterials reveal a higher chemical activity compared to the 3D mate-
rials. The fascinating impact of the quantum confinement on the physical properties 
is the variation in the band gap with the size of the nanomaterials [29, 30]. Here, 
the confinement leads to an increase in the band gap of nanomaterials. Figure 1.4 
shows the schematic diagram of the particle size-dependent band gap variation. For 
the weak confinement region, the coulomb energy is stronger than the confinement 
energy, which results in the electron–hole as a pair product, while, for the strong 
confinement regime, the energy of confinement overcomes the Coulomb energy and 
the electron and hole exhibit separate confinement in the spherical potential [31– 
33]. The optical absorption spectrum of the nanomaterials responds according to 
the size confinement of the nanoparticles, which provides the tunning of the light-
absorbing properties at the nanoscale. For example, the photoluminescence peak of 
the CdSe quantum dots reduces with increasing size and exhibits the shifting of the 
peak toward blue light [34]. The optoelectronic properties of the graphene have been 
significantly tunned by preparing graphene nanosheet using the bottom-up approach, 
where hydrocarbons covered the graphene to maintain the sp2 configuration [35].
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Fig. 1.3 Upper panel represents the schematic presentation of confinement effect. While lower 
panel depicts the nature of density of states with increasing the confinement in each dimension 

Fig. 1.4 Schematic presentation of the electronic properties of the nanoparticles with various sizes 

1.3 Classification of Nanomaterials 

The most studied materials of the current century, nanomaterials, gave birth to the new 
field of science and technology, often called nanotechnology. This class of materials is
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manufactured or fabricated at the nanometer scale and the properties of nanomaterials 
are drastically changed compared to that of bulk materials. The classification of 
nanomaterials depends on several factors such as the origin, size, shape, chemical 
composition, characteristics, and applications. Based on the origin, there are two 
types of nanomaterials, naturally originated which are produced non-intentionally 
and belong to the environment, while another class consisting the nanomaterials 
made up of defined purpose through the systematic synthesis or fabrication process 
such as top-down and bottom-up approaches. 

On the other hand, based on composition, the nanomaterials are classified into 
majorly four categories, carbonaceous, organic, inorganic, and composite-based 
nanomaterials. The carbonaceous nanomaterials exhibit the sp2 hybridization in their 
orbital configuration. Graphene, nanodiamond, carbon nanotubes, fibers, nanowires, 
and nanographite are examples of carbonaceous nanomaterials. Chapter 2 consisting 
a detailed discussion of carbon-based nanomaterials. The organic category includes 
bioinspired nanomaterials such as micelles, dendrimers, ferritin, liposomes, etc., 
and exhibits a size ranging from 10 to 1000 nm [36]. On the other hand, the inor-
ganic nanomaterials consisting of non-carbon elements such as metal and metal 
oxides (Chaps. 4 and 5), metallic nanoclusters, magnetic nanomaterials (Chap. 6), 
nanoclay, zeolite, groups IV–VII-based nanomaterials (specifically the chalco-
genides, Chap. 7), MXenes (Chap. 8), etc. The majority of the inorganic nanomate-
rials exhibit a crystalline nature and different sizes and shapes (spheres, cubes, stars, 
ellipsoids, cylinders, etc.) in their structure, resulting in a wide range of desired prop-
erties for various fields of science and technology. The fourth category in this section 
includes the composite-based nanomaterials (Chaps. 9 and 10), which exhibit the 
matrix-based structure, where the metal, polymer, hydrogel, or ceramic are consid-
ered as the matrix in the nanostructure. The hydrogels depict biocompatible activities 
in precise surroundings and have been utilized for drug delivery applications [37]. 

Based on the dimensionality the nanomaterials have been classified into three 
types; zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) 
nanomaterials. The size and morphology change according to the dimensionality 
of the nanomaterials, which provides a significant tunning of the properties. 

0D nanomaterials: All three dimensions are confined to the nanometer scale, 
consisting of a few tens to thousands of atoms in the range of 2–100 nm. The 0D 
materials include fullerenes, quantum dots, nanoclusters, nanoparticles (magnetic 
and metallic), etc. Fullerenes having 60 carbon atoms, named buckminsterfullerene 
(C60), honor the American architect Buckminster Fuller who is known to bring 
geodesic structures into the field of architecture [22]. The cage-like structure has 
the shape of a soccer and a diameter of ~1 nm, fullerenes consisting of the bonds of 
each carbon atom to the other three carbon atoms similar to graphite. Despite having 
a sphere-like structure all carbon atoms in the structure exhibit the sp2 hybridization 
and possess a higher surface-to-volume ratio for broad applications in the field of 
science and technology. Other 0D nanomaterials are the quantum dots (QDs), which 
exhibit a semiconducting nature having a size in the range of 2–10 nm and consisting 
the 10–50 atoms. The optical properties of the quantum dots are quite different than 
that of the bulk materials as QD emits various colors of light with the size and surface
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morphology. Due to its very small size, the optical properties are highly sensitive to 
the number of atoms. For example, the carbon quantum dots having a size <1.2 nm 
possess the emission of ultraviolet (UV) light, while the same has emitted visible 
light with a size between 1.5 and 3 nm, which further provides the infrared light for 
the size of ~3.8 nm [38, 39]. On the other hand, metal and metal oxide nanoparticles 
exhibit a similar nature of size-dependent optical properties, which is also known as 
surface plasmon resonance (SPR) [40, 41]. The silver and gold nanoparticles were 
studied most for the SPR phenomena, where the electric field inside the particle 
will be significantly enhanced through the coupling of plasmon with the external 
incident light and provides the scattering and absorption of light [42–51]. Both gold 
and silver nanoparticles exhibit potential applications in medical science, diagnostics, 
sensors, and solar cells. Specifically, silver nanoparticles possess promising usability 
as antibacterial and anti-microorganisms [52, 53]. Similarly, metal oxide nanopar-
ticles such as ZnO, TiO2, Fe2O3, etc., possess excellent size and shape-dependent 
physicochemical properties and broad applications in renewable energy and medical 
sectors [54–56]. 

1D nanomaterials: This class of nanomaterials exhibits the two dimensions in 
the nanoscale range. Examples are nanotubes, nanofibers, and nanowires, which are 
heavily attractive for usage in thin film-based devices [57–59]. One of the most 
studied 1D nanomaterials is the carbon nanotubes (CNTs), which are the elongation 
of the fullerenes in one of the dimensions with a cylindrical shape, consisting of the 
micron to the millimeter of length and nanometer range of diameter. CNTs are of two 
types, one is single-walled CNTs (SWCNTs), while another is multi-walled CNTs 
(MWCNTs), which exhibit an interlayer distance similar to that of graphite [60]. 
Based on the chirality and diameter of the nanotubes the desired range of physical 
properties can be achieved. For example, the bandgap of the CNTs is highly sensitive 
to the diameter, where the larger the bandgap results from the smaller diameter and 
vice versa [61]. CNTs possess exceptional mechanical properties among all carbon 
materials, whereas Young’s modulus of CNTs is approximately five times higher 
than that of steel [62, 63]. Apart from carbon-based 1D nanomaterials, metal chalco-
genides and boron nitride-based 1D nanomaterials are also reported significantly for 
their physical properties and variety of applications with the size and length of the 
nanoribbon and nanotubes [64]. 

2D nanomaterials: With the plane-like structure in two dimensions, 2D nano-
materials have one dimension in the nanometer range, where electrons are confined 
to move. This class of materials includes graphene and graphene oxides (Chap. 3), 
transition metal dichalcogenides and oxides, boron nitride and pnictides, group-IV 
chalcogenides, group-IV-based elemental 2D nanomaterials, and MXenes. The 2D 
materials revealed the prospective applications in the electronic, optoelectronic and 
sensing devices, energy and environmental sector as well as in biomedicine, attributed 
to their exceptional physical properties such as high mechanical strength, electronic 
and optical tunability and flexibility in the structure [65–67].
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1.4 Synthesis of Nanomaterials 

Over the decades, nanostructured materials have captivated a significant research 
interest due to their size and shape depending on physical, chemical, electronic, and 
magnetic properties. The performance of nanomaterials depends on their properties, 
which mainly depend on the structure, composition, defects, and interfaces, and 
are directed by synthesis root. Therefore, several synthesis techniques have been 
developed to construct different types of nanomaterials with controlled size, shape, 
structure, and dimension. Such available synthesis techniques are used to fabricate 
the various form of nanomaterials like nanocolloids, powders, clusters, roads, tubes, 
and so on. The synthesis methods of nanomaterials (nanoparticles) are categorized 
into two parts: (i) top-down, and (ii) bottom-up approaches. The first approach is a 
breakdown method in which a solid material is converted into nano-sized particles 
in the presence of external force. In the second approach, the nanoparticles build 
by assembling atoms and molecules from atomic to the nanoscale, also called as 
build-up method. Figure 1.5 classified the top-down and bottom-up techniques. 

Fig. 1.5 Nanomaterials synthesis techniques: top-down and bottom-up approaches
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1.4.1 Top-Down Approach 

The top-down approach is easy to use for the transformation of bulk materials into 
nano-sized structures/particles via wet and dry grinding techniques. Presently, at the 
industry level, the top-down approach is dominant for the fabrication of man-made 
nanomaterials. For example, in the semiconductor industry, the photolithography 
procedure has been used to imprint the metal oxide semiconductor field–effect tran-
sistor (MOSFET) onto a silica wafer [68, 69]. In this approach, several operations 
have been performed on large-scale materials to convert them into nanoscale parti-
cles. However, these approaches required a large installation area for setup which 
makes them quite expensive. Further, the slow growth rate makes them impropriate 
for the production of large-scale amounts. Top-down approaches are also not suit-
able methods for soft materials because the mechanical parts used in these devices to 
grind the materials are rigid and hard. The major downside of these techniques is the 
irregularity in the shape and particle size of constructed nanomaterials, e.g., the fabri-
cated nanowires using the lithography technique contain lots of structural defects and 
impurities. Some of the well-known top-down approaches are ball milling, thermal 
evaporation, laser ablation, and sputtering techniques. 

Ball milling. Ball milling is a well-known top-down grinding approach for the 
fabrication of nanoparticles in powder form. It is one of the easiest and most produc-
tive mechanical processes used to create a variety of nanoparticles and metal alloys 
by transferring the kinetic energy of the grinding medium into the sample material. 
Ball milling works on the principle of impact and attrition (i.e., friction). As demon-
strated in Fig. 1.6, the ball mill consists of a hollow cylindrical shell rotating around 
its axis horizontally or at a small angle with a horizontal line. Based on the rotation of 
the ball mill, the ball milling process is divided into various types: planetary, attrition, 
horizontal, rotatory, and vibratory mill. The grinding medium partially filled inside 
the ball mill is the hard sphere balls made from steel (chrome and stainless), rubber, 
flint pebbles, or ceramic materials. The sample material is also placed inside the ball 
mill along with the grinding medium. As the ball mill rotates, the grinding balls lift 
near the top of the mill and then drop down to the ground, resulting in the reduction in 
the size of the target materials by impact. The impact between the grinding balls, mill 
wall, and target materials creates a fine powder of sample material. The ball milling 
process is also used for several purposes such as mixing two or more materials, 
compression of particle size, change in particle structure, agglomeration, modifying 
the material characteristics, and so on [70]. Some examples of synthesized nanoma-
terials using different ball milling processes are ZnO nanoparticles (10–30 nm) using 
high-energy ball milling [71], GR oxide nanoparticles (40 nm) [72], CuO nanopar-
ticles (13.8 nm) [73], and graphite oxide nanoparticles using planetary ball milling 
process [74].

The ball milling technique possesses several advantages and benefits. Such as, it 
is a low expensive process, suitable for continuous operation, nanoparticles with the 
size of 2–20 nm can be produced, simple in serving, reliable and safe, long lifetime, 
helpful for thickness reduction of various materials, and high capacity, for open and
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Fig. 1.6 Schematic diagram of ball milling top-down approach

close circuit grinding, to synthesize few milligrams to kilogram nanoparticles within a 
short time interval of few minutes to few hours [28, 76–78]. The ball milling technique 
also possesses several drawbacks like low surface, irregular shape nanoparticles, 
formation of disordered crystal structure, and grinding needs a bunch of energy, 
noise, and heavyweight [28, 75, 76]. 

Thermal evaporation. Around the 1850s, Faraday [16] construct an endothermic 
process known as thermal evaporation in which heat is used for the chemical break-
down of a molecule [79]. Thermal evaporation is also a popular top-down approach 
for the production of various nanomaterials such as inorganic nanoparticles [80], thin 
films [81], etc. Figure 1.7 demonstrates the schematic representation of the thermal 
evaporation technique. As shown in Fig. 1.7, the metal crucible containing the target 
material is placed inside a high vacuum chamber having pressure below 10–4 Torr. In 
this process, the atoms/clusters/molecules are gets ejected from the target material 
in vapor form by heating or passing the electrical current from the metal crucible. 
The generated vapor flux condensed on the surface of the substrate. In electron 
beam evaporation, when an electron beam is bombarded on the target material it 
generates the vapor flux. While in the case of thermal evaporation, the joule effect 
with a suitable temperature has been used to heat the target material. By contacting 
the target materials with hot surface evaporation can be achieved, known as resis-
tive heating, and used for materials that get vaporized below 1500 °C temperature. 
Carbon, tungsten, boron nitride and TiB2 composite ceramics, and molybdenum are 
well-known resistive heating elements [82]. Some examples of synthesized nanoma-
terials by thermal evaporation technique are MoS2 nanowafers (0.7 nm thick) [83], 
Zn2GeO4 nanocrystals (10 nm thick) [84], thin films of SnS (720 nm thick) [85], 
Ga2O3 (350 nm thick) [86].

In comparison with other techniques, the thermal evaporation process acquires 
numerous advantages. Some of the major advantages are high deposition rate, low-
cost apparatus/cost-effective, no need for solvent, suitable for low melting point 
materials, monitoring and controlling of deposition rate, vapors, and thickness of 
the film are easy, ultrathin layer materials can be deposited [87, 88]. The thermal 
evaporation technique also exhibits a few disadvantages. It is incompatible with
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Fig. 1.7 Schematic diagram of thermal evaporation top-down approach

multicomponent thin film production, limited processing variables to control film 
properties, poor source material, and deposition of various alloys together is also 
difficult. 

Laser ablation (vaporization). Laser ablation is a top-down vaporization method 
used to fabricate multi-component nanocrystals using high-intensity laser pulses. 
Laser means high power beam of electromagnetic radiation amplified by stimulated 
emission which has various applications in the field of medicine, industry, printing, 
and military [89]. Laser ablation is one of the easiest techniques presented for the 
synthesis of nanoparticles from multiple solvents by controlling the evaporation 
process in a short period of time [79]. In this process, a pulsed laser beam has been 
focused and bombarded on the target interest to vaporize the atoms and molecules 
from the surface of the target material and fabricates nanostructures as illustrated in 
Fig. 1.8. When a focused laser beam is targeted on the surface material, it produces 
vapor/plasma/liquefied metal, which interacts with the liquid medium and generates 
specific nanoparticles [90] The structure and properties of produced nanoparticles 
can be tuned by laser and liquid medium (water, ethanol, etc.) [91]. The ablation 
process only takes place when a target material starts evaporating or melting through 
absorbing a sufficient amount of energy. It means ablation is a process associated 
with both evaporation and melting [92].

Usually, the synthesis rate of nanoparticles depends on the energy of the laser 
pulse. Laser is classified into two types (Infrared and UV/excimer laser) according 
to their wavelengths, in which excimer is a pulsed gas laser used to generate UV light 
with power efficiency in the range of 0.2–2% [92]. Laser ablation has applications 
in numerous fields of ceramics, polymer, and glass industries as well as in cutting,
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Fig. 1.8 Schematic diagram of laser ablation top-down approach

drilling, and milling through a laser beam. Some examples of synthesized nanopar-
ticles by laser ablation process are carbon nanomaterials [93], ZnO [89, 90]-, SnO 
[91]-, TiO2 [90, 94]-, CdO [95]-, and Ag [96]-based nanoparticles. 

Some advantages of the laser ablation technique are the ability to produce novel 
and multicomponent nanoparticles, and energy loss is low during the generation of 
nanoparticles. There are a few disadvantages of the laser ablation process such as, it 
needs a large amount of energy to obtain high ablation efficiency, and the increase 
in the ablation time reduces the effectiveness of the process [97]. 

Sputtering. Sputtering is a non-thermal vaporization technique, widely used for 
surface coating, etching, and deposition of thin layers [98, 99]. Sputtering works 
under low pressure (<0.67 Pa) [100], is controlled by using a vacuum pump, and 
contains various components like an isolated chamber, sputtering gas source, etc. 
The high-energy inert gas ions are used to deposit the nanomaterials on the surface 
of the substrate ejected from the target material as depicted in Fig. 1.9. The interaction 
mechanism between the ions and target material mainly depends on the ratio of ions– 
target atomic mass and the energy of incident ions. When the ions get to interact 
with the surface of the target material, various phenomenon takes place such as 
generating photons, sputtering out the atoms and molecules from the surface of the 
target material, secondary electrons, and the creation of vacancy and defects in the 
target material. Therefore, it is a very effective method for spintronic applications 
to deposit multilayer films [28]. Depending on their source materials, the sputtering 
technique is divided into the following types: (i) direct current (DC) sputtering, 
(ii) reactive sputtering, (iii) radio frequency (RF) sputtering, and (iv) magnetron 
sputtering. The efficiency of the sputtering technique can be improved by increasing
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Fig. 1.9 Schematic diagram of a sputtering top-down approach 

the efficiency of ions, deposition rate, and plasma ionization, and by decreasing the 
area of the deposition chamber [101]. 

Some advantages of the sputtering deposition technique are working efficiency 
at low temperature, uniform coating of a large area possible, and sputtering and 
deposition of various compounds and alloys possible [102]. A few disadvantages 
of this technique are the low sputtering rate of thermal evaporation technique, low 
purity of deposited films, generates a large amount of heat [103]. 

1.4.2 Bottom-Up Approach 

The bottom-up approach is a constructive technique for the fabrication of nanoma-
terials through the self-assembling of atoms and molecules. This approach is refer-
ring to the growth of nanomaterials via atom-by-atom, molecule-by-molecule, and 
cluster-by-cluster. It is generally divided into two phases: gaseous and liquid phase 
methods. It works on the principle of self-assembly also known as molecular recogni-
tion. The term self-assembly indicates the more and more growth of one’s kind from 
itself of materials. Self-assembly also refers to the shaking and baking, shaking means 
gathering precursors from various positions and baking means applying energy in the 
desired space to allow the configuration of nanomaterial. Several biological systems 
such as proteins, RNA, and some virus exhibits extraordinary self-assembling capa-
bilities by transforming the randomly arranged coil into a linear polymer chain. The 
major advantage of this approach is the less generation of waste, the capability of 
parallel device production, and the more economical than the top-down approach. 
However, it gets difficult as the size of the assembly increases. Further, the bottom-
up approach also provides fewer defects, short- and long-range and homogenous 
nanomaterials. Some of the well-known bottom-up approaches are chemical vapor 
deposition, hydrothermal, co-precipitation, and sol–gel synthesis routes. 

Chemical vapor deposition (CVD). Over the decades, CVD is a powerful 
appealing technique available for the construction of nanostructures. Generally, CVD 
has been used for coating purposes of several organic and inorganic materials with the
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help of the vapor phase of suitable chemicals. Due to their easy instrumentation and 
processing, cost-effectiveness, and possible deposition of various materials, CVD 
has been a broadly used technique at the industry level. The fabrication of certain 
nanocrystalline films has been done using the CVD technique under various depo-
sition conditions. CVD has been classified into different types according to their 
gas pressure, working temperature, and geometrical arrangement of instruments: 
metallo-organic, plasma-enhanced CVD, vapor phase, and atomic layer epitaxy 
methods. The basic step of the CVD technique for the synthesis of nanomaterials are 
as follows: transport of reacting gas ions to the surface of a material and their absorp-
tion on the surface, surface diffusion, growth of nucleation process, and formation 
of thin films. Basic CVD techniques have been used to deposit the ceramic, semi-
conducting, and metallic thin films. Some examples of synthesized nanostructures 
by CVD are graphene films [104], nanoplatelets [105], carbon nanotubes [106], and 
ZnO films [107]. 

Several advantages of the CVD technique for the growth and fabrication of nanos-
tructures are a large amount of good quality two-dimensional nanomaterials that can 
be fabricated, controllable growth rate, low processing cost, pure, excellent homo-
geneity, dense, and rigid production of nanostructures, crystal structure, and surface 
morphology process can be controlled, the synthesis process can be repeated multiple 
times, shaped coating possible. Apart from the various advantages, CVD also consists 
few drawbacks such as costly precursors, they can be flammable, poisonous, and 
explosive, some deposition takes place at high temperature, and sometimes creates 
poisonous by-products [108]. 

Hydrothermal. Hydrothermal is the most common solution reaction-based 
bottom-up approach for the preparation of nanostructured materials. In this process, 
the reaction between the solid material and aqueous solution inside a reaction vessel 
leads to the deposition of small particles in the presence of high pressure and tempera-
ture. Further, this process also works from the room to very high temperatures during 
the formation of nanomaterials. Here, water is used as solvent material which refers 
to the term hydrothermal. The morphology of prepared material can be controlled 
by varying the pressure from low to high, depending on the vapor pressure of the 
main compositions used in the reaction. Therefore, the synthesis of several types of 
nanomaterials has been possible by this method and exhibits significant advantages 
over the other synthesis roots. Nanomaterials that are not stable at a raised tempera-
ture and also have high vapor pressure can be synthesized by a hydrothermal process 
with minor loss of material. The synthesis rate of deposition can be controlled by 
the liquid phase and multiple chemical reactions in the hydrothermal process. This 
process gained tremendous interest in the modern science and technology field due to 
its low cost, homogeneous precipitation, product purity, and eco-friendly nature. The 
deposition process of this method is divided into the following parts: synthesis, treat-
ment, growth of the crystal, organic waste treatment, and preparation of nanopowder. 
Some examples of synthesized nanoparticles by using hydrothermal are Ag [109], 
Au [110], CuO [111], NiO [112], and ZrO2 [113] nanoparticles. 

The hydrothermal technique possesses few advantages over the other synthesis 
roots. Such as high crystallinity nanocrystal is produced, size control of nanoparticles
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possible, and nanomaterials having low melting point will be obtained [114]. Some 
limitations of this technique are difficult to control, the growth of crystal cannot be 
observed directly, and expensive autoclave [114]. 

Co-precipitation. Co-precipitation is a wet chemical bottom-up method used 
for the synthesis of a wide range of nanomaterials. In the co-precipitation method, 
inorganic salts like nitrate, sulfate, etc., are used as a precursor to achieving desir-
able compositions of cations in a homogeneous medium of clusters and ions. In this 
process, filtration and washing methods are used to easily separate the generated 
impurities during the precipitation process. Homogenous and small-size nanoparti-
cles can be produced by performing several chemical reactions inside the solution 
of this method. In co-precipitation, it is very important to maintain the pH of the 
initial solution, therefore to retain the essential pH of the solution during the precipi-
tation process, another solution carrying the precipitation agents is added drop-wise 
or directly which results in the production of nanoparticles. Some of the widely used 
precipitants are chlorides, hydroxides, carbonates, and many more. Further, to obtain 
high-purity nanocrystals and morphology of nanoparticles, processes like annealing, 
sintering, and calcination are used. The size of synthesized nanoparticles depends on 
the concentration and nucleation rate of the process. Such as smaller size nanopar-
ticles are fabricated through high concentration and fast nucleation and vice versa. 
Therefore, this process is used to synthesize the various nanotubes, nanoparticles, and 
nanorings. Some of them are CoMn2O4 nanoparticles [115], and Mn3O4 nanograins 
[116]. 

This technique is easy to prepare and quick can work at low temperature, and 
homogeneity in particle size, and can be modified, and cost-effective [117, 118]. 
This technique acquires several drawbacks such as it is not suitable for the reactants 
that own different precipitation rates, the presence of impurities in the final product 
and the presence of several chemicals generate risky waste and can affect the purity 
of the final product [118, 119]. 

Sol–Gel. Sol–gel technique is the most common bottom-up approach used for 
liquid phase synthesis of nanomaterials started nearly the 1970s. The sol–gel involves 
the two terms sol and gel, which means two different materials or components. The 
term sol means the colloidal solution of solid particles in a solvent, while the gel term 
refers to the formation of semi-rigid mass when the solvent of sol creates a continua-
tion network by joining particles through evaporation. Similar to the co-precipitation 
method, the pH control of the initial solution in sol–gel is also needed and can be 
achieved by adding an acidic or base solution to form a homogenous gel and also 
to avoid precipitations. Sol–gel is a widely used multi-step wet chemical solution 
process to fabricate the thin films, fibers, and nanopowders of ceramic and glass 
materials. The synthesis process of sol–gel is generally divided into the following 
parts: (i) hydrolysis, (ii) condensation, (iii) aging, (iv) drying, and (v) calcination. 
In the first step, a suitable precursor (metal oxide or alkoxides) is chosen to form 
an appropriate gel. To obtain a hydroxide solution, hydrolysis can be done with a 
reaction medium of water or alcohol. Afterward, condensation takes place between 
the neighboring molecules, resulting in the formation of a metal oxide bond and the 
removal of water or alcohol. This further leads to the formation of a porous structure
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(gel-like liquid phase) due to polycondensation which increases the viscosity of the 
solvent. In the next step, the continuous polycondensation reduces the porosity and 
increases thickness, resulting formation of a gel structure called aging. At last, the 
gel is dried with the help of different drying methods and then the calcination process 
is executed to remove the water molecules from the sample. Here, temperature plays 
an important role to maintain the porous size and material density. This process leads 
to the fabrication of a variety of nanomaterials including glass and ceramic-based 
nanoparticles, thin films, and many more. Some examples of synthesized nanoma-
terials by sol–gel techniques are Cu-doped TiO2 nanoparticles [119], Co3O4 [120], 
and ZnO [121] nanoparticles. 

The advantages of a sol–gel technique are low cost, can work under low temper-
ature, high-purity products, homogeneous material production, and easy fabrication 
of complicated nanomaterials [122, 123]. Some disadvantages of sol–gel are the long 
reaction time, sample purification needed, and health risks due to the presence of 
some organic materials [122, 123]. 

1.4.3 Characterization of Nanomaterials 

The physicochemical features of nanomaterials such as size, shape, surface behavior, 
composition, crystal structure, defects, etc., play a vital role in the determination 
of the structure–property relation. Therefore, the characterization of nanomaterials 
is essential for understanding the fundamental aspects and basis for applications 
in the discrete area of science and technology. X-ray diffraction (XRD) technique 
is used to determine the crystal structure and lattice parameters of the nanoma-
terials, while the size, shape, and morphology of the nanomaterials are character-
ized through microscopy-based techniques such as transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), high-resolution TEM, and atomic 
force microscopy (AFM) [124]. Further, dynamic laser scattering (DLS) has been 
used to determine the size distribution and aggregation states of the nanoparticles 
[124, 125]. The electronic structure, elemental composition, and oxidation states are 
identified by using X-ray photoemission spectroscopy (XPS). Vibrational spectro-
scopic techniques such as Raman and infrared (IR) spectroscopy are widely utilized 
to determine the structural composition, functionalization, and functional group 
binding in the nanomaterials [126, 127]. For example, the Raman spectra presented 
in Fig. 1.10a clearly show the differences between the bulk graphite and defect-
less graphene structures as well as the displacement of the G peak towards the low 
wavenumber [128]. Similarly, Fig. 1.10b reveals a notable variation in the intensity of 
the D peak as the number of layers grows, demonstrating the significance of Raman 
spectroscopy for differentiating the single and multilayer structures [128].

Further, surface-enhanced Raman spectroscopy (SERS) allows the enhancement 
of the weak Raman signal up to 108 times or greater through localized plasmon reso-
nance excitation [129]. With the aid of the SERS technique, the surface phenomena 
of nanomaterials, ligand assembly, and the detection of hazardous or explosive
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Fig. 1.10 Raman spectra comparison of a bulk graphite and defectless graphene, and b for different 
numbers of layers at 514 nm (adapted with permission from [128]). Copyright (2006) (Americal 
Physical Society)

molecules can be carried out. Furthermore, the surface charge exhibits importance 
in the colloidal stability of the nanomaterials [130]. The zeta potential characteri-
zation technique is the most common and widely used for the surface charge anal-
ysis and surface modification of nanomaterials [125]. The excited state electronic 
structure and optical properties of the nanomaterials are characterized by using UV– 
Visible spectroscopy and photoluminescence (PL), where the size-dependent elec-
tronic states, the change in bandgap, and binding energy of excitons can be measured 
[126, 127]. The mass distribution in the nanomaterials can be explored through the 
thermogravimetric analysis (TGA) method [125], while the chemical and molecular 
composition, chemical shift, and ligand density are offered by the qualitative nuclear 
magnetic resonance (NMR) technique [131]. Superconducting quantum interference 
device magnetometry (SQUID) is utilized to measure the magnetic properties such 
as magnetization, remanence as well as the blocking temperature of the nanoma-
terials [132]. Furthermore, nano-SQUID was recently developed to determine the 
magnetic spectroscopy and imaging of the nanomaterials [124]. For each type of 
nanomaterial and its specific property analysis and perspective, a detailed discussion 
of the characterization is presented in the subsequent chapters. 

1.5 Applications of Nanomaterials 

Nanomaterials possess unique physical, chemical, electrical, optical, and magnetic 
properties, which attract researchers for a wide variety of applications in diverse 
fields from science to engineering. At the nanoscale, the material properties are size-
dependent, which has opened the path for making new instruments, and devices
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to improve the quality of life and facilities. Figure 1.11 describes the broad range 
of applications of nanomaterials. A few of them are briefly discussed as follows. 
Further, subsequent chapters consist of an in-depth discussion regarding different 
types of nanomaterials applications in the different fields of science and technology. 

Electronics: Nanoparticle-incorporated electronic components aim to take 
advantage of nanoproperties of materials for several potential applications. 
Nanocomponent-based devices are useful in many ways such as providing fast 
process, better printing, more information storage, flexible displays, energy effi-
ciency, and longer lifetime. Nanomaterial-based transistors are faster and more 
powerful. Electronic devices such as television, laptop, computer, camera, and mobile 
phones have used nanomaterials to gain better performance, lightweight, and low-cost 
manufacturing. Nanoelectronics-based products include transistors, diodes, LED and 
plasma displays that improve the display screen, and capabilities of data storage, 
reduce the size, and procedures, less power consumption [133, 134]. 

Sensors: Nanomaterial-based sensors exhibit many advantages at the micro- and 
macro-scale level due to their novel properties. Such as reduction in size, weight, 
and cost, less power consumption, increases sensitivity, mass production, and inte-
gration level will be higher, in medical sensors. Based on the sensing applications, 
nanosensors are classified as transduction, measurand, and technological aspects. It 
can be further classified according to the use of nanostructured materials like tubes, 
wires, particles, composites, etc. Nanosensors also possess industrial applications in 
communications, transportation, medicine, safety, and security, for detecting chem-
icals, and radiation damage in the human body, detecting and destroying tumors, 
and defense and military [135]. Gold nanoparticles and quantum clusters bear the 
potential application for the sensing of hazardous metal ions [136–138]. Silver 
nanoparticles have been used to detect various fungi using the SERS technique 
[139–141]. 

Catalysts: Nanocatalysts are more efficient than conventional catalysts due to the 
large surface-volume ratio of nanomaterials and significantly enhancing the chemical

Fig. 1.11 Applications of nanomaterials in diverse fields 
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reaction ability. Nano-based catalysts are cost-saving, have low waste and environ-
mental impact, as well as highly selective. Due to the nanosize of particles, the 
nanostructured catalysts provide a large surface area to significantly enhance the 
chemical reactivity. Several nanocatalysts made from metal, carbon, quantum dot, 
thin layer, ceramic, etc., are currently available in the commercial market [142]. 

Textiles: The incorporation of nanomaterials introduces multifunctional proper-
ties and applications of fabrics for the textile industry like strain resistivity, water 
absorption capability, antibacterial, light emitting, etc. Further, the antimicrobial 
property can also be introduced into fabrics by inserting nylon and other polymer-
based nanoparticles. The zinc oxide-based nanoparticles can also be imparted for 
an antimicrobial property without changing the gloss and color of fabrics. Plasma 
technology is also a useful method to obtain antifungal, antibacterial, and water-
repellent properties in textiles. In addition, the presence of nanomaterial helps to 
gain heat resistivity, sensing ability, mechanical flexibility, color changing, sensor 
network, pressure detection, temperature measurement, etc. Integrating optical fiber 
sensors with fabrics and composites helps to measure the strength of buildings and 
bridges. Moreover, the nanoparticle-fabricated fibers will help soldiers during the 
night patrolling and attack [135, 143]. 

Agriculture & Food Industry: Agriculture and the food industry also have poten-
tial applications for nanomaterials. Some of them are present here: nanoporous 
zeolites and fertilizers for water release and plants, nanosensors to check soil quality 
and plant health, nanocomposites and antimicrobial nanoemulsions for food pack-
aging, nanobarcodes for food and agriculture identification, food supplements, color 
additives, organic dyes, photocatalytic materials to disinfect the food and agriculture 
products, less unhealthy and attractive food, enhancing the nutritional contents of 
food and increasing the shelf life of food products and many more [143, 144]. 

Medical: The medical field achieves a great revolution and is more patient-friendly 
after the introduction of nanomaterials in the biotechnology field. The smaller size 
and huge variety of nanoparticles show their potential for diagnosis and treat-
ment. The nanoparticle-based treatments have significant applications such as drug 
delivery, disease diagnosis, TB and cancer therapy, health monitoring via biosen-
sors, disease detection, tissue engineering, repairing neurological damages, etc. The 
gold and silver nanoparticles have been widely investigated for their antioxidant, 
antibacterial, and anti-cancer [136, 145–151]. For cancer treatment, nanomedibots 
have been used to release anti-cancer pharmaceuticals on the cancer cell to penetrate 
the tissue and remove them mechanically with minimum side effects. Gold-coated 
nanoshells are also useful in the treatment of tumors [143]. 

Paint: The performance of paints can be improved by modifying their properties 
through the incorporation of nanomaterials. The presence of nanoparticles makes 
paint lighter, reduces the coating weight, is cost-effective, increases the durability, 
reduces the impact on health and the environment, long lifetime, anti-fouling surface 
for heat exchange, and leads the energy saving [152]. 

Energy: Nanomaterials play an important role in the green energy field owing to 
their great efficiency and low-cost manufacturing process. Some of the well-known 
nanostructured technologies for the energy field are photovoltaic systems, fuel cells,
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hydrogen storage and conversion, thermoelectric, light-emitting devices, and many 
more. The nanomaterial-based solar cell also gained higher efficiencies and better 
performances. Nanomaterials also play an important role in the enhancement of 
the performance of Li-ion batteries [153]. Such as nanomaterials-based Li batteries 
exhibit a long lifetime and have the potential to operate under extreme conditions 
[153]. Further, the ultracapacitor electrodes made up of nanomaterials increase the 
energy storage capacity of capacitors [135]. 

Space & Defence: Nanomaterials are important for space and defense fields due 
to their lightweight, small size, and great power consumption abilities which enhance 
the system intelligence of wireless networks. There are various potential applications 
of nanomaterials for space and defense systems such as, the lighter weight of vehi-
cles increases the fuel economy and their capacity for covering the long distance, 
better thermal control due to the adaptive structure of nanomaterials, lightweight 
clothes, for tracking and tracing applications, in motion sensors, high energetic 
propellants, biometric sensing for face, DNA and fingerprint identification, wire-
less sensor networks, bulletproof clothes, improving the sensitivities of detectors, 
smaller size satellites with better communication, navigation, and data processing 
[135]. 

Sports & Toys: Nanomaterials also possess potential applications in sports instru-
ments and toys. Nanoclays-based tennis balls increase the lifetime of the ball by 
filling the pores and air pressure inside. Carbon nanotube-based racquets are having 
high strength or toughness, and are lighter weight. In the toy industry, nanomaterial-
based motors, dolls, and robots are also very popular among children by making the 
toys much smoother, natural-looking, and attractive [154]. 

Cosmetics: Nanomaterials are also very popular in cosmetic products like 
sunscreen, personal care, and anti-aging due to their potential features. In sunscreen, 
titanium and zinc oxide-based nanomaterials are used to block UV rays and prevent 
sunburn. Further, the presence of such nanoparticles in creams makes them trans-
parent and after applying the skin will be much more clear and more visible. The use 
of nanoparticles in other products like powder, spray, gel, and hair care makes them 
anti-fungal, anti-oxidant, anti-odor, and anti-bacterial and also increases the smooth-
ness of the skin. Nanomaterial-based contact lenses are also becoming popular in 
fashion statements [155]. 

Water Treatment: Our earth contains almost around 1% freshwater for living 
things, suggesting the need for effective water management facilities. Among the 
available various standard water treatment methods like mechanical separation, UV 
radiation, and chemical and biological treatments, the nanomaterial-enabled prod-
ucts are more economical and have better efficiencies. Further, nanomaterial-based 
devices also contribute in many ways to water management. Some of them are listed 
here: purification of wastewater through nanoparticles, carbon nanotubes, nano clays, 
and membranes for water filtration and softening, checking water quality by nanosen-
sors, magnetic and titanium dioxide nanoparticles to remove heavy metals, salts, 
toxins, and impurities from water, helpful in the removal of pathogens responsible 
for the waterborne diseases [156, 157].
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1.6 Conclusions 

Nanomaterials exhibit dimensions in the range of 1–100 nm, where the properties 
can be tuned with the size variation. Conventional physics failed to explain the 
phenomenological behaviors of nanomaterials, and therefore, quantum mechanics 
provides a significant explanation. Nanomaterials existed since prehistoric times and 
become the key to the development of revolutionary technology in the modern era. 
The synthesis approaches, top-down and bottom-up, for the production of nanoma-
terials, have been briefly glanced at in the present chapter. The detailed synthesis 
procedures and unique fundamental characteristics such as physical, biological, and 
chemical properties of a variety of nanomaterials are devoted in the subsequent chap-
ters. The scientific advancement in technology leads to the rapid growth in the devel-
opment of nanomaterials with numerous applications in almost all sectors including 
energy, catalysts, defense, space, electronics, optoelectronics, medical, pharmacy, 
biotechnology, food industries, etc. 
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Chapter 2 
Carbon-Based Nanomaterials: Carbon 
Nanotube, Fullerene, and Carbon Dots 

Nitika Devi, Rajesh Kumar, Yong-Song Chen, and Rajesh Kumar Singh 

Abstract Carbon nanomaterials are special materials with remarkable properties 
which have high potential to use in material science. Carbon nanomaterials are 
the most explored ones as their different isotopes have interestingly unique proper-
ties. Carbon nanomaterials include carbon nanotubes (CNTs), fullerene, carbon dots 
(CDs), graphene, etc., which vary in their dimensionality and characteristic prop-
erties. This chapter describes the most common synthesis routes for these carbon 
nanomaterials. The synthesis process has a substantial influence on defining the 
properties of carbon nanomaterials materials. Chemical vapor deposition (CVD), 
arc discharge, laser ablation, microwave-assisted, pyrolysis, and some other chem-
ical methods have been generally used for synthesizing carbon nanomaterials. A 
detail of each method has been summarized along with its merits and demerits. 
Properties of a material defined its application area as CNTs are prominently used 
in electronic area, whereas CDs are popular for optical applications. Here, a brief 
description is given on the prime characteristics of CNTs, CDs, and fullerenes. Also, 
some published reports and their salient outcomes have been discussed for few fields 
like energy storage, biomedical, and sensing applications. 
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2.1 Introduction 

Carbon nanomaterials are unusual, due to their exceptional performance in various 
application areas. Nanomaterials’ extraordinary features are due to their size in 1– 
100 nm range. The nature of a nanomaterial is characterized by its composition. 
Examples include metal, semiconductor, metal oxide, polymer, carbon, and liquid 
nanomaterials [1]. Some of the carbon nanomaterials are of significant importance 
because of their high electrical and mechanical properties, high surface area, and 
excellent optical properties. Carbon allotropy results in different useful forms of 
carbon, especially on a nanometer scale like carbon nanotubes (CNTs), graphene, 
fullerene, carbon dots (CDs), etc. Although, all these are examples of carbon 
allotropes, they have different properties respective to their dimension and arrange-
ment of atoms [2]. CNTs are one-dimensional (1-D) allotrope of carbon which was 
discovered by Sumio Iijima in 1991 [3]. It can be of two types that are multi-wall 
CNTs (MWCNTs) and single-wall CNTs (SWCNTs). An SWCNT is rolled sheet 
of a single layer of carbon atoms but MWCNT consists of multiple layers of rolled 
sheets of carbon atoms. SWCNTs have a dimension of 1–10 nm diameters with a 
length of a few μm and MWCNTs have a length of 10 μm with a diameter ranging 
from 10 to 100 nm. The direction of rolled graphite sheets also classified the CNTs 
into two types that are zig-zag and armchair arrangements [4, 5]. Graphene is a 
two-dimensional (2-D) material which is an isolated single sheet of graphite. Zero-
dimensional (0-D) carbon materials are categorized by example such as CDs in which 
confinement is in all the three-dimensional (3-D). The discovery of CDs was an acci-
dental incident by Xu et al. [6] in 2004 during the purification of CNTs. The size of a 
CD is less than 10 nm [7, 8]. Fullerene was invented by three researchers, Harold W. 
Kroto and Richard E. Smalley and Robert F. Curl Jr. in 1985 in Smalley’s lab at Rice 
University [9]. Fullerene is also a type of carbon allotrope which can exist in different 
shapes and sizes formed by a closed mesh of singly and doubly bonded carbon atom 
rings. A single ring comprises five or seven carbon atoms and the fullerene name 
is designated as Cn. Here, n represents the no of carbon atoms and is n > 20 and 
accordingly, there are different types of fullerene-like C60, C70, C82, etc. According 
to shape, fullerene can be of closed buckyballs and open-ended CNTs shapes [10]. 
All discussed carbon nanomaterials have been explored for diverse applications like 
energy storage [11–13], biomedical [14–16], sensing [17–19], environmental [20– 
22], etc. This chapter summarizes the important aspects of carbon nanomaterials like 
their synthesis routes, characteristics, and key applications.
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2.2 Synthesis of Carbon Nanomaterials 

2.2.1 CNT Synthesis 

CNTs can be synthesized by using different methods like arc discharge, chemical 
vapor deposition (CVD), laser ablation, electrolysis, and hydrothermal as shown 
in Fig. 2.1 [23–31]. Critical factors involved in CNT synthesis are related to final 
yield such that purification and consumed carbon source. Arc discharge is the oldest 
method used for CNT synthesis. In this method, current (AC or DC) is used for CNTs 
generation. The reaction chamber consists of a carbon precursor anode and a graphite 
cathode which is filled with gas or submerged in a liquid. A current supply causes the 
electrode to move toward each other and is kept at a min. distance of 1–2 mm so that a 
constant discharge can occur. A constant arc is required to get a non-fluctuating output 
so a closed loop and a constant current is maintained throughout the experiment so 
that distance between the electrode can be automatically adjusted with constant arc 
discharge. 

The schematic representation for arc discharge process is shown in Fig. 2.2. 
Carbon at the anode evaporates at high temperatures (∼4000–6000 K) plasma formed 
due to constant current. Due to temperature gradient at the cathode, gas-phase carbon 
vapors drift towards the cathode and are deposited onto the cathode. This deposited 
material is CNTs and can be obtained after a few minutes. Deposit material needs 
to be further purified as it may consist of carbon soot along with the CNTs [32].

Fig. 2.1 Different synthesis methods of CNTs 
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Fig. 2.2 Schematic diagram representing synthesis method for arc discharge CNTs [32]. Adapted 
with permission from [32]. Copyright (2014) (Elsevier) 

Arc discharge synthesis can be a catalyst insisted or can occur without the catalyst 
as described above. Usually, SWCNTs are synthesized in presence of a catalyst like 
iron, nickel, and cobalt metals. Other than this, the nature of inert gas and the pressure 
of the chamber can also significantly affect the product quality. 

Shi et al. [33] studied the quality and production of SWCNTs under various helium 
gas pressure (500–700 Torr), using a different catalyst and at varying arc discharge 
currents. It was concluded from the study that all these conditions are critical for 
good quality SWCNTs. Cadek et al. [34] also optimized the synthesis parameters 
for the production of MWCNTs and found that the best results are found for 195 A 
cm−2 and 500 Torr of helium current density and pressure. There are many studies 
which summarize and studied the various factors affecting the arc discharge synthesis 
of CNTs [35–37]. Laser ablation is another synthesis technique which can be used for 
CNTs fabrication. It is found that laser ablation is usually used for synthesizing the 
SWCNTs and the schematic used in this synthesis is shown in Fig. 2.3. In laser abla-
tion a laser beam is used to vaporize the graphite carbon source and a catalyst such as 
nickel–cobalt in a high-temperature furnace under high helium and argon gases pres-
sure. These conditions result in vaporized carbon with catalyst vapor which is then 
collected onto a substrate. Nd:YAG and CO2 lasers are mainly used for vaporizing 
the target and laser wavelength, and laser power considerably affects the final product 
[36]. Munoz et al. [38] studied the CNT synthesis in presence of nitrogen, helium, 
and argon gases for a pressure range of 50–500 Torr. The study summarizes that both 
argon and nitrogen in the pressure range of 200–400 Torr are suitable for obtaining 
SWCNTs. Laser wavelength is also a crucial factor for CNT synthesis as described 
by Chrzanowska et al. [39]. Merits of using laser ablation methods are its capability
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Fig. 2.3 Laser ablation-assisted CNT synthesis setup [40]. Adapted with permission from [40]. 
Copyright (2019) (Frontiers Media S.A.) 

of forming SWCNTs with high quality and also the method provides easy control 
over reaction conditions. But for large-scale production, this method is not suitable 
because of the high cost involve for laser and other experimental arrangements [36]. 

CVD method involves the decomposition of hydrocarbons in the presence of a 
catalyst. CVD synthesis is simpler as compared to laser ablation and arc discharge 
with the scope of large-scale production. CVD can be used for the synthesis of 
SWCNTs as well as MWCNTs. Ethylene and acetylene are usually used as carbon 
sources which enter the reaction quartz tube along with some inert gases. The major 
catalysts used in the synthesis of CNTs are Fe, Co, and Ni; CNTs growth mech-
anism also depends upon the used catalyst. Tip growth and base growth are two 
different mechanisms for CNTs growth [41]. Figure 2.4 represents the schematic of 
CVD synthesis. CVD can be further classified into different types depending upon 
the reaction conditions like plasma-enhanced CVD, liquid pyrolysis, microwave-
assisted CVD, low-pressure CVD, etc. [42]. The advantages of CVD also include 
product quality as 90% of CVD-synthesized CNTs are of high quality, so most do 
not need additional purification steps as in the case of other synthesis methods. The 
type of catalyst, temperature of the reaction chamber, and reaction conditions can 
significantly affect the final product as described in the CNTs CVD synthesis review 
by Öncel et al. [43]. Large-scale production of carbon nanomaterials is always been 
a researcher’s goal and they are continuously working toward this goal. Recently, 
Wang et al. [44] reported a large-scale production of graphene nanoribbons/CNTs 
composite using the CVD synthesis technique. The amount of CNTs was 26 gm yield 
with per gm of catalyst was achieved in 30 min. reaction time and further composite 
was analyzed for capacitive benefits. Composite offered a maximum 23.43 mg g−1 

desalination capacity for the highest specific capacitance of 242.3 F g−1 at 0.5 A 
g−1. A different kind of variation has been made to CVD synthesis approach for 
getting desirable CNT product. For instance, a study concluded that, in the pres-
ence of gamma radiation, the final CNTs are surrounded by a moss-like coating of 
organic impurities [45]. Likewise, thermal CVD has been used for synthesizing the
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Fig. 2.4 CVD setup for CNT synthesis [47]. Adapted with permission from [47]. Copyright (2016) 
(Intech) 

composite of carbon nanospheres and CNTs [46]. CVD synthesis of CNTs is a low-
cost efficient technique which also gave an easy way of controlling and varying the 
reaction parameters. 

Electrolysis is a less-known technique for CNT synthesis as compared to vastly 
discussed CVD, laser ablation, and arc discharge. Graphite is used as a carbon 
source electrode and sometimes the reaction is performed in graphite crucible which 
itself provides carbon for CNT formation. In a typical electrolysis process, alkali 
metal chlorides are electrolyzed in a graphite crucible. During this reaction, carbon 
constituents are produced at the graphitic surface due to erosion, and CNT is formu-
lated in the liquid phase. After the completion of reaction, solidified cooled salt can 
be separated by washing with water through which suspended CNTs can be filtered. 
A different mechanism has been proposed for explaining this reaction and CNT 
formation like oxidation, reduction, formation of some intermediate compounds, 
etc. [48]. Novoselova et al. [49] reported CNT synthesis by an electrolytic method 
using some altered reaction conditions. The electrolytic reaction was controlled by 
applying current and potential and molten salts were dissolved in CO2. Obtained 
CNTs were MWCNTs type with curbed shape and agglomerated bundles form. 

Scientists also explored sonochemical and hydrothermal methods for CNT 
synthesis. Hydrothermal synthesis involves the reaction of precursors in a closed 
vessel at high temperature and pressure [50]. In the case of sonochemical synthesis, 
reaction is initiated by powerful ultrasound radiation (20 kHz–10 MHz) [51]. 
Clemens et al. [52] utilized these mentioned techniques for preparing anatase titanium 
dioxide-coated SWCNTs. Low cost is the advantage of this method which can be 
explored for large-scale production. Similarly, Manafi et al. [53] prepared MWCNTs 
by sonochemical and hydrothermal reactions under low-temperature conditions. In 
this work, dichloromethane, cobalt chloride, and metallic lithium were used as 
starting materials and ultrasonic pre-treatment was found to be an important step
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in this synthesis. Dimensional analysis showed that MWCNTs had a length of 2– 
5 μm and diameters of 60 ± 20 nm. Flower-like MoS2/CNTs nanocomposite was 
synthesized by hydrothermal treatment in which reaction is assisted with ultrasonic 
irradiations. Nanocomposite was further employed for the degradation of hydroxy-
chloroquine and was found to be efficient [54]. There are other reports on nanocom-
posite synthesis such as MWCNT/MnO2/rGO [55], and MWCNTs/TiO2 [56] which 
showed that hydrothermal and sonochemical synthesis can be successfully used for 
CNT and its composite formation. 

2.2.2 Fullerene Synthesis 

Fullerene can be synthesized in four ways as shown in Fig. 2.5. Laser irradiation of 
carbon was the first method which successfully synthesized fullerene but the product 
amount was very less so researchers have explored other methods like laser irradiation 
of polyaromatic hydrocarbons (PAHs), electric arc heating of graphite, and resistive 
arc heating of graphite. 

In laser irradiation method, graphite carbon source is vaporized by using laser 
in an inert atmosphere such as helium gas. Krätschmer et al. [57] were the first 
group who reported the lab-scale synthesis of fullerene by this method. Although the 
method was evident in obtaining C60 fullerene yield was found to be very low at ∼ 
1% and reaction conditions were very harsh like high temperature and pressure. Also, 
the completion of the process involves many steps like separation, purification, and 
functionalization. C60 and C70 fullerene thin film was prepared by laser irradiation

Fig. 2.5 Various synthesis 
methods for fullerene 
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Fig. 2.6 Schematic of fullerene synthesis by electric arc heating of graphite [59]. Adapted with 
permission from [59]. Copyright (2019) (De Gruyter) 

of graphite powder. A continuous wave CO2 laser beam with a power of 45 KW was 
used under Ar or He gas atmospheres at 30 or 200 Torr pressure [58]. 

In electric arc heating of graphite synthesis method, a potential difference is 
applied between the electrodes in an inert atmosphere under low pressure. The carbon 
atom from the anode passes through the ionized gas or plasma and is then deposited 
on to cathode. All this reaction process occurred inside a steel chamber and till now 
this process of obtaining fullerene is one of the widely employed methods [59]. A 
schematic of the process and setup is shown in Fig. 2.6. 

Kikuchi et al. [60] used this method for obtaining different forms of fullerenes 
that were C60, C70, C76, C78, C82, C84, C90, and C96. Few of these forms like C82 and 
C96 were first time reported by this group. Nerushev et al. [61] explained the kinetics 
of fullerene formation by electric arc heating of graphite. Optimization of reaction 
conditions was done by Kareev et al. [62] for getting a high yield of fullerene and 
11.4 wt% was the highest amount of obtained extract. Resistive heating was used for 
evaporating graphite under the partial pressure of helium. The evaporating material 
was in the form of soot which forms the fullerene and was collected on the glass 
shields around the carbon rods [63]. A study on different parameters of resistive 
heating concludes that graphite with hexagonal lattice showed the best result in 
terms of fullerene yield and best He pressure for the best yield amount was reported 
for 0.7 × 104–8.0 × 104 Pa [64]. Kyesmen et al. [65] combined resistive heating and 
arc discharge for the synthesis of fullerene. Results summarized that the combination 
of these two processes results in high yield and thus can be employed for large-scale 
production. Fullerene derivative can also be prepared by using resistive heating as
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reported by Funasaka et al. [66]. This work involves the synthesis of endohedral 
fullerenes (LaC82, La2C80) and exohedral fullerenes (C60(CmOn)). 

In laser irradiation of PAHs method, laser irradiation is used for heating the 
aromatic hydrocarbon which converts into fullerene. These polycyclic hydrocar-
bons contained carbon frameworks which under suitable heating conditions convert 
into fullerene [63]. A continuous wave CO2 laser beam was used for detecting 
fullerene production from benzene (+cyclopentadiene), acetylene, or ethylene hydro-
carbon. Benzene/oxygen or acetylene/oxygen mixture results in the fullerene soot 
[67]. Cyclodehydrogenation of a C60H30 polyarene by laser irradiation results in 
C60 fullerene as reported by Booram et al. [68]. C60 and C70 types of fullerene 
can be extracted by pyrolysis of perchlorofulvalene. This pyrolysis method involves 
two steps of pyrolysis at 450 °C and 750 °C [69]. Other than this, the combustion of 
benzene and ethylene was also used for fullerene synthesis and this approach provides 
a good quantity of fullerene [70]. There are a few more reports which summarize 
different manipulations in synthesis methods for the production of fullerene [71–74]. 

2.2.3 Carbon Dot Synthesis 

CDs can be synthesized by different synthesis routes like microwave-assisted, 
hydrothermal synthesis, arc discharge, laser ablation, etc. [75–77]. A complete 
summary of the type of synthesis routes is shown in Fig. 2.7. Synthesis approaches 
can be divided into two classifications that are top-down and bottom-up approaches. 
Difference is the starting materials’ dimensions as the top-down approach starts with 
a big-size material tailored to the nanoscale with various techniques. In the case 
of bottom-up approach, one needs to start frm scratch and process toward getting 
desirable size materials.

Microwave-assisted synthesis is getting popularity due to its less time-consuming 
approach, ease of controlling reaction conditions, cost efficiency, and, most impor-
tantly, its eco-friendly nature. In this approach, carbonization takes place in a very 
short period with microwave heating. Zhu et al. [78] report was the first which 
reported a microwave-assisted method for preparing fluorescent CDs. Lactose was 
treated with the concentrated HCl assisted with the microwave heat treatment at 
160 °C for 15 min. with a power of 750 W. Prepared CDs were used for detecting 
four heterocyclic aromatic amines and results suggested that they can be useful 
for chemical sensing[79]. Glutamine and glucose along with ionic liquid 1-ethyl-3-
methylimidazolium ethyl sulfate can be utilized for CD synthesis. Resulting CDs have 
great potential toward H2O2 production due to their selectivity for oxygen reduction 
reaction (ORR) and large potential range of 0.8 V [80]. Microwave-assisted synthe-
sized CDs can also be powerful for biomedical application like in vivo and in vitro 
antimicrobial photodynamics. This was a one-step approach in which citric acid 
was dissolved in distilled water and microwave heated for 8 min [81]. Microwave 
synthesis also provides an easy way for forming the doped and other derivatives 
of CDs. Li et al. [82] prepared the N and P doped CDs by microwave heating of
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Fig. 2.7 Different top-down and bottom-up approaches applied for the synthesis of CDs

N-phosphonomethyl iminodiacetic acid and ethylenediamine and the product was 
further used for fluorescent cell imaging. A green natural material like kelp has been 
treated with microwave irradiation for CDs’ formation. CDs were used for the detec-
tion of CO2+ in the real water sample and it was efficient enough for this application 
[83]. There are many reports which are evidence of successful microwave-assisted 
synthesis of CDs. 

Hydrothermal and solvothermal synthesis involve the reactions of reactants using 
water and a solvent, respectively, inside a closed vessel at high temperature and 
pressure. This procedure can also be applied for preparing CDs and it is the most 
promising method due to its simple operational technique, low-cost and eco-friendly 
procedure [75]. Wang et al. [84] developed nitrogen CDs by hydrothermal synthesis in 
which water was used as a solvent for dissolving mandelic acid and ethylenediamine. 
The reaction was carried out at 200 °C for 5 h and the final product was obtained 
by centrifugation. This reaction was capable of giving a 41.5% reaction yield which 
was significant with a simple process. Using citric acid and l-histidine as precursors 
for hydrothermal synthesis of CDs yield obtained was 22% [85]. Another work 
used citric acid with polyethylenimine and did the hydrothermal treatment at 110 °C 
for 2 h which result in high photoluminescence quantum yield of 48.3 ± 5.3% 
[85]. Graphene oxide can also act as a starting material for the synthesis of CDs as 
reported by Wang et al. [86]. In this procedure, graphene oxide and HNO3 solution 
were treated with microwave-assisted hydrothermal treatment at 800 W for 15– 
16 min. N- and P-doped CDs have been synthesized by hydrothermal approach and 
were further used for Cd(II) analyses [87]. Citric acid, ethylenediamine, and methyl 
blue were hydrothermally heated at 240 °C for 4 h resulting in sulfur and N-doped 
CDs. N- and S-doped CDs were found efficient for sensing mercuric (Hg2+) and
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hypochlorite ions [88]. Solvothermal synthesis is also capable of synthesizing CDs 
as reported by Huang et al. [89]. In this study, tea residue was used as starting 
material which was treated with choline chloride/urea then the mixture was heated 
in a closed vessel at 200 °C for 8 h. Vanillin can also be used as a carbon source for the 
solvothermal synthesis of CDs. C2H5OH solvent and vanillin carbon source result 
in water-soluble CDs which have a size of ∼10 nm [90]. Deng et al. [91] studied 
the effect of using different alcohol (CH3OH, C2H5OH, (CH2OH)2, and C3H8O) 
as a solvent for L-ascorbic acid starting carbon source. C2H5OH-treated CDs were 
the most effective in terms of their fluorescence applications. So, like hydrothermal 
synthesis, solvothermal synthesis method are also capable of synthesizing CDs and 
doped CDs [89]. 

Pyrolysis synthesis involves the decomposition of reactants at high temperature 
in the presence of strong acids or bases [75]. Scientists have explored this technique 
for the preparation of CDs and established that technique can be successfully used 
for CDs formation. Stan et al. [92] prepared the CDs by pyrolytic treatment of N-
hydroxysuccinimide and synthesized material can be used in different applications 
like sensing and optoelectronic devices. Sago waste has been utilized as starting 
product for the synthesis of carbon quantum dots. In this synthesis, sago waste was 
firstly heated at 450 °C for 1 h. Then obtained material is mixed with distilled 
water and homogenized with ultrasonication for 2 h then centrifugation results in 
the final product [93]. Another study took guanidinium chloride and citric acid as 
a starting material for synthesizing the N-doped CDs by the pyrolysis method [94]. 
For drug release and cell imaging applications, CDs were prepared by pyrolysis of 
glycerol by Lai et al. [95]. Some modified forms of CDs such as CDs@SiO2 and 
CDs@mSiO2-PEG were also prepared in the same way. Danger et al. [96] reported 
CD synthesis by fennel seeds; schematic of the synthesis process is shown in Fig. 2.8. 
The steps involved in synthesis are given in Fig. 2.8a–g, which started from powder 
formation then followed by pyrolysis at 500 °C for 3 h and sonication, centrifugation. 
Figure 2.8h shows transmission electron microscopic image of CDs [96].

Using lactic acid–ionic liquid (IL) gel as a precursor for CD synthesis resulted in 
a high yield that was 34.9 wt% [97]. Li et al. [98] also reported a large-scale pyrolysis 
process which was capable of giving a yield of 65.5% and the material was further 
used for sensing Fe(III). So, pyrolysis can be successfully used for CD preparation 
with good yield. Electrochemical synthesis of CDs is a type of top-down approach, in 
which electrodes of material like CNTs, carbon fiber, and graphite are electrolytically 
treated for getting CDs. It was found that this process gives ultrapure CDs and an 
example of such process can be seen in schematic Fig. 2.9. In this schematic, there 
are two electrodes, in which one is a carbon material electrode and the other is the 
counter electrode, and it is treated with some potential difference in presence of an 
electrolyte. Here, in this particular case, platinum electrode was used as a counter 
electrode, pure graphite was used as the working electrode, and sodium phytate was 
chosen as an electrolyte. After 12 h under a constant voltage of 5 V, the solution 
contained the required CDs which can be filtered using filter paper. The last image 
in this schematic is cthe olor of solution containing P-doped CDs in UV light due to 
fluorescence [99].
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Fig. 2.8 Schematic of the pyrolysis process involved in CD synthesis [96]. Adapted with permission 
from [96]. Copyright (2019) (Nature Portfolio)

Fig. 2.9 Schematic of synthesis of P-CDs by electrochemical method along with their yellow 
fluorescence under the 365 nm UV light [99]. Adapted with permission from [99]. Copyright 
(1999) (Royal Society of Chemistry) 

Hou et al. [100] synthesized a composite of CDs/TiO2 using an electrochem-
ical process using P25 powder, anhydrous C2H5OH, C2H7NO, C16H40O4Ti, and 
NaOH starting materials. The prepared material showed excellent visible photocat-
alytic activity. Red fluorescent CDs were synthesized by electrochemical treatment of 
graphite in K2S2O8 solution [101]. Sodium citrate and urea were used with distilled 
water for synthesizing functionalized CDs. The electrochemical treatment of two
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platinum electrodes with a potential of 5 V for 1 h. CDs were efficient for Hg2+ 

sensing with a low detection limit of 3.3 mM [102]. Ming et al. [103] reported 
a large-scale synthesis of CDs with the electrochemical treatment of graphite rod 
immersed in pure water. Another counter electrode was also the graphite electrode 
and electrochemical treatment was done at static potential applied of 15–16 V DC. 
Electrochemical treatment is efficient enough for giving pure CDs but scientists are 
exploring new ways for finding the large-scale electrochemical preparation. 

Laser ablation is a top-down approach in which a continuous or pulsed laser beam 
is used for CD preparation. In this process, a large organic macromolecule is attacked 
by a laser beam for ejecting the CDs. Kang et al. [104] developed N-doped CDs from 
graphite flakes in the liquid medium of C2H5OH. The ND:YAG laser system was used 
with a wavelength of 355 nm at a pulse width of 10 nm, and the ablation energy was 
1 W. This reaction took 30 min to complete and then filtered CDs were dried at 80 °C 
in the oven. Laser ablation of graphite in polyethylenimine and ethylenediamine with 
Nd:YAG laser results in CDs. A laser beam was used at 532 nm wavelength with a 
10 ns pulse duration and at 10 Hz frequency [105]. Graphite plates in a mixture of 
polyethylene glycol and water solution were laser treated at conditions of energy = 
40 mJ, pulse duration = 6 ns, and frequency = 10 Hz with 1064 nm wavelength. 
Obtained CDs had efficient for the use of in vivo imaging applications [106]. S atom-
sincorporated graphene quantum dots using pulsed laser ablation were prepared 
following a process as shown in Fig. 2.10. In this process, graphite flakes were 
immersed in 3-mercaptopropionic and C2H5OH mixed solution. Q-Switch Nd:YAG 
laser was used for 30 min. in room temperature and air atmosphere. The wavelength 
of laser was 355 nm at a repetition rate of 10 Hz. After completion of the reaction, 
S-incorporated CDs were obtained after overnight drying at 80 °C [104]. 

Fig. 2.10 Schematic of laser ablation process for preparing Sulfur-incorporated CDs [104]. 
Adapted with permission from [104]. Copyright (2020) (Optica Publishing Group)



40 N. Devi et al.

There are more reports which developed the CDs using a similar approach reported 
by Russo et al. [107] and Kang et al. [108]. In these reports, graphite oxide liquid 
dispersion was used for laser ablation and resulted in CDs. Arc discharge method 
is processed in the same way as discussed for CNT synthesis. CD synthesis by arc 
discharge was observed accidentally during the CNT synthesis. There are not that 
many reports on the synthesis of CDs by arc discharge but a few reports are evident 
enough that it is capable of synthesizing CDs. Dey et al. [109] developed B- and N-
doped graphene quantum dots synthesized by arc discharge method. Arc chamber was 
filled with H and He at a pressure of 200 Torr and 500 Torr, respectively, which flowed 
B2H6 vapors to the arc chamber. The graphite electrode was treated at a discharge 
current of 100–150 A with a voltage of 60 V. This resulted in 2–3 layers of graphene 
which further undergoes different chemical exposure for getting the final CDs. DC 
arc discharge in liquid was used for synthesizing CD/TiO2 nanostructures which 
were further analyzed for visible light photocatalytic application [110]. 

2.3 Properties of Carbon Nanomaterials 

CNT is a unique form of carbon made up of a single graphite sheet rolling. CNT 
has sp2 hybridization and, due to its structural arrangement and energy bang gap, it 
can exhibit semiconducting and metallic properties. 1-D energy dispersion relation 
of CNT is defined according to graphene electronic properties which can be written 
as 

Eυ 
CN  T  (K ) = Eg−2D(k 

K2 

|K2| + υ K1) 

whereK1 = 
1 

N 
(−t2b1 + t1b2), K2 = 

1 

N 
(mb1 − nb2) 

− π 
T < K < π 

T is a 1-D wave vector along the CNT axis and υ = 1…N. The 
periodic boundary condition for a CNT gives N discrete K values in the circumfer-
ential direction. The theoretical electric current density reported for metallic CNTs 
is 4 × 109 A cm−2. Electron transport exists only along the tube axis which causes a 
quantum effect and CNTs can be considered as 1-D conductors [57]. Carbon atom sp2 

boding gives exceptional mechanical strength to CNTs. In terms of young’s modulus 
and tensile strength, the value for SWCNT is 0.65–5.5 TPa and 126 GPa, respectively. 
Mechanical strength varied in the case of MWCNTs and was found of the order of 
0.2–0.95 TPa = young’s modulus and >63(300) = tensile strength [111]. Thermal 
conductivity of SWCNTs varied according to direction as along the axis of the tube 
and across the axis of tubes values are 3500 W m−1 K−1 and 1.52 W m−1 K−1, 
respectively [112]. 

In the case of fullerene, their properties are not that much explored still there are 
few reports related to the absorption and fluorescence nature of these materials. C60



2 Carbon-Based Nanomaterials: Carbon Nanotube … 41

and C70 both types of fullerene showed strong UV absorption but a weak absorption 
in the visible region. For UV absorption, Emax ~105 M−1 cm−1, and, for visible 
region, λmax ∼540 nm, Emax ~710 M−1 cm−1 for C60 and λmax ∼468 nm, Emax 

~15,000 M−1 cm−1 for C70. No fluorescence emission was shown by C60, but there 
is a very weak fluorescence emission corresponding to C70 [113]. 

In CDs, optical properties are more interesting and appreciated for their use in 
different applications. CDs showed absorption in the UV and visible regions of 
the electromagnetic spectra. This absorption is happening because of different tran-
sitions in different bondings like the π−π*transition of the C=C bonds, and the 
n−π*transition of C=O. Other than absorption CDs also have properties of fluo-
rescence, phosphorescence, and different type of luminescence. Emission wave-
length defined the λex in the PL of a CD which may be possible because of the 
quantum confinement or maybe due to the trap emissive surface of CDs. Phospho-
rescence of CDs arises due to their triple excited states and because of the presence 
of aromatic carbonyls group on the surface of CDs. Luminescence of CDs can be of 
many types chemiluminescence, electrochemical luminescence, and up-conversion 
photoluminescence. These all properties have been utilized in various application 
areas, especially in sensing and biomedical applications [114]. 

2.4 Application of Carbon Nanomaterials 

2.4.1 Energy Storage Application 

Carbon nanomaterials have been widely applied for energy storage applications due 
to their good conductivity and surface area properties. In recent years, CNTs have 
been explored in various energy storage devices like lithium-ion batteries (LIBs), 
supercapacitors, hydrogen storage, etc. The synergetic effect of using CNTs features 
results in a good-performing device [90, 115, 116]. CNT’s length also affects its 
performance and it was reported that a smaller length results in a good performance 
as LIB anode because of the easy insertion and extraction of the Li-ions [117]. CVD 
synthesis was used for synthesizing the 3-D MWCNTs which were used for LIBs. 
These 3-D anodes offered a high specific capacity and large and cyclic stability 
[118]. Bulusheva et al. [119] reported a CVD-grown nitrogen-doped MWCNTs for 
LIBs electrode as it shows reversible capacity of 270 mAh g−1 at a current density 
of 0.2 mA cm−2. Nanocomposites of CNTs with Sb and SnSb0.5 has been used for 
LIB anode. Composite was prepared by chemical method and the highest reversible 
capacity was 518 mAh g−1 for the composition of CNT–56 wt.% SnSb0.5 [120]. 

Chen et al. [121] prepared the nanocomposite of hollow CNTs/carbon–nanofiber 
hybrid for LIBs anode. A schematic of the nanocomposite and the important outcome 
of the report is shown in Fig. 2.11. CNTs are grown on carbon fiber by CVD 
using C2H2 as a carbon source which was obtained from the calcination of the 
polymer under Ni nanoparticle. Figure 2.11b and c reveal the charge/discharge
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capacities and cyclic performance of the hollow CNTs/carbon–nanofiber hybrid 
at different conditions. Reversible capacities ∼940, 700, 500, 380, and 320 mAh 
g−1 were recorded at current densities of 0.5, 1, 3, 5, and 8 A g−1, respectively 
(Fig. 2.11c). Charge/discharge capacities and coulombic efficiencies graphs showed 
that the coulombic efficiencies remain above 95% for each cycle and even after a 
70% cycle only ∼20% of coulombic efficiency faded. The highest reversible capacity 
was 1530 mAh g−1 at 0.1A g−1 because of its high surface area and hollow struc-
ture [109]. Fullerene and CDs also have been used for the supercapacitor and LIBs 
applications. Hu et al. [122] developed CD-based high current density lithium–sulfur 
batteries. Poly(ethyleneimine)-functionalized CDs were prepared by carbonization 
process and a specific capacity offered was 712 mAh g−1 at a current density of 
2 mA cm−2. CDs derived from glucose oxidation can act as an anode for LIBs and 
SIBs. The performance shown as anode for LIBs and SIBs were 864.9 mAh g−1 at 0.5 
C and 323.9 mAh g−1 at 0.5 C, respectively. CD–Bi2O3 nanocomposite synthesized 
by hydrothermal synthesis and offered a high discharge capacity of 1500 mA h g–1 at 
0.2 C. Fullerene can also be used for various purposes in batteries applications like 
in anode [123, 124], interfacial stabilization of Ni-rich cathodes [125]. Few reports 
on such kinds of research work are summarized in Table 2.1. 

Fig. 2.11 a Schematic image of hollow CNTs/carbon–nanofiber hybrid, b charge/discharge capac-
ities at different rates, and c cycling performances of hybrid electrodes tested between 3 and 0 V 
[121]. Adapted with permission from [121]. Copyright (2013) (The American Chemical Society)
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2.4.2 Biomedical Applications 

Carbon nanomaterials show a crucial role in the biomedical field for different uses 
and development. Different biomedical applications of CNTs were reviewed by 
Yang et al. [142]. Chen et al. [143] developed functionalized CNTs for targeted 
drug delivery for treated tumors. The study concluded that prepared material is effi-
cient in drug delivery and making a binding of the drug with microtubules. CNTs 
were used for preparing doxorubicin and mitoxantrone drug delivery in cancer treat-
ment. It was reported that the high surface area of CNTs gave high loading drug 
delivery efficiency and CNTs showed a unique bonding with cellular membranes 
[144]. Molecular dynamics with computer simulation help in understanding the 
CNTs’ interactions with cellular membranes because if the physical properties of 
CNTs are not compatible, then CNTs can be toxic to the body [145]. CNTs can also 
be used as detection probes in medical applications. Sapna et al. [146] used anti-
LipL32 CNTs as an immunofluorescence probe for early detection of leptospirosis. 
Full-body penetrating clinical modalities of MRI, PET, SPECT, and X-ray CT can 
also be assisted with CNTs agents [147]. Like CNTs, CDs and fullerenes also have 
been explored for medical applications. Hyaluronan-conjugated nitrogen-doped CDs 
for tumor imaging have been developed by Karakoçak et al. [148]. This was possible 
because of the dependency of CD fluorescence on the wavelength of excitation. N-, 
P-, and S-doped CDs can be successfully used for the antibacterial assay, particularly 
for Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) [149]. CDs were 
synthesized by dimethyl diallyl ammonium chloride and glucose as reaction precur-
sors which have been further used for wounds affected by bacteria [150]. Ding et al. 
[151] developed the CDs by using a green precursor by hydrothermal treatment. 
In this synthesis, lemon juice was treated with formamide in autoclave at 200 °C 
for 6 h and then purified by silica column chromatography. CDs were utilized for 
in vitro cell imaging as shown in Fig. 2.12. Figure 2.12a, b show the confocal laser 
scanning microscope image of HeLa cells which was under incubation for 5 h with 
30 μg mL−1 CDs. Figure 2.12c, d show in vivo imaging of subcutaneous injected 
mouse which showed the effective luminescence of CDs. Figure 2.12d shows an 
image of the nude mouse after 15 min. in which bright fluorescence of CDs indicates 
the body circulation of CD aqueous solution [151].

Fluorescent fullerene (C60-TEG-COOH)-coated mesoporous silica nanoparticles 
were found to be efficient for pH-sensitive drug release and fluorescent cell imaging 
[152]. Liu et al. [153] developed C70-based poly(l-lactide) (PLLA) composite 
nanofibers loaded with water-soluble fullerene C70 nanoparticles and paclitaxel for 
the application of drug delivery, bioimaging, etc. Table 2.2 summarized some reports 
on the biomedical application of CNTs, CDs, and fullerenes.
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Fig. 2.12 a Confocal fluorescence micrographs of HeLa cells incubated with CDs (30 μg mL−1 

for 0.5 h) in bright field and b at 578 nm excitation. c In vivo PL image of a nude mouse 
treated with subcutaneous injection and d intravenous injection of 50 μL of CDs aqueous solution 
(color bars: fluorescence intensity) [151]. Adapted with permission from [151]. Copyright (2019) 
(Elsevier)

2.4.3 Electrochemical Sensing 

Electrochemical sensing also becomes efficient and advanced with the use of carbon 
nanomaterials. CNTs can be used in sensing due to their good strength, high conduc-
tivity, and surface area. Functionalization of CNTs can improve their adsorption 
which is an important aspect of sensing applications. 

Congo red functionalized MWCNTs were prepared by a simple solution-phase 
method which improves the sensitivity and antifouling capacity of MWCNTs [171]. 
Wisitsoraat et al. [172] developed CNT-based microfluidic device for cholesterol 
detection. The device was successfully used for more than 60 samples and exhib-
ited linear detection from 50 to 400 mg dl−1. CNTs’ electrochemical sensor for 
Sudan I offered a detection from 0.01 mg L−1 to  1.0 mg L−1 with a detection limit
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of 5.0 μg L−1[173]. Figure 2.13 reveals the schematic and electrochemical results 
of Cu nanoparticle/fullerene-C60/MWCNT composite-based sensor. Carbon paste 
electrode (CPE) was modified with 1 mg of MWCNTs:C60 (2:1) mixture which was 
dissolved in 10 ml toluene. Cu nanoparticles deposition on the modified CPE was 
done by electrochemical deposition by applying a potential range of -0.3 to 1.0 V. 
Developed sensor was used for paracetamol detection with a detection limit of 7.3 × 
10−11 M. Sensor had a linear detection limit of with a recovery of 99.21–103% for 
paracetamol detection in biological samples [170]. Kachoosangi et al. [174] fabri-
cated a MWCNT-based sensor for detecting capsaicin in real samples of chili pepper 
sauces. The detection limit of the sensor was 0.31 μM with two linear ranges of 0.5– 
15 μM and 15–60 μM. CDs and fullerene also have been used for electrochemical 
sensing. Wu et al. [175] reported a CD-based electrochemical sensor for detecting 
dopamine in human serum. The lowest detection limit of the sensor toward dopamine 
was 0.08 μM with a linear sensing range of 0.25–76.81 μM. CDs, chitosan, and 
gold nanoparticles were used for preparing the modified electrochemical sensor for 
detecting patulin with the lowest detection limit of 7.57 × 10–13 mol L−1 [176]. Liu 
et al. [176] developed F- and N-doped CDs decorated laccase for sensing catechol. 
Functionalized fullerene C60-based sensor was successfully used for the analysis 
of primaquine for which the lowest detection limit observed was 0.80 nM [177]. 
Fullerene and its composites can be utilized for the detection of p-nitrophenol [178], 
vanillin [179], catechol, and hydroquinone [180]. Table 2.3 shows the summary of 
few reports on the electrochemical sensing using carbon nanomaterials. 

Fig. 2.13 Schematic fabrication of Cu nanoparticles/fullerene-C60/MWCNTs composites-based 
electrochemical sensor [170]. Adapted with permission from [170]. Copyright (2016) (Elsevier)
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Table 2.3 Summarized results of few reports on the electrochemical sensing by CNTs, CDs, and 
fullerenes 

Nanomaterials Morphology Sensing Lowest 
detection limit 

Ref 

Zinc 
porphyrin-fullerene-derivative 

Granular 
morphology 

H2O2 and nitrite 0.81 μM and  
1.44 μM 

[181] 

Fullerene-functionalized 
CDs/ionic liquid 

Nanoclusters of 
C60 and CNTs 

Catecholamines 18 ± 2 nM,  22  
± 2 nM and 15 
± 2 nM in  
various 
samples 

[182] 

Fullerene nanorods Linear 
hexagonal 
cross-sectional 
rods crimpled 
to form 
star-shaped 
structures 

Paraben 3.8 nM [183] 

Fullerene-C60 coated Gold 
electrode 

Small bundles 
and single 
fullerene 
particles 

Dopamine 0.26 × 10–9 M [184] 

Fullerene C60-enzyme – Glucose 1.6 × 10–6 M [185] 

Gold nanoparticles/CNTs 10 nm Au 
nanoparticles 
were on the 
wall of CNTs 

Arsenic (III) 0.1 μg L−1 [186] 

CNTs–chitosan – Dehydrogenase 
enzymes 

3 μM [187] 

Ni nanoparticles/CNTs Ni 
nanoparticles 
distributed on 
CNTs 

Glucose 500 nM [188] 

Polyaniline–CNTs Core–shell 
arrangement of 
composite 

Carbaryl and 
methomyl 

1.4 and 
0.95 μmol L−1 

[189] 

MWCNTs@molecularly imprinted 
polymer 

Porous 
structure 

Chloramphenicol 1.0 × 
10−10 mol l−1 

[190] 

CDs/MWCNTs nanocomposites CDs (6.5 nm)  
distributed on 
CNTs 

H2O2 0.25 μM [191] 

CDs particle size 
2–5 nm 

Glucose 0.09 μM [192] 

NCDs/cuprous oxide Sphere-like 
morphology 

Chlorpromazine 25 nM [193] 

CDs/hexadecyl trimethyl 
ammonium bromide/chitosan 

1.55 ± 0.25 nm 
spherical 
nanoparticles 

2,4-dichlorophenol 0.01 μmol L−1 [194]

(continued)
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Table 2.3 (continued)

Nanomaterials Morphology Sensing Lowest
detection limit

Ref

N-CDs/manganese oxide 4.089 nm 
nanosphere 

p-aminophenol 
and paracetamol 

0.0303 μM 
and 0.046 μM 

[195] 

2.5 Conclusion and Future Perspective 

CNTs, CDs, and fullerenes are three different dimensionality carbon nanomate-
rials. CNTs are 1-D materials with high electronic conductivity, superior mechanical 
strength, and high surface area. CDs and fullerenes are 0-D carbon nanomaterials, but 
fullerenes existing in other forms called CNTs are cylindrical fullerenes. C60, C70, 
C84, etc., are different fullerene family members, they all differ in their number of 
carbon atoms. CDs have unique optical properties like fluorescence, luminescence, 
and phosphorescence which make them suitable particularly for the use of biomed-
ical applications like sensing, in vitro and in vivo imaging, catalysis, etc. CNTs can 
be synthesized using laser ablation, arc discharge, and CVDs, but CVD method is 
more useful in terms of large production. Similar kinds of approaches can be applied 
for synthesizing CDs and fullerenes. CNTs, CDs, and fullerenes can be excellent 
materials for electronic use, electrochemical sensing, biomedical application, and in 
many other fields. Good synthesis approaches and different derivatives could be the 
ways for further enhancing the performance of these materials. Different compos-
ites formed by combining these with others can generate multifunctional advanced 
materials. 
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Chapter 3 
Graphene-Based Materials: Synthesis 
and Applications 

Pawan Kumar Dubey, Junsung Hong, Kevin Lee, and Prabhakar Singh 

Abstract Graphene, a two-dimensional (2D) material, has fascinated the scientific 
world thanks to its remarkable electrical, mechanical, optical, biological, and thermal 
properties. Graphene-based materials have been used in a variety of new applica-
tions, including next-generation electronics, sensors, solar energy conversion, energy 
storage, batteries, field-emitting devices, and more. Commercialization of graphene-
based materials and their novel application necessitate the development of synthesis 
methods capable of fabricating high-quality, large-scale graphene. Various methods 
for synthesizing graphene have emerged over a duration of few decades, and it will 
be noteworthy to compile a list of the most notable approaches and applications. 
This chapter mainly focuses on recent progress in the production of graphene and 
their applications, as well as attempts to summarize and document advancements in 
graphene research and future prospects. 

Keywords Graphene · 2D materials · CVD · Solar cell 

3.1 Introduction 

Carbon is a distinctive and versatile element found in the periodic table, capable 
of forming a variety of nanoscale designs. Carbon exists as various allotropes, 
the most well known of which being graphite, diamond, and amorphous carbon 
since ancient times. In addition to the three-dimensional carbon allotropes (3D; 
diamond, and graphite), the one-dimensional (1D; CNTs) and zero-dimensional (0D; 
fullerenes) ones were known to the scientific at the end of the twentieth century. 
Fullerenes and carbon nanotubes were discovered by Kroto et al. in 1985 and Iijima 
in 1991, respectively, and have become significant in the science and technology fields
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[1, 2]. Then, graphene, a two-dimensional carbon allotrope composed of sp2 carbon 
atoms packed closely into a two-dimensional honeycomb lattice [3], was first unam-
biguously produced and identified experimentally by Geim and Novoselov [4] in the  
first decade of this century while it had been predicted theoretically by Wallace in 
1947 [5]. It is supposed to be the future of electronics and materials science due 
to its remarkable electrical/thermal conductivity, mechanical flexibility, and optical 
transparency [6]. The Nobel Prize in Physics was awarded upon recognition of its 
significance in 2010. Graphene is considered “mother of all carbon forms” since it 
serves as the fundamental building unit of other graphitic carbon allotropes, such as 
“graphite,” which is a stack of graphene sheets (separated by an interlayer distance 
of 3.37 Å) [7]. “Fullerenes” and “CNTs” also can be fabricated by wrapping and 
rolling graphene sheets [8]. A schematic diagram in Fig. 3.1 shows the graphene 
sheet as the building block for fullerene, CNTs, and graphite. 

Graphene has revolutionized various research fields such as materials science, 
physics, chemistry, nanotechnology, and biotechnology, and currently used in a 
variety of novel applications thanks to its incomparable physical and chemical prop-
erties [9]. For instance, graphene has semi-metallic feature with zero bandgap, 
high specific surface area of ~2600 m2g−1, optical transparency, exceptional thermal 
conductivity (~2000–5000 Wm−1 K−1), and very high Young’s modulus (~1 TPa), as 
well as excellent electrical conductivity, making it an attractive material for applica-
tions in catalysis, energy conversion and storage [10], biochemical sensing, and drug 
delivery [11, 12]. 2D honeycomb framework morphological structure of Graphene 
is also favored for retaining the stable structures for battery anode materials in the

Fig. 3.1 Graphene as a two-dimensional building block for carbonaceous materials of all other 
dimensions 
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charging and discharging processes [13] and for promising additives to nanocom-
posite battery electrodes [14]. Graphene is frequently labeled as a “Wonder Mate-
rial” due to its remarkable properties, but some of its characteristic properties were 
perceived only in certain conditions or very high-quality samples, e.g., graphene 
deposited on specific substrates like hexagonal boron nitride [15–17]. With graphene 
research increasingly leaning toward industrial applications, it is critical to achieve 
large-scale manufacturing of high-quality graphene to commercialize it. 

Despite exceptional properties of Graphene, large-scale manufacture of high-
quality graphene has been delayed owing to several obstacles [18, 19]. Graphene 
and its related 2D materials, such as graphene oxide (GO), reduced graphene oxide 
(RGO), functionalized graphene, and graphene nanocomposites, are synthesized 
from top-down or bottom-up approach. Physical and chemical methods can be 
used to tune and tailor graphene to meet specific requirements [20–22]. The appro-
priate method of preparation is selected to prepare the graphene with application-
specific qualities such as purity, type, and extent of functionalization [23, 24]. Each 
preparation method has its advantages and disadvantages. For example, mechanical 
exfoliation of graphene, known as the “scotch tape” method, is allowed to produce 
high-quality single-layer graphene nanosheets; however, the approach is somewhat 
time-consuming and has scalability issues [25]. On the other hand, graphene grown 
by chemical vapor deposition (CVD) requires transfer onto desirable substrates for 
applications and thus direct growth of homogeneous graphene sheets on appropriate 
substrates (i.e., Si, SiO2, Al2O3, and GaN). Attempts have been made to guide the 
formation of uniform and high-quality graphene on the dielectric substrates [18, 
26–30]. However, the technique needs extensive research to produce continuous and 
highly conductive graphene films. 

Graphene has demonstrated its capacity to revolutionize a wide range of industries, 
from electronics to body armor and paper. Even future space elevators may utilize 
graphene as a basic material. Graphene’s unique two-dimensional structure makes 
it a promising candidate for sensing applications. Because of the large surface area, 
its sensitivity to the surrounding gases can be maximized. Specifically, a change in 
resistance during gas adsorption and desorption can be used to detect certain gas 
phases. The outstanding electrical and optical properties of graphene make it an 
excellent choice for the use of transparent and conductive electrodes particularly in 
touch screens, liquid crystal displays, organic photovoltaic cells, and organic light-
emitting diodes. In fact, graphene is seen to be a perfect option for nanoelectronics 
with the potential to replace Si-based microelectronics. Moreover, since its discovery 
in 2004, graphene has shown enormous potential in various applications such as 
light processing, sensors, plasmonics, energy production, and storage [31]. This 
chapter will discuss how graphene and related 2D nanomaterials are made and how 
they are used in energy conversion, storage, sensors, field emission, and biomedical 
applications.
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3.2 Synthesis of Graphene 

Graphene has received the most focused research spotlight for its excellent proper-
ties and rapidly developed production technology. Its high potential has endorsed 
the rapid progress of graphene fabrication technology. Graphene synthesis methods 
are divided into two categories: top-down and bottom-up approaches. A schematic 
explaining the top-down and bottom-up technique for graphene synthesis is depicted 
in Fig. 3.2. The top-down approach mainly focuses on the decomposition of graphene 
precursor (graphite) from the stack into atomic layers, which includes mechanical 
exfoliation [32], ball milling [33], sonication [34], and electrochemical exfoliation 
[35], The bottom-up approach uses carbon molecules as building blocks [36], which 
contains chemical vapor deposition [37], epitaxial growth on silicon carbide (SiC) 
[38], growth from metal–carbon melts [39], and deposition [40]. Examples of a few 
important top-down and bottom-up approaches to graphene synthesis are described 
in the following section. 

3.2.1 Mechanical Exfoliation 

Sustainable and wide application of graphene poses the prerequisites for mass 
production and commercial availability. Graphene is a novel material discovered 
in 2004. Geim and Novoselov was succeeded to separate graphene, for the first time, 
from highly oriented pyrolytic graphite (HOPG) with transparent sticky scotch tape 
until they found a one-atomic layer thick graphitic sheet [41]. Exfoliating graphite 
to obtain graphene is one of the simplest methods for achieving graphene sheets at a 
low cost. They demonstrated the existence of the two-dimensional crystal structure 
at ambient temperature. The mechanical stripping process is simple to apply and 
produces very high-quality samples; it is now the most common method for making 
high-quality single-layer graphene. However, its controllability is limited, so that the 
graphene produced by this process is quantitatively small and qualitatively unreli-
able. Furthermore, the method is time-consuming and suffers from low productivity 
and high cost, making it unsuitable for large-scale production (Fig. 3.3).

Fig. 3.2 Schematics of top-down and bottom-up approaches for graphene fabrication 
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Fig. 3.3 a Schematic illustration of the exfoliation of graphene from bulk graphite using scotch 
tape [42]. b Normal-force- and shear-force-based mechanical exfoliation for graphene preparation. 
Adapted with permission from [43] Copyright (2020) (Elsevier) 

3.2.2 Graphite Intercalation 

Graphene can be obtained by the intercalation of graphite. Graphite intercalation 
may be achieved in two ways: one is by inserting tiny molecules into graphite layers 
while the other is by affixing molecules or polymers onto the sheets via noncova-
lent bonds, which is supposed to form graphite intercalation compounds (GICs). 
For instance, An et al. used sulfuric acid and hydrogen peroxide as intercalant and 
oxidant, respectively, for GIC formation [42]. Both expanded graphite and graphene 
nanoplatelets (GNPs) were successfully produced by conversion of spheroidized 
natural graphite (SNG). Bae et al. investigated the influence of polymer intercalation 
on sound absorption and found that the sound transmission loss was reduced [45]. 
The graphite layers in GICs remain unchanged with guest molecules positioned in the 
interlayer galleries [45]. GICs showed different properties depending on intercalants, 
which considerably benefit applications concentrating on electrical [46, 47], thermal 
[48], chemical [49, 50], and magnetic [51] performance. Horie et al. [51] inves-
tigated the conversion and selectivity of cinnamaldehyde (CAL) between graphite 
layers using platinum nanosheet intercalants, demonstrating the unique role of inter-
calants. Figure 3.4 shows the schematics of graphene synthesis through intercalation 
of graphite [52].

3.2.3 Chemical Synthesis 

The chemical conversion of graphite to graphene oxide (GO), followed by chem-
ical reduction, has shown to be an effective method for producing large scale of
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Fig. 3.4 Schematics of graphene exfoliation via graphite intercalation. Adapted with permission 
from Ref. [52]. Copyright (2017) (Royal Society of Chemistry)

graphene nanosheets [53]. For the large-scale production of graphene, this top-down 
route is more viable than the bottom-up approach. Reducing GO has preferably 
been used for graphene because graphite and expandable graphite produce a less 
degree of exfoliation [21]. This choice is simple, affordable, and scalable for large-
scale graphene synthesis. For example, exfoliation of graphite oxide can be easily 
obtained by sonication. Another advantage of this approach is that it may create 
functionalized graphene and GO, which have vast application potential. GO can 
be produced utilizing several ways [53–57]. Hummers’ method is one of the most 
widely used method for graphene synthesis, and it has been further modified by 
many other researchers [58, 59]. A typical synthesis method involves the oxidation 
of graphite into graphite oxide by strong oxidizers such as strong sulfuric acid, nitric 
acid, and potassium permanganate [60]. During the oxidation process, oxygen func-
tional groups are intercalated in between the graphitic layers, which increases the 
layer separation. With the increase in layer spacing, it becomes easier to separate 
the layers to generate graphene oxide sheets during ultrasonic treatment. This proce-
dure yields single or several layers of GO, which are further reduced to graphene 
using strong reductants such as hydrazine hydrate or aqueous sodium borohydride 
(NaBH4). However, this method has several drawbacks. For instance, the conductivity 
and specific surface area of graphene decrease by graphene aggregations because of 
its low thickness, limiting its application for optoelectronic equipment. Furthermore, 
structural defects such as the loss of carbon atoms can occur during this process,
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reducing the quality of products. Peng et al. used strong oxidant K2FeO4, to obtain 
graphene oxide powder (GO), a precursor material for graphene synthesis, avoiding 
the polluting heavy metals and toxic gases in preparation [61] (Fig. 3.5). 

Fig. 3.5 a Oxidation procedures of graphite flakes (GF) by Hummers method, improved Hummers 
method, and modified Hummers method. b Synthesis of single-layer graphene oxide (GO) by 
K2FeO4. Adapted with permission from Ref. [62] (Copyright 2015) (Springer Nature)
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3.2.4 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) can be employed for graphene synthesis where 
a chemical reaction takes place between substrates and carbon-containing organic 
gas chosen as a source material [63]. In this CVD process, thermally disintegrated 
precursors are diffused onto the substrate at high temperatures and deposit graphene 
layers. For high-quality graphene deposition by CVD process, various transition-
metal substrates such as Copper [64], Nickel [65], Palladium [66], Ruthenium [67], 
and Iridium [68] have been used. The CVD approach is ideal for industrially manufac-
turing graphene films [69] because of its capability to produce high-quality, large-
area graphenes. CVD methods can be classified into two major categories [65]: 
thermal CVD and plasma CVD. Unlike thermal CVD used at high temperatures, 
plasma-enhanced chemical vapor deposition (PECVD) provides another approach 
for graphene synthesis at lower temperatures [36]. Rybin et al. [70] have controlled 
the details of the CVD process utilized in real-time experiments for graphene sheet 
fabrication on nickel foils. They showed graphene films of various thicknesses (from 
3 to 53 layers and more) in their report. The typical CVD process consists of the 
following steps [66]: (a) flowing hydrocarbon gases such as methane and ethanol onto 
the surface of metal substrates at high temperatures and (b) cooling the substrate once 
the continuous reaction is done. During the cooling process, mono or several layers 
of graphene are formed on the surface of the substrate. This procedure is divided 
into two stages: dissolution and diffusion of carbon atoms on the substrate. Dong’s 
group [71] studied grain boundaries (GBs) of graphene film and found several 
key parameters that control the grain boundaries, providing us with a deep insight 
into CVD graphene growth. It can be utilized to build capacitors with high-quality 
graphene as electrodes on an ultrathin Ti catalytic layer [72]. The benefits of this 
method for graphene synthesis include the capability for large-area, high-quality 
graphene formation and low energy consumption (e.g., low-temperature operation). 
The graphene can be readily separated from the substrate using a chemical corro-
sion metal method, which is advantageous and favorable for continuous graphene 
processing. However, the cost is significant and the process conditions should be 
fully controlled. The large-area graphene sheets cannot be employed independently 
because of their thinness. Thus, it must be coupled to macro-devices for utilization, 
such as touch screens, heating devices, and so on (Fig. 3.6).

3.2.5 Epitaxial Growth on Silicon Carbide (SiC) 

Epitaxial thermal growth particularly on a single-crystalline silicon carbide (SiC) 
substrate is one of the most promising methods of graphene synthesis. The term 
“epitaxy” comes from Greek, where the prefix epi-means “over” or “upon” and taxis 
means “order” or “arrangement.” Epitaxial growth occurs when a single-crystalline 
film is deposited on a single-crystalline substrate, resulting in epitaxial film. It is
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Fig. 3.6 A single layer of graphene is deposited onto a copper substrate and can then be etched to 
obtain the single-layer graphene

Fig. 3.7 Illustration of the epitaxial graphene growth on SiC substrate. After the sublimation of 
silicon, carbon remains on the surface and becomes graphene 

capable of producing high-crystalline graphene on single-crystalline SiC substrates. 
In this approach, silicon atoms are released from the SiC surface during heat treat-
ment of the SiC single crystals. The leftover carbon atoms are self-assembled and 
rebuilt, resulting in graphene layer on SiC substrates. The epitaxial growth method 
on SiC substrates yields thin graphene sheets larger than 50 μm, which is ideal for 
usage in transistors and circuits. However, because the size of graphene flakes is 
still determined by the size of SiC wafers, it is very important to prepare substrates 
in the desired dimension. Also, stringent equipment requirements are needed for 
high-quality graphene production (Fig. 3.7). 

3.2.6 Growth from Metal–Carbon Melts 

Graphene can be grown on the furnace of metal–carbon melts. The procedure includes 
dissolving carbon in a molten metal at certain temperatures, enabling the dissolved 
carbon to nucleate and develop on top of the melt at lower temperatures. Also, 
metal-catalyzed epitaxial growth can occur at specific conditions by passing hydro-
carbon over catalytically active transition-metal substrates such as Pt, Ir, Ru, and Cu 
under ultra-high vacuum. The adsorbed gas is subsequently dehydrogenated under 
heat, resulting in graphene. The metal-catalyzed epitaxial growth requires ultra-high
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Fig. 3.8 Schematic of graphene growth from molten nickel a melting nickel in contact with graphite 
as carbon source, b carbon dissolution inside the melt at high temperatures, c temperature reduction 
for graphene formation, and d temperature–time diagram of the process. Adapted with permission 
from Ref. [73]. Copyright (2010) (AIP Publishing) 

vacuum condition, compared with the epitaxial growth on SiC. The gas covers the 
entire metal substrate during the adsorption process. The growth is a self-limiting 
process, indicating that the substrate does not absorb another layer of hydrocarbon 
once adsorbing the first layer of gas. As a result, the graphene prepared by this method 
is primarily monolayer. Furthermore, the uniform graphene layer can be produced 
on a vast scale (Fig. 3.8). 

3.2.7 Other Methods 

Apart from the aforementioned synthesis methods, there are several other methods 
which are capable of graphene synthesis. Some of these include the ion-implantation, 
high-temperature growth under high pressure, blast method, and organic compound 
synthesis method. However, it may be pointed out that despite the availability of 
several methods of graphene synthesis, production of high-quality graphene at indus-
trial level still appears far-fetched. Current synthesis techniques still suffer to meet 
the key requirements of industrial manufacturing of graphene which include the 
synthesis technique capable of producing economically cheaper, large-scale, and 
reproducible high-quality graphene with large surface area. These key technical 
issues are still not resolved till date and remain a roadblock in pathway to commer-
cialization of graphene. Numerous important and unique properties of graphene have 
been observed with the high quality and high purity of graphene specimens. However, 
for the graphene with multilayers and internal defects, these superior properties get 
diminished. The industrialization of graphene would be realized only after a suitable 
production process is revealed (Table 3.1).
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Table 3.1 Advantages and disadvantages of major graphene synthesis techniques. Adapted from 
Ref. [74] 

Synthesis 
procedure 

Advantages Limitations References 

Micromechanical 
exfoliation 

• Easy procedure 
• Excellent quality 
• Suitable for fundamental 
research 

• Poor reproducibility 
• Not amenable to 
large-scale production 

[18] 

CVD • Large surface area (up to 
~1 cm2) 

• Low defects 
• Large-scale production 
• High quality 

• Costly process 
• Poor scalability 

[64] 

Epitaxial growth • High quality 
• Less defects 

• Very expensive 
• High-temperature process 

[18] 

Unzipping of CNTs • Scalable 
• Controlled growth 
• Control on 
functionalization and edge 
quality 

• Low  yield  
• Costly  

[75] 

Reduction of GO • Low  cost  
• Easy procedure 

• Higher defects [76] 

3.3 Characterization of Graphene-Related Materials 

Several investigative and analysis technologies have emerged in the last few decades 
to characterize the structural and microstructural study, surface morphology, defect 
structure, and properties of graphene. In this section, the most common and frequently 
used characterization techniques such as X-ray diffraction (XRD), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), ultraviolet–visible 
spectroscopy (UV–Visible), and Raman spectroscopy will be described in brief. 

3.3.1 X-Ray Diffraction (XRD) 

X-ray diffraction is one of the basic fingerprint characterization techniques that 
provide information related to the phase, crystal structure, and crystallinity of the 
material. The intense and narrow peaks in the XRD pattern represent a high degree 
of crystallinity; in other words, stacking of a large number of graphitic layers. In the 
contrast, broad and low-intensity peaks characterized by stacking of a few layers. 
A representative XRD pattern of graphite, graphene, and graphite oxide is depicted 
in Fig. 3.9. A typical X-ray diffraction pattern of graphite shows sharp and intense 
diffraction peak at 2θ = 26.35° corresponding to interplanar spacing d = 3.34 Å. 
Graphite oxide peak found to be shifted left at 2θ = 13.9° due to the intercalation of
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Fig. 3.9 XRD pattern of 
graphite, graphite oxide, and 
graphene specimen. Adapted 
with permission from Ref. 
[78]. Copyright (2010) 
(Elsevier) 

oxygen functional groups in between graphitic layers after oxidation [77]. Graphene 
does not show any diffraction peak due to lack of stacking or layers (as shown in 
Fig. 3.9) [78]. 

3.3.2 Scanning Electron Microscopy (SEM) 

Morphological characterization of graphene and its derivatives such as form, struc-
ture, folds, impurities, and defects are analyzed by SEM. Graphene synthesized 
through different processes requires the effective identification of number of layers, 
structure, and morphology for the evaluation of quality of graphene. However, 
imaging of few layer and single-layer graphene sheets is limited by the low resolu-
tion of SEM. Graphene with different number of layers is grown on porous alumina 
substrate by Seekaew et al. [79] and shown in Fig. 3.10. The SEM micrographs (a and 
b) show the images of monolayer and bilayer graphene which appears transparent as 
porous alumina substrate can be seen in the background. Three-layer graphene and 
multi-layer graphene are shown in SEM image (c and d). The porous alumina is not 
visible in case of graphene with three or higher numbers of layers as evident by SEM 
images shown in Fig. 3.10.

3.3.3 Transmission Electron Microscope (TEM) 

Transmission Electron Microscope (TEM) is one of the most versatile methods 
utilized for the investigation of materials at atomic level. TEM equipped with Scan-
ning Transmission Electron Microscope (STEM) is frequently utilized for studying
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Fig. 3.10 SEM image of the SEM images of a monolayer, b bilayer, c three-layer, and d multi-layer 
graphene films on porous alumina substrate. Adapted with permission from Ref. [79]. Copyright 
(2017) (Elsevier)

the quality of graphene, number of layers, defects, and atomic arrangement. Electron 
beam transmitted through a very thin material specimen and used to produce images. 
Figure 3.11 shows the TEM images of graphene. Figure 3.11a–c shows the atomic-
resolved images of graphene whereas a typical TEM image of multi-layer graphene 
is shown in Fig. 3.11d. High-resolution TEM images produce the dark fringes when 
graphene layers are aligned parallel to the incident electron beam. These fringes are 
used in the estimation of number of layers in the graphene sample.

3.3.4 Ultraviolet Visible Spectroscopy (UV–Vis) 

UV–visible spectroscopy is often applied to investigate the layers and type of 
graphene such as graphene, graphene oxide, and few layers graphene. The absorbance 
spectra resulted from irradiating the specimen by UV–visible possesses the informa-
tion about the electronic transition due to π–π* transition. Virgin graphene displays 
an absorption peak around 260 nm, whereas single-layer graphene containing oxygen 
functional groups exhibit peak about 230 nm [77, 82]. The transmittance mode 
of measurement is utilized for the estimation of number of layers in the graphene



72 P. K. Dubey et al.

Fig. 3.11 Smoothed AC-TEM images of a a carbon chain (graphene), b adjacent carbon chains, and 
c large field view of atomic-scale-resolved graphene. Scale bars are 1 nm. Adapted with permission 
from Ref. [80]. Copyright (2013) (Royal Society of Chemistry). d TEM image multi-layer graphene. 
Fringes represent the number of layers. Adapted with permission from Ref. [81]. Copyright (2014) 
(Elsevier)

Fig. 3.12 The UV–visible 
absorption spectra of the 
graphene oxide as well as the 
synthesized graphene 
samples. Adapted with 
permission from [83]. 
Copyright (2014) (Elsevier) 

specimen. The single layer of graphene shows approximately 97% of transmittance 
at 550 nm. The transmittance decreases with increase in number of layers in the 
graphene specimen. Figure 3.12 shows the typical UV–visible spectrum of graphene 
oxide and graphene. 

3.3.5 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is also one of the most utilized techniques in char-
acterization of graphene surface, structure, and number of layer. A cantilever tip is 
used to scan the whole surface or along a line to generate an AFM image. AFM
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Fig. 3.13 AFM image of 
graphene showing the layer 
thickness. Adapted with 
permission from Ref. [84]. 
Copyright (2010) (Royal 
Society of Chemistry) 

typically uses the force of interaction between the sharp nanotip at the end of the 
cantilever and specimen surface. A laser system is used to measure the amount of 
bending by the tip during the scanning and processed by computer program and 
generate the image of sample topography. A representative AFM image of graphene 
is depicted in Fig. 3.13. 

3.3.6 Raman Spectroscopy 

Raman spectroscopy is the most important and useful technique for the characteriza-
tion of quality of graphene, nature of defects, and numbers of layers. Monochromatic 
laser is used to record the scattering pattern from the graphene specimen. Despite 
the fact that only few layers or single layer of atoms are probed, significantly strong 
signals are detected due to the resonance of light with the phonon mode (lattice vibra-
tion) [85, 86]. A typical Raman spectrum of graphene represents the three peaks 
mainly known as D, G, and 2D mode. The D mode peak appears at approximately 
1350 cm−1 and represents the disorder or defect in sp2 carbon atom. The E2g mode 
at the T-point gives rise to G band peak about 1583 cm−1 due to stretching vibration 
of C–C bond [87, 88]. The second-order Raman scattering which involves the two-
phonon process near the Dirac point gives rise to emergence of 2D band peak. The 
ratio of the intensities of D band and G band (ID/IG) represents the elastic scattering 
graphene and assists in assessment of disorder in graphene [89, 90]. Figure 3.14 
shows Raman spectra of monolayer graphene and graphite.
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Fig. 3.14 Raman spectra from single-layer graphene and graphite sample. Adapted with permission 
from Ref. [91]. Copyright (2019) (Royal Society of Chemistry) 

3.4 Applications of Graphene Materials 

Graphene is considered to be a wonder material due to its properties like high elec-
trical conductivity, large carrier mobility, 2D atomic layer structure, large surface 
area, optical transmittance, high mechanical, chemical stability, etc. These properties 
make graphene the most potential candidate for ultrafast and low-cost device fabri-
cation such as sensing gases and biomolecules, making LCD displays, solar cells, 
energy storage, ultrafast electronics, Li–ion batteries, making composite systems, 
etc. (Fig. 3.15).

3.4.1 Field-Effect Transistors (FET) 

Graphene is intensively employed in the manufacture of field-effect transistors 
(FETs) because 2D graphene has various advantages over bulk semiconductors such 
as silicon [93, 94]. Interestingly, graphene is a zero-gap semiconductor, which limits 
the direct use of graphene in FET applications. Novosolov et al. discovered the elec-
tric field effect in graphene for the first time in 2004 [95]. In that report, the electric 
field effect was demonstrated by single-atom thick film with electrons and holes 
in concentrations up to 1013 cm−2, and room-temperature mobilities of ∼10,000 
cm2 v−s can be induced by applying gate voltage. Theoretical calculation predicted 
that graphene nanoribbons (GNRs), 1D form of graphene, possess useful energy gap,
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Fig. 3.15 Overview of applications of graphene in different sectors. Adapted with permission from 
Ref. [92] Copyright (2015) (Royal Society of Chemistry)

excellent toggling speed (changing the logic state), and higher charge carrier mobility 
which is suitable for room-temperature field-effect applications. Owing to the 1D 
nature of GNR, electrons get confined to 1D due to splitting of graphene energy 
dispersion levels in one dimension. Although bandgaps have been demonstrated in 
GNRs, they were found to be substantially different from graphene in terms of charge 
carrier transport and challenges of assembling the device. 

The bandgap has also been produced by applying electric fields to bilayer graphene 
structures. These gaps, however, have been seen to be smaller than 400 meV, 
resulting in considerable tunneling across bands. Several researchers have demon-
strated several ways for fabricating GNRs for FET application, including chem-
ical and lithographic approaches. The use of lithographic patterning successfully 
fabricated GNRs with widths ranging from 20 to 30 nm while chemical routes 
produced GNRs with widths ranging from 10 to 15 nm. Chen et al. studied FET 
properties of GNRs as a function of their widths and found that the resistivity of 
GNRs increased as the width decreased owing to the edge states. Furthermore, at 
low frequency, the electrical current noise of GNR devices was dominated by 1/f 
noise. Since the initial demonstration of graphene-based FETs, various theoretical 
studies have been reported that predict the performance of GNR FETs as functions 
of their chirality, chemical doping, edge roughness, carrier scattering, and contacts.
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Furthermore, numerous models for predicting the performance of GNR FETs have 
also been devised [96]. The theoretical investigations gave a better understanding 
of the performance and characteristics of GNR-based FETs; moreover, they can be 
useful tools for designing efficient FETs. Despite the demonstration of the potential 
of graphene FETs, it may take long to fabricate commercially viable logic devices 
from graphene because of its reliability and reproducibility. 

3.4.2 Sensors 

Graphene has surface adsorption property, large specific surface area, and low 
Johnson noise, which enables it as one of the most potential and promising mate-
rials for the fabrication of gas and bio-sensors [97]. The sensing property of gases 
and biomolecules is owing to the electrical conductivity of graphene that varies 
upon surface adsorption of different molecules, such as gases and biomolecule. The 
change in electrical conductivity of graphene is related to charge transfer between 
graphene and adsorbed molecules acting as donor or acceptor. Furthermore, sensi-
tivity of graphene-based sensors can be enhanced to single-atom- or molecule-level 
detection. For instance, Schedin et al. in 2007 reported graphene-based sensors that 
have superior sensitivities to NO2, NH3, H2O, and CO gases [98]. 

In a very short period of time, graphene has achieved considerable success in 
biological and chemical sensing [99–105]. The availability of a diverse range of 
graphene materials, as well as their exceptional sensing properties, enables the 
widespread use of graphene-based sensors for the detection of various chemi-
cals and ions including gaseous molecules, biological molecules, and bacterial and 
animal cells (e.g., sugars, proteins, DNAs). These graphene-based sensors outper-
formed previous sensors in many aspects, such as sensitivity, selectivity, detection 
range, temporal resolution, response time, and cost. These improvements are signif-
icant advances toward the commercialization of graphene-based sensors although 
there remain hurdles such as mass-scale production and handling of graphene 
properties. While the overall capability of graphene-based sensors has not been 
explored, some novel graphene nanomaterials and structures are still being devel-
oped, such as graphene (a hydrogenated twin material of graphene) and CVD-grown 
three-dimensional graphene foam. Hybridizing and compositing graphene materials 
with diverse organic and inorganic systems (e.g., polymers, carbon nanotubes, and 
nanoparticles) are also expanding the capability of graphene sensor. A graphene 
sensor with multiple sensing modalities (e.g., electronic and optical) should be 
attainable by combing its various capabilities and merits. Furthermore, it will not 
be long until a graphene sensor capable of detecting a single biomolecule is devel-
oped. Currently, the development and application of graphene sensors are largely 
hindered by the lack of methods suitable for controllable, reproducible, scalable, 
and facile production of graphene materials with defined structures and proper-
ties. Furthermore, a deeper knowledge of graphene characteristics, interactions 
with molecules/cells, and sensing (or signal transduction) mechanisms is necessary.
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Collaborations between diverse disciplines and technologies are required to progress 
forward. Given their rapid technical development, we anticipate that upcoming 
graphene sensors will have a significant influence on environmental and safety 
monitoring, diagnostics, biological investigations, and drug screening in the near 
future. 

3.4.3 Transparent Conductive Films 

Indium-doped tin oxide (ITO) is extensively used in the production of transparent 
conductive oxide coatings to be utilized in liquid crystal displays (LCD), touch sensi-
tive screens, solar cells, and electromagnetic interference (EMI) shielding. However, 
high cost, sparse availability, and fragile nature of Indium limit its utilization in 
flexible substrate. These shortcomings of Indium thus encourage the quest for enor-
mously high transparent and highly conductive thin-film alternatives. Graphene is 
considered as one of the most suitable and potential candidates for future opto-
electronic devices, such as transparent electrodes for solar cells and liquid crystal 
displays, thanks to its high electrical charge conductivity, mechanical stability, 
monoatomic layer thickness, and high optical transparency in the visible range of 
the spectrum [106–108]. The impermeable, chemically inert, and stable thin layers 
of graphene act like transparent extreme thin film and better than any metal due 
to remarkable heat and electrical conductivity. Therefore, graphene can be envis-
aged as the future of next-generation transparent conducting electrode materials for 
miscellaneous applications, such as solar cells, light-emitting diodes (LED), organic 
light-emitting diodes (OLED) touch screens, and photovoltaic cells [109]. Mono-
layer graphene is extremely both conductive and transparent (absorbing just 2.3% 
of white light). Owing to the properties, such as high hole mobility, high surface 
area, and chemical inertness to oxygen and water, graphene remains one of the most 
viable choices for solar applications. 

3.4.4 Battery 

Li–ion batteries have become a key component of hand-held gadgets, portable elec-
tronic devices, electric vehicles (EV), and many other different and diversified power 
devices due to its high output voltage, high energy and power density, and renew-
able and clean nature. Many promising and potential electrode materials (e.g., metal 
electrodes, graphite-based electrodes, transition-metal oxide, phosphide electrodes, 
etc.) in Li–ion batteries are constrained by slow Li–ion diffusion and low electron 
transport in electrodes. These electrodes also suffer with the increase in resistance 
with time at the electrode and electrolyte interface at high charge–discharge rates. For 
this reason, there has been a lot of interest in designing and developing novel elec-
trode materials for Li–ion batteries with improved lithium storage ability, coulombic
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charge efficiency, and long charge–discharge cyclability life. Graphene-based anodes 
have been proposed as one of the promising alternative electrodes for Li–ion batteries 
because of excellent electrical conductivity, high specific surface area, and chemical 
tolerance [94–98]. Though there are few studies on the application of graphene as an 
electrode material in batteries, forthcoming research should focus on developing the 
knowledge and understanding of operational principle of the electrochemical process 
in graphene-based electrodes in Li–ion batteries. It is also important to recognize the 
application of a range of graphene-based electrodes in Li–ion batteries. 

3.4.5 Solar Cell 

In recent years, there has been growing consensus among most countries around 
the world to supplement and replace fossil fuels with clean and sustainable energy 
resources to fulfil their growing energy demands. Solar energy harvesting and its 
conversion in useful energy form such as electricity or chemical fuel through solar-
power-assisted electrolysis by solar cells represents most potential and promising 
future prospects. Dye-sensitized solar cells (DSSC) have gained substantial attention 
among various solar energy conversion technologies because of their comparatively 
high solar to electricity conversion efficiencies. Graphene has a high potential for 
use in DSSC owing to its exceptional properties [115–118]. Particularly, graphene 
thin-film electrodes with high optical transparency, higher electrical conductivity, 
and superior chemical and thermal stabilities have the potential to replace expensive 
indium tin oxide (ITO) and fluorine tin oxide (FTO) for DSSC. Graphene may also 
be utilized in conjunction with photoanodes (TiO2, ZnO, etc.) to improve charge 
carrier separation ability. Organic solar cells, on the other hand, have been recom-
mended as an economically cheaper solar energy conversion source owing to their 
simplicity of fabrication, light weight, and compatibility with the flexible substrates. 
For organic solar cell applications, graphene might serve as an effective acceptor 
material, promoting electron–hole separation and hole transport layer efficiency. 
Also, graphene could be used to improve photo-generated charge transfer in quantum 
dot (QD)-sensitized solar cells or silicon-material-based solar cell applications. 

3.5 Conclusion and Future Perspective 

Graphene is one of the most extensively explored in application-oriented researches 
at lab and industrial scale among all 2D materials, with great commercial possibili-
ties. Over the last several decades, graphene-based materials have made amazing 
progress in terms of production and application. However, specific fundamental 
characteristics including the structure–property relationship must be discovered for 
better device design. Nevertheless, mass manufacturing of low-cost, high-quality 
graphene remains a significant hurdle. Substantial efforts have been undertaken to
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mass-produce high-quality graphene using CVD and chemically generated graphene. 
Thermal methods have been also attempted to grow very large graphene sheets with 
minimal defects. These top-down approaches are typically implemented to produce 
graphene-related 2D materials for energy storage applications and wearable devices. 
However, a great control of size, shape, and purity must be accomplished through the 
synthetic chemical approaches. Graphene’s exceptional and fascinating electrochem-
ical and mechanical capabilities have led to the development of flexible and superior 
batteries, supercapacitors, and sensors. Graphene materials are used in cutting-edge 
energy gadgets because of its high stability. Graphene-based supercapacitor elec-
trodes demonstrated intrinsic capacitance, mechanical stability, great performance, 
and extremely low resistance. Moreover, optimizing the storage (packing) density of 
graphene-based materials is critical for flexible devices to achieve high gravimetric 
and volumetric capacitance. Graphene-based sensors have demonstrated high effi-
ciency, improved sensitivity, and fast response time compared to previously reported 
bio-sensors though its reliability as an implanted device should be scrutinized due to 
the cytotoxic effects. On an innovative approach, functionalized graphene nanosheets 
have shown increased interfacial contact and adhesion with proteins, human cells, 
and microbes, making it a potential system for next-generation biomedical devices. 
Nevertheless, the development of high-quality graphene employing low-cost manu-
facturing techniques is required to meet industrial needs. Finally, it is expected that 
an improved understanding of the ongoing cutting-edge research on graphene may 
enable the scientific community to appropriately take advantage of the technological 
applications. 
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Chapter 4 
Metal Nanoparticles: Synthesis, 
Characterization, and Biomedical 
Applications 

Sivasankar Putta, Raj Kumar Sharma, and Puneet Khandelwal 

Abstract Metallic nanoparticles have attracted the attention of researchers world-
wide because of their fascinating optical, electrical, magnetic, and catalytic prop-
erties. Metallic nanoparticles have an easy surface modification chemistry to attach 
various molecules such as ligands, targeting agents, biomolecules, drugs, and anti-
bodies. Because of the different properties and easy modification chemistry, these 
nanoparticles have wide-ranging applications, including biomedical, solar, catalysis, 
etc. This chapter will focus on metallic nanoparticles, specifically gold nanoparticles, 
for biomedical applications. 

Keywords Metal nanoparticles · Gold nanoparticles · Nanomedicine · Gene 
silencing · Phototherapy · Immunotherapy · CRISPR–Cas9 · Radiotherapy 

4.1 Introduction 

Metals have been a center of attraction over the last two centuries because of their 
fascinating physical and biological properties. A PubMed search shows the presence 
of around 1.5 million research documents on metals since 1800. The metals in their 
nano form, known as bhasma, have been used in India since ancient times to treat 
various diseases. However, the concept of nanotechnology was introduced in the 
last century (1959) by physics Nobel laureate Richard P. Feynman in his famous 
lecture titled “There’s Plenty of Room at the Bottom” at the meeting of the American 
Physical Society [1, 2]. The terminology “nanotechnology” was introduced by Norio 
Taniguchi in 1974. 

Gold nanoparticles have unique physical, chemical, and optical properties, which 
leads to their excellent biocompatibility, easy synthesis in a broad range of sizes
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Fig. 4.1 Various biomolecules can be attached to the gold nanoparticle’s surface, providing 
enhanced biocompatibility, chemical stability, functionality, and specificity for targeted therapy and 
imaging applications. Adapted with permission from Ref. [3] (Copyright 2014 Frontiers Media) 

and shapes in an aqueous medium, easy surface functionalization, and photosta-
bility, and photo-thermal activity (Fig. 4.1) [3]. Due to their strong optical properties 
originating from the localized surface plasmon resonance and their high surface-to-
volume ratio, these nanoparticles have been used for efficient light-to-heat conver-
sion (photo-thermal therapy), sensors (sensing biomolecules and heavy metal ions), 
and imaging applications [4]. In 1857, Faraday described the synthesis of colloidal 
gold nanoparticles for the first time by reducing gold chloride (AuCl4−) using phos-
phorus and their stabilization by carbon disulfide. Later, Turkevich et al. reported the 
colloidal gold nanoparticle synthesis by trisodium citrate to reduce gold chloride in 
the aqueous medium [5, 6]. 

4.2 Synthesis of Metal Nanoparticles 

The metal nanoparticles can be synthesized by two main methods: (1) The top-down 
approach and (2) the bottom-up approach. Both of these methods differ mainly by 
starting material. In the top-down process, the starting material is bulk, the size of 
which is reduced to nano dimension by various physical, chemical, or mechanical 
methods. On the other hand, the bottom-up approach uses atoms and molecules as the 
starting materials [7]. The synthesis of nanoparticles is based on the decrease in the 
size of the initial material by different physical, chemical, and biological treatments.
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Although the top-down approach is easy to operate, it is not appropriate for preparing 
informally shaped and microscopic particles. The major challenge with this method 
is the change in surface chemistry and physicochemical properties of synthesized 
nanoparticles [8, 9]. 

The bottom-up approach is based on the formation of nanoparticles from smaller 
molecules and/or atoms, including joining atoms, molecules, or small particles. In 
this process, the nanostructured building blocks are first synthesized, followed by 
their assembly to synthesize the final nanoparticles [10–13]. 

Mechanical milling method 

Mechanical milling is a kind of grinding method which uses high-speed rotating 
balls to reduce the particle size of the bulk material. The bulk material is introduced 
into a rolling hollow cylinder with high-speed rotating balls dropping from the top of 
the cylinder to the bulk material, reducing particle size. This method is environment-
friendly and cost-effective; therefore, it has wide applications in industries. 

Laser ablation method 

Laser ablation, also known as the photoablation method, is used to make nanopar-
ticles from bulk material. The bulk material is irradiated with a pulse laser such as 
Nd:YAG, Ti:Sapphire, and copper vapor laser, resulting in nanoparticle suspension. 
The time duration, wavelength, and fluency of the laser and surrounding medium 
affect the synthesized nanoparticles. The laser ablation method is suitable for making 
homogenous and monodisperse nanoparticles with a high production rate. 

Physical vapor deposition method 

In this method, the metal vapor is deposited on an electrically conductive material 
either as a thin film or as nanoparticles. The ion beam sputtering method uses inert 
gas ions (such as argon) to make the plasma surrounding the target material. The 
argon ions then strike the target material (at high voltage), which will eject the atoms 
from the target material and deposit them onto the substrate. The entire process is 
performed at a very high pressure of about 10−1 to 10−3 mbar. Magnetron sputtering 
has been used successfully to synthesize various nanoparticles [14]. 

Chemical vapor deposition method 

Unlike the physical vapor method, the chemical vapor deposition approach involves 
the reaction of chemical vapors containing more volatile precursors with the target 
material. The thin film of the target material is deposited on a substrate [15]. This 
approach is widely used in semiconductors to make thin films. 

Sol–gel method 

The sol–gel nanoparticle synthesis method involves the synthesis of metal alkoxide 
precursors in solution (sol phase), which further acts as a building block for an 
integrated metal oxide network (gel phase) [16]. This method is generally used for 
the synthesis of metal oxide nanoparticles.
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Chemical reduction method 

The metal salt is reduced in an aqueous medium using different chemical reducing 
agents in the presence of a surfactant. Examples of reducing agents are sodium boro-
hydride, sodium citrate, and ascorbic acid. Formed metal nanoparticles are capped 
with stabilizing or capping agents such as long-chain alkylates and long-chain fatty 
acids, including sodium lauryl sulfate and hexadecyltrimethylammonium bromide. 
Sometimes, a stabilizing agent can also act as a reducing agent, such as sodium citrate 
and ascorbic acid. Many biomolecules containing amine, oxide, or thiol groups may 
act as reducing and capping agents [17–20]. This is one of the most popular methods 
for synthesizing metal nanoparticles. 

Hydrothermal method 

The hydrothermal approach to synthesizing nanoparticles involves the growth of a 
single crystal in high vapor pressure and high-temperature environment. This envi-
ronment is created in specially designed thick-walled vessels of high corrosion and 
temperature-resistant steel [21–27]. 

Solvothermal method 

The solvothermal method is similar to the hydrothermal method in most ways which 
also uses a high-temperature and high-pressure environment developed inside a thick-
walled steel vessel. The significant difference in both approaches is that the latter 
uses organic solvents instead of aqueous solvents [28]. 

Pyrolysis 

Pyrolysis is the process of chemical transformation or decomposition of material in 
an inert atmosphere at a high temperature. The spray pyrolysis approach involves 
the delivery of nanoparticle precursors in vapor form using a nebulizer into the 
hot reactor. On the other hand, the laser pyrolysis method involves the precursors 
absorbing laser energy for the preparation of nanoparticles. In the flame pyrolysis 
approach, the liquid precursors are directly sprayed into the flame [29]. 

Biological method 

The biological method is a cost-effective, eco-friendly, green synthesis approach 
involving the use of different microorganisms and plant products for nanoparticle 
synthesis. The biological process has an advantage over other methods because this 
method doesn’t require high temperature, pressure, and toxic chemicals [30]. 

Electrochemical deposition 

The electrochemical method is a process in which a thin metal layer has been 
deposited on the conducting material surface. The metal precursor ions get reduced 
at the conducting surface and make a thin layer of metal coating in the presence of 
sufficient electric current [31].
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Microwave-assisted synthesis 

Microwave-assisted synthesis is preferred over the thermal approach because of its 
fast, homogenous heating and high product yield. Microwave frequency of 300 MHz 
to 300 GHz leads to the polar molecule orientation with the electric field. In contrast, 
re-orientation with an alternating electric field triggers molecular friction and energy 
loss in the form of heat [32–34]. 

Ultrasound-assisted synthesis 

The ultrasound approach uses the cavitation process, which is the formation and 
collapse of the bubble by intense ultrasound waves, producing an enormous amount 
of kinetic energy which converts into heat. This process has an advantage over other 
conventional methods in that it produces a high yield, requires low energy, doesn’t 
need toxic chemicals, and produces low waste [35]. 

4.3 Characterization of Metal Nanoparticles 

Several technologies have been used to characterize the physical, chemical, and 
optical properties of nanoparticles, such as shape, size, crystal structure, elemental 
composition, and stability. 

4.3.1 Spectroscopic Characterization 

The metallic nanoparticles show characteristic optical properties due to the oscil-
lations of the conduction band of electrons at the surface of nanoparticles, known 
as surface plasmon resonance. The color of gold nanoparticle suspension changes 
from deep red to purple depending on the size of the nanoparticles. Due to LSPR, 
some portion of the electromagnetic spectrum is absorbed while others get reflected, 
leading to their visible colors. The absorption of the electromagnetic spectrum can 
be detected in UV–Vis spectrophotometer as a strong peak between 520 and 800 nm 
depending upon the size of nanoparticles. 

4.3.2 SEM Analysis 

Scanning electron microscopy is used to characterize nanoparticle size, shape, and 
agglomeration. In SEM imaging, a focused electron beam is allowed to react with the 
sample, which produces many signals required to obtain the shape and composition 
of the nanoparticles. The sample processing for SEM is very straightforward in that
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the sample must be drop-casted on the conductive substrate and dried thoroughly to 
remove any solvent traces. 

4.3.3 TEM Analysis 

Transmission electron microscopy is used to characterize the structural properties 
of nanoparticles. TEM can be used to produce the images, diffraction patterns, and 
microanalytical data of the nanomaterial to get a complete insight into the different 
properties and behavior of nanomaterials. Unlike SEM, TEM sample preparation 
includes a diluted sample drop cast on the carbon-coated copper grid. 

4.3.4 AFM Analysis 

The atomic force microscope uses phosphorus-doped silicon probes, which scan the 
entire nanoparticle surface and provide 3D projection images of nanoparticles. AFM 
can also give extensive qualitative and quantitative data depending on the type of 
nanomaterial. The sample preparation for AFM is very similar to the SEM. 

4.3.5 FTIR Analysis 

The Fourier transform infrared (FTIR) spectroscopy utilizes infrared waves to 
analyze the chemical structure of the nanomaterial at the molecular scale, especially 
the bonding of capping agents to the nanoparticle surface. The sample preparation 
includes mixing and grinding of completely dried nanomaterial with KBr powder. 

4.3.6 XRD Analysis 

X-ray diffraction utilizes the constructive interference between X-ray radiation and 
the nanomaterials, which generates information about the structure of nanomaterials, 
especially the crystal structure, crystallite size, nature of phase, lattice parameters, 
and strain.
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4.4 Metal Nanoparticles for Biomedical Applications 

4.4.1 Chemotherapy 

The ease of surface functionalization of gold nanoparticles through various 
biomolecules made them an attractive delivery agent for chemotherapy. There are 
different methods developed for the functionalization of gold nanoparticles. In one 
method, prodrugs can be coupled covalently to the gold nanoparticles via cleav-
able linkers [36–39]. In another approach, hydrophobic drug molecules can be non-
covalently attached to gold nanoparticles, allowing delivery without any structural 
change of the drug molecules [10–13]. Gold nanoparticles can release the drugs 
by either internal (e.g., glutathione) or external (e.g., light) stimuli [40–46]. The 
diversity of the gold nanoparticle monolayer is crucial to both release mechanisms, 
offering tunability for endogenous delivery processes and a functional platform for 
external delivery approaches [47]. 

4.4.2 Phototherapy 

Sunlight has been used in medicine from ancient Egypt, Greece, India, and China to 
treat various diseases [48]. The disorders such as psoriasis and vitiligo were treated 
using vegetal-derived substances in the presence of sunlight in ancient Egypt [49]. In 
ancient times, light therapies had also been used to treat several other disorders, such 
as physiological illnesses, sleep, skin diseases, neonatal jaundice, retinal correction, 
and cancer. 

However, the use of light irradiation has recently been shown for the precision 
therapy of cancer treatment. The light can be used directly to initiate physiological 
changes or endogenous biochemical reactions, which leads to cell damage [50]. The 
light can also be used indirectly to initiate the production of effector molecules as 
byproducts [49, 51, 52]. According to the method, the use of light can be broadly 
divided into two different categories: (a) Photodynamic therapy—in this method, 
sensitizer molecules absorb the light and initiate a chemical alteration reaction that 
leads to the therapeutic outcome, and (b) Photo-thermal therapy—in this method, 
gold nanoparticles have been used which convert the light to heat and damage the 
cells (Fig. 4.2) [49, 51–55].

Phototherapy uses lasers as a light source that generates monochromatic light and 
can be transported through an optical fiber. The light source selection depends on the 
absorption of photosensitizers, location of the disease, lesion size, exposure time, 
total light dose, and light delivery type. The wavelength of phototherapy is chosen in 
the range 600–800 nm, the NIR region known as the therapeutic window. In this range 
of wavelength, photosensitizer molecules get excited. The significant advantage of
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Fig. 4.2 Light-induced therapy—a photodynamic (PDT) and b photo-thermal (PTT) treatment. 
Schematic representation of the crucial steps of PDT and PTT used as a therapeutic approach 
against cancer. Adapted with permission from Ref. [50] (Copyright 2021 MDPI)

phototherapy is minimal invasiveness, tumor specificity, reduced systemic cytotoxi-
city, and spatiotemporally controlled illumination via focused irradiation only at the 
diseased lesion [56]. 

Gold nanoparticles have been used effectively to deliver photosensitizer molecules 
benefitting from the easy surface modifications of the nanoparticles. Gold nanopar-
ticles can efficiently deliver different biomolecules, such as proteins, DNA, and drug 
molecules, which may act as sensitizers. The gold nanoparticles and photosensitizer 
conjugates can effectively transfer the energy or electrons between sensitizer and 
nanoparticles, making them suitable for effective PDT [51, 54, 57, 58]. 

Photo-thermal therapy is another minimally invasive alternative to photodynamic 
therapy, which utilizes the generation of controlled local heat with extreme precision. 
Since the early 1900s, it has been very well-known that cancer cells are more suscep-
tible to heat than normal cells. Photo-thermal therapy utilizes photo-thermal agents 
and generates heat to raise the local temp as high as 40–45 °C, which is higher than 
the physiological temperature (36–37 °C). The photo-thermal therapy kills cancer 
cells by affecting several cellular and molecular mechanisms such as direct cell 
membrane damage, inhibition of DNA synthesis, and cytoskeleton damage. Hyper-
thermia therapy is not free from side effects. Hyperthermia can cause side effects 
because of the disproportionate photo-thermal agent’s distribution throughout the 
body and extreme laser power [56, 59]. 

4.4.3 Immunotherapy 

Vaccination is a kind of immunotherapy that utilizes adjuvant molecules to make the 
response highly efficient [60]. The development of vaccines is crucial, including the 
long-lasting induction of robust immune response, antigen-specific CD8+ T cell, and
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stimulating antibody response to existing tumors [61]. The critical factor in devel-
oping vaccines is the delivery of antigens to antigen-presenting cells with subse-
quent activation and maturation. This will, in response, maximize cross-presentation 
for inducing cytotoxic CD8+ T cell response [62]. For this purpose, the vaccine 
delivery to the lymph node can be one of the best strategies because lymph nodes 
contain many APCs and immune cells responsible for both humoral and cellular 
immunity [61, 63–66]. 

Nanoparticles have evolved as a potential candidate for antigen delivery because 
they can easily be targeted to the lymph node via a lymphatic vessel in a size-
dependent manner [61, 63]. Small particles around 25 nm have higher accumulations 
in lymph nodes than the larger ones with a size equal to or more than 100 nm [67]. 
Therefore, there are some critical considerations for developing nanoparticles for 
antigen delivery, such as (a) the nanoparticles should be smaller than 50 nm, (b) 
the antigen or adjuvant should be versatile to be functionalized on the nanopar-
ticle surface, (c) the antigen should effectively activate antigen-presenting cells to 
induce humoral and cellular immunity, and (d) nanoparticles should be trackable 
non-invasively throughout the body. Given these considerations, gold nanoparticles 
can fit the best because of the following properties: (a) easy to control the size of 
gold nanoparticles from 1 nm to hundreds of nanometers, (b) various biomolecules, 
including protein, peptide, and oligonucleotides, can be easily attached to the gold 
nanoparticles surface, (c) gold nanoparticles are biocompatible, biologically inert, 
and non-toxic, (d) gold nanoparticles can easily be tracked throughout the body using 
imaging techniques such as computed tomography which is readily available in most 
of the hospitals or clinical centers. 

Lee et al. prepared a vaccine based on gold nanoparticles (size = 7 nm) for targeted 
delivery to lymph nodes (Fig. 4.3). The gold nanoparticles were functionalized by 
red fluorescence protein (which works as an antigen), and thiol-modified CpG 1668 
oligodeoxynucleotide (ODN; CpG 1668 is an ODN that contains CpG motifs, which 
works as a potent stimulator of the immune response). The red fluorescence protein 
was modified to have two cysteines at its c-terminus, which enables its coupling 
to the surface of gold nanoparticles via Au–S bonding [68]. The CpG 1668 with a 
spacer consisting of ten adenine nucleotides (A10) can effectively trigger immune 
responses through the activation of toll-like receptor 9 (TLR-9) [69].

Ahn et al. used the extra domain B (EDB) of fibronectin for the vaccine formula-
tion. EDB is a tumor-associated self-antigen overexpressed in fetal and tumor tissues 
and is therefore known as an oncofetal antigen [70]. Moreover, EDB is also an excel-
lent angiogenesis marker as it accumulates explicitly in the basement membrane 
of the neovascular structures present in aggressive tumors. AuNP/EDB-OVA257–269 

efficiently facilitated cross-presentation of the antigen in professional dendritic cells, 
eventually stimulating antigen-specific cytotoxic T-lymphocyte reactions. Following 
administration of AuNP/EDB-OVA257–269, the vaccine efficiently reached the local 
lymph nodes, causing a high-level EDB-specific antibody production and finally 
preventing tumor growth in an EDB-overexpressing breast tumor model [70].
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Fig. 4.3 Schematic representation of CpG/RFP/AuNPs preparation. Adapted with permission from 
Ref. [68] (Copyright 2014 Elsevier)

4.4.4 Radiotherapy 

Due to its high-level tissue penetration, radiotherapy is one of the most extensively 
used non-surgical therapies for cancer patients in clinics. Various metals with high 
atomic numbers, such as gold, bismuth, gadolinium, and hafnium, have been widely 
explored as radiosensitizers. Gold has been extensively studied among these metals 
because of its intrinsic radiosensitivity property (due to its higher atomic number) 
and biocompatibility compared to other high atomic number materials [71, 72]. 

However, high-energy radiation, like X-rays, can damage genetic material. There-
fore, delivery agents (radiosensitizers) are needed that can interact with X-rays to 
confine the radiation dosage into desired cells/tissues. Nanoparticles have the advan-
tage over traditional molecular radiosensitizers because nanoparticles can be tailored 
to facilitate selective delivery into tumor tissues due to the enhanced permeability 
and retention (EPR) effect [71, 73–79]. 

Gold nanoparticles can be selectively delivered to the tumors, leading to higher 
absorption of X-rays into the tumors than in normal tissues. As per the calculations, 
this dose enhancement can be considerably more significant than normal tissues, 
even 200% or higher [71, 76]. Additional advantages of Au NPs are that they can 
be used as contrast for image-guided therapy and are appropriate for combinatorial 
therapy to deliver more than one drug molecule. 

Ding et al. reported gold nanoparticles conjugated with a responsive peptide 
(Tat-R-EK) [80]. This responsive peptide consists of three main components: a cell 
and nuclear-penetrating component derived from human immunodeficiency virus-1 
transactivator of transcription protein (Tat), a cathepsin B cleavable linker, and a zwit-
terionic antifouling component (Fig. 4.4). The peptide covered the gold nanoparticles 
via the Au–S bonding between gold and thiol groups from cysteine.
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Fig. 4.4 Schematic shows the gold nanoparticle delivery in tumor tissues and cell nuclei for 
improved radiotherapy in vivo and fast clearance via the kidney. Adapted with permission from 
Ref. [80] (Copyright 2020 Ivyspring International Publisher) 

4.4.5 Gene Silencing 

4.4.5.1 RNAi 

The gold nanoparticles have been extensively studied to deliver siRNA for gene 
knockdown purposes. There are two ways to attach the siRNA with gold nanoparti-
cles: (a) via Au–S chemistry or (b) via electrostatic interactions. 

Au–S bonding has been used to bind thiol-containing ligands to the surface of 
gold nanoparticles. In a study by Giljohann et al., 13 nm gold nanoparticles were 
co-loaded with SH–PEG400 and SH–siRNA (Fig. 4.5). In this system, the PEG was 
significantly smaller than the siRNA, so the nanoparticle surface displayed to the 
cells exhibits almost entirely siRNA [81].

Electrostatic interactions have also been used for attaching the negatively charged 
siRNA molecules to the surface of gold nanoparticles via positively charged polymers 
such as polyethyleneimine (Fig. 4.6). For example, Elbakry et al. reported a complex 
with a 15 nm gold nanoparticle core followed by layers of PEI, siRNA, and PEI [82].
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Fig. 4.5 Preparation of siRNA conjugated gold nanoparticles. The RNA duplex was formed first, 
followed by the addition of gold nanoparticles and OEG-alkylthiol. Adapted with permission from 
Ref. [81]. Copyrights 2009 American Chemical Society

Fig. 4.6 Flowchart illustrating the layer-by-layer deposition applied to gold nanoparticles. After 
each coating step, gold nanoparticles were purified by centrifugation and resuspended in unbuffered 
10 mM NaCl. Adapted with permission from Ref. [82]. Copyrights 2009 American Chemical 
Society 

4.4.5.2 CRISPR–Cas9 

The discovery and translation of clustered regularly interspaced short palindromic 
repeats (CRISPR)/Cas9 from bacteria to mammalian cells demonstrated a milestone 
for genome engineering due to its robustness, simplicity, and versatility [83–85]. 
There are two main types of gene-editing therapies that have been used for the 
CRISPR–Cas9 system: (1) non-homologous end joining (NHEJ), which completely 
silences disease-producing genes by introducing indel mutations, and (2) homology-
directed repair (HDR), which reverts disease-producing gene mutations to their wild-
type form. HDR-based therapies can treat most genetic diseases. Therefore, there is 
considerable interest in advancing HDR-based therapeutics. However, in vivo gene 
editing via HDR is difficult due to the targeted delivery of Cas9, guide RNA (gRNA), 
and donor DNA [86–90].
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Gene therapy using adeno-associated viruses (AAVs) is presently the highly devel-
oped and used approach for delivering Cas9 in vivo. However, in vivo AAV delivery 
is difficult because a substantial portion of the human population has pre-existing 
immunity toward AAV, making them disqualified for therapeutics [91]. Moreover, 
the AAV-based Cas9-delivery system also generates considerable off-target genomic 
modifications because of the constant expression of Cas9. AAV also has a smaller 
packing size and may need several viruses to deliver Cas9 ribonucleoprotein (RNP) 
and donor DNA in vivo, which may reduce the HDR efficiency of the AAV-based 
Cas9-delivery system. Finally, the viral titers required to produce curative amounts 
of editing have been way higher than the clinically accepted levels [92–96]. There-
fore, the reliable and effective delivery of CRISPR/Cas9 remains a significant chal-
lenge restricting its wide applications. For this reason, gold nanoparticles have been 
explored for efficient delivery [91, 97–100]. 

Lee et al. developed “CRISPR–Gold,” which can deliver Cas9 RNP and donor 
DNA in vivo and stimulate HDR [90]. CRISPR–Gold is composed of gold nanopar-
ticles coupled with DNA, which are complexed with donor DNA, Cas9 RNP, 
and poly(N-(N-(2-aminoethyl)-2-aminoethyl) aspartamide) (PAsp(DET)) which is 
an endosomal-disruptive polymer. CRISPR–Gold is created to be internalized by 
cells via endocytosis due to the cationic PAsp(DET), which complexes with the 
components of CRISPR–Gold (Fig. 4.7). After endocytosis, the cationic polymer on 
CRISPR–Gold activates endosomal disruption and triggers the delivery of CRISPR– 
Gold into the cytoplasm. Importantly, once in the cytoplasm, glutathione releases the 
DNA from the gold core of CRISPR–Gold, which causes the rapid release of Cas9 
RNP and donor DNA.

CRISPR–Gold was capable of targeting CXCR4 in human embryonic stem cells, 
human-induced pluripotent stem cells, bone-marrow-derived dendritic cells, and the 
dystrophin gene in myoblasts with an HDR efficiency between 3 and 4%. CRISPR– 
Gold can also deliver Cas9 RNP and generate gene deletions in Ai9 mice. CRISPR– 
Gold was capable of correcting the mutated dystrophin gene in mdx mice to the 
wild-type sequence after a single dose and restoring dystrophin protein expression in 
muscle tissue. CRISPR–Gold can stimulate HDR in the dystrophin gene. In partic-
ular, 5.4% of the dystrophin gene in mdx mice was corrected back to the wild-type 
after CRISPR–Gold therapy. This correction rate was around 18 times higher than 
treatment with Cas9 RNP and donor DNA alone, with only a 0.3% correction rate. 

Wang et al. used lipids such as DOTAP, DOPE, cholesterol, and PEG2000-DSPE 
to coat TAT-modified gold nanoparticles to deliver the Cas9-sgPlk-1 plasmid [101]. 
The lipids can facilitate the entry of gold nanoparticles into the cells, while TAT 
peptides can take the plasmid into the nucleus. A laser-triggered thermal effect caused 
the release of plasmid from nanoparticles. On day 20, the tumor volume decreased to 
about 42% with the nanoparticles and 20% with the nanoparticles and laser irradiation 
compared to the control group.
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Fig. 4.7 a The components of CRISPR–Gold; b the working principle of CRISPR–Gold. Adapted 
with permission from Ref. [90]. Copyrights 2017 Springer Nature Limited
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4.5 Conclusion and Future Perspective 

This book chapter provides a summary of recent developments in the field of gold 
nanoparticles. Gold nanoparticles have been one of the most studied delivery systems 
because of their exciting physical, optical, chemical, and biological properties. Due to 
their biocompatibility, stability, and easy surface modifications, metal nanoparticles 
provide a promising platform for numerous biological applications, including the 
delivery of biomolecules, therapy, and diagnosis. 

However, there are several critical issues that need to be addressed before their 
clinical applications. These issues may include the size and surface-dependent cyto-
toxicity, immune response, biodistribution, and targeting of a specific organ or 
tissue. These investigations will help design new delivery systems and enhance the 
understanding of nanomaterials’ interaction with biological systems. 
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Chapter 5 
Metal Oxide Nanoparticles: Synthesis, 
Properties, Characterization, 
and Applications 

Nirav Joshi, Deepak K. Pandey, Bhavita G. Mistry, and Dheeraj K. Singh 

Abstract Metal oxide nanoparticles (MONPs) are a substantial category of nano-
materials that have numerous implications in science and technology owing to their 
distinctive characteristics such as high surface-to-volume ratio, large surface area, 
and abundance on earth. The present book chapter attempts to present a brief summary 
of research on MONPs, including available synthesis routes, techniques for charac-
terization, and some of the unique nanoscale physicochemical features. Further, we 
provided an overview of the defining specific applications of MONPs in a variety 
of applied nanotechnology domains. We anticipate that this chapter will contribute 
to an increase in understanding and the recent developments in the utilizations of 
MONPs in specific industrial sectors. 

Keywords Metal oxide nanoparticles · Synthesis · Characterization techniques ·
Properties ·Wastewater treatment · Solar cells · Batteries 

5.1 Introduction 

Nanotechnology paves the way for a plethora of opportunities and has the potential to 
provide answers to some of the most pressing challenges confronted by human civi-
lization on a global scale through the utilization of technologically advanced nanopar-
ticles. It is only possible by the exceptional properties of nanosized particles, which 
they possess as a result of their one-of-a-kind size and shape [1, 2]. New nanotech-
nology applications in energy generation, conversion, storage, optics, microelec-
tronics, mechanical, and ceramics engineering are becoming more commonplace 
every day [2]. Among the multitude of nanoparticles, metal oxide nanoparticles 
(MONPs) stand out and are receiving considerable attention from both academia
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and industry [3–8]. In addition, the distinctive physicochemical characteristics, such 
as relatively large specific surface area and the surface-to-volume ratio [2, 9] as  
compared to their bulk counterparts, play a key role in many areas of science and 
industry. Another crucial factor contributing to their increased interest and extensive 
investigation is that they are abundant on earth, environmentally benign, inexpensive, 
and, in certain instances, chemically robust with appropriate electrical and optical 
properties [10–17]. Further notable characteristics of these materials comprise their 
excellent high dielectric constant, optical transparency, wide bandgap, high carrier 
mobility, and superior superconductivity [17, 18]. 

Many different synthesis processes allow metals to produce a wide range of oxide 
compounds [9, 19]. When it comes to metal oxides, the d-shell is usually partially 
filled, whereas the s-shell is always completely filled with electrons [20]. MONPs can 
display semiconductor, metallic, or insulator properties [21] due to their distinctive 
electronic structure, which is made up of positive metallic and negative oxygen ions 
[17]. In transition metal oxides, the energy difference between the two possible 
configurations of the cation dn and the electron configuration dn+1 or dn−1 is known 
to be minimal, allowing for rapid transitions between the various forms, albeit with 
unstable structures. Metal oxides having electronic configurations of d0 and d10 are 
regarded as stable materials. Transition-metal oxides like V2O5, TiO2, and WO3 have 
the d0 configuration, but post-transition-metal oxides like SnO2 and ZnO have the d10 

configuration. Pre-transition metal oxides are anticipated to be inactive in a number 
of applications due to their high bandgaps, which make it difficult for electrons and 
holes to create [22]. 

Small size and a high density of corner or edge surface sites make MONPs partic-
ularly interesting in terms of their unique physical and chemical characteristics [23]. 
Three significant classes of fundamental characteristics in any material are antici-
pated to be influenced by particle size. The first category includes the structural 
properties, specifically the cell parameters and lattice symmetry [24]. Typically, bulk 
oxides are stable and have crystal structures that are clearly characterized. However, 
when particle size decreases, surface free energy and stress become increasingly 
important. It is necessary for a nanoparticle to have a low surface free energy to 
show mechanical or structural stability. As a result of such necessity, phases with 
low stability in bulk substances can attain high stability in nanostructures. TiO2, VOx, 
Al2O3, and MoOx oxides have all been found to have this structural phenomenon 
[25–27]. The electrical characteristics of the oxide are connected to the second note-
worthy influence of size. The existence of distinct, atom-like electronic states causes 
the nanostructure to create the so-called quantum confinement effects in any material. 
The optical bandgap and exciton levels shift as a result of quantum confinement in 
oxides, which can be observed experimentally [28, 29]. The long-range impacts of the 
Madelung fields, which are a crucial consideration when dealing with the electrical 
characteristics of a bulk oxide surface, are absent or constrained in a nanostructured 
oxide [30–32]. The solid’s physical and chemical properties, which make up the third 
category of properties affected by size in a basic classification, are primarily driven 
by its structural and electrical properties. A reduced average oxide particle size alters 
the bandgap’s size [32, 33], which has a significant impact on the chemical reactivity
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and conductivity [34, 35]. When it comes to 2D-infinite surfaces, surface properties 
of nanostructured metal oxides are significantly altered, resulting in solids with novel 
sorption or acid/base properties [36]. Additionally, the existence of O vacancies or 
undercoordinated atoms (such as edges or corners) in an oxide nanoparticle should 
result in particular geometrical arrangements and occupied electronic states that are 
above the valence band of the bulk counterparts [37–39], increasing the chemical 
activity of the system [36, 40–42]. The aforementioned facts reveal how nanometal 
oxides’ structure, size, and arrangements of electrons in shells play a crucial part in 
determining their unique properties appropriate for a wide range of applications. 

Further, nanometal oxides display distinctive and controllable optoelectronic, 
magnetic, mechanical, optical, electrical, thermal, photochemical properties, and 
catalytic applications [43]. Metal oxides’ size, structure, composition, stoichiometry, 
and doping all allow for the engineering of their electrical, physical, and chemical 
properties [44, 45]. In addition, transition metal oxides can take on ferromagnetic and 
semiconductive states at different temperatures. Metal oxides can be recognized from 
other materials and employed in a variety of applications because of all these distinc-
tive qualities. Due to the aforementioned unique characteristics, nanostructured metal 
oxides are regarded as one of the most exciting functional materials and are still an 
active research area even after more than three decades since their emergence. Addi-
tionally, a thorough understanding of the surface and core properties is crucial for 
building innovative nanoproducts. The present chapter, therefore, attempts to portray 
the state-of-the-art progress of nanometal oxides with the existing synthesis methods, 
characterization techniques, their characteristics, and various types of applications. 
The main aim of the chapter is to give a thorough overview to new researchers of 
the most recent developments in the field of metal oxides as well as how they are 
used in a number of applications, including solar cells, water purification, energy 
storage, sensor technology, biomedical applications, etc. In this chapter, the impact 
of MONPs’ characteristics and how these affect their industrial uses will receive 
special focus. 

5.2 Synthesis of MONPs 

This section will cover detailed synthesis methods available to produce a variety of 
MONPs including different shapes and sizes. As the surface-to-volume ratio of the 
synthesized products is the most crucial factor responsible for their tremendous use in 
mechanics, optics, electronics, biotechnology, energy storage industry, sensor, solar 
and fuel cells, cosmetics, food, paints, personal care products, microbiology, envi-
ronmental remediation, wastewater treatment, catalysis, medicine, numerous engi-
neering fields, and material science. Therefore, the purpose behind the synthesis 
of MONPs is not only its great properties but also to change the nanomaterials’ 
morphologies with high performance, understand its phenomenon in different dimen-
sional systems, and make a new generation of nanodevices. In this direction, various
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physical, chemical, biological, and hybrid methods exist to synthesize these nanoma-
terials. The physical process involved flame spray pyrolysis, chemical vaporization, 
laser ablation, etc., co-precipitation/precipitation, hydrothermal, sol–gel, ultrasoni-
cation, vapor deposition, etc., methods for chemical processes [46, 86]. Some mate-
rials prepared in nature by microorganisms, animals, and plants can be replicated in 
laboratories, even on a wide scale. It is seen as a very appealing option for achieving 
environmentally or so-called green synthesis of MONPs [47, 48]. As it is not possible 
to cover the synthesis of each NP by each synthesis method in this overview, only 
a few examples of MONPs’ preparation using each method are presented in this 
section. 

5.2.1 Physical Methods 

Spray pyrolysis/Flame spray pyrolysis 

This simple method is a continuous and single-step process, providing economic 
viability and does not require high-level equipment, producing fine MONPs parti-
cles and thin films [49]. The solution-containing precursor is injected or sprayed onto 
a hot substrate in the furnace using a nano-porous nebulizer, causing the precursor 
to decompose and form the final desired material on the substrate. To begin, the 
precursor solution’s chemical composition must include compounds that, after pyrol-
ysis, will yield the required different chemical composition. Second, the acceptable 
range of synthesis temperatures is used to produce the final material’s morphological 
characteristics. The aerosol droplet size distribution and aerosol generation mech-
anism will determine this. The carrier gas and its flux rate will either increase or 
decrease the likelihood of a reactive interaction with the precursor compound. Finally, 
the chemical reaction in the gas phase or on a hot substrate determines whether the 
synthesized material is a powder or a film coating. Zinc oxide (ZnO) is produced 
through this technique; its morphological study determined by TEM shows hexag-
onal wurtzite structure and XRD gives its crystal structure [50]. Another successfully 
synthesized nanoparticle is Fe2O3 by the same technique with the particle size 315 
to 675 nm with the high surface energy characterized from the SEM analysis at the 
different temperature ranges [51]. 

The flame spray pyrolysis (FSP) method employs low-cost, less volatile, and 
frequently hygroscopic precursors, such as metal nitrates and acetates, dissolved 
in appropriate solvents. The MONPs are prepared by burning unwanted compounds 
from the precursor, which is nebulized [52]. Previously, Marshall et al. explained how 
droplets of an aqueous zinc acetate solution have been fed into the flame of a Meker 
burner and pyrolyzed into ZnO fumes in a 1971 research article [53]. Titania (TiO2) is  
the additional manufacturing aerosol resource in terms of volume and value derived 
from this technique [54]. Synthesis of bismuth oxide (Bi2O3) nanoparticles from 
bismuth nitrate solutions yielded 10 nm diameter pure, homogenous, and crystalline 
nanoparticles, exemplifying the FSP approach for producing such nanoparticles.
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XRD is typically used to determine the crystallinity of MONPs, and in this case, the 
same method has been used to determine the crystallinity and crystal structure. The 
increasing oxygen gas flow rate by increasing the surface area of Bi2O3 results in 
a controlled size and excellent production rate of Bi2O3 [55]. A typical schematic 
illustration of spray pyrolysis and FSP methods is given in Fig. 5.1a. 

Sputter deposition 

The sputter deposition technique is widely used for the formation of stoichiometric 
thin films from the given materials and could be an alloy, a ceramic, or a compound. 
Further, it can also be used to create non-porous compact films. It is an excellent 
method for depositing layered films for reflectors or magnetic films for electronic 
and optical applications. An inert gas ion such as Ar+ is targeted at a high energy 
level which are depending on the ions mass to target the atom mass ratio. At the 
ground level, ions become neutral, and at the same time incident ions get rebounded, 
causing collision effects in target atoms. It disturbs many of the atoms in the target, 
causing vacant positions, creating interstitials, and other deformities, desorbing some 
adsorbates, generating particles while burning energy to target atoms, and even 
sputtering out some target atomic nuclei, clusters, ions, and electrons. Different 
methods of sputtering are available typically including Direct Current (DC) sput-
tering, Radio Frequency (RF) sputtering, and magnetron sputtering methods. A 
general ray diagram of the process is shown in Fig. 5.1b. 

The TiO2 nanoparticles were prepared from the sputter deposition under an Ar-
O2 atmosphere with high power and the diameter of prepared MONPs was found to

Fig. 5.1 Schematic of (a) Spray pyrolysis and flame spray pyrolysis, (b) Sputter deposition, 
(c) Laser ablation technique, and (d) Chemical vapor deposition 
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be 25–75 nm with the uniform crystalline phase and different composition of Ti–O 
[56]. One of the previous investigations detailed the formation of WOx,MoOx,NbOx, 
and TiOx MONPs by employing the Sputter deposition technique, and transmission 
electron microscopy (TEM) analysis verified the particle size of 20 nm. TEM, which 
employs an electron beam, is frequently used to photograph a sample of nanoparticles 
and is the preferred technique for accurately determining the particle size [57]. 

Laser ablation 

The laser ablation of the material is achieved using high-power laser pulses which 
include a high vacuum system with inert gas facilities, target material, laser beam, 
and cooled surface (substrate). Since certain materials’ substrates frequently reflect 
other wavelengths, like IR or visible light, ultraviolet (UV) lasers, including excited 
monomer lasers, are typically required in this technique. Here, the intense laser beam 
evaporates the substrate’s atoms, causing a collision between the reactive gases that, 
when applied to the cooled surface, form clusters (see Fig. 5.1c for ray diagram). 
When it comes to particle size and distribution, gas pressure is essential. The forma-
tion of alloys or compounds is achieved by simultaneously evaporating a further 
material and mixing the two vaporized materials in inert gas. This technique can 
create unique phases of components that are not formed usually. 

Y2O3, Gd2O3, Y3Al5O12, Al2O3, and YAlO3 NPs synthesized by this method 
along with average sizes ranging from 2 to 4.5 nm and narrow size distribution 
[58]. Some chemical techniques make it extremely difficult to produce MONPs and 
hydroxides and prepare their layers; laser ablation is a one-spot method that can 
accomplish this. Sasaki et al. synthesized TiO2 and SnO2 NPs via this technique and 
the particle size was observed to be very small (2–6 nm in diameter) [59]. 

Chemical vapor deposition 

To obtain coatings of various inorganic or organic materials, a hybrid method using 
chemicals in the vapor phase is traditionally used in industries due to its simple 
processing. In the basic CVD techniques, reactant gas flows toward the substrate at 
a high temperature, and various products produced by the reactant crack that spread 
across the substrate’s surface and the formation of the suitable film at the proper 
region go through a chemical reaction. After the reaction, some impurities are left 
from the substrate and go to the gaseous phase. Using a carrier gas, given material 
vapors can be frequently pumped into the reactor vessel, and sometimes reactions 
proceed in the gas phase. On the substrate, temperatures around 300–1200 °C are 
required and it is heated by two approaches: Hot and cold walls. In the hot wall, 
deposition occurred at the wall of the reactor. Furthermore, reactions can occur in 
the gas phase with a hot wall design, which is suppressed in a cold wall setup. Again, 
plasma-chemical reaction coupling in a cold wall setup is possible. A schematic 
diagram of the CVD technique and its working mechanism is shown in Fig. 5.1d. 
TEM investigation proved that CVD successfully coated MONPs like SiO2 and TiO2 

on the surface of the gold up to 10 nm in size [60].
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5.2.2 Chemical Methods 

Sol–gel method 

The word “sol” and “gel” comes from M. Ebelman for the first time in 1845 [61]. This 
is the most reliable approach in the chemical process because it produces less pollu-
tion, uses a simple precursor, and does not need any more sophisticated equipment. 
Here, solid metal precursor particles are added to the sols (a subclass of colloids), 
which are then incorporated into a gel-like liquid network to produce small particles 
or thin films through the evaporation process [61]. The schematic illustration of this 
method is shown in Fig. 5.2. 

Zinc 2-ethyl hexanoate, which contains 1% ethylene glycol monomethyl ether, 
tetramethylammonium ((CH3)4NOH) aqueous solution, and isopropanol, was used 
as precursors to create nanocrystalline ZnO powder. The TEM results revealed that 
the particles created by this investigation ranged in size from 20 to 50 nm [62]. 
Tin tetrachloride pentahydrate (SnCl4.5H2O) was used as a precursor to generating 
the SnO2 NPs [63]. Tetraethylorthosilicate was used as a precursor in the sol–gel 
process to create SiO2 NPs, which were then analyzed by TEM, giving a particle 
size of 25 nm and an excellent XRD pattern match [64]. 

Hydrothermal 

This method is useful for the preparation of novel nano- and micro-sized MONPs. 
In this preparation method, an “autoclave” is used as a reaction vessel made of steel 
or another metal-containing material at a high temperature of around 300 °C and 
high pressure at 100 bars. During synthesis, the chemical precursor is dissolved in 
distilled water/solvent and put into an autoclave for a fixed amount of time. Mostly

Fig. 5.2 Synthesis of MONPs via sol–gel method 
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this technique is useful for non-dissolving materials at a lower temperature. “Forced 
hydrolysis” is a different type of hydrothermal synthesis process in which inorganic 
metal salts are typically dissolved in dilute solutions (10–2 to 10–4 M) and hydrolysis 
is performed at temperatures over 150 °C [61, 65]. The hydrothermal approach was 
used to vary the particle size of iron oxide nanoparticles as a result of increasing the 
reaction temperature [66]. The chemical materials’ composition was confirmed by 
FT-IR after the XRD revealed the maghemite’s crystalline phase. The aforementioned 
study indicates that the hydrothermal reaction has a greater role in the development 
of various particles of different sizes and structures [66]. The schematic overview of 
various chemical methods for the synthesis of MONPs is depicted in Fig. 5.3. 

Sonochemical 

In this approach, the ultrasonic waves used to pass in the liquid precursor and the 
bubbles formed which are small and it is continuously growing to create a certain 
particle size and burst, releasing high energy ~ 5000 °C and higher pressure (a 
few hundred times higher than atmospheric pressure). The solute in the liquid must 
diffuse to the expanding bubble for the reaction to take place in the gas phase. The 
handling of solute and solvents is quite difficult and only reactants should find their 
position within the bubble in the form of vapor, non-volatile liquids would hinder 
bubble formation, which is desired. The solvents must be stable and inert to ultrasonic 
radiation. The particle size is also affected by the cooling rate, as particles are highly

Fig. 5.3 Overview of chemical methods for the synthesis of MONPs 
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Table 5.1 List of MONPs 
prepared by sonochemical 
method 

MONPs Particle size (nm) References 

TiO2 Smaller size [68, 69] 

ZnO Nanorod-180 nm 
Nano cup-250 to 300 nm 
Nano disks-140 nm 

[70] 

MoO3 Micrometer-sized whiskers [71] 

V2O5 400–900 nm [72] 

amorphous and these particles are more beneficial to compared crystalline one [61, 
67]. Some of the examples of this method are given in Table 5.1. 

Solvothermal method 

This method is used to prepare a range of nanomaterials by dispersing the starting 
material in an appropriate solvent and subjecting it to reasonably high temperatures 
and high pressure which lead to product formation. An organometallics complex of 
titanium was utilized for the TiO2 nanoparticle synthesis [67]. Moreover, this method 
allows for the preparation of ultra-small nanoparticles (<5 nm) such as 2.5 × 4.3 nm 
of TiO2 and 1.6 ± 0.3 nm WOx nanoparticles [73]. 

Electrochemical 

The two-electrode setup including electrolyte solution is used for the synthesis of 
MONPs. Here, bulk metals are used as the anode which is transferred into metal 
clusters. This metal cluster is stabilized by the salt solution in the form of an elec-
trolyte. All the reaction setup is put into the inert atmosphere to avoid oxygen contact. 
The bulk metal is oxidized at the anode and the metal cations move to the cathode. 
The role of the stabilizer is to prevent the agglomeration of MONPs. Examples of 
MONPs prepared by electrochemical processes are CuO and Cr2O3 NPs [65]. 

Microwave 

This is the simplest method for the synthesis of MONPs. Here, the precursor is 
dissolved in distilled water and then continuously stirred for 10 to 15 min at room 
temperature, and then a white color gel is formed. The mixture receives microwave 
radiation before cooling naturally at ambient temperature. The precipitate is vacuum-
filtered, cleaned with deionized water and pure ethanol, and then dried in a vacuum 
for 1 h at 80 °C  [65, 74]. The anti-bacterial properties of CaO and MgO NPs have 
been synthesized and tested by this method. 

Co-precipitation 

The addition of base (commonly ammonium hydroxide and sodium hydroxide) in 
a precursor salt transforms the metal into its corresponding metal hydroxide in co-
precipitation in an aqueous medium. The obtained oxo-hydroxide precipitate is then 
eliminated by heating and the formation of the desired MONPs takes place [65]. The 
disadvantage of this method is uncontrolled particle size and it is managed by the use
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of the alternate metal salt solution, its ionic nature, and pH. This method has been 
employed in synthesizing MONPs like ZnO [75], MnO2 [76], BiVO4 [77], MgO 
[78], etc. 

Microemulsion 

In this method, two immiscible phases (oil and water) are separated by the monolayer 
of surfactant molecules generating two binary systems including oil/surfactant and 
water/surfactant. Surfactant has a hydrophobic tail dissolved in the oil phase and 
a head group of hydrophilic chain in the aqueous medium. Surfactant, oil, water, 
and metal precursor all are mixed and stirred at ambient temperature to make a 
homogeneous solution. To allow the precipitation of NPs, oxidizing/reducing and 
precipitating agents are then added to this reaction mixture while being vigorously 
stirred. After filtering, purifying, and drying properly, the formation of MONPs 
takes place [79]. For the formation of the nanoparticles, microemulsions serve as 
nanoreactors. Various MONPs synthesized by this method such as TiO2 [80], ZnO 
[81], CuO [82], etc. 

5.2.3 Green Synthesis 

The green approach is the most pertinent in the field of nanotechnology, aside from 
physical and chemical methods used in the last decade to create MONPs. Thus, some 
fundamental ideas of “green synthesis” can be used to describe a number of aspects, 
including waste prevention/minimization, derivatives/pollution management, the use 
of safer or non-toxic solvents, as well as sustainable materials. Various biological 
materials such as bacteria, fungi, algae, plant extract, etc. have been used for the green 
synthesis of metallic nanoparticles. Among all these materials, the plant extract form 
is easy and more beneficial than bacteria- and fungi-mediated MONPs. 

Plants 

Biomolecules found in plants, such as proteins, coenzymes, and carbohydrates, have 
a remarkable capacity to transform metal salts into nanoparticles. Here, plant extract 
material is mixed with the metal precursor solution and stirred on the magnetic 
stirrer to follow various conditions like maintaining its pH, concentration of metal 
precursor solution, reaction time, and its temperature. These natural sources have 
both reducing as well as stabilizing agent properties. After the reaction, the smaller 
particles get centrifuged, and the collected particles are dried and weighed [47]. The 
general mechanism of the synthesis of MONPs is shown in Fig. 5.4. The spherical 
shape of the Al2O3 NPs can be synthesized through this technique in which a material 
extract from coffee, tea, and Triphala kind of herbal plants is taken which consists of 
phenolic compounds. Then it was irradiated with a 540 W microwave [83]. Similarly, 
Ansari et al. used a 1:4 ratio of metal salt and leaf extracts of Cymbopogon citratus 
(lemongrass) to obtain the same metal oxide particles [112]. Thovhogi et al. used 
an extract of Hibiscus sabdariffa to make green-mediated CeO2 NPs, which had a
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spherical morphology with a size of roughly 3.9 nm. ATR-IR spectroscopy revealed 
a distinctive band at 483.8 cm−1 attributed to CeO stretching mode and face-centered 
cubic phase was confirmed by XRD [84]. 

Microorganism 

Depending on the kinds of microorganisms used, there are various synthesis proce-
dures available. According to the used microorganisms, metal ions adhere to the 
surface or become trapped inside the microbial cells. These arrested metal ions are 
then transformed into MONPs by the activity of enzymes. Microorganisms have the 
tendency to interact with metals that get into contact with them through their cells 
and produce MONPs. However, it is still unclear how microorganisms interact with 
metallic salt ions and produce the consequent metallic nanoparticles through natural 
decomposition processes [47]. Jha et al. discovered a sustainable, inexpensive, and 
repeatable Saccharomyces cerevisiae-mediated method of producing Sb2O3 nanopar-
ticles [85]. The Oluwafemi group has provided a detailed review of the synthesis of 
MONPs by microorganisms, including plants, with a detailed description of the 
synthesized particle sizes, their shapes, and possible mechanisms involved [86]. 
Some of the examples of the synthesis of MONPs from microorganisms are provided 
in Table 5.2.

Merits and demerits of physical, chemical, and biological methods 

The physical method required heavy equipment which is time-consuming and some-
times human errors are also observed. While using chemical methods requires the

Fig. 5.4 Schematic representation of green synthesis routes available for MONPs 
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Table 5.2 Examples of 
synthesis of MONPs from 
microorganisms 

MONPs Green substrates Name References 

ZnO Algae Marine 
macroalgae 

[87] 

Caulerpa peltata 

Bacteria Aeromonas 
hydrophila 

Lactobacillus 
sporogenes 

Fungi Aspergillus 
fumigatus 

Fusarium spp 

Iron oxide Fungi Alterneria 
alternata 

[88] 

Phialemoniopsis 
ocularis 

A. wentii 

ZnO 
MnO2 
MgO 

Bacteria P. polymyxa strain 
Sx3 

[89] 

UO2 Bacteria Desulfosporosinus 
sp. 

[90] 

TiO2 Bacteria Lactobacillus sp. [91] 

CuO Algae Eichhornia 
crassipes 

[92] 

Bi2O3 Fungi Fusarium 
Oxysporum 

[93]

use of basic chemicals, and metal salt solutions, and their handling is rather chal-
lenging. However, the advantages of chemical methods are to obtain a large number 
of products, the liquid product is easily converted into powder form, different sized 
particles could be synthesized, and some reactions take place at room temperature 
also. Both the above methods produced good quality MONPs which have applica-
tions in varieties of fields. But the next-generation biosynthesis of MONPs provides 
a strong capping layer on the surface to which additional functional groups can be 
conjugated if required, which increases the NPs’ biocompatibility and efficacy [94]. 
During the conventional synthesis of MONPs, the prime cost of nanoparticles is 
mainly determined by the cost of both the metal salts and stabilizing agents. While 
in the case of “green” synthesis, the major cost is determined by the metal salts and 
plant wastes from other industries such as food and agriculture which can serve as 
stabilizing agents [86].
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5.3 Characterizations of MONPs 

Comprehensive characterization techniques, such as chemical composition, surface 
morphology, surface topography, and spatial distribution of the functional groups, are 
often employed to better comprehend the physicochemical characteristics of MONPs. 
Fundamental techniques employed to investigate MONPs include X-ray diffrac-
tion (XRD) analysis, X-ray photoelectron spectroscopy (XPS), infrared (IR) spec-
troscopy, transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), atomic force microscopy (AFM), thermal gravimetric analysis (TGA), 
dynamic light scattering (DLS), etc. Here, a brief discussion is given of some of 
the techniques which are initially required to characterize the synthesized MONPs. 

X-ray diffraction 

X-ray diffraction (XRD) is a versatile non-destructive technique for investigating 
crystalline structures, nature of phases, crystal lattice parameters, and crystalline 
grain size of MONPs [95–98]. Since, it is well known that variation in these param-
eters can result in varied characteristics of MONPs, which pushes us to thoroughly 
examine these aspects. XRD follows Bragg’s law (nλ = 2dsinθ ) that defines the 
relationship between the angles for coherent and incoherent scattering from a crys-
talline lattice [97–99]. In XRD, the position and intensity of the diffractogram peaks 
for the MONPs are compared with the reference diffractogram available on the Inter-
national Center for Diffraction Data (ICDD) (formerly, Joint Committee on Powder 
Diffraction Standards (JCPDS) system), which contains a vast collection of crystal 
structures from known materials [96, 100]. By applying the Scherrer formula to the 
experimental diffractogram, the average crystallite size may also be obtained. This 
method may be used for both crystalline and amorphous materials (some polymers 
and even biomolecules) by employing a small angular range of typically 0.1–3 ° 
[96, 101]. 

Electron microscopy 

Electron microscopy is a technique based on a similar principle to optical microscopy, 
i.e., image formation takes place owing to the interaction of the sample to be analyzed 
and the source of the illumination. Electron microscopy majorly differs from light 
microscopy in terms of source of illumination and system of condenser lenses. It has 
developed into an indispensable tool for scientists who are interested in understanding 
the properties of nanostructured materials and manipulating their behavior [102– 
104]. Since electron microscopy provides several hundred times resolving power 
and several lakhs times magnification than light microscopy, it is widely used for the 
structural characterization of MONPs. Among different electron microscopy tech-
niques, scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) are widely used for the characterization of the MONPs [98, 105–108]. 

In SEM, when the test sample is scanned with a high-frequency electron beam, 
various processes occur at the sample surfaces, such as electron backscattering, 
secondary electron emission, and characteristic X-rays. These processes provide
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information about the shape, surface topography, and chemical composition of 
MONPs [97, 100, 101, 109–111]. Conversely, when an electron beam strikes a 
test sample, some of the electrons are transmitted through the test sample while the 
rest are scattered elastically or inelastically in TEM. The intensity of the interaction 
is controlled by different parameters, including sample size, density, and composi-
tion of the test sample. The collected information from the transmitted electrons is 
used to construct the final image in TEM. Because it offers not only direct images of 
the sample, TEM is the most often used technique to analyze nanoparticle size and 
shape [100, 107, 111, 112]. 

Vibrational Spectroscopy 

Vibrational spectroscopy is a non-destructive method widely used for analyzing 
molecular structures. The vibrational energies are distinct properties of molecular 
samples and may be thought of as “molecular fingerprints”. As a result, their detection 
facilitates rapid characterization of molecules, providing detailed structural informa-
tion. In general, infrared (IR) and Raman spectroscopy are two primary vibrational 
spectroscopy techniques [113]. IR spectroscopy involves the use of vibrational reso-
nances in the infrared energy spectrum and Raman spectroscopy is based on inelastic 
scattering of higher energy incident photons (usually in the near IR to UV range) 
from sample molecules [114]. Both methods allow for the relatively quick, label-
free, and precise measurement of a wide range of materials, including MONPs [95, 
115–118]. Their application ranges from quick functional group identification to an 
in-depth study of the sample structural condition and modifications [113]. 

UV–Vis Spectroscopy 

UV–visible (UV–Vis) spectroscopy is a simple, non-destructive, and analytical tech-
nique that measures the absorption of the incident electromagnetic radiation from the 
ultraviolet to the visible region on a test sample [119]. Since the optical properties 
of MONPs are relevant to their various applications, UV–Vis spectroscopy allows 
us to estimate the optical bandgap of the MONPs [97, 110, 120]. It further offers 
information on the functional groups present in the specimen including the purity of 
the test sample [119]. 

Furthermore, apart from these aforementioned techniques, some other techniques 
are also accessible that expand our existing knowledge of the given material (specif-
ically MONPs). These techniques include dynamic light scattering (DLS) spec-
troscopy, zeta potential analysis, atomic force microscopy (AFM), X-ray photoelec-
tron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDS), etc. DLS is 
an immensely helpful tool for studying intensity fluctuations of visible light scat-
tered from the particles while they make random Brownian motion in the liquid 
solution. This allows for estimating the hydrodynamic radii, which are strongly 
related to the size and shape of the MONPs [61, 121–123]. Zeta potential analysis is 
important for assessing the degree of electrostatic interaction at the particle–liquid 
interface, which influences particle stability in a colloidal system [112, 124]. AFM is 
a type of scanning probe microscopy technique that involves scanning the specimen 
using a sharp tip with a typical diameter of 100 Å attached to a small cantilever



5 Metal Oxide Nanoparticles: Synthesis, Properties, Characterization, … 117

to obtain the specimens’ topography along with physical, magnetic, or chemical 
characteristics [125–127]. X-ray Photoelectron Spectroscopy (XPS) is an ultra-high 
vacuum method based on the basic photoelectric phenomenon. After absorbing the 
photons that interact with the sample, the electrons within the sample emerge. The 
measurement of the kinetic energy of these emerging electrons is critical since it 
reveals information about the sample’s elemental composition [61, 128–130]. EDS 
is another well-known technique for determining the elemental composition of a 
specimen which helps in identifying the purity of the test sample. It is based on the 
investigation of the characteristic X-rays produced by the interaction of the high-
energy electrons beam with the sample’s atom. The elemental composition of the 
sample is obtained by analyzing the energy and intensities of these characteristic 
X-rays [61, 97, 110]. Figure 5.5 illustrates a summary of various techniques for the 
characterization of MONPs. 

Fig. 5.5 A summary of various MONPs’ characterization techniques and the key information they 
provide
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5.4 Properties of MONPs 

It is well known that the majority of the physicochemical characteristics of MONPs 
exhibit a strong size dependence. The commercial usage of MONPs as sensors, 
absorbents, ceramics, electrode material, and/or photocatalysts is largely related to 
their physicochemical characteristics. Numerous cutting-edge applications in these 
domains depend on the oxide nanomaterials’ size-dependent optical, (electronic or 
ionic) transport, mechanical, and surface/chemical characteristics. We should empha-
size that structural/electronic quantum size and size defect or non-stoichiometry 
effects are frequently two linked aspects of size effects in oxide chemistry. Some of 
their important properties are discussed in the following subsections. 

5.4.1 Optical Properties 

Specific optical features, including UV absorption, particular color absorption in the 
visible spectrum, dichroism, and photoluminescence, are offered by MONPs. The 
quickest approach to ascertain the size dependency in oxide materials is to examine 
the material’s absorption spectrum as a function of the photons’ incident wavelength. 
If the quantum confinement effect drives the bandgap’s energy behavior in MONPs, 
then the optical bandgap energy is predicted to have an inverse squared dependence 
on the primary particle size [131–133]. Further, “non-stoichiometry” size-dependent 
defects have an additional impact on the optical absorption characteristics of nano-
sized oxides. Additionally, applied strain affects optical absorption spectra. The study 
of Ong et al. for ZnO nicely illustrates the impact of strain on the optical absorp-
tion spectra by demonstrating the splitting of the first exciton peak at high values of 
compressive strain [134]. 

5.4.2 Transport Properties 

It is experimentally well established that MONPs have ionic or mixed ionic/electronic 
conductivity which is influenced by the nanostructure of the materials. Boltzmann 
statistics suggest that the electronic charge carrier in MONPs is a function of bandgap 
energy. Further, the distribution of charge carriers (defects) is also very different 
from that of bulk materials. This is because the shielding of electrostatic poten-
tial depletion at the surface layers of nanosized materials causes charge carriers to 
be present throughout the whole material [7]. It is documented that CeO2 has an 
increased n-type conductivity that may be four orders of magnitude better than the 
corresponding bulk/micro-crystalline ceria and is attributed to a substantial improve-
ment of the electronic contribution as a consequence of these nanoscale-generated 
effects [135]. WO3, SnO2, and In2O3 oxides’ considerable size dependence for
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electrical conductivity is an aspect of gas sensors that have recently been exam-
ined [136]. It is interesting to note that Li+–ion batteries have some of the most 
striking impacts of the nanostructure on ionic transport in oxides. Employing Li-
infiltrated nano-porous Al2O3, an exceptional improvement in Li+–ion conductivity 
has been accomplished [137]. 

5.4.3 Mechanical Properties 

The yield stress and hardness at low temperatures and the super plasticity at high 
temperatures are the key mechanical properties of MONPs which are discovered to be 
strain rate related. With reducing main particle/grain dimension, TiO2 and ZrO2 are 
showing greater strain rate sensitivity at ambient temperature. Despite these facts, it 
is evident that oxide materials—like Al2O3, ZrO2, CeO2, and TiO2—sintered under 
vacuum or using the spark plasma technique exhibit increased yield strength and 
hardness in comparison to conventional/bulk ceramic materials. These also have the 
additional property of being transparent (films), making them potential aerospace 
industry materials [138, 139]. When the particle size is decreased, the superplas-
ticity strain rate increases at a fixed temperature or the superplasticity temperature 
decreases at a constant strain rate. The ductility of nanocrystalline oxides at ambient 
temperature may be slightly greater than that of bulk materials, although these are 
not superplastic. They appear to have notable strain rate sensitivity and compressive 
ductility at high temperatures, which are indications of superplasticity [138]. 

5.4.4 Thermal Properties 

It is a well-known fact that some of MONPs in solid form have higher thermal conduc-
tivities than those of fluids. For example, alumina has higher thermal conductivity 
than water. The possible reason for enhanced conductivity is the availability of large 
surface area in MONPs which is a prerequisite for enhanced thermal conductivity. 
Therefore, generally, MONPs are used in nanofluids where the base fluids contain 
suspended solid MONPs and display significantly improved thermal conductivities. 
Furthermore, nanofluids are expected to exhibit superior properties relative to those 
of conventional heat transfer fluids containing microscopic-sized particles. More-
over, the large surface area is also responsible for the increase in the stability of NPs 
suspension [140]. Therefore, due to the higher thermal conductivity of MONPs, 
various types of nanofluids are being studied consisting of CuO, Al2O3, and Fe2O3 

NPs in a variety of base fluids such as water, ionic liquids, etc. [141]. 
In addition to the aforementioned properties, we have listed a few MONPs, their 

morphologies, and individual properties in Table 5.3.
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Table 5.3 Summary of various properties of MONPs with their respective morphologies 

MONPs Morphology Property Reference 

TiO2 Nanofilms Wide bandgap, 
High surface area 

[142] 

Nano structures Low operating voltage [143] 

Nanowires Higher charge capacity, 
Large specific surface area 

[144] 

Nanoflower High surface area [145] 

Nanoparticles Mosquitocidal and anti-bacterial 
activity 

[146] 

Nanoparticles Cytotoxicity and anti-microbial 
property 

[147] 

ZnO Nanofilms High electron mobility 
and good optical properties 

[148] 

Nanorods Good photoconversion efficiency [149] 

Nanostructures Good photoconversion efficiency [150] 

Thin film Good gas-sensing properties and 
Good thermal conductivity 

[151] 

Nanorods High response, good selectivity, and 
sensitivity toward low concentration 

[152] 

Thin film High photodetection response [153] 

Nanoparticles Cytotoxic and anti-cancer activity [154] 

Nanorods Highly crystalline and cytotoxic [155] 

Quantum dots Highly photo-luminescent and water 
dispersible 

[156] 

Nanoparticles Good photocatalytic activity and 
anti-bactericidal properties 

[157] 

Nanoparticles Good photocatalytic activity [158] 

SnO2 Mesoporous thin-film Good electron transport properties [159] 

Nanowire High theoretical storage capacity [160] 

Nanowire High sensitivity to low gas 
concentration 

[161] 

Single nanowire Good gas-sensing property [162] 

Fe2O3 Nanowire High theoretical storage capacity [163] 

Nanoparticles Magnetic properties, chemical 
stability, and toxicity 

[164] 

Nanoparticles High surface area, good 
photocatalytic activity, and adsorption 
capacity 

[165] 

Nanoparticles High adsorption capacity, larger 
surface area, and highly active surface 
sites 

[166]

(continued)
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Table 5.3 (continued)

MONPs Morphology Property Reference

Fe3O4 Nanoparticles Non-toxicity, low processing cost, 
and high specific capacity 

[167] 

Nanoparticles Good adsorption and magnetic 
property 

[168] 

Co3O4 Needle-like nanotubes High current density, good rate 
capability, short effective diffusion 
length, and ultra-high capacity with 
high-capacity retention 

[169] 

Nanopowder Good electrochemical properties, 
high storage capacity, and good 
cyclability 

[170] 

Nanocube Good catalytic activity [171] 

ZrO2 Nanofilms Thermally stable, chemical inertness, 
non-toxicity, higher isoelectric point, 
stable pH, and affinity for groups 
containing oxygen 

[172] 

Nanoparticles Superior mechanical and creep 
properties 

[173] 

Al2O3 Nanoporous templates Good electrochemical property [174] 

CuO Nanosheets Larger surface area, good response 
toward low concentrations 

[175] 

Nanowires High surface area-to-volume ratio and 
less agglomerated, high gas 
sensitivity, and rapid response speed 

[176] 

Nanoparticles Good optical sensitivity [118] 

WO3 Nanoparticles and nanoplatelets Good gas-sensing properties [177] 

MoO2 Nanocrystal Good electrochemical performance 
and stability 

[178] 

MnO2 Nanoparticles Narrow bandgap, low toxicity, strong 
oxidizability large surface area, good 
adsorptive capabilities, and ecological 
purification activity 

[179] 

Nanoflowers Good adsorption activity and high 
stability 

[163] 

5.5 Applications of MONPs 

MONPs can be utilized in a range of technological and industrial domains thanks to 
their unique physicochemical characteristics, including optical, magnetic, electrical, 
and catalytic characteristics. Particularly, due to their distinct reactivity, large surface 
area, and size distribution, MONPs have been extensively investigated in the energy 
generation and storage, pharmaceuticals, sensor technology, magnetic and optical
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Fig. 5.6 Various applications of MONPs. Figure indicating wastewater treatment is adapted with 
permission from [192]. Copyright 2017 the Royal Society of Chemistry 

devices, and catalysis sectors [126, 150, 159, 181–191]. Only some of the most 
significant applications of MONPs are included below as it will not be possible to 
discuss all the applications in this overview. Figure 5.6 illustrates the summary of 
applications of MONPs in solar cells, batteries, fuel cells, sensors, biomedicine, and 
wastewater treatment. The following subsections briefly discuss the aforementioned 
applications of MONPs. 

5.5.1 Solar Cells (SCs) 

Solar cells (SCs), which convert electromagnetic energy into electrical energy, are 
the most cost-effective method of generating electricity. Therefore, developing a 
sustainable and cost-effective approach as well as novel materials is necessary to
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enhance the photoconversion efficiency (PCE) of SCs. In this regard, metal oxide 
semiconductors are the most suitable materials to fulfill this requirement since they 
are eco-friendly, inexpensive, and stable [2]. In this direction, silicon-wafer-based 
first-generation SCs offer high efficiency but with high manufacturing cost whereas 
second-generation thin-film SCs are more cost-effective but are less efficient [193]. 
Hence, third-generation SCs are being developed to achieve high efficiency with low 
fabrication costs [194] which include nanocrystalline SCs, polymer-based SCs, dye-
sensitized SCs (DSSCs), concentrated SCs, perovskite SCs, polymer: Fullerene SCs, 
hybrid polymer SCs, quantum dots-sensitized SCs, etc. [194]. Figure 5.7 portrays 
use of various MONPs in several solar cell technologies. 

O’Regan and Grätzel first reported the prospective uses of nano-scaled TiO2 

porous film electrodes in DSSCs and PCE were found to be ~8% in artificial solar 
conditions and 12% in natural solar conditions [142]. Gopal et al. grew TiO2 nanotube 
arrays of 360 nm length, 17 nm wall thickness, and 46 nm pore diameter on a fluorine-
doped tin oxide-coated glass substrate (FTO glass) to produce a photocurrent of 
7.87 mA/cm2 with a PCE of 2.9% in DSSCs [195]. Qualities such as low cost, high 
absorption coefficient, good mobility, availability, and non-toxicity of Cu2O-based 
thin films make them a reliable candidate for photovoltaic applications. The authors 
of [196] demonstrate that the formation of CuO–Cu2O nanocomposite layer on ZnO 
photoelectrode in DSSCs leads to improved photocurrent efficiency of 2.31% and

Fig. 5.7 Applications of various MONPs in several types of solar cell technologies, arranged 
chronologically. Schematic of use of TiO2 NTs in DSSCs is adapted with permission from [195]. 
Copyright 2006 American Chemical Society, and schematic of DSSC using ZnO NRs is adapted 
with permission from [149]. Copyright 2018 Elsevier 
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current density (Jsc) of 7.33 mA.cm−2. Indium tin oxide (ITO) is the most extensively 
used thin film in photovoltaics in the SC industry as it is optically transparent, chem-
ically inert, electrically conductive, hard, and has high transmittance in the visible 
region of the electromagnetic spectrum [2]. Jouane et al. introduced ZnO nanostruc-
tures as a cathode buffer layer (CBL) in organic solar cells (ITO/PEDOT: PSS/P3HT: 
PCBM/Al) and obtained an improved PCE from 2.16% to 2.34% depending on the 
size of ZnO and the thickness of the ZnO CBL [148]. The authors of [197] reported 
the photon-to-electron conversion efficiency of 4.35% and 3.28% with short-circuit 
current (Jsc) of 8.80 mA/cm2 and 7.80 mA/cm2 by using pomegranate-like and 
hollow spherical structured ZnO nanoparticles as a photoanode in DSSCs, respec-
tively. By using ZnO nanoparticles as an electron-transfer layer in inverted-structure 
polymer solar cells based on PTB7:PC71BM ([6, 6]-phenyl C71-butyric acid methyl 
ester), an improved PCE of 7.34% was gained [198]. The efficiency reported by 
authors of [149] for DSSCs based on ZnO nanorods as photoanodes deposited in 
0 mM and 9 mM hexamethylenetetramine (HMTA) solutions was 1.79 and 3.75%, 
respectively. Duan et al. successfully demonstrated the perovskite solar cells with 
improved PCE of 13.1% with Jsc of 19.7 mA/cm2 achieved by morphological modi-
fications in ZnO nanostructures [150]. Dai and coworkers reported PCE of 10.18% 
with Jsc of 18 mA/cm2 in perovskite solar cells with mesoporous SnO2 nanofilms 
as an electron-transfer layer combined with TiCl4 treatment [159]. These are only 
a limited collection of SC applications of specific MONPs; for more information in 
detail, readers can go through these review papers [199–202]. 

5.5.2 Batteries 

The increased generation capacity from renewable energy sources has necessi-
tated the development of high-capacity energy storage and batteries are one of the 
several available solutions for energy storage. Therefore, developing high-power, 
high-energy–density batteries is being seriously considered a viable solution. Due to 
their unique chemical and structural properties, MONPs have enhanced battery effi-
ciency when utilized as anode materials, cathode materials, and electrolyte additives. 
Nanostructured metal oxides, such as SnO2, TiO2, Fe2O3, Co3O4, and complex metal 
oxides, have been used in Li–ion batteries (LIBs) to improve specific capacity, and 
rate capability, and cycle efficiency [20, 203]. Poizot et al. first developed negative 
electrodes based on transition MONPs (MO, where M = Co, Ni, Cu, or Fe) for LIBs 
and estimated a theoretical capacity higher than 700 mAh/g [182]. Tin oxide has 
been considered a promising graphite alternative in LIBs as it has a higher theoret-
ical capacity (1494 mAh/g vs. 372 mAh/g) [204]. Similarly, Ying et al. prepared the 
SnO2 nanowires using the thermal evaporation method (see Fig. 5.8a), which were 
used as an anode material to manufacture the button-type LIB with improved storage 
capacity (see Fig. 5.8b) [160]. With a capacity fade rate of 3.89% per cycle and a 
constant current density of 0.5 mA/cm2, the authors were able to achieve a storage
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capacity of 2133 mAh/g during the initial discharge and a reversible capacity of more 
than 700 mAh/g for 15 subsequent cycles [160]. 

Wu et al. demonstrated an LIB with a high initial discharge capacity of 1600 
mAh/g and a reversible capacity of 516 mAh/g after 50 cycles at a current density 
of 400 mAh/g, which consists of 3D hierarchical SnO2 nanostructures synthesized 
by a hydrothermal approach used as an anode [183]. TiO2 NPs have been regarded 
as a possible graphite alternative material for LIBs as they are abundant, non-toxic, 
low cost, and extremely safe with a moderate capacity. TiO2 nanostructures are also 
a viable anode material in sodium–ion batteries (SIBs) due to the low operating 
voltage [143, 205]. Han et al. reported rutile-TiO2 nanowires (synthesized by the 
hydrothermal process) for LIBs which enhance lithium intercalation properties with 
a reversible capacity of 173 mAh/g up to 100 cycles [144]. The authors demonstrated 
that the coating of TiO2 nanoparticles on sulfur cathode of lithium–sulfur batteries 
(LSBs) resulted in sulfur–TiO2 yolk–shell nanoarchitecture which minimized the 
poly-sulfur dissolution in electrolyte and exhibited high retention capacity [206]. The 
initial specific capacity and coulombic efficiency reported employing this nanoar-
chitecture was 1030 mAh/g at 0.5 C and 98.4% and the capacity retention of 67% 
(capacity decay of 0.033% per cycle) was found after over 1000 cycles [206]. 
However, due to high abundance, non-toxicity, low cost, and the high theoretical 
capacity of 745, 1005, and 928 mAhg−1, make FeO, Fe2O3, and Fe3O4 nanoparticles 
a prominent anode material for LIBs, respectively [167, 207]. Wang and Co-workers 
synthesized α-Fe2O3 nanowires to use as an anode for LIBs whose SEM image is 
shown in Fig. 5.9a and b [163]. Utilizing these nanowires in LIB at 0.1 C within 
a voltage range of 0.1–3 V exhibited a high discharge/charge capacity of 1303/974 
mAh/g and 456 mAh/g of discharge capacity retained after 100 cycles [163].

Manganese oxides such as MnO, MnO2, Mn2O3, and Mn3O4 are attractive 
anode materials for LIBs due to low electrochemical force, eco-friendliness, cost-
effectiveness, and their high specific capacities of 756, 1232, 1018, and 937 mAh/g,

Fig. 5.8 (a) SEM  image of SnO2 nanowires synthesized via thermal evaporation, (b) Button-type 
Li–ion battery fabricated using SnO2 nanowires as an anode material. Adapted with permission 
from [160]. Copyright 2005 AIP Publishing 
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Fig. 5.9 SEM images of Fe2O3 nanowires synthesized via hydrothermal images (a) Fe2O3 
nanowire precursors (b) Fe2O3 nanowires after sintering at 500 °C. Adapted with permission 
from [163]. Copyright 2009 Elsevier

respectively [167]. Additionally, manganese oxides are integrated with porous 
carbon, carbon fibers, and carbon nanosheets as anode materials to enhance the 
LIBs’ performance [167]. Zhang et al. incorporated porous Mn2O3 nanoplates as an 
anode in LIBs and achieved a specific capacity of ~ 814 mAh/g at a current density 
of 0.1 A/g after 50 cycles [208]. Liang et al. developed a sulfur/manganese oxide 
nanosheet composite to enhance the specific capacity of lithium-sulfide batteries 
(LSBs) [209]. The reported reversible capacity was 1300 mAh/g at 0.2 C and fading 
rate of 0.036% per cycle after 2000 cycles at 2 C [209]. Cobalt oxides, including 
CoO, are also attractive anode materials for LIBs with theoretical specific capacities 
of 715 and 890 mAh/g, respectively [210, 211]. When needle-like Co3O4 nanotubes 
were used as a negative electrode in LIBs, the charge capacity was 950 mAh/g during 
the first cycle. With a maintained charge capacity of 918 mAh/g and a fading rate of 
0.1% every cycle, nearly 100% retention capacity was attained [169]. Furthermore, 
after 70 cycles at 0.22 C, Co3O4 thin film demonstrates an enhanced reversible 
capacity of 1000 mAh/g in micro-batteries [212]. The reported storage capacity was 
360 mAh/g after thirty cycles, which is very promising for using nano-size Co3O4 

as anode materials for LIBs [170]. In addition, to increase electrolyte conductivity, 
metal oxide nanoparticles such as TiO2, SiO2, and Al2O3 were added as fillers in 
the poly(ethylene oxide) (PEO)-based electrolyte in LIBs [213, 214]. The authors 
demonstrated that the use of template electrodeposited PbO2 nanowires as a positive 
electrode in lead–acid batteries resulted in an initial specific capacity of 200 mAh/g, 
which is nearly equivalent to the theoretical specific capacity of 220 mAh/g, and 
~90% efficiency was achieved at higher C-rate than 1C after over 1000 cycles [215]. 
The Ni/NiO nanocomposites were utilized to enhance specific capacity from 75 
mAh/g to 100 mAh/g at 2 A/g current density as a cathode in alkaline batteries 
with 72% of high retention capability for an increased current density from 2 to 40 
A/g [216].
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5.5.3 Sensors 

Sensors are becoming increasingly vital in sectors such as aviation, industrial manu-
facturing, pollution prevention, marine research, biotechnology, and clinical appli-
cations, as there is a great demand for accurate and consistent information [217]. The 
features of MONPS, such as improved selectivity, ease of implementation, and high 
specific surface areas with extremely high surface reactivity, make them a popular 
material for improving the sensing performance of sensors such as gas sensors, 
biosensors, and optical sensors [2, 118, 218]. 

Figure 5.10 illustrates schematic representation of a typical MONPs-based gas 
sensor which consists of a heating element, electrodes, and MONPs as gas-sensing 
substance. MONPs like ZnO, TiO2, SnO2, WO3, CuO, etc. are commonly used as 
sensing materials in gas sensors [184]. In 1962, Seiyama et al. developed the first 
metal oxide gas sensor, a 2–100-nm-thick ZnO thin film that served as a chromato-
graphic detector for gases such as propane, toluene, benzene, carbon dioxide, ethyl 
ether, and ethyl alcohol [151]. Gas sensors based on ZnO nanorods have shown a 
good sensing response to a low concentration of H2S gas (0.05 ppm) at room temper-
ature (RT) [152]. Similarly, Lupan et al. fabricated a hydrogen gas sensor using ZnO 
nanorods and obtained a sensitivity of ~4% at 200 ppm of H2 gas at RT [219]. In 
a similar vein, Yelamaggad and coworkers synthesized ZnO nanoparticles for the 
CO gas-sensing application and obtained a response of 6% at 25 ppm and RT [220]. 
Recently, Ding et al. fabricated a ZnO thin film by aerosol-assisted CVD for NO2 

and ethanol gas sensing and obtained a sensitivity of ~41 toward 1 ppm NO2 at 225 
°C and ~236 to 100 ppm ethanol at 350 °C [221]. Moreover, different morphologies 
of TiO2 nanostructure had been used in ethanol, acetone, oxygen, carbon monoxide, 
and hydrogen sulfide gas-sensing applications [222]. Recently, the Hazra group has 
utilized TiO2 nanotubes as an efficient detecting material for sensing organic volatile 
solvent and obtained a response magnitude of 75.4% at 150 °C and 80% at 200 °C 
toward 100 ppm ethanol with a response time of 155 s [222]. Cao et al. examined the 
gas sensitivity characteristics of various phases of TiO2 nanostructures and found 
that rutile-TiO2 nanorods-based gas sensors had a high sensitivity of 12.3 toward 
100 ppm acetone vapor compared to anatase-TiO2 nanoparticles (4.1) and brookite-
TiO2 nanorods (2.3) at 320 °C with a faster response time of 3 s as rutile phase had 
relative narrow bandgap and increased oxygen vacancies [185]. Similarly, SnO2, 
WO3, and CuO nanosheets had been utilized for ethanol, acetone, hydrogen sulfide, 
and nitrogen dioxide gas sensing [223].

Other MONPs such as TiO2, SnO2, ZnO, CeO2, and ZrO2 were also generally 
used in biosensor applications for detecting analytes like glucose, glutamate, urea, 
hydrogen peroxide, cholesterol, DNA, enzymes, etc. [172, 224–229]. Wang et al. 
constructed a single-crystal ZnO nanocomb-based biosensor of 15.33 μA/cm2 mM 
high sensitivity for glucose detection [230]. The authors showed that the application 
of ZnO nanofilms in cholesterol sensors enhances electron-transfer activity between 
ChOx and electrode [227]. Similarly, Bao et al. synthesized nanostructured porous 
TiO2 and upon testing in a glucose sensor, it showed good stability, higher sensitivity,
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Fig. 5.10 Schematic representation of MONPs-based gas-sensing device

and excellent immobilizing effect [231]. In a similar direction, Das and coworkers 
performed the electrochemical deposition of ZrO2 film on the gold surface in DNA 
biosensors to immobilize 21-mer ssDNA, specific to mycobacterium tuberculosis. 
The aforementioned fabricated DNA biosensor could be utilized for rapid and early 
diagnosis with a detection limit of 0.065 ng/μL within 60 s [172]. 

A typical optical sensor must have higher sensitivity, selectivity, and stability 
with fast and linear responsivity. To fulfill this purpose, MONPs such as ZnO, 
Mn3O4, Co3O4, NiO, etc. were used in optical sensors [153, 232–234]. Mollow 
firstly observed the UV photoresponse of ZnO material in the 1950s [235]. Alenezi 
et al. developed the on-chip ZnO nanostructure-based UV detectors with improved 
sensitivity of ~105, a fast response time of 90 ms, and a recovery time of 210 ms 
[232]. Kobayashi et al. reported MONP-based optical sensors (MONPs were Mn3O4, 
Co3O4, and NiO) for detecting reducing gases such as H2 and CO gas in the atmo-
sphere [233, 234]. The detailed literature discussed above indicates that MONPs are 
widely used in various types of sensing technologies [236]. 

5.5.4 Fuel Cells 

A typical fuel cell generates electricity with byproducts such as water and heat from 
the chemical recombination reaction of hydrogen fuel with oxygen present in the air 
across an electrolyte membrane through anode and cathode [237]. The basic prin-
ciple of the fuel cell was discovered by Christan Friedrich Schonbein in 1838 and 
the first fuel cell was created by William Grove in 1839 by reverse electrolysis of 
water [238]. This section looks forward to how MONPs are used in fuel cells to 
make them a highly efficient, clean, and inexpensive source of power. The proton 
exchange membrane fuel cells also known as polymer electrolyte fuel cells (PEFCs)



5 Metal Oxide Nanoparticles: Synthesis, Properties, Characterization, … 129

had several restraining factors for their commercialization such as high cost, low 
activity, and short durability of electrocatalysts which could be overcome by using 
MONPs as electrocatalysts, co-catalysts, and supports for various chemical reactions 
[187, 239]. Rajalakshmi et al. found that the application of TiO2 nanofilms as alter-
native catalyst support instead of carbon for platinum (Pt) in PEMFCs had improved 
thermal stability and electrochemical activity [240]. The presence of TiO2 nanofilms 
in platinum was advisable to avoid the agglomeration of platinum particles, resulting 
in dispersed platinum atoms in clusters, and offer thermal and oxidation stability 
concerning corrosion [240]. Yu et al. developed the nanophase ceria (CeO2)-doped 
Pt/C cathode for oxygen reduction reaction (ORR) and found that the doping of 
1 wt.% CeO2 with 40% Pt/C increased the oxygen concentration which led to the 
performance enhancement of direct-methanol fuel cells (DMFC) [241]. Maiyalagan 
et al. incorporated WO3 nanorods as a Pt catalyst support and prepared Pt/WO3 cata-
lyst which exhibited better electrolytic activity than the commercial 20% Pt supported 
on carbon catalyst (i.e., 62 mAcm−2 vs. 29.5 mAcm−2), and good stability toward 
methanol oxidation too. It was ascribed to a synergistic effect between Pt and WO3 

that prevents electrode toxicity [126]. Yan et al. synthesized the molybdenum oxide 
nanocrystals down to 5 nm on carbon using the ion-exchange principle [178]. The 
resultant electrocatalyst constructed with Pt nanoparticles supported by C-MoO2 

(Pt/C-MoO2) exhibited enhanced stability and high mass activity of 187.4 mA mg−1 

than that of the commercial Pt/C electrocatalyst (98.4 mA mg−1) at 0.9 V for ORR, 
which was attributed to the synergistic effect of MoO2 and the strong interaction force 
between Pt and MoO2 [178]. Further, the major concern with molten carbonate fuel 
cells (MCFCs) is the NiO dissolution, which led to the degradation of cathode mate-
rial, which limits its long-term operation. In this direction, Hong et al. synthesized 
nanosized TiO2-coated NiO powder as a cathode material for MCFCs via the sol–gel 
method to restrain their solubility in the electrolyte. The immersion of this modified 
NiO powder in molten carbonate ((Li0.62K0.38)CO3) led to a steady phase formation 
of Li2TiO3, which reduced their solubility by around 50% compared to pure NiO 
cathode [242]. Kim et al. prepared NiO powder modified with Co3O4 nanoparticles 
by annealing process at 650 °C, which formed the highly lithiated outer phase on the 
Ni0.9Co0.1O [243]. This phase acted as a barrier that led to the minimization of NiO 
dissolution, and the modified cathode exhibited adequate electrochemical activity 
and better stability under a normal state of operation [243]. Meléndez-Ceballos et al. 
carried out a deposition of Nb2O5 film of different thicknesses (5, 20, 50, and 300 nm) 
on porous Ni cathode in MCFC by atomic layer deposition (ALD) [244]. They studied 
the electrochemical properties of this modified cathode at 650 °C in molten Li2CO3-
K2CO3 eutectic carbonates and found the reduced solubility of NiO cathode with a 
20-nm-thick Nb2O5 layer and satisfactory electrochemical performance confirmed 
by open-circuit potential (OCP) evolution for the same modification [244]. Further-
more, Accardo and coworkers developed a reinforced NiAl anode with nano-ceria 
(CeO2) and nano-zirconia (ZrO2) for the MCFCs, and they showed that the rein-
forcement of nanoparticles with an anode improved their mechanical and creep 
properties [173]. Moreover, MONPs have also been used in solid oxide fuel cells
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(SOFCs) to improve cell performance. In this regard, Kwon and coworkers devel-
oped micro-SOFC with deposition of nano-porous Al2O3 thin film of 20 nm thick by 
ALD between two layers of yttria-stabilized zirconia (YSZ) electrolyte of 300 nm 
thickness each. This ALD modification reduced the gas leakage between columnar 
grains of the YSZ electrolyte and led to a better open-circuit voltage of 1.02 V and 
the maximal power density of 350 mWcm−2 at 500 °C [174]. Xu et al. modified 
the Sr-doped LaMnO3 cathode of solid oxide fuel cells by the Co3O4 nanotubes 
exposed to the (001) plane, which led to improved cell performance. The modified 
cell exhibited the highest power density of 500 mWcm−2 at 600 °C [171]. Similarly, 
the researchers deposited the nanoscale ZrO2 layer of around 5 nm thickness via ADL 
to improve the stability of the La0.6Sr0.4CoO3-δ (LSCo) cathode of the intermediate 
temperature (600–800 °C) SOFC (IT-SOFC). This improvement provided the benefit 
of an 18 and 19 times reduction in the degradation rate and polarization area-specific 
resistance (Rp), respectively, over unmodified LSCo cathode, tested for 4000 h at 
700 °C in the air [245]. Another type of fuel cell is microbial fuel cell (MFC) which 
has gained attention in the science community because of its bio-electrochemical 
activity, i.e., generating electricity by degrading organic material in the wastewater. 
Air–cathode MFCs are widely investigated over other types of MFCs as designed 
such that they utilize the free oxygen available in without applying any energy. There-
fore, the improvement in ORR leads to the enhancement of the overall performance 
of MFCs. Fan et al. took a green synthesis route to synthesize a high-performance, 
long durable, and cost-effective cathode catalyst for ORR. They synthesized the iron 
oxide nanoparticles embedded with N-doped porous carbon (F/N–C) cathode cata-
lyst through a hydrothermal treatment and successive carbonization procedures using 
Chlorella pyrenoidosa and got a maximum power density of 48% higher (2740 ± 
160 mWm−2) than that of with the commercial 20 wt.% Pt/C (1846 ± 66 mWm−2) at  
the same catalyst loading [246]. Similarly, Kim and coworkers incorporated a cobalt 
oxide nanoparticle with cobalt phthalocyanine (CoPc) to develop an efficient and 
inexpensive CoOx–CoPc cathode material for MFCs. Using this cathode, the MFC 
delivered a power density of 780 mWm−2, which was 50% higher than that of a pure 
catalyst without cobalt oxide. An 80% recovery was attained of its initial voltage 
under the resistance load of 1 kΩ after 100 days of operation [247]. 

5.5.5 Biomedical Applications 

MONPs have recently been used in a wide range of biomedical applications due to 
their huge surface area and increased magnetic and catalytic activity [248]. MONPs 
such as Fe2O3, TiO2, ZrO2, CeO2, etc. are most commonly used in biomedical appli-
cations such as therapeutic and bioimaging agents, components in medical implants, 
drug delivery systems, and probes for neurochemical monitoring due to their inter-
esting catalytic, antioxidant, bactericidal activities, mechanical stability, and biocom-
patibility [189, 249–252]. The highly magnetized iron oxide NPs including magnetite 
(Fe3O4) and maghemite (γ-Fe2O3), have been used as contrast agents to distinguish
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between healthy and diseased tissue in magnetic resonance imaging (MRI). Kim 
et al. synthesized extremely small-sized (diameter < 4 nm) iron oxide nanoparticles 
(ESIONs) which demonstrated a low r2/r1 ratio of > 6.2 mM−1 s−1, indicating their 
efficacy as T1 contrast agents in MRI [253]. Hyeon and coworkers incorporated MnO 
nanoparticles as a T1 contrast agent for MRI of various body organs such as the brain, 
liver, kidney, and spinal cord and obtained sharp MR images [254]. Similarly, Shin 
et al. developed the hollow manganese oxide nanoparticles (HMONs) and demon-
strated their potential use as a dual contrast agent for T1- and T2- weighted MRI as 
well as drug delivery carriers [255]. 

Titanium dioxide nanoparticles have demonstrated potential anti-bacterial, anti-
fungal, and anti-cancer properties. Therefore, they have been integrated into a 
variety of polymer patches and these patches have exhibited effective anti-bacterial 
activity against both gram-positive and gram-negative bacteria [256]. The incorpo-
ration of curcumin with TiO2 NPs has been found efficacious in wound healing. 
Selvi et al. showed that the polymer patches integrated with TiO2 NPs and 
curcumin have promising anti-bacterial activity against gram-positive and gram-
negative bacteria [256]. Karthik et al. synthesized TiO2 NPs and studied their anti-
bacterial activity against E. coli, P. aeruginosa, S. flexneri, K. pneumoniae, and S. 
aureus bacteria along with the anti-lung cancer activity for A549 cell line (IC50: 
24.96 μg/mL) [257]. In a similar direction, Gowri et al. synthesized biocompatible 
zirconia NPs and assessed their anti-bacterial activity against S. aureus and E. coli and 
anti-fungal activity against C. Albicans and A. niger strains [258]. They suggested 
their potential applicability as an anti-bacterial and anti-fungal agent based on the 
inhibitory values for S. aureus (13 mm), E. coli (14 mm), C. Albicans (13 mm), and 
A. niger (12 mm) [258]. Lohbauer et al. incorporated zirconia NPs with the primer (P) 
or into the adhesive resin component (A) of the Adper Scotchbond Multi-Purpose 
(SBMP) to investigate the effect on the dentine bone strength and morphological 
changes at the bond interface [259]. The addition of zirconia nanoparticles into the 
primer or the adhesive of SBMP significantly increased micro-tensile bond strength 
(μTBS) to dentin, leading to a reinforcing effect on the resin [259]. 

ZnO NPs have piqued the interest of researchers for a variety of biomedical appli-
cations because of their various advantages, including biocompatibility, biodegrad-
ability, low cost, ease of synthesis, and multiple drugs/therapeutic molecule loading 
[260]. They were often used as drug delivery carriers and for therapeutics of several 
diseases such as cancer, microbial infection, diabetes, etc. [261–263]. Further, ZnO 
NPs have been employed for diagnostics due to their bioimaging and biosensing 
capabilities [264, 265]. Muthuraman et al. investigated the cytotoxic effect of synthe-
sized ZnO NPs on human cervical cancer cells and observed that the ZnO NPs 
induced an apoptotic process by raising intracellular ROS (reactive oxygen species) 
production [154]. Moreover, they found that the cytotoxicity of ZnO NPs in HeLa 
cells by SRB assay caused apoptosis, demonstrating their use as cancer therapeu-
tics [154]. Premanathan et al. employed the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] analysis to assess the cytotoxicity of ZnO NPs against 
human myeloblastic leukemia cells (HL60) and normal peripheral blood mononu-
clear cells (PBMCs). The obtained minimum inhibitory concentration (MIC) values
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of ZnO NPs against E. coli, P. aeruginosa, and S. aureus were about 500 μg/mL, 
500 μg/mL, and 125 μg/mL, respectively, and the obtained cytotoxic concentration 
(CC50) of ZnO NPs for HL60 cells was 52.80 μg/mL, whereas it was 741.82 μg/mL 
for PBMCs [266]. Kishwar and coworkers used ZnO nanorods (NRs) grown on the 
tip (0.5 μm diameter) of borosilicate glass capillaries by aqueous chemical growth 
technique (ACGT) for the treatment of breast cancer cells (T-47D). These ZnO NRs 
were conjugated with protoporphyrin dimethyl ester (PPDME), which absorbed the 
white light emitted from ZnO NRs after being excited by UV light in the cancerous 
cell. The absorption of white light resulted in the generation of singlet oxygen, 
which is responsible for the necrosis of breast cancer cells by damaging mitochon-
dria [155]. Zhu and the group employed the ZnO quantum dots (QDs) for targeted 
anti-cancer drug delivery for the therapy of HeLa cancer cells. The amine-capped 
ZnO (ZnO-NH2) QDs were functionalized with folic acid (ZnO-FA QDs), and the 
anti-cancer drug loading of doxorubicin (DOX) was validated by the drug solution 
changing color from orange to stunning pink, indicating the development of the 
Zn2+-DOX complex. The anti-cancer drug release was carried out by the decomposi-
tion of the DOX-ZnO-FA complex in the moderate acidic intracellular environment 
of cancer cells, resulting in synergetic cytotoxicity against cancerous cells [156]. 
Moreover, most recently, highly thermal conductive α-Fe2O3 NPs have been loaded 
into the three-dimensional (3D) network of hybrid hydrogel for the enhancement of 
diclofenac drug release performance [267]. 

5.5.6 Wastewater Treatment 

In addition to global warming, air pollution, deforestation, ozone layer depletion, and 
other major environmental issues, “wastewater” is one of the biggest environmental 
problems because of its extensive consumption. The commercial/industrial sectors 
discharge effluent in water containing heavy metals such as Pb (II), Cr (VI), As 
(V), Mn (II), Hg (II), Ni (II), Cd (II), etc., and other contaminants are causing an 
increase in water pollution. Therefore, wastewater treatment facilities are intended 
to handle huge amounts of waste utilizing modern technologies, depending on the 
kind of waste and the amount of waste released. 

In this direction, common types of MONPs employed so far for this purpose 
include TiO2-, ZnO-, MnO-, and Fe-based nanomaterials [190]. The usage of MONPs 
as an absorbent for wastewater treatment is depicted in Fig. 5.11. Due to its low 
cost, high abundance, chemical and biological inertness, stable photocatalytic, and 
non-toxic behavior, TiO2 is a popular and alluring photocatalyst [191, 268]

A variety of organic dyes, including Amido Black 10B, Orange G, Alizarin green, 
Safranine O’azure II, Indigo carmine, Malachite green, solvent red 23, Rhodamine 
6G, Sudan III, and others, were degraded in the presence of TiO2 photocatalyst 
[270]. The photocatalytic activity of TiO2 NPs is shown in Fig. 5.12. Budarz et al. 
have investigated the photoreactive capability of TiO2 NPs to degrade the chlor-
pyrifos (organophosphorus pesticide) during the photodegradation process in the
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Fig. 5.11 Utilization of MONPs for wastewater treatment

absence and presence of bacteria. The UV-active TiO2 NPs degraded chlorpyrifos 
into both chlorpyrifos oxon and 3,5,6-trichloro-2-pyridinol, with 80% degradation of 
chlorpyrifos after 24 h [271]. Furthermore, the TiO2 nanocomposites’ regeneration 
and recyclability make them effective photocatalysts for environmental remediation. 
Gomez and coauthors synthesized TiO2 supported on zeolitic material (HBETA) 
which acted as reusable photocatalysts to degrade dichlorvos pesticide. The 20 wt.% 
loading of TiO2 in HBETA showed enhanced photocatalytic activity, which was 
attributable to the high adsorption of dichlorvos pesticide on HBETA [272]. The 
intrinsic properties of ZnO NPs such as photocatalysis, anti-fungal, anti-bacterial, 
therapeutic benefits, and UV filtering have made them a versatile agent for wastew-
ater treatment [273]. Owing to these properties, Rambabu et al. synthesized ZnO NPs 
using phoenix dactylifera waste (PDW) for the effective degradation of hazardous 
methylene blue and eosin yellow dyes [274]. The DPW-mediated ZnO NPs (DP-ZnO 
NPs) showed a fast degradation rate with a 90% degradation efficiency. Moreover, 
in terms of zone-of-inhibition evaluated by the disc diffusion technique, DP-ZnO-
NPs exhibited strong anti-bacterial activity on several pathogens [274]. Similarly, 
Prasad et al. developed the green, facile method for the production of ZnO NPs as a 
photocatalyst. They tested their photocatalytic activity against organic dyes including 
methylene blue, rhodamine B, Congo red, and methyl orange in an aqueous solution 
[158]. By observing UV–Vis spectra at each 10-min interval during the reaction, they 
discovered the photodegradation capability of ZnO NPs for selective cationic dyes 
with 95% removal of the methylene blue solution (32 mg/L) in 60 min and 100% 
removal of the rhodamine B (9.5 mg/L) in 50 min using 125 mg of catalyst (see 
Fig. 5.13a and b). The percentage degradation efficiency after each 10-min interval 
is shown in Fig. 5.13c. Moreover, the study of photocatalytic degradation of dye 
molecules with 25–175 mg of the catalyst was carried out, which showed that the 
addition of catalyst enhanced the degradation capacity (Fig. 5.13d) [158].

By considering several unique properties such as narrow bandgap, low toxi-
city, strong oxidizability, abundance, large surface area, adsorptive capabilities, and
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Fig. 5.12 Illustration of photocatalytic activity of TiO2 NPs. Adapted with permission from [269]. 
Copyright 2010 Elsevier

ecological purification activity, MnO2 NPs are widely used as an adsorbent material 
for the removal of heavy metals, dyes, and as a photocatalyst for the degradation of 
pollutants [179]. The MnO2’s adsorption capacity for heavy metal ions varies with 
a crystalline structure, adsorption location, and specific surface morphology. The 
birnessite MnO2 structure has the highest adsorption capability among all forms of 
MnO2 with different crystalline phases [275]. Li et al. synthesized flower-like and 
wire-like birnessite MnO2 for the removal of Thallium from wastewater and found 
that wire- and flower-like MnO2 was effective for the removal of Tl(I) (85.4%–99.9%) 
[275]. Moreover, the adsorption performance of ε-MnO2 nanoflowers for the removal 
of Pb (II) ions from groundwater was studied by Lin et al. It was observed that the 
ε-MnO2 nanoflowers were able to remove Pb (II) efficiently with a maximum adsorp-
tion capacity of 239.7 mg g−1 at the dosage of 0.2 g L−1 [180]. Kim et al. synthesized 
hierarchical nano-porous G-MnO2 (using glucose), F-MnO2 (using fructose), and S-
MnO2 (using sucrose) by a solution plasma process (SPP) and investigated their 
adsorption efficiencies for organic dye removal (in this case methylene blue (MB) 
dye). The MB dye removal efficiencies for all nano-porous MnO2 obtained were 
> 99% for an initial MB dye concentration (C0) of 10 mg L−1 within 2 min and 
> 82% for C0 = 50 mg L−1 within 30 min [276]. Iron oxide nanoparticles have 
been discovered to be the most promising candidates for heavy metal adsorption and 
dye removal in wastewater treatment because of their high porosity, larger specific 
surface area, and strong magnetic response [168, 277]. The most commonly used 
iron oxide NPs are α-Fe2O3 (Hematite) [165], γ-Fe2O3 (maghemite) [166, 278], 
and Fe3O4 (magnetite) [168, 279, 280] to fulfill the purpose. Nassar performed
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Fig. 5.13 ZnO nanoparticles’ photocatalytic activity under UV illumination against (a) methylene  
blue and (b) rhodamine B. Degradation efficiency (%) (c) at fixed time durations and (d) as a function 
of catalyst loading for both dyes. Adapted with permission from [158]. Copyright 2019 Elsevier

a batch-adsorption technique in which Fe2O3 nanoparticles were employed as an 
absorbent for rapid removal of Pb(II) ions from aqueous solutions and the maximum 
absorption capacity achieved was 36 mg/g using this technique [281]. Similarly, the 
Batch experiments were performed by Zhu et al., where the volcanic rock coated with 
α-Fe2O3 NPs is used for efficient removal of Cd(II) ions from water. The obtained 
maximum absorption capacity of Cd(II) ions was 158.48 mg/g at 313 K [130]. Zuo 
and coworkers studied the heavy metal adsorption capacity of synthesized Fe3O4 

NPs of average particle size of 8 nm, 12 nm, and 35 nm via a co-precipitation, the 
co-precipitation combining a surface decoration, and the polyol process, respectively 
[282]. These prepared Fe2O3 NPs were used to remove metal ions such as Ni(II), 
Cu(II), Cd(II), and Cr(VI) from wastewater, with removal capacities of toxic ions of 
41.86 mg/l, 47.44 mg/l, 45.86 mg/l, and 43.59 mg/l for Ni2+, Cu2+, Cd2+, and Cr6+, 
respectively. The aforementioned studies indicate that MONPs play a very significant 
role in treating wastewater both as a photocatalyst and an absorbent.
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5.6 Conclusion and Future Perspective 

Recent advances in biotechnology, environmental, optics, photocatalysis, electronics, 
cell energy, and pharmaceutical sciences have enhanced the applicability of MONPs 
in these fields. As a result, we have included a brief overview of MONPs in 
this chapter, followed by a comprehensive description of all the recent trends in 
the possible synthesis routes for the MONPs. Additionally, a summary of various 
characterization techniques is given, along with information on how the size and 
morphology of MONPs affect their characteristics. Furthermore, in light of certain 
recent studies, we discussed the use of MONPs in various industries, including 
wastewater treatment, sensors, batteries, fuel cells, solar cells, and batteries. This 
leads to the conclusion that MONPs have played a significant role in applied 
nanotechnology for a variety of applications. 

However, MONPs in nanotechnology also present certain difficulties. It is clear 
from the analysis that MONPs are harmful to plant life when they are excessive 
but beneficial to plants when they are present in trace amounts. Therefore, additional 
research in the field is needed to understand how MONPs affect plants. Further, more 
work should be put into choosing the right type of nano-oxide, designing hierarchical 
structures with appropriate morphologies, and selecting the right combination of 
additives that exhibit the best performance for detecting a specific environmental 
reductant because MO sensors currently have limited commercial applications. The 
bandgap energy of the MONPs layer restricts the efficiency of current devices when 
it comes to light harvesting. Therefore, it is crucial to create solar harvesting devices 
based on nanostructures that exhibit up-conversion across a wide spectral range 
when exposed to sunlight. Last but not least, the toxicity of nanoparticles can vary 
according to the experimental technique used for their preparation. Hence, in order 
to enhance the properties of MONPs synthesized from plant extracts, researchers 
should concentrate more on this area of study. 
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Chapter 6 
Nanocrystalline High Entropy Alloys 
and Oxides as Emerging Materials 
for Functional Applications 

Priyanka Kumari, Amit K. Gupta, Shashi Kant Mohapatra, 
and Rohit R. Shahi 

Abstract Recently, researchers have paid attention to high entropy alloys (HEAs) 
and high entropy oxides (HEOs) because of their impressive mechanical properties, 
excellent corrosion resistance, extraordinary thermal stability, and tunable magnetic 
properties. The unique structure, core effects, and wide range of composing elements 
make HEAs and HEOs emerging materials for advanced functional applications. 
A detailed discussion on these emerging materials with their unique core effects 
is presented herein. Also, an overview of different synthesis methods of nanocrys-
talline HEAs and HEOs are discussed with their merits and demerits. The impressive 
mechanical, corrosion resistive, and magnetic properties are also discussed briefly. 
At the end of the chapter, different advanced functional applications such as elec-
trochemical energy storage, hydrogen storage, waste water treatment, catalytic and 
microwave absorption applications of these materials are discussed. 

Keywords High entropy alloys · High entropy oxides · Synthesis · Applications ·
Magnetic properties 

6.1 Introduction 

In the latter half of the eighteenth century, when the industrial revolution began, more 
and more metals and alloys were developed using different techniques. An alloy has 
always been mechanically, electrically, magnetically, and thermally superior to pure 
metals, making it the greatest gift of materials science to humankind. Alloying has 
been a field of vast interest in metallurgy and materials science as it is for the better-
ment of humankind. Conventional alloys are developed by combining two or three 
elements to enhance the desired property. Thus, in the case of conventional alloys, 
only one or two principal elements are usually present. The number of elements in the 
periodic table restricts the number of conventional alloys. Moreover, conventional 
alloys also have limitations regarding the combination of different properties in a
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particular alloy. Thinking out of the conventional box, Prof Brian Cantor [1] and 
Prof Jien-Wei-Yeh [2] independently came up with the new idea of equiatomic and 
non-equiatomic multicomponent alloys, these alloys later named as High Entropy 
Alloys (HEAs). Incidentally, they both came up with the first literature on HEA in 
the same year, 2004, although Cantor had started the research much earlier [2, 3]. 
Then it has been a dynamic topic for researchers to work on it, and around 5000 
research papers have been published since 2004 on this emerging material. 

6.1.1 Definition of HEAs 

High entropy alloys (HEAs) are generally defined in two ways, i.e., based on compo-
sition and entropy. HEAs can be defined as alloys sharing five or more principal 
elements with a concentration between 5–35%. In addition, some minor elements 
with concentration <5% can also be added to enhance the desired property of the base 
HEA. [4] According to statistical thermodynamics, the configurational entropy of a 
system is given by Boltzmann’s equation: ΔSconf = KBln w, where KB is Boltzmann 
constant and w is the number of ways in which the available energy can be distributed 
among the particles of the system. If we consider the equiatomic solid state solution 
of N elements, the configurational entropy per mole can be given asΔSconf = Rln N, 
where R is the gas constant. [5] This shows that the configurational entropy increases 
with the number of elements. If we evaluate the ΔSconf. by selecting different no. 
of alloying elements, we found that the change in the configurational entropy is not 
significant with more than 13 alloying elements (shown in Fig. 1a). Moreover, it is 
found that the configurational entropy in the non-equiatomic case is less than that in 
the equiatomic case. Based on the above facts, the alloy can be classified into three 
categories—low entropy alloys (or Conventional alloys) with ΔSconf ≤R, medium 
entropy alloys with R <ΔSconf ≤1.5R, and high entropy alloys with ΔSconf> 1.5R  
[6]. Figure 1b represents the classification of the alloys on the basis of entropy.

Now, different research articles confirmed that HEAs possess extraordinary prop-
erties due to the core effect named (a) High Entropy Effect, (b) Sluggish Diffusion 
Effect, (c) Severe Lattice Distortion, and (d) Cocktail Effect [7, 8]. 

6.1.2 High Entropy Effect 

Based on definition only, simple solid solution phases of bcc, fcc or hcp structures 
are formed for HEAs due to the high configurational entropy of these alloys [9– 
11]. According to Gibb’s free energy, ΔGconf = ΔHconf—TΔSconf (where ΔHconf = 
configurational enthalpy, T = temperature, and ΔSconf = configurational entropy), 
the greater the value of ΔSconf, the  value of ΔGconf becomes lower, the tempera-
ture being constantly high. Therefore, the probability of forming the solid solution 
rather than intermetallic compounds increases with the increased configurational
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Fig. 6.1 (a) Variation of configurational entropy of mixing with an increase in the number of 
elements, (b) Classification of alloys based on configurational entropy. Adapted with permission 
from [6]. Copyright (2022) (Elsevier)
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entropy, especially at high temperatures [2]. Although configurational, vibrational, 
magnetic dipole and electronic randomness contribute to the total mixing entropy, 
configurational entropy dominates over the other three contributions [2]. 

6.1.3 Sluggish Diffusion Effect 

HEAs are formed by diffusion of the atoms of their constituent elements in each 
other lattice. The diffusion of different multi-principal elements for HEAs is quite 
slow as compared to conventional alloys [12]. This can be understood by considering 
the two facts. Firstly, each lattice site of HEAs has different neighboring atoms, and 
hence there is a difference in neighboring atoms before and after an atom jumps into 
a vacancy which results in different bonding and, thereby, different local energies 
for each site [2]. There are certain advantages of the sluggish diffusion effect as 
well. These are: —fine-sized particles, increase in recrystallization temperature, slow 
grain growth, and grain-coarsening [13, 14]. These benefits increase the toughness 
of materials, high-temperature strength, structural stability, random nucleation, and 
enhanced microstructural properties of HEAs. 

6.1.4 Severe Lattice Distortion 

The atoms in HEA may have irregularly sized neighbors. These size differences 
necessarily led to lattice distortion. Larger atoms push away their neighbors, and 
small ones leave extra space around [2]. The overall free energy of the HEA lattice is 
raised due to the strain energy associated with the lattice distortion, thereby affecting 
the properties of HEAs. This effect leads to pronounced solid solution strengthening 
and an increase in the scattering of propagating electrons and phonons, resulting in 
lower electrical and thermal conductivity of HEA [15]. 

6.1.5 Cocktail Effect 

In 2003, Prof. S Ranganathan wrote an article on “Alloyed pleasures: Multi-metallic 
cocktails,” where the word “cocktail” was used for the first time in advanced mate-
rial science [6, 16]. They concluded that the properties of HEAs depend not only on 
the properties of individual elements but also on the combined effect of the various 
constituent elements. For example, Al is a soft and low melting element. But exper-
imentally, it is found that the hardness of the AlxCoCrCuFeNi alloy increases with 
increase in Al content. This is due to the hard BCC phase and the stronger cohesive 
bonding between Al and other components and its larger atomic size [2].
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6.2 Prediction of Phase Formation Through 
Thermodynamic Parameters 

The properties of the HEAs are highly sensitive to the phase structure [2]. It will be 
beneficial to theoretically predict the phase of selected HEAs before designing and 
developing it for a particular application. However, the most common phases that 
are usually detected in HEAs are disordered/random solid solution (e.g., bcc, fcc 
etc.), ordered solid solution (Eg:-B2, L12 etc.), and sometimes complex phases (Eg:-
Laves, σ − phase) [2]. For the synthesis of HEAs, the basic Hume-Rothery rules are 
always considered along with certain thermodynamical parameters. Zhang [17] and 
Guo [18] studied and found that enthalpy(ΔHconf) and entropy (ΔSconf) of mixing  
and atomic size differences(δ) are the most important phase formation parameters 
for HEAs. We can predict the phase for the selected composition of HEAs using 
the mentioned thermodynamic parameters. For the formation of the solid solution 
phase, the conditions –22 ≤ ΔHconf ≤ 7 kJ/mol,  11  ≤ΔSconf ≤19.5 J/Kmol, and 0 ≤δ 
≤8.5 must be satisfied. [18] A larger positive value of ΔHconf arises the probability 
of phase separation, and a larger negative value of ΔHconf leads to the formation of 
intermetallic phases or compounds. A large atomic size difference(δ) supports the 
amorphous phase formation. So δ should be smaller [18]. In addition, the effect of 
entropy relative to enthalpy(Ω-parameter) must be greater than or equal to 1.1 [18]. 
Value of valence electron concentration (VEC) gives an idea about the type of simple 
solid solution phase. Guo et al. suggested that if the value of VEC ≥ 8, then the fcc 
phase may form [19]. The bcc phase will form if the value is VEC ≤ 6.87. And if the 
value of VEC is in the range of 6.87 ≤ VEC ≤ 8, the mixture of fcc and bcc phase 
may form [19]. 

6.3 High Entropy Oxides 

In 2015, Rost et al. developed the first High Entropy Oxide (HEO) 
(Mg0.2Co0.2Ni0.2Zn0.2Cu0.2)O system with rock-salt structure [20]. Similar to 
the concept of HEAs, HEOs are described as multicomponent oxide systems with 
five or more five constituent cations in an equimolar ratio for the formation of single-
phase oxide [20–22]. The entropy stabilization factor is one of the dominant keys 
which affect the stabilization of HEO, and its value should be greater than 1.5 R 
(where R is the universal Gas Constant) [20–22]. The configurational entropy Sconfig 
value is evaluated for CxDyOz type oxide using Eq. (6.1) [22]: 

Sconfig = −R 

⎡ 

⎣m ·
(

C{
a = 1  

Inma* · ma

)

p - sites 

+ n ·
(

D{
b = 1  

Innb*nb

)

Q - sites
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+z ·
(

P{
o = 1  

Inzo* · zo
)

O - sites

]
(6.1) 

where C, D, P represents the integer cation present in P, Q, O, sites and ma, nb, zo is 
mole fractions of elements in P, Q, and O-sites. For oxide structure, the configuration 
entropy value is generally zero for O2− site but in some cases, some extra config-
uration entropy is found in anion sublattice due to F− in Oxyfluorides and oxygen 
defect [23]. 

There are eight significant classifications of HEOs based on the structure. These 
are fluorite, rock-salt, pyrochlore, bixbyite, magneto plumbite, spinel, O3-type 
layered, and perovskite [24]. The vast range structure of HEO endows a broad 
range of properties such as electrochemical, optical, magnetic, dielectric, mechan-
ical, thermal, and catalytic [6, 25]. These emerging oxide materials showed improved 
properties as compared to binary and doped conventional oxides [26–28]. More-
over, high configuration disorder has certain advantages in regard to the advanced 
functional properties of HEOs. 

6.4 Synthesis of HEAs and HEOs 

High Entropy Materials (HEMs) can be synthesized through various routes, including 
conventional and novel synthesis methods [11]. These materials can be synthesized 
through solid state synthesis, liquid state synthesis, and gaseous state synthesis. 
Figure 6.2 summarizes the different synthesis routes and respective techniques for the 
synthesis of High Entropy Materials. Nanocrystalline high entropy materials can be 
synthesized through mechanical alloying followed by SPS and HPS [29], magnetron 
sputtering [30], electrochemical synthesis [31], carbothermal shock synthesis [32], 
plasma-related synthesis [33], microwave-assisted synthesis [34] and combustion 
assisted synthesis [35]. The detail of all the synthesis methods is beyond the scope 
of this chapter. These methods were also discussed in recent reviews [6, 11]. Here, 
we discuss only those synthesis methods which are used for the development of 
nanocrystalline HEAs and HEOs.

6.4.1 Synthesis Through Mechanical Alloying 

Mechanical alloying is the top-down synthesis approach for developing homoge-
neous single-phase HEAs performed through a high-energy ball miller. High-energy 
ball milling is one of the powerful synthesis techniques to synthesize nanocrys-
talline high entropy alloys [37]. In this synthesis technique, the mixture of different 
elemental powders (selected composition of five or more elements) is milled in
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Fig. 6.2 Different synthesis routes of High Entropy Materials. Adapted with permission from [36]. 
Copyright (2022) (Elsevier)

a high-energy ball mill. Mechanical alloying (MA) is possessed, and a homoge-
neous distribution of nanoparticles is formed [38]. Further, diffusion is started due 
to local heat generated by the impact of balls and materials, and homogeneous alloy 
formation occurs. During high-energy ball milling, the mixture of elemental powders 
is continuously fractured, cold-welded, flattened, and rewelded, which assures the 
transformation of micro-size particles to the nano-size and leads to the diffusion of 
the elemental powders and the formation of the solid solution phase occurred [39]. 
Thus, the ball milling works two-fold: firstly, it reduces the particles, and secondly, 
homogeneous diffusion will occur during the milling. MA is one of the efficient ways 
the synthesis single-phase HEAs. A pictorial representation of the high-energy ball 
milling process for the synthesis of the HEAs is shown in Fig. 6.3 (i) [39]. The final 
microstructure and the particle size obtain after the MA depend on the ball to powder 
weight ratio, process control agent, rotation and revolution speed, milling duration,
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and milling atmosphere. In order to reduce the lattice strain and densify the mechan-
ically alloyed powder sample vacuum annealing/sintering is performed. Further, to 
preserve the nano-size effect of synthesis HEA through MA, Spark Plasma synthe-
sized is performed. Spark plasma sintering is a technique for compacting and densi-
fying the materials at sintering temperature for a certain duration with maintaining 
the nano-size effect of the synthesized HEA [40].

6.4.2 Synthesis Through Microwave-Assisted Method 

Different novel synthesis technique has also been adopted for the synthesis of High 
Entropy Materials, such as Flame Spray pyrolysis, co-precipitation, Solid state reac-
tion, and Nebulized Spray pyrolysis [20, 41]. These methods prevail some pros and 
cons in it. These methods’ demerits were that they required expensive equipment, 
long synthesized duration, large particle size, and high energy consumption [41, 
42]. The reduction of particle size to the nanosized range has a pronounced influ-
ence on the thermal, catalytic, dielectric, and magnetic properties of HEMs [43–47]. 
The microwave irradiation method is an ideal method for the formation of nano-
structured High Entropy Materials [48–52]. The microwave energy interacts with 
two different modes with the sample. Firstly, it helps in ionic conduction and then 
dipole rotation. This induces collision, friction, and heat [52]. The multi-metallic ions 
during collision lead to nucleation of primary amorphous High entropy Oxide with 
microwave irradiation. The reaction rate increased due to internal heating, leading 
to the reactant ions’ activation. This reduced the synthesis duration of HEO from 
hours to minutes and to seconds. The advantage of Microwave synthesis methods 
over conventional methods is that they require a short duration for synthesis, are 
cost-effective, have high purity, formation of nanosized particles, and are convenient 
and effortless. (MgCuNiCoZn)O HEO was synthesized by Kheradmandfard et al. 
and used as anode material for Lithium-Ion batteries [53]. They used microwave 
radiation of 2.45 GHz frequency. The synthesized nanoparticles were semi-spherical 
in nature of particle size on the scale of 20–70 nm. Moreover, Veronesi et al. also 
synthesized FeCoCrNiAl2.5, FeCrNiTiAl, and FeCoNiCuAl, High Entropy Alloys 
through microwave-assisted method at frequency 2450 and 5800 MHz through direct 
heat of metal powder precursor [54]. 

6.4.3 Chemical Routes of Synthesis 

Sol–gel technique is commonly used for the synthesis of conventional oxide nanopar-
ticles. In this technique, exothermic reactions are evolved, and morphology, particle 
size, and texture can be easily controlled. This method can also be used for the 
synthesis of nanoparticles of HEMs. This method has evolved into three steps: 
Hydrolysis, condensation, and drying. During hydrolysis, the metal percussor is
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transformed into a metal hydroxide solution. In the condensation process, the forma-
tion of a 3-dimension gel occurs, and after drying, the products are changed into 
Xerogel or Aerogel. Sol–gel technique is classified into two forms: Aqueous, in 
which water is used as a solvent, and non-aqueous, in which organic solvents are used 
as solvent [55]. Mao et al. proposed a facile synthesis of a Spinel (CoCrFeMnNi)3O4 

HEO by solution combustion synthesis methods (SCS) [56]. They synthesized High 
Entropy Spinel Oxide (HESO) nanoparticles by using metal nitrates as oxidizers and 
glycine as a fuel. Figure 3ii represents the systematic steps involved in the synthesis 
process. (Drying → combusting → cooling). (CoCrCuNiAl) nanocrystalline High 
Entropy Alloy (HEA) with average grain size of 14 nm is also synthesized by the 
sol–gel followed by in-situ reduction [35]. The HEA nanoparticles have bcc and 
fcc phases. Figure 3iii represents the different steps involved in the synthesis of 
nanocrystalline (CoCrCuNiAl) HEA [35]. 

The reverse co-precipitation method is also a commonly used method for the 
synthesis of nanoparticles. In this method, the precipitation of metal nanoparticles 
occurs when the base is used as a solvent. The nucleation and kinetic of particle 
growth are affected by the release of cations and anions [57]. Talluri et al. synthesized 
(CoCrFeMnNi)3O4 High Entropy Spinel Oxide (HESO) by reverse co-precipitation 
and studied the super capacitive properties. [58]. Sarkar et al. investigated the possi-
bilities for the synthesis of Transition Metal HEO by two spray pyrolysis tech-
niques, i.e., Flame Spray Pyrolysis (FSP) and Nebulized Spray Pyrolysis (NSP), and 
a wet chemical technique, i.e., Reverse Coprecipitation methods (RCP) [41]. Among 
the selected techniques, FSP and NSP are fast synthesis techniques that reduce the 
synthesis time and may establish the metastable phases. However, RCP is a slow 
synthesis technique that provides time for proper diffusion, and a single step may 
form. In FSP, the decomposition takes place in flame; hence, the particle formation 
time is very short (around 0.01 s) [59]. As a result, fine crystallites are formed (shown 
in Fig. 3iii a, b). In NSP, the time for the particles in a hot reactor was around 0.15 s 
(larger than FSP), and hence the formed nanoparticles have a large size as compared 
to the particles synthesized through FSP (shown in Fig. 3iii c, d). However, for the 
HEO synthesized through RCP, the morphology and phase are greatly affected by the 
reaction conditions and PH. Moreover, it is a slow process as compared to NSP and 
FSP, and hence large dense agglomerated particles are formed (as shown in Fig. 3iii 
e). 

6.4.3.1 Laser-Assisted Synthesis 

One of the major drawbacks of synthesizing HEAs through ball milling is chemical 
inhomogeneity [60]. The Laser-assisted synthesis can remove this shortcoming and 
able to produce nanoscale particles with chemical homogeneity. Wang et al. synthe-
sized colloidal (CoCrCuFeNi) HEA NPs through the quick Laser synthesis method 
[61]. In this method, three steps are involved. HEA bulk is exposed to laser pulse 
for ultrashort durations followed by atomization, allowing the bulk to form a plume. 
Moreover, the ablate matter is nucleated, condensation occurs in the liquid, and the
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colloidal HEA NPs are get stabilized in the ethanol. The colloidal nature of HEA NPs 
(having less than 5 nm in size) was confirmed with the help of the centrifugal size 
measurement technique. This synthesis approach is capable of industrial applications 
having a 3 gh−1 yield. 

6.5 Properties of HEAs and HEOs 

6.5.1 Mechanical Properties 

HEAs possessed extraordinary mechanical properties, i.e., hardness, elastic modulus, 
yield strength, ultimate strength, elongation, fatigue, and creep resistance [62]. The 
mechanical properties of HEAs are highly sensitive to the composition, alloying 
elements, annealing treatment, processing rate, and phase structure. The mechanical 
property of the conventional alloys is dominated by the property of only one principal 
element. However, HEAs contain at least five principal elements, and the mechanical 
property can be tuned by the selection of alloying elements and their composition. 
The high strength for the case of HEA has occurred via the dislocation movement 
through the alloys and randomness at the atomic scale (the friction stress) [63, 64]. 
Classification of various structures in accordance with their typical hardness range 
is shown in Table 6.1, although there are a few exceptions as well. 

We can see that the valence compounds have typical high hardness due to their 
strong covalent bonds. Intermetallic compounds with complex structures remain 
lower than valence compounds in the hardness range. This is due to the lack of easily 
accessible slip systems and hence hindered dislocation movements [2]. The ultrahigh 
yield strength and low plasticity are usually exhibited by bcc-based HEAs, while fcc-
based HEAs exhibit low yield strength and high plasticity at room temperature. This 
is because of the presence of stronger directional bonding and lack of close-packed 
slip planes in bcc-based structures [65, 66]. The HEAs with bcc + fcc structure 
possessed balanced mechanical strength (i.e., high yield strength and high ductility). 
The high melting point of HEAs makes the high yield strength sustainable to ultra-
high temperatures. The wear properties of HEAs have also been tested in a number 
of systems under both abrasive [17, 18] [67–72] and adhesive [73–75] conditions. 
Experimentally, it is found that the wear properties are effective in simple disordered

Table 6.1 Range for hardness value for different HEAs and Compounds [2] 

Phase 
Types 

Valence 
compounds 
(Carbides, 
Borides, etc.) 

Intermetallic 
phases with 
complex structures 
(Laves, etc.) 

BCC based 
structures (BCC, 
B2, etc.) 

FCC based 
structures (FCC, 
L12, etc.)  

Typical Hardness 
(Hv) 

1000–4000 650–1300 300–700 100–300 
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phases in comparison to conventional alloys with similar hardness. HEAs with B2 
and complex ordered phases as their main phase show outstanding wear properties. 
Exceptionally high-temperature strength is yet another benefit of HEAs. This orig-
inates from their outstanding thermal softening resistance from the sluggish diffu-
sion that affected the HEAs. Above the transition temperature, a diffusion-related 
mechanism is mainly responsible for deformation. Thus, the sluggish diffusion effect 
reduces thermal softening [76, 77]. Thus, the HEAs provide great freedom to tune the 
mechanical properties by selecting a proper alloying element. For the case of HEA, 
we can develop alloys by considering the multiple mechanisms that hold synergisti-
cally and simultaneously contradictory mechanical properties i.e., high strength and 
ductility in a single alloy. 

6.5.2 Magnetic Properties 

6.5.2.1 Magnetic Properties of HEAs 

The literature review confirmed that the magnetic properties of HEAs are highly 
sensitive to the phase structure, synthesis route, and alloying element present in a 
particular HEA [6, 78]. These materials showed prominent magnetic properties and 
had great potential to overcome the limitation of conventional magnetic materials [6]. 
Here we summarized the magnetic properties of some recently reported promising 
nanocrystalline HEAs. Yu et al. synthesized CoCrFeCuNi and CoCrFeMnNi HEAs 
through the mechanical alloying technique followed by high-pressure sintering (HPS) 
[79]. CoCrFeCuNi and CoCrFeMnNi HEAs have fcc and minor bcc phases in as 
milled stage. Metastable bcc phase transformed to single fcc phase and the lattice 
parameter decreased after the high-pressure sintering of these MAed HEAs. The 
value of hardness for as-cast CoCrFeCuNi HEA was found to be 133Hv [13] and 
the same was increased to 494 Hv for MA-HPS (Fig. 4a) [79]. Similarly, for as-
cast CoCrFeMnNi HEA, the value of hardness was found to be 300 Hv [1], and the 
same was increased to 587 Hv for MA-HPS CoCrFeMnNi HEA (shown in Fig. 4a) 
[79]. The hardness value in these MA-HPS HEAs is increased due to a decrease 
in the particle size. The value of Ms and Hc was found to be 53.41 emu/g and 166 
Oe for CoCrFeCuNi HEA. However, the value of Ms decreased to 1.34 emu/g for 
CoCrFeMnNi HEA. CoCrFeNiMn HEA was synthesized in another study through 
MA and exhibited fcc and bcc phases. However, after SPS at 800 ºC the metastable 
bcc phase disappeared [80]. For synthesized CoCrFeNiMn HEA, the particle size was 
found to be about 10 nm. Nanoscale grains play an important role in enhancing the 
hardness and compressive strength, the value of hardness and compressive strength 
for MA-SPS’ ed HEA was found to be 646 Hv and 1987 MPa. The value of Ms,Hc and 
remanence ratio was found to be 94.29 emu/g, 175.68 Oe, and 2.95%, respectively. 
However, super-paramagnetic behavior was found in synthesized CoCrFeNiMn HEA 
(shown in Fig. 4b). It can be seen from the M-H loop (shown in Fig. 4b) that after SPS 
of CoCrFeNiMn HEA, paramagnetic behavior is observed with Ms = 32.49 emu/g
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under the applied field of 20,000 Oe. The observed magnetic transitions occurred 
due to structure coarsening and phase transformation after SPS. A FeCoNiMnV 
HEA was synthesized through the MA in argon atmosphere, and the effect of milling 
duration on microstructure and magnetic properties was studied [81]. The developed 
HEA have a solid solution phase of bcc and fcc structure, and the bcc phase was 
vanadium rich. The formed phases for FeCoNiMnV HEA were stable even after 
96 h of mechanical alloying. The value of Ms and Hc was 100 emu/g and 150 Oe 
for 48 h milled FeCoNiMnV HEAs. The value of Ms and Hc was reduced with 
prolonged milling of FeCoNiMnV HEA (Shown in the Fig. 4c), due to declination 
in the crystallinity and hence disruption in the magnetic exchange interaction. Duan 
et al. studied the effect of content of Cr and heat treatment on the magnetic properties 
of FeCoNiAlCrx (x = 0.1, 0.3, 0.5, 0.7 & 0.9) HEAs synthesized through MA 
abbreviated as Mx and followed by annealing at 500 ºC under argon atmosphere 
for 1 h abbreviated as Tx [82]. Mx exhibited a mixture of fcc and bcc structure 
with a peak corresponding to undissolved Co. However, the peak corresponding to 
undissolved Co disappeared for Tx, and the mixture of bcc, fcc phase, and Fe3O4 

was formed. With the increase in the Cr content, the value of Ms was decreased, and 
Hc firstly increased for Cr, x = 0.5, then decreased for a higher concentration of Cr. 
For annealed HEAs, the value of Ms increased to 98.69 emu/g from 94.89 emu/g 
when the x is increased to 0.3 from 0.1, respectively. Variation of Ms and Hc with 
an increase in the content of Cr is shown in Fig. 4d, e). In another study, Zhao et al. 
investigated the effect of Cr in CoCrxCuFeMnNi (x = 0, 0.5, 1.0, 1.5, 2.0) HEAs 
synthesized through MA in Ar atmosphere for 45 h of dry milling and then added 
5 h of wet milling in ethanol [83]. Single fcc phase was formed for x = 0, 0.5, 1.0 
and the mixture of fcc and bcc phase was found for x = 1.5, 2.0 in CoCrxCuFeMnNi 
HEAs. With increased Cr content, the value of Ms lowered due to a decrease in the 
content of ferromagnetic elements, and Hc increased. The variation of Ms and Hc 

with increased Cr content is shown in Fig. 4f.
Our research group also extensively studied the magnetic properties of TiFeNiCr-

based HEAs. An AlCrFeMnNiTi HEA having fcc and bcc phase structure was synthe-
sized through MA [84]. It was found that these phases remained stable after the 
vacuum annealing at 700 ºC for one h. However, the fcc phase volume fraction 
increased, and the bcc phase decreased with annealing. The value of Ms and Hc 

was found to be 17.5 emu/g and 153.8 Oe. However, the value of Ms decreased to 
4.22 emu/g, and Hc increased to 215 Oe for 700 ºC annealed AlCrFeMnNiTi HEA. 
We also studied the phase formation and magnetic properties of TiFeNiCrM (M 
= Cr, Co, Mn) HEAs synthesized through MA [85]. Dual fcc and sigma phase was 
formed for TiFeNiCr, and TiFeNiCrMn HEAs. However single fcc phase was formed 
for TiFeNiCrCo HEA. The value of Ms and Hc was found to be 13.82 emu/g and 
166.93 Oe, 2.28 emu/g and 225.83 Oe, and 24.44 emu/g and 149.54 Oe for TiFeNiCr, 
TiFeNiCrMn, and TiFeNiCrCo HEAs respectively. The value of Ms decreased from 
13.82 emu/g to 2.28 emu/g after the addition of Mn in TiFeNiCr HEA, whereas the 
value of Ms increased to 24.44 emu/g after the addition of Co in TiFeNiCr HEA. 
The change in the value of Ms was observed due to the fact that the value of Ms is 
highly sensitive to the content of ferromagnetic elements present in the particular
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HEAs. We have also found that the value of Ms decreased after annealing due to an 
increase in the lattice parameter, which increased the distances between the ferro-
magnetic elements, and hence the magnetic exchange coupling was disturbed. Our 
further investigation was focused on the effect of annealing on phase formation and 
the magnetic properties of TiFeNiCrCo HEA synthesized through the MA [86]. The 
mixture of fcc, bcc, and minor impure phases was found for as-synthesized TiFeNi-
CrCo HEA. These phases were stable under vacuum annealing for 500 and 700 ºC. 
However, a Ti4Fe2O phase was formed for 500, and 700 ºC open air annealed TiFeNi-
CrCo HEA. However, the value of Ms was slightly increased for vacuum-annealed 
TiFeNiCrCo HEA at 500 and 700 ºC. The value of Ms and Hc was increased to 
15.27 emu/g and 164.36 Oe, and 21.93 emu/g and 284.81 Oe for 500 and 700 °C 
open air annealed TiFeNiCrCo HEA. This increment in the value of Ms was asso-
ciated with the change in the volume phase fraction of the bcc and fcc phases and 
the formation of Ti4Fe2O oxide phase. The increase in the value of Hc is obvious 
due to the increase in the particle size after annealing and the change in the volume 
phase fraction of synthesized phases. We optimized the composition of CoCrFeNiTi-
based HEA for better soft-magnetic properties and studied the effect of variation of 
the composition of Fe, Co, Ni in CoCrFeNiTi- based HEA [87]. Three different non-
equiatomic Co35Cr5Fe20Ni20Ti20, Co20Cr5Fe35Ni20Ti20, Co20Cr5Fe20Ni30Ti20 HEAs 
were synthesized by MA with fcc, bcc, and minor intermetallic R-phase [87]. Among 
these HEAs, Co35Cr5Fe20Ni20Ti20 HEA showed promising magnetic properties, Ms 

= 45.9 emu/g, Hc = 16.5 Oe in an as- synthesized state. However, the value of 
Ms and Hc was increased to 86.8 emu/g and 98.6 Oe for 700 ºC vacuum annealed 
Co35Cr5Fe20Ni20Ti20 HEA. Further investigation was focused on the enhancement 
of the value of Ms by the variation of Fe and Ni in Co35Cr5Fe20Ni30Ti20 HEA [88]. 
Co35Cr5Fe10Ni30Ti20 HEA exhibited fcc phase with a minor intermetallic R-phase 
having optimized magnetic properties with Ms = 75.16 emu/g, and Hc = 12.8 Oe at 
as-synthesized state. Moreover, the value of Ms was increased to 78.01 emu/g, and 
Hc decreased to 1.75 Oe for 700 ºC vacuum annealed Co35Cr5Fe10Ni30Ti20 HEA 
[88]. This increment in the value of Ms after annealing was due to the increase in the 
fcc phase volume fraction and the enhancement in the magnetic crystalline disorder. 
The decrement in the value of Hc was associated with the increase in particle size, 
decrease in lattice strain, increase in the volume phase fraction of R- phase, and 
precipitation of tiny particles on the large grains. 

6.5.2.2 Magnetic Properties of HEOs 

Mao et al. synthesized (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2) O HEO through a facile solution 
combustion synthesis (SCS) technique with rock-salt structure at a synthesis temper-
ature of 1173 K [89]. The synthesized HEO showed antiferromagnetic ordering 
below 106 K (Neel temperature) and paramagnetic behavior at room temperature 
which is due to super-exchange interaction in rock-salt (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2) 
O HEO. In another study, (CoCrFeMnNi)3O4 HEO synthesized through the SCS 
technique exhibited a single spinel phase and some minor phases at other synthesis
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temperatures 523 K [56]. However, a single fcc spinel phase was found for 
(CoCrFeMnNi)3O4 HEO synthesized at 623, 723, 823, 923, and 1123 K, with 
the increase in the synthesis temperature lattice constant was decreased. This 
HEO showed ferrimagnetic behavior and was not saturated even at the applied 
magnetic field of 20,000 Oe. The value of magnetization decreased up to synthesis 
temperature 723 K, then increased for higher synthesis temperature (shown in 
Fig. 5a). The value of Hc decreased with the decrease in the lattice distortion 
up to the synthesis temperature of 923 K and then slightly increased for the 
HEO synthesized at 1023 and 1123 K (shown in Fig. 5a). In another study, 
(Cr0.2Fe0.2Mn0.2M0.2N0.2)3O4 (M, N = Co2+, Ni2+, Zn2+) HEO was synthesized at 
923 K through a solution combustion synthesis technique exhibited single-phase 
spinel structure [90]. When Zn2+ was substituted for Co2+ the value of magnetization 
decreased from 9.86 emu/g for (Cr0.2Fe0.2Mn0.2Ni0.2Co0.2)3O4 HEO to 5.60 emu/g 
for (Cr0.2Fe0.2Mn0.2Ni0.2Zn0.2)3O4 HEO and when Zn2+ has substituted for Ni2+ the 
value of magnetization decreased to 8.08 emu/g for (Cr0.2Fe0.2Mn0.2Zn0.2Co0.2)3O4 

HEO. The value of magnetization decreased due to the substitution of non-magnetic 
Zn2+ ion, which decreased the total magnetic moment of the HEO. In another study 
by Mao et al., they synthesized (Al1/6Co1/6Cr1/6Fe1/6Mn1/6Ni1/6)3O4 HEO by SCS 
technique with single-phase spinel structure [91]. M-H curve recorded at different 
temperatures (50, 100, 150, 300 K) showed ferrimagnetic behavior and was not satu-
rated at an applied field of 30,000 Oe (shown in Fig. 5b). The value of magnetization 
increased with decreasing temperature, whereas the value of Mr increased, and the 
value of Hc increased from 205.36 Oe at 300 K to 2277.59 Oe at 50 K, which is associ-
ated with the magnetic anisotropy [91]. Thus, we can tune the magnetic properties of 
HEO by the selection of proper cation without change in the basic structure of HEMs. 
The area of magnetic HEOs is quite new, and after the discovery, researchers are 
trying to understand the basic interaction mechanism and exploring the application 
of magnetic HEOs in the area of biomedical and data storage applications.

6.5.2.3 Corrosion Properties of HEAs 

Corrosion is one of the most significant problems in all metals. Corrosion may occur 
in any of the three forms: Atmospheric corrosion, galvanic corrosion, or stress corro-
sion. Bolt plates, mesh, straps, and steal sets are made by most of the conventional 
alloys have a tendency become corrode under corrosive environments and become a 
cause for serious accidents and damage. Hygroscopic corrosion products at the metal 
surface promote moisture condensation, which can form an electrolyte onto a metal 
surface. Dust and gaseous pollutants are other reasons for the significant corrosion of 
metals and alloys. Chloride and sulfur contaminating the dust can accelerate corro-
sion and produce a cumulative corrosion effect on the steel. Corrosion reactions occur 
more rapidly in acidic solutions compared to neutral solutions. Also, dissolved solids 
in generally more corrosive and biological species within groundwater have a consid-
erable effect on the corrosion of conventional alloys. HEAs can have high chromium, 
nickel, aluminum, molybdenum, titanium, and other passivation elements, leading
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Fig. 6.5 (a) Variation of magnetization, Hc, and lattice distortion with synthesis temperature for 
CoCrFeMnNi)3O4 HEO. Adapted with permission from [56]. Copyright (2019) (Elsevier), (b) M-
H curve of (Al1/6Co1/6Cr1/6Fe1/6Mn1/6Ni1/6)3O4 HEO recorded at different temperatures. Adapted 
with permission from [91]. Copyright (2020) (Elsevier)

to superior corrosion resistance to stainless steels and Ni-based alloys [92]. In the 
literature, different reports on the excellent corrosion-resistant HEAs are available 
in various aqueous solutions, like H2SO4 solution, HCl, NaCl, NaOH, and (OH)2 
solutions [93–95]. HEAs possessed excellent corrosion resistance due to the exis-
tence of four core effects and freedom to select alloying elements. The benefits of 
HEAs over conventional alloys make them excellent corrosion resistance materials 
[92]. (i) High entropy effect of HEAs decreased the possibility of phase segregation 
and favored the formation of a uniform film on the surface of the HEA. Thereby 
improving the passive ability and pitting resistance of HEAs and avoiding galvanic 
corrosion. (ii) The uncertainty in occupying an atomic position in each lattice site 
from these distortions contributes to excess configuration entropy. This feature affects
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HEAs’ mechanical and chemical properties by creating an obstacle to dislocation 
motion and deformation, leading to a different stress corrosion cracking mechanism. 
Moreover, severe lattice distortion reduces HEAs’ stability, which affects the passi-
vation ability of the film on the surface of the alloys. (iii) for HEAs, the neighboring 
atoms of each lattice site are different than the conventional alloys. This difference 
in local atomic configuration leads to different bonding and, thereby, different local 
energies for each location. This feature is helpful in the diffusion of hydrogen and 
other corrosive gases and hence resistance to embrittlement at ambient temperature. 
(iv)The cocktail effect implies that the properties of alloys come from the combined 
properties of the alloying elements by the mixture rule and from the mutual inter-
action among all the alloying elements. These featured properties of HEAs endow 
us with opportunities to design and develop a synergistic system of multi-principal 
elements for excellent corrosion resistance with balanced mechanical properties. 
The studies are available for better corrosion resistance material with an element on 
HEAs’ microstructural evolution and corrosion performance, aiming to reveal the 
correlation among the composition, microstructure, and corrosion resistance [96– 
98]. The most studied HEAs in regard to corrosion properties are FeCoCrNi-based 
HEAs with FCC structures. The presence of Cr, Ni, Mo, Ti, and Al makes these 
alloys a promising corrosion resistance alloy with balanced mechanical properties 
[99–103]. 

6.6 Advanced Functional Applications of HEAs and HEOs 

6.6.1 Electrode Materials for Electrochemical Energy 
Storage 

6.6.1.1 HEAs as Electrode Materials for Supercapacitor 

Yuan et al. developed a composite electrode i.e., MnO2 layer decorated on 
FeCrCoMnNiAl0.75 HEAs metallic frame by pulse electrodeposition [104]. The HEA 
metallic frame was fabricated through selective phase dissolution of the fcc phase and 
retaining the bcc phase in 0.5 M H2SO4 after 2,50,60 h of immersion. The Metallic 
Frame (MF) was a three-dimensional cubic void with a wall of thickness 31–45 nm 
and a high surface area that provided excellent electronic and ionic conductivity. The 
morphology after MnO2 layer is decorated on the HEAs metallic frame is shown 
in Fig. 6a. The MnO2/MF composite electrode has declination in specific capacities 
value from 894 to 459 Fg−1 as the scan rate increased from 50 to 400 mVs−1 (shown 
in Fig. 6b). The specific capacity value of MnO2/MF electrode is higher as compared 
to other MnO2 based composites [105–110]. Moreover, after 6000 cycles, the elec-
trode showed 81% of capacitance retention of initial value at 400 mVs−1 (shown in 
Fig. 6c). In another separate study. Kong et al. studied the super capacitive property 
of nano-porous binder-free HEA in 2 M KOH electrolytes [111]. They developed
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electrodes after the selective dissolution of Al-Ni rich phase and retaining the Cr-
Fe phase in H2SO4 solution of equiatomic AlCoCrFeNi HEA precursor. The cyclic 
voltammetric and Galvanostatic charge–discharge curve reveals that the electrodes 
have pseudo-capacitive nature (as shown in Fig. 6d, e). The electrode exhibits good 
voltammetry charge storage capacitance of around 700 F cm−3 due to the presence 
of interlinked conductive metal ligament of a large surface area. They found that the 
electrode retains 97% of initial capacitance after 3000 cycles, indicating the elec-
trode’s better stability. Shen et al. developed a new strategy for the development 
of electrodes by using HEA nanoparticles (HEA-NP) [112]. They deposited HEA-
NP having a thin oxide layer on hyper crosslinked polymer-based carbons (HCPC) 
through in-situ reduction followed by a carbonization process [112]. The developed 
electrode with the composite mentioned above showed an excellent specific capacity 
of 495 F/g at 0.5 A/g current density in 1 M KOH electrolyte. Moreover, the devel-
oped electrode has 94.7% of capacity retention after 15,000 cycles. This extraordi-
nary super capacitive behavior was observed due to the formation of a thin nanoscale 
layer of metal oxide. This layer act as a pseudo-capacitor. The study suggested that 
the storage capacity of multicomponent alloy nanoparticles can be enhanced by the 
deposition of particles on porous carbon. Equiatomic FeNiCoMnMg High Entropy 
Alloy nanoparticles (HEA) were assembled on aligned Carbon Nanofibers (CNFs) 
by Carbothermal Shock (CTS) (as shown in Fig. 6f) and supercapacitor performance 
was studied [113]. The developed (HEA-NP/ACNF) electrode has a specific capac-
itance of 54 F/g, 127 F/g, and 203 F/g at 20 mM,10 mM, and 5 mM percussor 
concentration of FeNiCoMnMg chloride solution (as shown in Fig. 6g). The devel-
oped HEA-NP/ACNF electrode showed good capacity retention of 85% after 2000 
cycles and 21.7 Wh/kg energy density for 5 mM concentration due to homogenous 
coating for HEA-NP/ACNF electrode. The loss in capacity arises due to irreversible 
reduction and solvation.

6.6.1.2 HEOs as Electrode for Supercapacitor 

Recently, few reports have appeared on the super capacitive applications of HEOs, 
and these materials also showed promising electrochemical energy storage. Liang et. 
al synthesized (FeCoCrMnZn)3O4 HESO through a solid state method calcined at 
900 °C for 2 h [114]. The supercapacitive performance of the electrode was studied in 
1 M KOH electrode in a three-electrode system. The (FeCoCrMnZn)3O4 electrode 
has pseudocapacitive behavior in the potential range of 0.15–0.5 V. They found 
redox peaks during charging and discharging due to changes in the oxidation state 
of transition metal cations present in the HEO. The value of specific capacitance 
was found to be 281.8, 301.5,287.9, and 340.3 Fg−1 at 10,5,2 and 1 A/g, respec-
tively. The (FeCoCrMnZn)3O4 electrode showed capacity retention of 69% of the 
initial value after 1000 cycles measured at 5 A/g current density. Talluri et al. synthe-
sized (CoCrFeMnNi)3O4 High Entropy Spinel Oxide nanoparticle with spherical 
morphology through reverse co-precipitation method and studied the super capaci-
tive properties of electrode developed by HESO nanoparticles in 2 M KOH electrolyte
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[58]. The developed as electrode showed pseudocapacitive nature confirmed through 
the C-V measurements at different scan rates (as shown in Fig. 7a). The specific 
capacity value was found to be 90,108,126,152,190,210,228,239 Fg−1 at current 
density of 25,20,15,10,5,3,1,0.5 Ag−1, respectively. Also, the electrode showed a 
rate capability of 38% from 0.5 to 25 Ag−1. The electrode exhibited good cycla-
bility; after 1000 cycles, the capacity retention was 76% at 1 Ag−1 current density 
(as shown in Fig. 7b). The coulombic efficiency was 86% after 1000 cycles. The 
HESO electrode showed a specific capacity of 239 Fg−1 at a current density of 0.5 
Ag−1 with a specific energy density of 24.1 Whkg−1. Lal et. al developed High 
Entropy Oxide–Carbon Nanotubes (HEO-CNTs) composite by the growth of CNTs 
on HEO nanoparticles [115]. The HEO (Ni–, Fe–, Co–, Cr, and Al–) was synthesized 
through sol–gel auto combustion technique. The three samples, HEO, HEO-CNT, and 
reduced HEO-CNT were synthesized systematic manner. The schematic diagram for 
the synthesis of different composite materials is shown in Fig. 7c. The super capaci-
tive performance was studied in a three-electrode system in various electrolytes. The 
C-V and GCD curve of HEO, HEO-CNT, and rHEO-CNT electrodes were studied in 
1 M H2SO4 electrolyte in half cells shown in Fig. 7(d, e). The HEO, HEO-CNT, and 
rHEO-CNT electrodes exhibited a specific capacity of 91.5,156.0 and 170.1 F g−1 at 
the scan rate of 100 mVs−1. The value of capacitance was highest for rHEO-CNT due 
to the high specific surface area and EDLC-like behavior of CNTs. In PVA/H2SO4 

hydrogel electrolyte, the HEO-CNT electrode shows 100% capacitance retention for 
15,000 cycles at the current density of 5 Ag−1 and also with 100% of coulomb effi-
ciency with stability (as shown in Fig. 7f). Moreover, in [BMIM][TFSI] electrolyte 
HEO-CNT electrode showed a specific capacitance of 271 Fg−1 at 1 A/g specific 
current.

6.6.1.3 HEOs as Electrode for Battery 

(Mg,Cu,Ni,Co,Zn)O HEO was synthesized by a novel and fast microwave irradi-
ation method by Kheradmandfard et. al and used as anode material for Lithium-
Ion Battery (LIB) [53] The electrochemical properties were studied in 1 M LiPF6 
in combination with diethyl carbonate, ethylene carbonate and 2 wt% of vinylene 
carbonate electrolyte. The electrode delivered a specific capacity of 250 mAhg−1 at 
5 A/g, and also it showed great rate capability from 0.1 to 5 A/g current density. 
They reported that the electrode showed good capacity retention of 98% after 1000 
cycles at 1 A/g and concluded that high cyclic stability was achieved due to the 
entropy stabilized phase. Recently Xiang et al. also studied the effect of the addition 
of Al in (CoCrFeMnNi)0.6O4-d nanocrystalline powder with a high concentration of 
oxygen vacancy synthesized by the combustion synthesis method [116]. With the 
addition of Al in the base materials, the capability becomes double. They concluded 
that lattice distortion is enhanced due to the small ionic size of Al, and hence 
more accommodation of Li-ion is possible for (Al0.2CoCrFeMnNi)0.58O4-d HEO. 
(FeCoNiCrMnXLi)3O4 Spinel HEO was synthesized by Duan et al. and investigated 
the effect of Cu, Mg, and Zn on the structure and electrochemical performance of
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the spinel HEO [117]. They found that (FeCoNiCrMnZnLi)3O4 spinel phase for Zn 
substituted HEO, and it has the best performance with a capacity of 522 mAh/g even 
after 100 cycles with increasing trends in the capacity observed with cycling. Similar 
to the study of Duan et al., Xiao et al. compared the electrochemical performance of 
Mg and Zn containing Spinel HEO i.e., (FeNiCrMnZn)3O4 and (FeNiCuMnMg)3O4 

[118]. They also found that Zn containing Spinel HEOs had more lithium storage 
capacity and also having better crystallinity. 

6.6.2 HEAs as Hydrogen Storage Materials 

For harnessing hydrogen economy, safe and efficient hydrogen storage is a crucial 
issue. Till now, all hydrogen-fueled vehicles are equipped with unsafe high-pressure 
hydrogen cylinders (Fuel cell and combustion type). It is now well known that 
hydrogen can only be safely stored as a metal hydride form. For practical real-
ization of a safe, efficient metal hydride tank, we need low density, high storage 
capacity, i.e., high volumetric and gravimetric storage of hydrogen, excellent thermal 
conductivity, high kinetics for the absorption, and desorption of hydrogen reaction 
[119, 120]. All the investigated conventional alloys have good gravimetric storage 
capacity but suffer low volumetric capacity [121]. In the past two–three years, some 
promising results have appeared on the hydrogen storage properties of HEAs [36]. 
It is now well known that several technologically important properties of HEAs 
are governed by their associated four core effect. These core effects of HEAs may 
further endow excellent hydrogen storage properties [36]. If we talk specifically, (i) 
the high entropy effect endows the formation of simple solid solution phases, i.e., 
bcc and fcc, and it is well known that the bcc phase is most favorable for better 
HS, (ii) the sluggish diffusion effect helps in the precipitation of nanograins these 
may further help to enhance the active sites for hydrogen and helps in the absorption 
/desorption kinetics, (iii) severe lattice distortion, it endows the large voids space for 
storage of hydrogen and (iv) cocktail effect will help to tune the absorption /desorp-
tion kinetics, reaction, storage capacity by the synergistic effect of each element 
[122]. Kao et al. reported HS properties of CoFeMnTiVZr-based HEA in 2010. This 
was the Ist report on the HS properties of HEA. They developed CoFeMnTixVZr, 
CoFeMnTiVyZr, CoFeMnTiVZrz HEAs for different values of x,y and z ranges from 
0.5 ≤ x ≤ 2.5, 0.4 ≤ y ≤ 3, 0.4 ≤ z ≤ 3 by arc melting [123]. C14-type laves phase was 
reported, and it was stable with hydrogenation/dehydrogenation. The higher value 
of the storage capacity was found for the range of x in 0.5–2 and the range of z in 
0.4–2.3. Thus, this report confirmed how we could tune the HS storage properties 
of HEAs by a small change in the composition without changing the basic struc-
ture of HEAs. After the report of Kao et al., several research groups started work 
on the HS properties of HEAs [124–133]. Recently, Strozzi et al. investigated the 
HS properties of MgVM (M = AlCrNi) ternary, MgVAlCr, MgVCrNi, MgVAlNi 
quaternary, and MgVAlCrNi quinary alloy. Synthesized through High energy ball 
milling under 3 atm of hydrogen pressure [124]. MgAlVCrNi has a single-phase
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and absorbs only 0.3 wt% of hydrogen. They also synthesized the non-equiatomic 
composition of Mg and V, namely Mg28V28Al19Cr15Ni6 and Mg26Al31V31Cr6Ni6 
HEA. They found a low storage capacity of HS and concluded that the low value 
of HS was found due to the presence of a large number of elements present in the 
alloy that have a positive enthalpy of hydrogen. Only Ni has a negative enthalpy of 
hydrogen. In another study, TiZrNbFeNi and non-equiatomic Ti20Zr20Nb5Fe40Ni15 
HEAs were also synthesized and studied for HS behavior [126]. The PCI absorp-
tion desorption measurement was also measured and shown in Fig. 8a, b). The 
equiatomic HEA absorbs 1.64 wt%, and non-equiatomic HEA absorbs only 1.34 
wt% after Ist absorption cycles because of the large cell volume of equiatomic 
TiZrNbFeNi HEA. However, non-equiatomic HEA performed better regarding the 
reversibility and storage capacity after the 2nd cycle. Moreover, both the HEAs did 
not have a well-defined plateau, confirming the hydrogenation through the solid 
solution mechanism. Recently, Zhang et al. found improved hydrogen desorption 
kinetics and significant improvement in the absorption temperature after activation of 
TiZrNbTa HEA synthesized through arc melting followed by suction casting [134]. 
The hydrogen absorption temperature was reduced to room temperature for acti-
vated HEA from 715 K (for without activation) (as shown in Fig. 8c). The signifi-
cant improvement in the absorption kinetics after activation can be seen in Fig. 8d. 
They concluded that activated TiZrNbTa HEA followed higher nucleation rates 
than as-cast TiZrNbTa HEA. The improved hydrogenation behavior was observed 
due to the existence of a vacancy cluster in TiZrNbTa HEA and hence improved 
the hydrogen diffusion efficiency. They suggested that the value of δ also plays 
a significant role in single-phase hydride formation, larger δ promotes the forma-
tion of single-phase hydride and lower δ value promotes the formation of two steps 
hydrides phase [134]. High storage capacity Ti-V-Cr based bcc HEA was synthe-
sized by Liu et al. [127]. Different compositions V35Ti30Cr25Fe10, V35Ti30Cr25Mn10, 
V30Ti30Cr25Fe10Nb5and V35Ti30Cr25Fe5Mn5 bcc HEA were developed through 
melting. Among studied compositions, V35Ti30Cr25Mn10 HEA confirmed the highest 
storage capacity. However, V35Ti30Cr25Fe5Mn5 HEA showed the highest reversible 
storage capacity under hydrogen absorption measurement at 2000 kPa pressure and 
room temperature (shown in Fig. 8e). The trends for hydrogen absorption were 
found in the order of V35Ti30Cr25Mn10 > V35Ti30Cr25Fe5Mn5 > V35Ti30Cr25Fe10 
> V30Ti30Cr25Fe10Nb5. This trend is the same as the order of increasing unit 
cell volume. However, the reverse trends have been observed in desorption pres-
sure with increasing cell volume, i.e., PV35Ti30Cr25Fe10 > PV35Ti30Cr25Fe5Mn5 > 
PV35Ti30Cr25Mn10.

6.6.3 Waste Water Treatment 

The production of azo dyes from different industries like textile, rubber, food, plastic 
etc., is one of the most severe impacts on the environment. These azo dyes are not 
easily degradable due to their complex stable structure, making it hard to remove
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them from water. These azo dyes also negatively affect human and animal health 
[135]. The catalytic treatment is one of the conventional ways to treat these azo dyes 
from an aqueous solution. Transition metals Mg, Fe, Al, or Zn are used as catalysts, 
but these catalysts have certain limitations like Mg is easily consumed because of low 
corrosion resistance, and Fe can be easily agglomerated and less stable under such 
ambiance [136]. Thus, cost-effective, efficient, and environmentally friendly mate-
rials are required to treat this wastewater from the industry. Recently, AlCoCrTiZn 
HEA is used as decolorized material for azo dyes [137]. This study showed good 
efficiency for degradation of direct blue 6(DB6). The reported AlCoCrTiZn HEA 
has a lower activation barrier and more efficiently degraded azo dye than Fe-based 
catalyst. The authors claimed that the excellent performance of mechanically alloyed 
AlCoCrTiZn HEA was observed due to the high residual stress, severe lattice distor-
tion, and favorable chemical composition of HEA. In another study, AlCoCrFeMn 
HEA was also synthesized through mechanical alloying and found that the decol-
orization rate of this HEA is 3-times faster than AlCoCrTiZn HEA [138]. Further, 
Wu et al. study was extended to the effect of the addition of Mg, Ti, Ni as the sixth 
element in AlCoCrFeMn HEA on the degradation of DB6 [139]. They concluded that 
the Mg and Ti both are beneficial, while Ni plays a negative role in the decoloriza-
tion of DB6. Also, new AlFeMnTiCr, AlFeMnTiCo, and AlFeMnTiNi HEAs were 
synthesized and investigated for degradation of DB6 [140]. They found AlFeMnTiCr 
HEA was 19-times and 100-times more efficient as compared to Fe–Si–B alloy and 
commercial Fe powder, respectively. The use of HEAs to decolorize azo types of 
waste water opens a new area of applications of HEAs. 

6.6.4 Catalyst Materials 

Few reports are also available on the different catalytic applications of 
HEAs. Ir0.19Os0.22Re0.21Rh0.20Ru0.19 and Ir0.18Os0.18Pt0.16Re0.17Rh0.16Ru0.15 HEA 
possessed excellent catalytic activity for oxidation of methanol as compared with 
pure metals [141]. For HEAs as a catalyst for methanol oxidation, the presence 
of platinum atoms absorbs the methanol molecule. However, other transition metal 
endows surface oxides to oxidize absorbed methanol at low potential. The electro-
chemical water splitting has two reactions, Hydrogen Evolution Reaction (HER) and 
Oxygen Evolution Reaction (OER), for hydrogen production. The poor efficiency of 
the cell is due to the higher practical cell voltage (1.8–2 V) as compared to the theo-
retical value (1.23 V) [142]. Traditionally Pt-based catalysts are used to accelerate 
the HER kinetics, but non-Pt-based catalysts are needed for harnessing the cost-
effective hydrogen production. The multicomponent alloy may possess excellent 
catalytic activity due to the cocktail effect, disorder structure, metastable character-
istics, tuneable composition, and partially filled d orbital [143]. Moreover, the high 
corrosion resistance of HEAs is another benefit to be used these materials for HER 
and OER [144–147]. The different nanoparticles of HEAs have been synthesized and
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investigated for catalytic applications in methanol oxidation [141], Hydrogen Evolu-
tion Reaction (HER) [144, 145], Oxygen Evolution Reaction (OER) [146, 147], 
Oxygen Reduction Reaction (ORR) [148] and Carbon dioxide reduction reaction 
[149, 150]. For most of these reactions, the conventional catalyst is costly Pt-based. 
The use of HEA as a catalyst is cost-effective and efficient. 

6.6.5 Microwave Absorbing Materials 

In recent years, microwave absorbing properties of HEAs have been investigated. 
HEAs possessed promising microwave absorption properties due to their comprehen-
sive properties. A flaky FeCoNiCrAl HEA was synthesized through MA, having Ms 

= 20.21 emu/g and Hc = 142 Oe [151]. The synthesized HEA has the value of RLmin 

= 35.3 dB at 10.35 GHz with effective absorption bandwidth of 2.7 GHz. Moreover, 
crystalline HEA has better microwave absorption properties than amorphous alloys 
[152]. For FeCoNiCrAl HEA, the increase in the content of Cr increased complex 
permittivity was observed [82]. HEA for microwave absorption is FeCoNiSiAl HEA 
[153, 154]. The studies confirmed that the crystal structure and microstructure are 
the two important parameters that govern the microwave absorption properties of 
HEAs. As we know, in the case of HEAs, the structure and microstructure of the 
synthesized alloys are highly sensitive to the alloying element and processing param-
eters. Thus, by selecting proper alloying elements and synthesis parameters, we can 
easily tune the microwave absorption properties of HEAs. Wu et al. developed HEA 
based composite for the high-performance EM wave absorption. They synthesized 
FeCoNiCrCuAl0.3 HEA as core and Ni-NiO as shell, i.e., core–shell microspheres, by 
hydrothermal method [155]. This composite’s adequate absorption bandwidth was 
found to be 4 GHz with an ultra-thin thickness (1.3 mm). Through this strategy, they 
combined two components with no EM wave absorption property independently to 
realize a composite material with extraordinary EM wave property. 

6.7 Conclusions and Future Outlooks 

In conclusion, we can say HEAs and HEOs are emerging materials with extraordinary 
properties compared to conventional alloys and ceramics. These are multi-principal 
alloys, and their compounds have excellent physical and chemical properties. HEAs 
and HEOs provide us vast freedom to select elements for the balance properties 
in a single material. We can easily tune the multiple properties simultaneously by 
selecting proper alloying elements and their compositions. Thus, these materials can 
be considered technologically vital materials. In this chapter, we briefly describe the 
four core effects of HEAs responsible for these materials’ extraordinary properties. 
Also, we summarized different synthesis methods for synthesizing nanocrystalline 
HEAs and HEOs and briefly discussed their merits and demerits. The properties of
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the materials are susceptible to the alloying elements, composition, synthesis method, 
and processing routes. 

Moreover, we summarized the different properties of these materials and discussed 
the correlation of these properties with the alloying elements and processing param-
eters. Though these materials have extraordinary properties, these materials are 
emerging and may also have applications in different advanced areas. Here, we 
also summarized the advanced functional application of these materials in elec-
trochemical energy storage, hydrogen storage, the catalyst for methanol oxidation, 
OER, HER, wastewater treatment, and microwave absorbing materials. For the future 
development of these materials in, depth structural investigations of core effect detail 
atomic level characterization and synthesis approach for the single-phase materials 
are needed for the more feasible applications of these emerging materials. 

Acknowledgements The authors are thankful for receiving the financial support from the SERB 
and UGC- DAE CSR through collaborative research scheme project no. CRS/2021-22/01/381. 

References 

1. B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Mater. Sci. Eng. A 375–377, 213–218 
(2004). 

2. M.H. Tsai, J.-W. Yeh, Materials Research Letters 2(3), 107–123 (2014). 
3. V.E. Gromov, S. v Konovalov, Y.F. Ivanov, K.A. Osintsev, Springer Nature Switzerland 107, 

1–110 (2021). 
4. M.H. Tsai, Entropy 18, 252 (2016). 
5. M.C. Gao, J.-W. Yeh, P.K. Liaw, Y. Zhang, Springer International Publishing Switzerland, 

pp. 516 (2016). 
6. P. Kumari, A.K. Gupta, R.K. Mishra, M.S. Ahmad, R.R. Shahi, J. Magn. Magn. Mater. 554, 

169142 (2022). 
7. J.W. Yeh, Ann Chim-Sci Mat. 31, 633–648 (2006). 
8. J.W. Yeh, JOM 65, 1759–1771 (2013). 
9. Y. Zhang, X. Yang, P.K. Liaw, JOM 64, 830–838 (2012). 

10. M. Feuerbacher, M. Heidelmann, C. Thomas, Mater. Res. Lett. 3, 1–6 (2015). 
11. X. Wang, W. Guo, Y. Fu, J. Mater. Chem. A 9(2), 663–701 (2021). 
12. K.H. Cheng, C.H. Lai, S.J. Lin, J.W. Yeh, Ann Chim-Sci Mat. 31, 723–736 (2006). 
13. J.W. Yeh, S.-K. Chen, S.J. Lin, J.-Y. Gan, T.S. Chin, T.-T. Shun, C.H. Tsau, S.Y. Chang, Adv. 

Eng. Mater. 6(5), 299–303 (2004). 
14. Z. Lei, X. Liu, Y. Wu, H. Wang, S. Jiang, S. Wang, X. Hui, Y. Wu, B. Gault, P. Kontis, D. 

Raabe, L. Gu, Q. Zhang, H. Chen, H. Wang, J. Liu, K.e. An, Q. Zeng, T.-G. Nieh, Z. Lu, 
Nature 563 (7732), 546–550 (2018). 

15. M.H. Tsai, 15, 5338–5345 (2013). 
16. S. Ranganathan, Curr. Sci. 85, 1404–1406 (2003). 
17. Y. Zhang, Y.J. Zhou, J.P. Lin, G.L. Chen, P.K. Liaw, Adv Eng Mater. 10, 534–538 (2008). 
18. S. Guo, C.T. Liu, Prog Nat Sci. Mater Int. 21, 433–446 (2011). 
19. S. Guo, C. Ng, J. Lu, C.T. Liu, J Appl Phys. 109, 103505 (2011). 
20. C.M. Rost, E. Sachet, T. Borman, A. Moballegh, E.C. Dickey, D. Hou, J.L. Jones, S. Curtarolo, 

J.P. Mar, Nat. Commun. 6, 8485–8492 (2015). 
21. A. Sarkar, Q. Wang, A. Schiele, M.R. Chellali, S.S. Bhattacharya, D. Wang, T. Brezesinski, 

H. Hahn, L. Velasco, B. Breitung, Adv Mater. 31, 1806236–1806244 (2019).



6 NanocrystallineHighEntropyAlloys andOxides as EmergingMaterials… 173

22. A. Sarkar, B. Breitung, H. Hahn, Scr Mater. 187, 43–48 (2020). 
23. Q. Wang, A. Sarkar, D. Wang, L. Velasco, R. Azmi, S.S. Bhattacharya, T. Bergfeldt, A. Düvel, 

P. Heitjans, T. Brezesinski, H. Hahn, B. Breitung, Energy Environ. Sci. 12, 2433–2442 (2019). 
24. A. Sarkar, R.Kruk, H. Hahn Dalton Trans., 50, 1973–1982 (2021). 
25. A. K, Gupta, A. Prakash and R.R. Shahi. Material Science:Future aspects, Nova publication 

(2022). 
26. S.J. McCormack, A. Navrotsky, Acta Mater. 202, 1–21 (2021). 
27. P. B. Meisenheimer, J. T. Heron, MRS Adv., 1–18 (2020). 
28. N. Dragoe, D. Bérardan, Science 366, 573–574 (2019). 
29. Z. Fu, W. Chen, H. Xiao, L. Zhou, D. Zhu, S. Yang, Mater. Des. 44, 535 (2013). 
30. L. Zendejas Medina, L. Riekehr, U. Jansson, Surface and Coatings Technology 403, (2020). 
31. C.Z. Yao, P. Zhang, M. Liu, G.R. Li, J.Q. Ye, P. Liu, Y.X. Tong, Electrochim. Acta 53, 8359 

(2008). 
32. Y. Yao, Z. Huang, P. Xie, S.D. Lacey, R.J. Jacob, H. Xie, F. Chen, A. Nie, T. Pu, M. Rehwoldt, 

D. Yu, M.R. Zachariah, C. Wang, R. Shahbazian-Yassar, J. Li, L. Hu, Science 359, 1489–1494 
(2018). 

33. A. Mao, H. Xiang, X. Ran, Y. Li, X. Jin, H. Yu, X. Gu, J. Alloy. Compd. 775, 1177 (2019). 
34. P. Veronesi, E. Colombini, R. Rosa, C. Leonelli, M. Garuti, Chem. Eng. Process. 122, 397 

(2017). 
35. B. Niu, F. Zhang, H. Ping, N. Li, J. Zhou, L. Lei, J. Xie, J. Zhang, W. Wang, Z. Fu, Sci. Rep. 

7, 3421 (2017) 
36. R. R. Shahi, A. K. Gupta, P. Kumari, Int. J. Hydrog. Energy (in press) (2022). 
37. M. Vaidya, G.M. Muralikrishna, B.S. Murty, J. Mater. Res. 34, 664–686 (2019). 
38. C. Suryanarayana, Prog. Mater. Sci. 46, 1–184 (2001). 
39. Y. Zhang, B. Zhang, K. Li, G.L. Zhao, S.M. Guo, J. Alloy. Compd. 734, 220–228 (2018). 
40. N. Sharma, S.N. Alam, B (C. Ray, Springer International Publishing, 2019), pp.21–59. 
41. A. Sarkar, R. Djenadic, N.J. Usharani, K.P. Sanghvi, V.S.K. Chakravadhanula, A.S. Gandhi, 

H. Hahn, S.S. Bhattacharya, J. Eur. Ceram. Soc. 37, 747–754 (2017). 
42. D. Wang, Z. Liu, S. Du, Y. Zhang, H. Li, Z. Xiao, W. Chen, R. Chen, Y. Wang, Y. Zou, S. 

Wang, J. Mater. Chem. 7, 24211–24216 (2019). 
43. S. Vaddiraju, I. Tomazos, D.J. Burgess, F.C. Jain, F. Papadimitrakopoulos, Biosens. Bioelec-

tron. 25, 1553–1565 (2010). 
44. M. Kheradmandfard, S.F. Kashani-bozorg, J.-S. Lee, C.L. Kim, A.Z. Hanzaki, Y.S. Pyun, 

S.W. Cho, A. Amanov, D.E. Kim, Alloys Compd. 726, 941–949 (2018). 
45. X.Y. Qin, J.G. Kim, J.S. Lee, NanoStruct. Mater. 11, 259–270 (1999). 
46. H. Liu, T.J. Webster, Biomaterials 28, 354–369 (2007). 
47. N. Sharma, H. Ojha, A. Bharadwaj, D.P. Pathak, R.K. Sharma, RSC Adv. 5, 53381–53403 

(2015). 
48. S. Labib, S. Abdelaal, A.M. Abdelhady, E.K. Elmaghraby, Mater. Chem. Phys. 256, 123654 

(2020). 
49. R. Nagahata, Y. Mori, Y. Saito, K. Takeuchi, Y. Shimizu, M. Shimizu, R. Benioub, Mater. 

Chem. Phys. 257, 123744 (2021). 
50. M. Kheradmandfard, A.H.N. Alfesharaki, A.Z. Kharazi, M. Kheradmandfard, S.F. Kashani-

Bozorg, Ceram. Int. 44, 18752–18758 (2018). 
51. M. Kheradmandfard, S.F. Kashani-bozorg, A.H.N. Alfesharaki, A.Z. Kharazi, M. Kher-

admandfard, N. Abutalebid, A.H. Noori-alfesharaki, Mater. Sci. Eng. C 92, 236–244 
(2018). 

52. M. Baghbanzadeh, L. Carbone, P.D. Cozzoli, C.O. Kappe, Angew. Chem. Int. Ed. 50, 11312– 
11359 (2011). 

53. M. Kheradmandfard, H. Minouei, N. Tsvetkov, A. K. Vayghan, S. F. K-B, G. Kim, S. Ig Hong, 
D-E. Kim, Materials Chemistry and Physics 262, 124265–124275 (2021). 

54. P. Veronesi, R. Rosa, E. Colombini, C. Leonelli, Technologies 3, 182–197 (2015). 
55. B. G. Rao, D. Mukherjee, B. M. Reddy, In Micro and Nano Technologies, Elsevier,2017, pp 

1–36.



174 P. Kumari et al.

56. A. Mao, F. Quan, H.-Z. Xiang, Z.-G. Zhang, K. Kuramoto, A.-L. Xia, J. Mol. Struct. 1194, 
11–18 (2019). 

57. C. Burda, X. Chen, R. Narayanan, M.A. El-Sayed, Chem. Rev. 105, 1025–1102 (2005). 
58. B. Talluri, M.L. Aparna, N. Sreenivasulu, S.S. Bhattacharya, T. Thomas, J. Energy Storage 

42, 103004 (2021). 
59. A.J. Gröhn, S.E. Pratsinis, A. Sánchez-Ferrer, R. Mezzenga, K. Wegner, Ind. Eng. Chem. Res. 

53, 10734–10742 (2014). 
60. M.Y. Rekha, N. Mallik, C. Srivastava, Sci. Rep. 8, 8737 (2018). 
61. F. Waag, Y. Li, A.R. Ziefuß, E. Bertin, M. Kamp, V. Duppel, G. Marzun, L. Kienle, S. 

Barcikowski, B. Gökce, RSC Adv. 9, 18547–18558 (2019). 
62. E.P. George, W.A. Curtin, C.C. Tasan, Acta Mater 188, 435–474 (2020). 
63. Z. Wu, H. Bei, G.M. Pharr, E.P. George, Acta Mater 81, 428–441 (2014). 
64. C. Varvenne, A. Luque, W.G. Nohring, W.A. Curtin. Phys. Rev. B 93 (2016). 
65. O. Shigenobu, U. Yoshitaka, K. Masanori, Model. Simul. Mater. Sci. Eng. 17, 013001 (2009). 
66. Reed Hill RE, Abbaschian R. PWS-KENT (1991). 
67. C.J. Tong, M.R. Chen, S.K. Chen, J.W. Yeh, T.T. Shun, S.J. Lin, S.Y. Chang, Metall Mater 

Trans A 35, 1263–1271 (2005). 
68. C.Y. Hsu, Yeh JW, Chen SK. Shun TT. Metall Mater Trans A 35, 1465–1469 (2004). 
69. S.T. Chen, W.Y. Tang, Y.F. Kuo, S.Y. Chen, C.H. Tsau, T.T. Shun, J.W. Yeh, Mater Sci Eng 

A 527, 5818–5825 (2010). 
70. M.R. Chen, S.J. Lin, J.W. Yeh, S.K. Chen, Y.S. Huang, C.P. Tu, Mater Trans. 47, 1395–1401 

(2006). 
71. M.R. Chen, S.J. Lin, J.W. Yeh, S.K. Chen, Y.S. Huang, M.H. Chuang, Metall Mater Trans A 

37, 1363–1369 (2006). 
72. M.H. Chuang, M.H. Tsai, C.W. Tsai, N.H. Yang, S.Y. Chang, J.W. Yeh, S.K. Chen, S.J. Lin, 

J Alloys Compd. 551, 12–18 (2013). 
73. M.H. Chuang, M.H. Tsai, W.R. Wang, J.W. Yeh, S.J. Lin, Acta Mater. 59, 6308–6317 (2011). 
74. J.M. Wu, S.J. Lin, J.W. Yeh, S.K. Chen, Y.S. Huang, Wear 261, 513–519 (2006). 
75. C.Y. Hsu, T.S. Sheu, J.W. Yeh, S.K. Chen, Wear 268, 653–659 (2010). 
76. M.H. Tsai, C.W. Wang, C.W. Tsai, W.J. Shen, J.W. Yeh, J.Y. Gan, W.W. Wu, J Electrochem 

Soc. 158, H1161–H1165 (2011). 
77. P.K. Huang, J.W. Yeh, Scr Mater. 62, 105–108 (2010). 
78. V. Chaudhary, R. Chaudhary, R. Banerjee, R.V. Ramanujan, Mater. Today 49, 231–252 (2021). 
79. P.F. Yu, L.J. Zhang, H. Cheng, H. Zhang, M.Z. Ma, Y.C. Li, G. Li, P.K. Liaw, R.P. Liu, 

Intermetallics 70, 82 (2016). 
80. W. Ji, W. Wang, H. Wang, J. Zhang, Y. Wang, F. Zhang, Z. Fu, Intermetallics 56, 24 (2015). 
81. F. Alijani, M. Reihanian, K. Gheisari, J. Alloy. Compd. 773, 623 (2019). 
82. Y. Duan, X. Wen, B. Zhang, G. Ma, T. Wang, J. Magn. Magn. Mater. 497, 165947 (2020). 
83. R. F. Zhao, B. Ren, G. P. Zhang, Z. X. Liu, B. Cai, J. jian Zhang, Journal of Magnetism and 

Magnetic Materials 491,165574 (2019). 
84. R.K. Mishra, P.P. Sahay, R.R. Shahi, J. Mater. Sci. 54, 4433 (2019). 
85. R.K. Mishra, R.R. Shahi, J. Magn. Magn. Mater. 442, 218–223 (2017). 
86. R.K. Mishra, R.R. Shahi, Mater. Today: Proceedings 18, 1422–1429 (2019). 
87. R. K. Mishra, R. R. Shahi, J. Alloy. Compd. 821, (2020). 
88. R.K. Mishra, P. Kumari, A.K. Gupta, R.R. Shahi, J. Alloy. Compd. 889, 161773 (2022). 
89. A. Mao, H.Z. Xiang, Z.G. Zhang, K. Kuramoto, H. Yu, S. Ran, J. Magn. Magn. Mater. 484, 

245–252 (2019). 
90. A. Mao, H. Z. Xiang, Z.G. Zhang, K. Kuramoto, H. Zhang, Y. Zia, J. Magn. Magn. Mater. 

497, 165884 (2020). 
91. A. Mao, H.X. Xie, H.Z. Xiang, Z.G. Zhang, H. Zhang, S. Ran, J. Magn. Magn. Mater. 503, 

166594 (2020). 
92. Y. Fu, J. Li, H. Luo, C. Du, X. Li, J. Mater. Sci. Technol. 80, 2017–2233 (2021). 
93. H. Luo, S. Zou, Y. Chen, Z. Li, C. Du, X. Li, Corros. Sci. 163, 108287 (2020). 
94. X. Shang, Z. Wang, F. He, J. Wang, J. Li, J. Yu, Sci. China Technol. 61, 189–196 (2018).



6 NanocrystallineHighEntropyAlloys andOxides as EmergingMaterials… 175

95. C.S. Raju, D. Venugopal, P. Srikanth, K. Lokeshwaran, M. Srinivas, C. Chary, A. Kumar, 
Mater. Today: Proc. 5, 26823–26828 (2018). 

96. X. Qiu, Y. Zhang, C. Liu, J. Alloys Compd. 585, 282–286 (2014). 
97. J. Yang, J. Wu, C. Zhang, S. Zhang, B. Yang, W. Emori, J. Wang, J. Alloys Compd. 819, 

152943 (2020). 
98. Y. Zhao, M. Wang, H. Cui, Y. Zhao, X. Song, Y. Zeng, X. Gao, F. Lu, C. Wang, Q. Song, J. 

Alloys Compd. 805, 585–596 (2019). 
99. C. Lee, C. Chang, Y. Chen, J. Yeh, H. Shih, Corros. Sci. 50, 2053–2060 (2008). 
100. R. Kalsar, R. Ray, S. Suwas, Mater. Sci. Eng. A 729, 385–397 (2018). 
101. Q. Wang, A. Amar, C. Jiang, H. Luan, S. Zhao, H. Zhang, G. Le, X. Liu, X. Wang, X. Yang, 

J. Li, Intermetallics 119, 106727 (2020). 
102. C. Wu, S. Zhang, C. Zhang, H. Zhang, S. Dong, J. Alloys Compd. 698, 761–770 (2017). 
103. B. Ren, R. Zhao, Z. Liu, S. Guan, H. Zhang, Rare Met. Mater. Eng. 33(2014), 149–154 (2014). 
104. Y. Yuan, Z. Xu, P. Han, Z. Dan, F. Qin, H. Chang, J. Alloy. Compd. 870, 159523–159532 

(2021). 
105. C.F. Xue, Y.N. Hao, Q. Luan, E.Y. Wang, X.L. Ma, X.G. Hao, Electrochim. Acta 296, 94–101 

(2019). 
106. R. Li, X.J. Liu, H. Wang, Y. Wu, Z.P. Lu, Electrochim. Acta 182, 224–229 (2015). 
107. J. Yan, Z.J. Fan, T. Wei, J. Cheng, B. Shao, K. Wang, L.P. Song, M.L. Zhang, J Power Source 

194, 1202–1207 (2009). 
108. C. Wu, Y. Zhu, M. Ding, C.K. Jia, K.L. Zhang, Electrochim. Acta 291, 249–255 (2018). 
109. M. Li, H.G. Park, Electrochim. Acta 296, 676–682 (2019). 
110. Z.F. Wang, J.Y. Liu, C.L. Qin, L. Liu, W.M. Zhao, A., Intermetallics 56, 48–55 (2015). 
111. K. Kong, J. Hyun, Y. Kim, W. Kim, D. Kim, J. Power Sources 437, 226927–226936 (2019). 
112. E. Shen, X. Song, Q. Chen, M. Zheng, J. Bian, H. Liu, ChemElectroChem 8(1), 260–269 

(2021). 
113. X. Xu, Y. Du, C. Wang, Y.Guo, J. Zou, K. Zhou, Z. Zeng , Y.Liu L. Li, J. Alloy. Compd. 822, 

153642–153650 (2020). 
114. B. Liang, Y. Ai, Y. Wang, C. Liu, S. Ouyang, M. Liu, Materials 13(24), 5798 (2020). 
115. M.S. Lal, R. Sundara, A.C.S. Appl, Mater. Interfaces 11, 30846–30857 (2019). 
116. H.-Z. Xiang, H.-X. Xie, Y.-X. Chen, H. Zhang, A. Mao, C.-H. Zheng, J. Mater Sci. 56, 

8127–8142 (2021). 
117. C. Duan, K. Tian, X. Li, D. Wang, H. Sun, R. Zheng et al., Ceram. Int. 47, 32025–32032 

(2021). 
118. B. Xiao, G. Wu, T. Wang, Z. Wei, Y. Sui, B. Shen et al., Ceram. Int. 47, 33972–33977 (2021). 
119. M. Hirscher, V.A. Yartys, M. Baricco, J.B.V. Colbe, D. Blanchard, R.C. Bowman, D.P. Broom, 

C.E. Buckley, F. Chang, P. Chen, Y.W. Cho, J.C. Crivello, F. Cueva, W.I.F. David, P.E.D. Jongh, 
R.V. Denys, M. Dornheim, M. Felderhoff, C. Jalotea, J. Alloy. Compd. 827, 153548 (2020). 

120. B.P. Tarasov, P.V. Fursikov, A.A. Volodin, M.S. Bocharnikov, Y.Y. Shimkus, A.M. Kashin, 
Int. J. Hydrogen Energy 46, 13647–13657 (2021). 

121. I.A. Hassan, H.S. Ramadan, M.A. Saleh, D. Hissel, Renew. Sustain. Energy Rev. 149, 111311 
(2021). 

122. F. Marques, M. Balcerzak, F. Winkelmann, G. Zepon, M. Felderoff, Energy Environ. Sci. 14, 
5191–5227 (2021). 

123. Y.F. Kao, S.K. Chen, J.H. Sheu, J.T. Lin, W.E. Lin, J.W. Yeh, S.J. Lin, T.H. Liou, C.W. Wang, 
Int. J. Hydrogen Energy 35, 9046–9059 (2010). 

124. R.B.  Strozi,D.R. Leiva, J.Huot,W.J. Botta,G. Zepton,  Int.  J.  HydrogenEnergy  46, 2351–2361 
(2021). 

125. S.K. Dewangan, V.K. Sharma, P. Shahu, V. Kumar, Int. J. Hydrogen Energy 45, 16984–16991 
(2020). 

126. R. Floriano, G. Zepon, K. Edalati, G.L.B.G. Fontana, A. Mohammadi, Z. Ma, H.W. Li, R.J. 
Contieri, Int. J. Hydrogen Energy 45, 33759–33770 (2020). 

127. J. Liu, J. Xu, S. Sleiman, X. Chen, S. Zhu, H. Cheng, J. Huot, Int. J. Hydrogen Energy 46, 
28709–28718 (2021).



176 P. Kumari et al.

128. B.H. Silva, C. Zlotea, Y. Champion, W.J. Botta, G. Zepon, J. Alloys Compd. 865, 158767 
(2021). 

129. G. Ek, M.M. Nygàrd, A.F. Pavan, J. Montero, P.F. Henry, M.H. Sorby, M. Witman, V. Stavila, 
C. Zlotea, B.C. Hauback, M. Sahlberg, Inorg. Chem. 60(2), 1124–1132 (2020). 

130. H. Shen., J. Hu, P. Li, G. Huang, J. Zhang, J. Zhang, Y Mao, H. xiao, X. zhou, X. Zu, X. Long 
and S. J. Peng. Mater. sci. Technol., 55, 116–125 (2020). 

131. K.R. Cardoso, V. Roche, A.M. Jorge, F.J. Antiqueira, G. Zepon, Y. Champion, J. Alloy. 
Compd. 858, 158357 (2021). 

132. J. Montero, G Ek, M. Sahlberg, C. Zlotea. Scripta Materialia;194: 113699 (2021). 
133. F. Marques, H.C. Pinto, S.J.A. Figueroa, F. Winkelmann, M. Felderhoff, W.J. Botta, G. Zepon, 

Int. J. Hydrogen Energy 45, 19539–19552 (2020). 
134. C. Zhang, Y. Wu, L. You, X. Cao, Z. Lu, X. Song, J. Alloy. Compd. 781, 613–620 (2019). 
135. J. H.Ramirez, F.J. M. Hodar, A.F. P. Cadenas, C. M. Castilla, C.A. Costa, L.M. Madeira, Appl. 

Catal. B-Environ. 75. 312–323 (2007). 
136. J.Q. Wang, Y.H. Liu, M.W. Chen, G.O. Xie, D.V.L. Luzgin, A. Inoue, J.H. Perepezko, Adv 

Func Mater. 22, 2567–2570 (2012). 
137. Z.Y.  Lv, X.J. Liu, B. Jia, H. wang,  Y.  Wu, Z.P. Lu.  Sci Rep.,  6 34213, (2016). 
138. S. Wu, Y. Pan, N. Wang, W. Dai, J. Lu, T. Lu, RSC Adv. 8, 41347–41354 (2018). 
139. S. Wu, Y. Pan, N. Wang, W. Dai, J. Lu, T. Lu, J. Mater, Sci Technol. 35, 1629–1635 (2019) 
140. S.K. Wu, Y. Pan, N. wang, T. Lu, W.J. Dai, Int. J Min Met Mater., 26, 124–132, (2019). 
141. K.V. Yusenko, S. Riva, P.A. Carvalho, M.V. Yusenko, S. Arnaboldi, A.S. Sukhikh, M. 

Hanfland, S.A. Gromilov, Scripta Mater. 138, 22–27 (2017). 
142. S. Chu, A. Majumdar, Nature 488, 294–303 (2012). 
143. S.-M. Kim, S.-H. Jin, Y.-J. Lee, M.H. Lee, Electrochim. Acta 252, 67–75 (2017). 
144. G. Zhang, K. Ming, J. Kang, Q. Huang, Z. Zhang, X. Zheng, X. Bi, Electrochim. Acta 279, 

19–23 (2018). 
145. Z. Jia, T. Yang, L. Sun, Y. Zhao, W. Li, J. Luan, F. Lyu, L. C. Zhang, J. J. Kruzic, J. J. Kai, J. 

C. Huang, J. Lu, C. T. Liu, Adv. Mater. 2000385 (2020). 
146. W. Dai, T. Lu, Y. Pan, J. Power Sources 430, 104–111 (2019). 
147. H.-J. Qiu, G. Fang, J. Gao, Y. Wen, J. Lv, H. Li, G. Xie, X. Liu, S. Sun, ACS Materials Lett. 

1, 526–533 (2019). 
148. H.J. Qiu, G. Fang, Y. Wen, P. Liu, G. Xie, X. Liu, S. Sun, J. Mater. Chem. A 7, 6499–6506 

(2019). 
149. S.  Li, X. Tang,  H.  Jia,  H.  Li, G. Xie, X. Liu, X. Lin, H.-J.  Qiu,  J.  Catal.  383, 164–171 (2020). 
150. S. Nellaiappan, N.K. Katiyar, R. Kumar, A. Parui, K.D. Malviya, K.G. Pradeep, A.K. Singh, 

S. Sharma, C.S. Tiwary, K. Biswas, ACS Catal. 10, 3658–3663 (2020). 
151. P. Yang, Y. Liu, X. Zhao, J. Cheng, H. Li, Adv Powder Technol 27, 1128–1133 (2016). 
152. P. Yang, Y. Liu, X. Zhao, J. Cheng, H. Li, J Mater Res 31, 2398–2406 (2016). 
153. B. Zhang, Y. Duan, Y. Cui, G. Ma, T. Wang, X. Dong, Mater Des 149, 173–183 (2018). 
154. B. Zhang, Y. Duan, X. Wen, G. Ma, T. Wang, X. Dong, H. Zhang, N. Jia, Y. Zeng, J Alloys 

Compd. 790, 179–188 (2019). 
155. X. Qi, Q. Hu, H. Cai, R. Xie, Z. Bai, Y. Xiang, S. Qin, W. Zhong, Y. Du, Sci Rep 6, 37972 

(2016).



Chapter 7 
Layered Chalcogenides: Evolution 
from Bulk to Nano-Dimension 
for Renewable Energy Perspectives 

Ankita Singh, Jay Deep Gupta, Priyanka Jangra, and Ashish Kumar Mishra 

Abstract Recently, two-dimensional (2D) transition-metal dichalcogenides 
(TMDCs) have gained significant attraction due to their remarkable physical and 
chemical properties for potential application in compact and lightweight integrated 
systems. To monitor their integration in various applications, it is important to probe 
the controllable and reliable synthesis of mono- to few-layer 2D TMDCs. Herein, 
an overview of the various synthesis techniques of 2D TMDCs under the top-down 
and bottom-up approaches are discussed, showing their own merits and demerits. 
Further, their electronic, optical, thermal, magnetic and mechanical properties are 
highlighted briefly to find their suitable application. At the end, different applica-
tions such as optoelectronics, energy generation and storage, environmental and 
biomedical applications of TMDCs have been discussed. 

Keywords TMDCs · Synthesis · Properties · Applications 

7.1 Introduction 

Two-dimensional (2D) materials have stimulated recently huge research activity 
owing to their exotic properties, versatility and wide-ranging applications. Both 
experimental and theoretical investigations have revealed the exceptional proper-
ties of 2D materials that have brought a breakthrough in the world of nanomaterials 
and nanodevices. Among 2D materials, Graphene has been widely used for photonic, 
electronic and plasmonic devices due to high transparency, strong photon interactions 
and good electrical conductivity. It has been recognized as an alternative to highly 
expensive indium tin oxide, as the transparent electrode material for optoelectronic 
applications. The problem of zero bandgap in graphene, that limits its application for 
optoelectronic devices, has been solved by introducing functionalized graphene and 
graphene nanoribbons. Apart from graphene, new families of layered transition metal 
dichalcogenides (2D TMDCs) such as MoS2, WSe2, VS2, etc. have been discovered
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to accomplish more exotic features covering broad applications like sophisticated 
electronics, optoelectronics, spintronics, energy harvesting, personalized medicine 
and DNA sequencing. Layered TMDCs feature fascinating and distinct characteris-
tics countered to their bulk ones. They exhibit an exclusive combination of favorable 
mechanical and electronic properties, atomic-scale thickness, variable bandgap and 
powerful spin–orbit coupling. Basically, 2D TMDCs are sandwich compounds of 
a layer of transition metal (Mo, W, V, etc.) and two chalcogen atoms (S, Se or 
Te) in different layers attached by weak van der Waals interaction. TMDCs feature 
different crystal structures with discrete characteristics. Relying upon the coordina-
tion of transition metal and chalcogen atom, monolayer TMDCs exist in H- and T-
(or T’) phases. The stacking sequence of the semiconducting H-phase allows the 2H 
(AB-stacking showing hexagonal symmetry) and 3R (ABC-stacking showing rhom-
bohedral symmetry) stacking patterns, while the metallic T-phase exhibits octahedral 
coordination of transition metal atom [2]. The H-phase TMDCs find application in 
semiconductor-based electronic devices and other energy-related applications, while 
the T-phase enhances the charge transfer efficiency suitable for energy applications 
such as supercapacitors and batteries. The schematic of structures of different poly-
types of MoS2 is illustrated in Fig. 7.1. Over years, the phase transition in TMDCs 
has attracted the spotlight showing varied electronic characteristics present in the 
same material. These functionalities have been tuned for applications in electronic 
or optoelectronic devices. 

Fig. 7.1 Schematics showing different polytypes of MoS2 (a) 1 T,  (b) 2H and  (c) 3R phases. 
Adapted with permission from [2]. Copyright 2018, Chemistry–A European Journal
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Semiconducting nanometer-thick 2D TMDCs provide important advantages over 
3D materials in electronic and optoelectronic devices [1, 2]. One of the most signifi-
cant applications of TMDCs is for scaling transistors to atomically thin dimensions in 
digital electronics. However, the absence of short-channel effects in TMDCs hinders 
the device’s performance. To reduce the short-channel effect and power dissipation, 
researchers are trying to use tunable bandgap TMDCs as ultrathin materials to fabri-
cate FETs that allow more efficient control over switching with high on/off ratios. 
Recently, mechanically exfoliated mono- and few-layer TMDC-based FETs have 
been demonstrated for the detection of pollutant gases like CO, CO2, NO, CH4, 
Fluorinated Gas, NOx, H2S and other toxic gases with less than 1 ppm limit of 
detection [3–5]. 

The 2D TMDC semiconductors show direct bandgaps in the visible to near-
IR region, which can provide extraordinary improvement in the performance of 
optoelectronic devices such as photovoltaics and light-emitting diodes (LEDs) [6]. 
Additionally, the absorption cross-section is higher in TMDC materials compared 
to other conventional semiconducting materials. Atomically and self-passivated thin 
TMDCs show excellent optical absorption, which makes them promising candidates 
for photovoltaic acceptors in solar cell applications [7, 8]. Due to the absence of 
dangling bonds at the free surface, it also minimizes non-radiative recombination, 
and near-unity photoluminescence quantum yields show an opportunity for high-
efficiency LEDs. The large-scale invention of mono- and few-layer TMDCs can 
enable their widespread application for energy storage devices such as supercapac-
itors, batteries, electrochemical and light-induced catalysis processes [9–11]. Apart 
from this, the 2D TMDCs can also be an exceptional platform for biomedical applica-
tions, such as drug delivery. The 2D TMDCs show a high photothermal/photoacoustic 
conversion coefficient, which enables hopeful materials for photothermal therapy and 
biomedical imaging [12–15]. In the following section, we will look into different 
synthesis processes for TMDCs. 

7.2 Synthesis and Characterization Techniques 
of Transition Metal Dichalcogenides 

2D TMDCs are illustrated as a layer of untied nanosheets, exhibiting an elevated 
ratio of lateral size (nanometers to microns) to thickness (angstroms to nanometers). 
Various techniques for the synthesis of single to few-layer TMDCs have been devel-
oped. The two main approaches to synthesize 2D nanomaterials are top-down and 
bottom-up approaches. The choice of technique in both the approaches has its own 
merits and demerits. These growth techniques are widely applied and open a new 
possibility for device fabrication on an industrial scale. Here, we have discussed the 
most frequently applied techniques in brief. For large-area synthesis and to mark the 
mass production, various microscopic to spectroscopic characterization techniques 
of these 2D materials are employed to analyze the optical, structural, vibrational
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and thermal properties of as-synthesized TMDC nanomaterials. In order to under-
stand the quality of the film, its thickness, phase formed, grown layer number, etc. 
of TMDC materials, the Raman spectroscopy technique is extensively used. Group 
theory analysis predicts five vibrational modes for monolayer MX2 TMDCs: T = 
A2u (IR) + A1g (R) + E2g (R) + E1g (IR + R). As an example, 2H-MoS2 has two 
Raman active modes seen at ~ 384 cm−1 (in-plane vibration: E1 

2g) and at ~ 404 cm−1 

(out-of-plane vibration: A1g), in contrast to 1 T phase having three peaks J1, J2 and 
J3 at ~160, ~230 and ~330 cm−1, respectively. The peak separation between the E1 

2g 

and A1g modes enables the approximation of the layer number. As the layers add 
on, interlayer coupling comes into account and results in the blue shift of A1g mode, 
while E1 

2g mode shows red shift accounted for the coulombic interlayer interactions. 
Annealing the sample to higher temperature leads to the transformation of the 1 T 
phase into the 2H phase. 

To reveal the electronic behavior of TMDCs, photoluminescence (PL) spec-
troscopy is used. The PL signal of TMDCs is observed on moving from bulk to 
single layer, i.e. on the crossover from indirect to direct bandgap. For a single layer, 
the direct bandgap emerges from the transition of valence band maxima to conduction 
band minima, both situated at the same K-point, and the excitonic transitions emits 
photon, responsible for a strong PL signal. For example, the PL spectra of monolayer 
MoS2 show two excitonic peaks (A and B) at 627 and 677 nm, respectively. It is due 
to the d–d transitions to the degenerated dxy and dx 2-y 2 orbitals from the filled dx 
orbital, splitted due to spin–orbit coupling. As the layer number increases, the PL 
signal intensity decreases and diminishes in bulk cases. Microscopic characteriza-
tion techniques like scanning electron microscopy (SEM), atomic force microscopy 
(AFM) and transmission electron microscopy (TEM) techniques are extensively used 
for characterizing TMDCs. The surface morphology of the material can be under-
stood by SEM, while estimation of the thickness of a variety of 2D materials and 
their topographic images can be obtained using AFM. TEM elucidates the structure 
by scaling the image of the direct atomic-scale lattice of 2D material. To access the 
structural properties of TMDCs, the X-ray diffraction (XRD) technique is also used. 
It is based on the diffraction pattern and depicts the nature and structural composition 
of the nanomaterial. The XRD pattern of TMDCs is affected by different synthesis 
conditions like pH, temperature and pressure. In the following section, we will specif-
ically discuss different synthesis methods and characterization of TMDCs prepared 
with those methods. 

7.2.1 Top-Down Methods 

In this approach, the crafting of the 2D nanomaterials from layered bulk into a single 
or few layers is achieved via physical or chemical processes. The physical process 
exfoliates the layered structures by using the mechanical force or ultrasonic wave, 
while the chemical processes are solution-based processes including ion exchange,
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Fig. 7.2 Schematic showing mechanical exfoliation via Scotch tape, liquid phase exfoliation and 
electrochemical exfoliation steps to obtain 2D exfoliated TMDC nanosheets from bulk material 

heat, etc. Figure 7.2 shows the schematic of the various routes of synthesizing 2D 
nanomaterials via a top-down approach. 

7.2.1.1 Mechanical Exfoliation 

The Scotch tape exfoliation technique is considered as the representative mechan-
ical exfoliation method. In this method, the nanosheets are peeled off from their 
bulk layered crystals by applying mechanical force, and it works on the mecha-
nism of weakening the van der Waals interaction present between layers by using 
adhesive scotch tape. These cleaved nanosheets are then transferred onto the desired 
substrate. After the removal of Scotch tape, single to few-layer nanosheets are left 
over the substrate. This method is recognized as the Scotch-tape method and was 
first developed by Novoselov in 2004 by detaching a single graphene layer from 
graphite [16]. Later, this technique was applied to 2D TMDC nanomaterials like 
MoS2, MoSe2, MoTe2, WS2, WSe2, TiS2, TaS2, ReS2, TaSe2, NbSe2, etc. [17–19]. 

This method is one among the simplest, cleanest and cost-effective ways to obtain 
high crystalline nanosheets but is not scalable, is time-consuming and has no control 
over the nanosheet thickness. The problem of randomness in layer thickness was over-
come by developing the nanomechanical cleavage technique. The nanomechanical 
cleavage of MoS2 from monolayer to up to 23 atomic layers with in situ transmission 
electron microscopy was successfully demonstrated [20]. In this technique, a sharp
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Fig. 7.3 (a) Raman and (b) PL spectra of exfoliated single-layer MoS2, MoSe2 and WSe2. Adapted 
with permission from [21]. Copyright 2017, American Institute of Physics 

tungsten tip (∼10 nm) with a piezoelectric motor is brought in contact with a bulk 
MoS2 crystal hooked up on a support with an edge-on orientation. Then the tip is bent 
in order to detach the layers. Yang et al. characterized the mechanically exfoliated 
different TMDC samples on SiO2(300 nm)/Si substrate [21]. Figure 7.3 illustrates 
the Raman and PL spectra of single-layer MoS2, MoSe2 and WSe2. The peak sepa-
ration of 19.8 cm−1 is observed in the Raman signal with strong PL emissions: A 
exciton at ~1.88 eV and B exciton at ~2.04 eV, confirming the monolayer growth. 
The Raman spectra of TMDCs are affected by the incident excitation, applied strain 
and temperature. With the decrease of incident energy, more peaks are observed like 
2LA(M) at ~2.04 eV, indicating a double resonance process. With uniaxial strain, 
E1 

2g peak starts splitting due to the breaking of the in-plane symmetry of mono-
layer MoS2, while the A1g mode remains unaffected. With the rise of temperature 
of monolayer MoS2, both the E1 

2g and A1g mode red shift and A1g mode undergo 
broadening. Similar behavior is observed for other TMDCs as well. 

7.2.1.2 Chemical Exfoliation 

This method is a solution-based synthesis process suitable for the mass production 
of nanomaterials at a large scale. This method includes solvent-based exfoliation 
and ion intercalation methods. The schematic of the liquid exfoliation by sonica-
tion, liquid exfoliation by ion intercalation and electrochemical lithiation process is 
illustrated in Fig. 7.2. In the solvent-based exfoliation method, the bulk precursors 
are dissolved in solvents like dimethylformamide and N-methyl-2-pyrrolidone for 
sonication. Sonication provides mechanical forces to the solvent to overcome the 
weak van der Waals interaction of the layered material. Coleman et al. applied this 
process for the synthesis of MoS2, MoSe2, MoTe2, WS2, TaSe2, NbSe2, NiTe2, BN  
and Bi2Te3 [22]. In the ion intercalation method, the cations like Li+, K+, Na+, etc.  
intercalate in between layers and reduce the interlayer van der Waals interaction of 
bulk crystal. Many times, intercalated ions interact with water to form hydrogen gas 
that helps in departing the adjacent layers. Li+ ion is mostly considered owing to its
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Fig. 7.4 AFM images and corresponding height profile of (a) WS2 nanosheets with average thick-
ness of ~1.0 nm, (b) TiS2 nanosheets with average thickness of ~0.7 nm and (c) ZrS2 nanosheets with 
average thickness of ~ 0.9 nm, deposited on SiO2 substrate, confirming the single layer. Adapted 
with permission from [24]. Copyright 2011, Wiley 

high mobility and reduction potential. In the lithium intercalation method, N-Butyl 
lithium is used as the lithiation agent and hexane as the solvent. Monolayer WS2, 
MoS2 and MoSe2 have been obtained by lithium intercalation [23]. Lithium ion 
incomplete insertion produces low yield while its over-intercalation produces Li2S. 
To control the intercalation process, the electrochemical ion intercalation method 
was designed by Zeng et al. [24]. They applied a voltage between anodic Li foil and 
cathodic MoS2 in ethylene carbonate and dimethyl carbonate as an electrolyte (under 
a 0.05 mA current) and exfoliated different TMDCs. Figure 7.2 shows the schematic 
for the electrochemical Li-intercalation and exfoliation process for the production of 
various TMDC nanosheets: MoS2, WS2, TiS2, TaS2, ZrS2 and NbSe2. Bulk TMDCs  
coated on a Cu foil were taken as the cathode and lithium foil as an anode. Then the 
intercalation was carried out followed by the dispersion of nanosheets via sonica-
tion in water. AFM images of WS2, TiS2 and ZrS2 nanosheets on SiO2/Si substrates 
are shown in Fig. 7.4, indicating the formation of monolayer WS2, TiS2 and ZrS2 
nanosheets. 

This Li intercalation method has few demerits like the complete removal of Li that 
gives a doping effect, and also the lithium ions have extra charges and to accommodate 
these charges, the 2H phase is transformed into 1 T phase, which is undesirable for 
semiconducting applications. To sort this, Liu et al. introduced the intercalation of 
SO4 

2− anions in a bulk MoS2 crystal [25]. In this method, a voltage is applied between 
the working electrode (MoS2) and the counter electrode (Pt wire) in 0.5 M Na2SO4 

solution for 0.5–2 h. The radicals (-OH, -O) and SO4 
2− anions intercalate between 

the MoS2 layers which declines the strength of van der Waals interactions. Oxidation 
of radicals and anions releases O2 and SO2 gases that detaches the flakes of MoS2 
from the bulk.
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7.2.2 Bottom-Up Methods 

To integrate TMDCs in electronic devices, it is obligatory to have a layer-controlled 
(single to few layers), enhanced-quality (absence of defects, grain boundaries) and 
scalable crystal growth. The top-down approach has limitations over this. Therefore, 
other methods with a bottom-up approach were explored. In the bottom-up approach, 
atomic or molecular precursors are made to react to form nanomaterials by direct 
chemical reaction and this involves processes like chemical vapor deposition (CVD), 
wet-chemical synthesis methods, molecular-beam epitaxy, atomic layer deposition 
(ALD), pulsed laser deposition, sputtering, etc. 

7.2.2.1 Chemical Vapor Deposition (CVD) 

It is one of the most preferred techniques to grow wafer-scale uniform high-quality 
TMDC nanomaterials of controlled thickness. Synthesis of 2D-TMDCs via the CVD 
technique is a cutting-edge research field nowadays. In this method, the volatile 
precursors decompose at high temperatures on the desired substrate in the presence of 
an inert atmosphere. After the growth of graphene [26], subsequently, this technique 
was applied to the growth of other 2D nanomaterials [27]. For TMDC growth, mainly 
two types of CVD setups can be employed: Thermal CVD and metal oxide CVD 
(MOCVD). 

Thermal CVD: In the thermal CVD process for TMDC synthesis, a chemical 
reaction occurs between the transition metal salt and chalcogen powders as precur-
sors at high temperatures in an inert atmosphere. First, the transition metal oxide 
gets adsorbed on the surface of the substrate, followed by its chalcogenization to 
produce TMDCs. Hydrogen gas may also help in reducing the transition metal oxide 
producing better chalcogenization. By optimizing the growth parameters like the 
amount of precursors, flow rate of inert gas, reaction temperature, reaction time, etc. 
the thickness, edge structure and shape evolution can be changed. Wang et al. illus-
trated the formation of 2D WSe2 flakes with triangular and hexagonal shapes on the 
SiO2/Si substrate by optimizing the Se flux [28]. Meng et al. synthesized 1 T-CrTe2 
single crystals on SiO2/Si substrates at 983 K by the CVD technique using CrCl2 and 
Te precursors [29]. When the growth temperature was varied in the range of 973– 
993 K, the thickness of the sample was observed to increase from 1.2 nm (bilayer) 
to 47.9 nm. Wang et al. have discussed the impact of the ratio of transition metal 
(M) to chalcogen (X) on the evolution of different shapes of the CVD-grown MX2 

depending upon the M:X ratio, as shown schematically in Fig. 7.5a [30]. Yang et al. 
further studied the shape-evolution behavior of MoS2 flakes with growth temper-
ature in addition to the M:X ratio and observed three-point star-, triangular- and 
hexagonal-shaped MoS2 flakes in the temperature range 620–720 °C [31].

MOCVD: It is a well-recognized technique for the growth of thin films. In 
this technique, transition metal (M) and chalcogen (X) containing organic gases 
are decomposed by thermal energy on the substrate to get a thin film of TMDCs.
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Fig. 7.5 (a) Schematic of the (a) CVD setup for the growth of MX2. The ratio of M:X will determine 
the shape evolution of the domain. (b) MBE showing the co-evaporation of high-purity elemental 
source materials, (d) PLD  and (e) sputtering

Kang et al. reported the deposition of single to few layers of MoS2 and WS2 on 
SiO2/Si utilizing Mo(CO)6, W(CO)6, (C2H5)2S and H2 [32]. Eichfeld et al. reported 
the formation of Wse2 on various substrates (sapphire, graphene and amorphous 
boron nitride) and have controlled its thickness by changing the ratio of W:Se during 
growth [33]. Although this method synthesizes wafer-scale uniform monolayer films 
of controlled thickness, it requires toxic precursors and also high-cost equipment. 

7.2.2.2 Wet-Chemical Synthesis 

This method promises great controllability and reproducibility for all types of 2D 
nanomaterials. In this method, chemical reactions occur using precursors in the solu-
tion phase. The solvothermal/hydrothermal approach is one of the simplest as well 
as scalable techniques for the production of 2D materials. Its advantage over other 
methods is the low reaction temperature. Many 2D materials like MoS2, MoSe2,WS2, 
WSe2, etc. have been synthesized using this method. Some of the reported precur-
sors for Mo are molybdenum trioxide (MoO3), molybdenum pentachloride (MoCl5), 
sodium molybdate (Na2MoO4), ammonium heptamolybdate ((NH4)6Mo7O24), etc. 
while S precursors include thiourea (NH2CSNH2), L-cysteine (C3H7NO2S), dibenzyl 
disulfide (C14H14S2), potassium thiocyanate (KSCN), thioacetamide (C2H5NS), 
etc. Single precursor for both Mo and S used is ammonium tetrathiomolybdate 
((NH4)2MoS4). Adding NaOH and HCl governs the pH value, while some reducing 
agents like N2H4 and NaBH4 are also used. Synthesized MoS2 may have a variety
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of morphologies like nano-sized sheets, flakes, flowers, dots, rods, spheres and 
core–shell structures, with nanosheets being more popular among all. Chung et al. 
synthesized MoS2 nanospheres and nanosheets via the hydrothermal method using 
Na2MoO4 and L-cysteine as Mo and S precursors, respectively [34]. After dropping 
HCl (till pH <1), the reaction occurs at 220 °C for 36 h. For MoS2 nanosheets, 
they applied the same procedure except for the replacement of S precursor L-
cysteine with thiourea. Srivastava et al. synthesized WS2 quantum dots (QDs) via 
the hydrothermal method by using Sodium tungstate dihydrate (Na2WO4·2H2O) 
and L-cysteine (HO2CCH(NH2)CH2SH) as precursors [35]. Both the solutions were 
mixed and HCl was added to them. Then the solution was poured into stainless steel 
lined Teflon autoclave maintained at 120 °C for 2–3 h and then kept at 190 °C for 
46 h. The obtained yellow colloidal solution of WS2 was filled into dialysis, and left 
for 3–4 days in ideal condition to obtain WS2-QDs. Shelke et al. hydrothermally 
produced WS2 using WCl6 and thioacetamide as precursors [36]. The precursors 
were dissolved in DI water, followed by 1 h stirring. Then the solution in stainless 
steel autoclave was set at 265 °C for 24 h to obtain WS2. The  VS2 was hydrothermally 
synthesized by taking sodium orthovanadate (Na3VO4.12H2O) and thioacetamide as 
precursors at 160 °C for 24 h in an autoclave [37]. 

7.2.2.3 Molecular-Beam Epitaxy (MBE) 

It is the most advanced, scalable and controllable growth technique for TMDC 
synthesis. The deposition is achieved in an ultra-high vacuum (10–8–10–12 Torr) 
that gives the highest purity of the film. During growth, the heated molecular source 
or the gas source was controlled by an effusion cell, and the chemical reaction occurs 
at the substrate (Fig. 7.5b). Wafer-scale single-layer TMDCs can be synthesized via 
this method but it takes a longer duration, i.e. ~10 h for growing a 2-inch monolayer 
of MoS2 and also requires expensive effusion equipment. He et al. demonstrated the 
wafer-scale growth of atomically thin 2H-MoTe2 monolayers on SiO2 substrate by 
co-evaporating Mo from an electron-beam evaporator and Te from an effusion cell 
[38]. The different phases of MoTe2 depend upon the temperature of the substrate. A 
variety of TMDCs have been synthesized via the MBE technique like MoSe2, WSe2, 
WTe2, HfSe2, HfTe2, SnSe2, etc. [39–44]. 

7.2.2.4 Atomic Layer Deposition (ALD) 

This method enables the formation of an atomically thin layer of nanomaterials 
via a gas phase chemical reaction. Materials like MoS2, WS2, TiS2, etc. have been 
successfully synthesized via ALD by a few research groups. Song et al. synthesized 
wafer-scale WS2 nanosheets by sulfurizing ALD-grown WO3 film via H2S annealing 
[45]. The layer number can be tuned by controlling the number of ALD cycles. Krbal 
et al. demonstrated the ALD synthesis of 2D MoSe2 structures by taking Mo(CO)6 
and MoCl5 as the Mo precursors and ((CH3)3Si)2Se as the Se precursor at deposition 
temperatures of 167 and 300 °C, respectively [46]. MoSe2 structures prepared via
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MoCl5 are crystalline 2H nanoflakes, while those prepared via Mo(CO)6 have some 
MoOx content. 

7.2.2.5 Pulsed Laser Deposition (PLD) 

In this method, a focused high-energy pulsed laser is bombarded on the target mate-
rial, raising the temperature of the small area to ten thousand degrees in small time 
interval, thus converting the solid material into the plasma state (Fig. 7.5c). Chen 
et al. fabricated the high-quality, large-scale, single-crystalline WTe2 films on mica 
substrates by a two-step synthesis process: PLD and the post-annealing process [47]. 
However, this technique is time-taking and has the possibility of impurities during 
the annealing process. Vermeulen et al. demonstrated the single-step method for the 
growth of single crystal WTe2 films at 210 °C using PLD [48]. This technique is 
useful for growing high-melting-point materials, and the grown film shows homo-
geneity with high quality. Also, it has control over the thickness of the grown film 
by controlling the number of laser pulses. 

7.2.2.6 Sputtering 

This technique is widely used for thin film production on industrial scale. In this 
method, glow discharge is produced in an inert environment to form energetic elec-
trons and ions that collide and create secondary electrons and more ions. These ions 
bombard on the target giving kinetic energy to the sputtered species to get deposited 
on the substrate. The schematic of the sputtering technique for the growth of TMDCs 
is shown in Fig. 7.5d. This technique has high deposition rate along with wafer-scale 
production. Huang et al. demonstrated the deposition of large area, crystalline, few-
layer 2H-MoTe2 on SiO2 substrate by sputtering a MoTe2 target [49]. To enhance 
the crystallinity of the deposited film, it was annealed at 650 °C in nitrogen atmo-
sphere. Researchers have also reported the co-sputtering technique to produce 1 T’ 
MoTe2 films [50, 51]. The Mo and Te atoms were co-deposited onto graphene surface 
and their sticking coefficient depends upon the substrate temperature. Moreover, 
ex situ thermal processing in Te atmosphere improves the stoichiometry of MoTe2 
films. Several reports confirmed the enhanced crystallization and stoichiometry with 
post-annealing process. 

7.2.2.7 Other Methods 

Apart from the above-mentioned methods, researchers have developed many new 
methods to grow 2D TMDC nanostructures. It includes electrodeposition, microwave 
induced-plasma-assisted technique, laser pyrolysis, lithography, microemulsion, 
electron beam evaporation, etc. Devadasan et al. reported the electrodeposition of 
WS2 on conducting glass plates in an electrolyte of 1:1 mixture of tungstic acid
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Fig. 7.6 (a-c) SEM images and (d-f) corresponding XRD pattern of as-grown samples of MoS2, 
WSe2 and ReS2, showing hexagonal morphology. Adapted with permission from [53]. Copyright 
2016, Elsevier 

and Na2SO3 aqueous solution [52]. Films were formed at different current densi-
ties, bath temperature and bath pH. The electrodeposited film at current density of 
30 mA/cm2 and bath temperature 40 °C was of high thickness and exceedingly opaque 
to light. The film degrades if the current density is increased beyond and pin hole 
formation starts in the film if temperature is increased beyond 40 °C. Chaturvedi 
et al. synthesized few-layer thin crystals of WS2, MoS2, WSe2, MoSe2 and ReS2 
by using microwave-induced-plasma-assisted method [53]. The morphology of the 
synthesized product was examined via SEM images, as shown in Fig. 7.6a–c, indi-
cating almost micrometer-sized stacked flakes of hexagonal TMDCs. The phase 
and thickness of the produced samples were confirmed by powder XRD and AFM. 
Figure 7.6d–f shows the powder XRD pattern of different TMDCs assuring the forma-
tion of desired phases. Many other techniques have been developed but presently, it is 
still a challenging task to fabricate high-quality TMDC film for industrial application. 

Based on the synthesis process, TMDCs show variation in their physical proper-
ties. In the following section, we will look into some of the general physical behaviors 
of different TMDCs. 

7.3 Properties of Transition Metal Dichalcogenides 

7.3.1 Electronic Properties 

The 2D TMDCs with many interesting phases like superconducting phase, charge 
density wave phase, mott insulating and topological insulating phase show unusual 
electronic properties [1]. The 1 T’ crystal structure and nanoribbons mostly exist
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in topological insulating phases. Some other topological phases possible at room 
temperature have been predicted by using first principles study. In addition to theo-
retical predictions of 2D phases, experimentalists have also demonstrated these topo-
logical phases credibly. In the basal plane, absence of dangling bonds allows the 
stability of TMDCs in air and liquids and no reactivity with ambient chemicals. This 
stability is also maintained in the lateral dimension. The 1 T phase shows metallic 
and paramagnetic behavior. The basic properties of both 2H and 3R phases are the 
same, i.e. both exist in diamagnetic and semiconducting phases with different band 
structures. But the 2H phase is more stable and abundant and that’s why most of the 
studies are based on the 2H phase of TMDCs. The electronic bandgap of the 2H phase 
of TMDCs vary with thickness. Mostly, the bulk TMDCs are indirect bandgap semi-
conductors but when reduced to monolayer, they are converted into direct bandgap 
semiconductors. The bandgap of PtS2 also varies with layer number, but it exhibits 
an indirect bandgap even up to monolayer. The electronic band structure for one-, 
two- and bulk WS2 is shown in Fig. 7.7. 

In case of monolayer, both conduction band (CB) minima and valence band (VB) 
maxima are located at K-point of the Brillouin zone, showing direct bandgap tran-
sition. The direct transitions remain relatively unchanged with the variation in layer 
number [54]. For bulk WS2, bandgap transition is indirect at G-point. The 2D confine-
ment in single layer reduces the dielectric screening caused by strong many-body 
effects facilitated by Coulomb interactions [55]. In few-layer TMDCs, the bound 
state of excitons show large binding energy of around hundreds of meV, which 
makes them stable at room temperature. The valence band splitting leads to the exis-
tence of low-energy A exciton and high-energy B exciton. Excitonic transition is the
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Fig. 7.7 Band structures of WS2, calculated using DFT: (a) 1L,  (b) 2L and  (c) bulk, and (d) shows  
the variation of the bandgap of the TMDCs with number of layers. Adapted with permission from 
[54]. Copyright 2014, American Institute of Physics 
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radiative transition which is dominant in few layers of TMDCs and is not observed 
in bulk cases due to dominance of non-radiative transition. The band structure vari-
ation with the number of layers occurs due to quantum confinement and variation 
in hybridization of pz orbitals of chalcogen atoms and d orbitals of transition metal 
atoms. Density functional theory (DFT) calculation of TMDCs like MoS2, WS2, 
MoSe2 and WSe2, etc. shows that the conduction band at K-point is due to localized 
d-orbitals of metal atom. These K-point states are comparatively unaffected by inter-
layer interactions. The states near theT-points are the combination of antibonding pz 
orbitals of chalcogen atoms and d-orbitals of transition metals. Hence, the interlayer 
coupling at this point is very strong and effective. That’s why with the variation of 
layer number, electronic states near the K-point remain unchanged but states near 
G-point vary significantly from indirect to direct transition on reducing from bulk to 
monolayer. It was further studied that the optical bandgap decreases with increasing 
external applied mechanical stress or electric field until metallic conductivity for 
various TMDCs like MoS2, WSe2, CrTe2, etc. was achieved [56]. Some TMDCs like 
ZrS2, ZrSe2, HfS2 and HfSe2 show an increment in bandgap with the application of 
external stress up to 6 ± 8% and then it decreases. In tellurium-based compounds, 
ZrTe2 and HfTe2, the bandgap does not change under mechanical stress until 4% and 
2%, respectively, and then it increases. 

7.3.2 Optical Properties 

The interaction of direct bandgap semiconducting TMDCs with light covers a wide 
field of light absorption and emission technologies. When incident photon energy 
is less as compared to the material’s bandgap, the material seems to be transparent 
for that light. As the transparency decreases, the light absorption capability of the 
material increases. Absorption of any material is the percentage of light that is neither 
transmitted nor reflected and depends upon the energy of the incident photons. In 
semiconductors, light absorption as a function of thickness is considered as the 
absorption coefficient. The absorption coefficient increases for light with higher 
energy than the bandgap. Ullah et al. studied that the absorption coefficient of single 
and multi-layer MoS2 is comparatively high near the visible spectrum (400–500 nm) 
with sharp decay after 500 nm, indicating that the MoS2-based photodetector is 
good at detecting light below 500 nm [57]. Tang et al. showed the maximum value 
of absorptance for single-layer TMDCs: MoS2, MoSe2, WS2 and WSe2 on a silicon 
substrate as 98.81% (1.58 eV), 98.2% (1.61 eV), 99.92% and 99.84% (1.73 eV), 
respectively. The maximum values of absorptance for the above bulk TMDCs were 
found to be 98.6%, 97.6% (1.62 eV), 99.87% and 99.44% (1.90 eV), respectively 
[58].
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7.3.3 Thermal Properties 

Thermal properties of TMDCs play a vital role from the application point of 
view. Phonon transport phenomena are responsible for the thermal conductivity of 
2D nanostructured materials. These materials exhibit a large potential for thermal 
management in electronic and optoelectronic devices. The thermal conductivity of 
2D TMDCs changes with layer number, and its value decreases with an increasing 
number of layers. If some defects exist in 2D material such as phonon defects, scat-
tering occurs that reduces thermal conductivity. When the material is supported on a 
substrate, then the thermal conductivity reduces. The thermal conductivity of CVD-
grown pristine bilayer MoS2 over SiO2/Si substrate was found around 42 Wm−1 K−1 

by Majee et al. using the optothermal Raman technique [59]. Majee et al. also demon-
strated thermal transport behavior of a few layers of vertically grown MoS2 over Si 
substrate and showed high thermal conductivity of around 100 Wm−1 K−1. They  
showed that due to the vertical architecture of MoS2, the substrate effect was mini-
mized, and high thermal conductivity was obtained [60]. Thermal conductivity of 
MoS2 was also measured by the suspended pad method for 4 and 7 layers and was 
observed to be in the range of 44–50 and 48–52 Wm−1 K−1, respectively [61]. 
The cross plane thermal conductivity of disordered nanosheets of layered WSe2 
crystal, calculated by the time-domain thermos-reflectance method, was found to 
be 0.05 Wm−1 K−1 [62]. Thermal conductivities of different TMDC MX2 (M = 
Mo, W; X = S, Se, Te) were also calculated by the first principles study, and it 
was observed that monolayer WTe2 possesses the lowest lattice thermal conduc-
tivity (33.66 Wm−1 K−1), while monolayer WS2 shows highest thermal conductivity 
(113.97 Wm−1 K−1) at room temperature among the family of TMDCs [63]. 

7.3.4 Magnetic Properties 

It is one of the crucial properties of low-dimensional spintronic devices. Unfortu-
nately, most of the 2D TMDCs don’t show novel magnetic properties despite their 
versatile electronic structures. The absence of magnetic behavior in TMDCs greatly 
hampers their applications in spintronic devices. For tuning the magnetic properties 
of these materials, there is a great desire to develop new techniques like vacancy 
and impurity doping in bulk material, however uniform doping and precise manip-
ulation of defects are very typical and challenging. The few layers of Vanadium 
dichalcogenides VX2 (X = S, Se, Te) are found magnetic in nature having interesting 
spintronic and optomagnetic properties. The Vanadium-based TMDCs are expected 
to be ferromagnetic when reduced from bulk to monolayer regimes. According to 
DFT, this ferromagnetic behavior is due to the presence of V4+ ions having an elec-
tronic structure [Ar]3d1. This unpaired d electron is responsible for the magnetic 
behavior of these Vanadium based TMDC materials [64]. Researchers venture their 
work in this field to determine magnetic properties based on phase fluctuations. It 
was confirmed by theoretical studies that VS2 exists in H- and T- phase VS2. The
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magnetic moment of monolayer H-VS2 is (1.00 mB) more than T-VS2 (0.51 mB), 
which clearly depicts that the magnetic properties are structurally dependent. 

7.3.5 Mechanical Properties 

Mechanical properties of TMDCs are appropriate for their prospective applications 
in flexible and stretchable electronics and photonics. One of the simple techniques to 
estimate the mechanical behavior of 2D TMDCs is the buckling metrology method. 
Iguiñiz et al. used this method to find Young’s modulus of various exfoliated TMDCs 
like MoS2, MoSe2, WS2 and WSe2 with varying thicknesses [65]. They acquired the 
values of Young’s modulus for MoS2 (3–11 L), MoSe2 (5–10 L), WS2 (3–8 L) and 
WSe2 (4–9 L) as 246 ± 35, 224 ± 41, 236 ± 65 and 163 ± 39 GPa, respectively. They 
found that Young’s modulus of metal disulphides is higher than that of metal dise-
lenides. Another basic parameter that determines the mechanical properties of any 
material is the elastic modulus. Bertolazzi et al. showed the in-plane elastic modulus 
of 180 ± 60 and 260 ± 70 Nm−1 for exfoliated monolayer and bilayer MoS2, respec-
tively [66]. They showed the effective Young’s modulus of 270 ± 100 and 200 ± 
60 GPa for monolayer and bilayer MoS2, respectively. The obtained high Young’s 
modulus of single-layer MoS2 is comparable to stainless steel, proving it as a flexible 
and strong material. Liu et al. reported the elastic modulus of CVD-grown single-
layer MoS2 (∼171 Nm−1) and WS2 (∼177 Nm−1) and their bilayer heterostruc-
tures (∼314 Nm−1) [67]. The lower value of moduli for MoS2/WS2 heterostructures 
compared to the sum of each layer indicates excellent mechanical interaction between 
layers. 

As we observed that different TMDCs show a variation of electronic behavior from 
metal to semiconductor, magnetic to non-magnetic, good to bad thermal conductor 
and so on, hence, these TMDCs can be applied for various applications by choosing 
suitable ones. In the following section, we will highlight some of the key applications 
of different TMDCs. 

7.4 Application of TMDCs 

The bandgap value of 2D TMDC materials can be varied by the variation of the 
composition of the element, and their properties can be expanded without surface 
modification. Due to their tunable bandgap, thickness-dependent photoelectric effect 
and photoacoustic signal of 2D TMDCs, these materials can be used in a variety 
of optoelectronic devices, such as transistors, photodetectors, photoelectric modula-
tors, etc. The TMDC nanostructures show unique properties like strong piezoelectric 
coupling which makes them suitable materials for piezoelectric nanoenergy generator 
applications [68–70]. Additionally, due to the porous nature and good conductivity 
of TMDCs, they can be used as electrodes for electrochemical applications such as 
capacitors, batteries, hydrogen production, etc. [11]. The 2D TMDC nanostructured
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Fig. 7.8 Schematic diagram showing applications of 2D TMDC materials in various fields 

materials can also provide a platform for biomedical applications like biosensing, 
biomedical imaging and drug delivery [12]. A schematic representation of the appli-
cation of 2D TMDC materials is shown in Fig. 7.8, and examples of their different 
applications have been discussed in the following sections. 

7.4.1 Application of 2D TMDCs as Photodetectors 

Optical sensors are key in monitoring and imaging applications. These sensors basi-
cally utilize the optical and electronic properties of TMDC nanostructures to trans-
form one form of signal into another form. As an example, photodetectors are used 
to detect different electromagnetic signals and convert those signals into electrical 
signals by utilizing optical absorption and bandgap characteristics. The photodetec-
tors can detect weak signals as an indication of unwanted movement and can act as an 
alert system for defense and security. As the temperature of the object increases, the 
emitted electromagnetic radiation falls into the IR spectrum. In recent years, TMDCs 
based on visible near-infrared (Vis–NIR) photodetectors are being rapidly investi-
gated due to their tunable bandgap, high photoresponsivity and flexibility suitable for 
Vis–NIR imaging, night vision, thermal sensing, etc. Recently, our research group 
performed the photodetection application of an interconnected network of horizon-
tally grown few-layer n-type MoS2 over p-type Si substrate with photoresponsivity of 
0.1413 AW−1 under low-power white light (~0.15 mWcm−2) illumination at − 2 V  
[71]. Good responsivity can be associated with the development of a better-quality 
p–n junction and effective charge carrier separation. Our group also successfully 
demonstrated the vertically oriented few-layer (VFL)-MoS2 grown over Si substrate 
in a large dimension as a p–n junction photodetector for the detection of green light 
[60]. We found excellent photodetection under a laser intensity of 0.15 mWcm−2 

illumination with responsivity around 7.37 A W−1 at − 2 V bias (Fig. 7.9). The 
high photoresponsivity and outstanding optoelectronic behavior of VFL-MoS2 can 
be attributed to the enhanced light trapping by multiple reflections of light with a 
high aspect ratio and vastly exposed edges.
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Fig. 7.9 (a) SEM image of vertically oriented few-layer MoS2. (b) Current–Voltage (I-V) char-
acteristics curves for vertical MoS2/Si photodiode under 532 nm laser illumination. (c) Switching 
behavior of photodiode at − 3 V. Adapted with permission from [60]. Copyright 2020, American 
Chemical Society 

These studies suggest that few-layer MoS2 can be utilized for photodetection 
purposes in the visible region. These MoS2 nanostructure-based photodetectors can 
be used in sensors, night vision devices, surveillance, optical communications, etc. 
Li et al. [72] fabricated an ultraband antenna-assisted photodetector based on Vana-
dium diselenide (VSe2) nanosheets for the visible to terahertz (THz) region signal 
detection. In the near-visible infrared (NIR) region, they showed the photoresponse 
which is triggered by photoexcited electron–hole (e–h) pairs and a photothermal 
effect with an external bias voltage. They demonstrated the photoresponsivity under 
different wavelength illumination ranges of around 1.57 AW−1 at 635 nm, 0.63 AW−1 

at 808 nm, 0.34 AW−1 at 980 nm and 1.18 AW−1 at 1550 nm. 

7.4.2 Application of 2D TMDCs for Gas Sensing 

Currently, in cities and most populated areas, pollution is commonly produced by 
harmful gases such as CO, CO2, NO, CH4, fluorinated Gas, NOx, H2S and other toxic 
gases. These poisonous gases are responsible for ozone pollution, climate change and 
even menace food security. Further, these pollutant gases have reduced the perfor-
mance of photosynthesis, caused acid rain and increased the chances of respiratory
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Fig. 7.10 (a) Schematic diagram of MoTe2-based transistor on SiO2/Si substrate. (b) Optical image 
of the fabricated MoTe2 transistor. (c) Dynamic response of MoTe2-based sensor to detect NO2 
gas in the air at different concentrations of NO2 from 80 ppb to 1 ppm under both dark and UV 
light illumination. (d) Dynamic response of the MoTe2-based sensor to H2O in N2 environment 
from 2800 to 14,000 ppm. Adapted with permission from [4]. Copyright 2018, American Chemical 
Society 

diseases. In recent years, TMDCs have been used for gas sensing and removal via 
adsorption which helps in the reduction of pollution in the air. In TMDC-based gas 
sensing devices, the basic working mechanism is the transfer of charge that occurs by 
gas adsorption on TMDC surface which changes the resistivity and electrical signals 
that can be used for sensing. The MoS2 is one of the most widely used TMDCs for gas 
sensing, and it is the most popular material for NO2 detection. Liu et al. [73] demon-
strated the gas detection of NO2 and NH3 by using CVD-grown triangular-shaped 
MoS2 with a range of limits of detection down to parts per billion (ppb) with a long 
recovery time. Wu et al. [4] developed a MoTe2-based gas sensor for the detection 
of NO2 under UV light with a detection limit of 252 ppb (Fig. 7.10). 

7.4.3 Application of 2D TMDCs in Green Energy Harvesting 

In our society, natural fossil energy sources are very limited, so green energy is a 
very hopeful option to provide sustainable development for the world society and 
economy. The nanogenerators are devices that can provide self-sustainable power. 
The 2D TMDCs are the prominent material for the green energy generator due 
to their piezoelectric properties. Piezoelectric materials generate electricity due to
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their non-centrosymmetric structure by applying mechanical stress or strain on the 
materials. Wu et al. have demonstrated the piezoelectric properties of nanostructured 
2D TMDC crystals [68]. They prepared a flexible device based on the monolayer 
MoS2, which produces piezoelectricity by inducing polarization of opposite charge 
polarity. The output of piezoelectric is generated due to altering polarity by stretching 
and releasing the substrate. They also demonstrated the dependency of piezoelectric 
on different layer numbers in MoS2 nanostructures, which showed that by increasing 
the number of odd layer flakes, the piezoelectric output decreases. Similarly, TMDCs 
are also being investigated for solar energy harvesting. Currently, layered 2D TMDCs 
are used in photovoltaic applications due to their large surface area, dangling free 
bond surface and good sunlight absorption behavior. In solar cells, these materials 
are used to make Schottky or p–n junction to work as charge carrier separation at 
the interface. Shanmugam et al. prepared a MoS2-based solar cell using the CVD 
technique and demonstrated a photo-conversion efficiency (PCE) of around 0.7% 
and 1.8% for 110 nm and 220 nm thick MoS2, respectively [7]. In another work, 
they demonstrated WS2/graphene-based solar cell, which shows very good photon 
absorption in the visible light region and demonstrated PCE of around 3.3% [74]. 
Park et al. observed the photovoltaic effect in few-layer ReS2/WSe2 heterostructure 
with a high fill factor of about 0.56, an external quantum efficiency of about 15.3% 
and power conversion efficiency of about 1.5% [75]. 

7.4.4 Application of 2D TMDCs in Green Electronics 
for Low-Power and High-Performance Integrated 
Circuits 

Green electronics is an emergent field of electronic devices, where the use of eco-
friendly materials is preferred over the cost factor. The 2D TMDCs are suitable 
materials for integrated circuits due to the availability of large bandgap value, high 
on/off ratio and high charge carrier mobility compared to other conventional semi-
conducting materials. Their atomically thin structure decreases the short-channel 
effect in electrical circuits. Radisavljevic et al. demonstrated the first single-layer 
n-type MoS2-based top-gated FET showing a high on/off ratio of around 108 with 
high charge carrier mobility of around 200 cm2V−1 s−1 [76]. Liu et al. fabricated 
WSe2-based FET device showing an excellent current of 210 µA·µm−1 with high 
electron mobility of 142 cm2V−1 s−1 and a high on/off ratio of around 106 [77]. 

7.4.5 Application of 2D TMDCs in Electrochemical Energy 
Conversion and Storage Application 

Hydrogen is known as a clean energy source with high energy density and can 
be used as an alternative to fossil fuels to reduce global warming effects. Water 
electrolysis is one of the major techniques to produce hydrogen for renewable energy.
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The basic mechanism for hydrogen production is that catalysis can boost chemical 
reactions and accomplish high conversion efficiency with low overpotential. Due 
to their large fraction of active sites compared to other materials, atomically thin 
2D TMDCs can be used as an electrode for hydrogen production. Recently, Mishra 
et al. synthesized MoS2 nanoflowers as electrocatalysts for hydrogen production 
[78]. They evaluated the low overpotential of about 0.193 V with a Tafel slope of 
69 mV·dec−1 and excellent stability for more than 2500 cycles for electrochemical 
hydrogen production. Ling et al. demonstrated a plasma-treated semi-metallic WTe2-
based microcell device for hydrogen evolution reaction (HER) application [79]. They 
showed that the catalytic activity of WTe2 for HER can be enhanced by plasma 
treatment, which induces atomic defects and substitution of new elements to form 
a new chemical bond on the basal plane and the edges of WTe2. The local HER 
measurement at edges in the microcell device which is treated by plasma exhibited 
active electrocatalytic activity with a Tafel slope (96 mV·dec−1), compared with 
pristine WTe2 having Tafel slope of 145 mV·dec−1. 

For the purpose of storing the produced energy, supercapacitors exhibit remarkable 
development due to their high-power density, long cycle life and ultrafast charge– 
discharge rate. During the past few years, TMDC nanostructures were proposed 
as a new class of hopeful materials for energy generation and storage. Mishra et. 
al fabricated solid-state supercapacitor (SSC) electrodes based on the hexagonal 2H 
phase of 3D MoS2 nanoflowers [80]. They reported the highest specific capacitance of 
382 Fg−1 at a current density of 1 Ag−1 by  measuring a three-electrode  system  in a 1M  
Na2SO4 aqueous electrolyte. This 2H phase MoS2 SSC device shows a high energy 
density of 16.4 Wh·kg−1 at a constant current density of 0.2 Ag−1 (Fig. 7.11). The 
selection of catalyst materials is a very important step in the fabrication of batteries 
which can improve the capacity of the battery to store and provide power. Recently, 
researchers incorporated different TMDC materials that can be utilized as catalysts in 
the fabrication of alkali metal-ion batteries. Zhong et al. synthesized N-doped MoSe2 
with porous carbon microspheres (MoSe2@N-HCS) by spray drying method at high-
temperature calcination and selenization [81]. MoSe2@N-HCS shows exceptional 
potassium storage properties, a higher rate performance of around 113.7 mAhg−1 

at current density of 10 Ag−1, and long cycle life of around 16,700 cycles. The 
superior electrochemical performance can be ascribed to the N-doping which gives 
more active sites and decreases the migration energy barrier of K+. These outstanding 
properties of MoSe2 provide a new platform for anode material for potassium ion 
batteries.

7.4.6 Application of 2D TMDCs for Wastewater Treatment 

The major cause of water pollution arises from many sources like industrial waste, 
oil leakage, sewage, chemical fertilizer and pesticides. This pollutant requires more 
oxygen molecules for decomposition through oxidation, which decreases the oxygen 
level in the water leading to health hazards and damaging the ecosystem. The 2D
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Fig. 7.11 Electrochemical measurements for MoS2 nanoflowers-based SSC device with PVA-
Na2SO4 as solid electrolyte (a) Image of SSC, (b) CV curves at various scan rates, (c) galvanostatic 
charge–discharge curves at various discharge current densities and (d) Energy density versus power 
density plot. Adapted with permission from [80]. Copyright 2020, Elsevier

TMDC-based nanostructured materials are being investigated for wastewater treat-
ment. Li et al. proposed a model that is based on the adsorption technology, which 
provides a unique strategy for partial oxidation by removing the Rhodamine B 
(RhB) from wastewater by using WS2/WO3 [82]. Wan et al. developed a sponge 
with melamine–formaldehyde coated on MoS2 (MF@MoS2) with high adsorption 
capacity that shows superhydrophobic and superhydrophilic characteristics [83]. 
The MF@MoS2 shows high adsorption for organic solvent, oil and water-soluble 
dye. They also developed the apparatus to collect and separate insoluble oils and 
organics and adsorbed soluble dyes from water. This prepared sponge pumping 
system provides a new technique to separate oil–water and remove soluble dyes from 
contaminated wastewater. Along with treatment, detection techniques like SERS are 
also key for wastewater management. Majee et al. demonstrated the CVD-grown 
vertically oriented few-layer MoS2 nanosheets over Si as SERS substrate for the ultra-
sensitive surface-enhanced Raman spectroscopy (SERS) detection of Rhodamine 6G 
and Methyl Orange at 10−10 M concentration [88].
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7.4.7 Biomedical Application of 2D TMDCs 

Recently, 2D TMDCs have shown promise in the area of biological applications, 
where health and protection are of great concern. The 2D TMDCs are applicable in 
biosensors applications, and interact with various anticancer drugs and biomolecules 
owing to their absence of dangling bonds, large surface area as well as high stability 
in liquid and air [84]. They also show high NIR absorbance, photothermal effects, 
surface chemistry and low toxicity. They have also been used as a photothermal 
mediator for photothermal therapy of cancer disease treatment with hopeful ther-
apeutic results. Prismatic edges and basal surfaces of nanoflakes can be modified 
by some reported techniques to initiate bio reactions to target specific biomaterials 
[85]. The 2D TMDCs offer a large surface area that can enhance biological interac-
tions. Moreover, the plasmonic properties with photoluminescence of these materials 
permit optical observations of cells by biosensing. The most important property of 
2D TMDCs is their capability to intercalate ions with organic molecules that help 
to detect or persuade cellular responses [13]. The 2D TMDCs have been utilized for 
making biosensors with high-quality conductometric and field effect-based sensing 
for effective bioimaging. Also, 2D TMDCs exhibit unique mechanical properties, 
which can be utilized for using necessary backgrounds for tissue engineering and 
for establishing nanoscale acoustic transducers. Nanostructured 2D TMDCs can be 
utilized for imaging and tagging by functionalizing these materials. Fluorescent 2D 
TMDCs based on Mo, W and Zr dichalcogenide composites are used for imaging 
and identifying cell organs and targeting chemicals around the cells [12]. Further, 
2D TMDCs can be used in sensing, depending on electron exchange and quenching 
processes by successfully binding to other fluorophores. With small lateral dimen-
sions (<50 nm), they can be occupied by the cell and used for high-contrast cell 
tagging. This method may be embattled for positive cells when the 2D TMDC is 
functionalized to display a suitable cell-specific ligand. Additionally, the thermal 
behavior of both metallic and semiconducting TMDCs can be subjugated in optical 
applications including photothermal therapeutics [12, 13]. 

Most of the 2D TMDCs show near-infrared (NIR) absorbance, like MoS2 exhibits 
higher absorbance than other 2D materials like graphene. This absorbance in the NIR 
region makes them suitable materials for the treatment of cancer by photothermal 
ablation. The drug-carrying and photothermal characteristics of 2D TMDC nanos-
tructured materials can be employed to transport NIR-triggered treatment with 
chemotherapeutic agents. Yin et al. gave a model to treat pancreatic cancer by 
injecting 2D MoS2 loaded with doxorubicin (DOX) as nanocarriers to NIR radiation 
[86]. Yang et al. show exciting physical properties of WS2/iron oxide/polyethylene 
glycol (PEG) for a chemotherapy drug, DOX, whose intercellular release afterward 
may be triggered by NIR-induced photothermal heating for enhanced cancer cell 
killing [15]. Currently, most of the 2D TMDC-based sensors are made by field-
effect and electrochemical transducing templates. These devices have been used to 
identify proteins and DNA (Fig. 7.12a–d). In redox systems, 2D TMDC-based elec-
trochemical devices are suitable for sensing ionic species of the biomolecule. The PL
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Fig. 7.12 (a) Schematics diagram of 2D TMDC device for biosensing systems, (b) Mechanism of 
lock and key concept of antibody–antigen, (c) Production of electrical double layer on 2D TMDC 
nanostructure with a reference electrode, (d) Schematic diagram of biosensing systems based on 2D 
TMDC suspensions with a reference electrode, (e) Non-specific immobilization of bio components 
with the PL of 2D TMDCs, (f) Bio components with fluorophore is quenched after immobilization, 
(g) The probability of energy transfer and PL with the combination of fluorophores and 2D TMDCs, 
(h) Characterization of the 2D TMDC glucose oxidize system with change of PL intensity glucose 
concentration and (i) PL spectra at different concentrations of glucose with fixed voltage –1.5 V. 
Adapted with permission from [13]. Copyright 2015, Wiley
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of semiconducting 2D TMDCs can be reduced or enhanced upon interactions with 
biomolecules or the ligation of biomolecules on the surface of TMDCs (Fig. 7.12e– 
i). To date, different types of 2D TMDCs have been revealed for sensing based on 
PL including MoSe2, MoS2, WS2, TiS2 and TaS2 [13, 87].

7.5 Conclusions and Future Outlook 

In summary, we have briefly discussed various synthesis methods of 2D TMDCs 
from top-down to bottom-up approaches with their exciting structural–morpholog-
ical orientation. The top-down approach includes the synthesis of TMDCs from 
bulk layered material by different techniques mainly categorized under mechanical 
exfoliation and chemical exfoliation. This method produces large-size and high-
quality TMDCs but is not suited for application in electronics and optoelectronic 
devices due to a lack of controllability over growth techniques. Comparatively, the 
bottom-up approach could overcome this shortage, which includes chemical vapor 
deposition (CVD), wet-chemical synthesis, molecular-beam epitaxy (MBE), atomic 
layer deposition (ALD), pulsed laser deposition (PLD), sputtering, etc. techniques. 
The key physical properties and corresponding application of different TMDCs have 
also been discussed in this chapter. The thickness-dependent tunable bandgap of 
TMDCs makes them applicable in various electronic and optoelectronic devices 
like transistors, photodetectors, photoelectric modulators, etc. The porous nature 
and good conductivity of TMDCs make them suitable for capacitors, batteries, 
hydrogen production, etc. The 2D TMDC nanostructured materials can also provide 
a platform for biomedical applications like biosensing, biomedical imaging and 
drug delivery. Therefore, it is imperative to develop more and more technologically 
advanced synthesis techniques. In the future, scientists should put more efforts into 
the controlled synthesis of high-quality 2D TMDCs that still remains a challenge to 
obtain the desired morphology and crystal structure for relevant applications. 
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nology 28, 395702 (2017) 
56. L.A. Chernozatonskii, A.A. Artyukh, PHYS-USP 61, 2 (2018) 
57. M.S. Ullah, A.H.B. Yousuf, A.D. Es-Sakhi, M.H. Chowdhury, A.I.P. Conf, Proc. 1957, 020001 

(2018) 
58. W. Tang, S.S. Rassay, N.M. Ravindra, Madridge J Nano Tec. Sci. 2, 59–65 (2017) 
59. B.P. Majee, J.D. Gupta, A. Sanskrityayn, A.K. Mishra, J. Phys. Chem. C 125, 14865–14873 

(2021) 
60. B. P. Majee, Bhawna, A. Singh, R. Parkash, A. K. Mishra, J. Phys. Chem. Lett. 11, 1268–1275 

(2020) 
61. I. Jo, M.T. Pettes, E. Ou, W. Wu, L. Shi, Appl. Phys. Lett. 104, 201902 (2014) 
62. C. Chiritescu, D.G. Cahill, N. Nguyen, D. Johnson, A. Bodapati, P. Keblinski, P. Zschack 

SCIENCE 315, 351–353 (2007) 
63. M. Zulfqar, Y. Zhao, G. Li, Z.C. Li, J. Ni, Sci. Rep. 9, 1–7 (2019) 
64. H. Zhang, L.M. Liu, W.M. Lau, J. Mater. Chem. A 1, 10821–10828 (2013) 
65. N. Iguiñiz, R. Frisenda, R. Bratschitsch, A. Castellanos-Gomez, Adv. Mater. 31, 1807150 

(2019) 
66. S. Bertolazzi, J. Brivio, A. Kis, ACS Nano 5, 9703–9709 (2011)



204 A. Singh et al.

67. K. Liu, Q. Yan, M. Chen, W. Fan, Y. Sun, J. Suh, D. Fu, S. Lee, J. Zhou, S. Tongay, J. Ji, J.B. 
Neaton, J. Wu, Nano Lett. 14, 5097–5103 (2014) 

68. W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin, S. Niu, D. Chenet, X. Zhang, Y. Hao, T.F. Heinz, J. 
Hone, Z.L. Wang, Nature 514, 470–474 (2014) 

69. W. Chen, H. Yin, S. Jiang, S. Liu, C. Liu, B. Wang, G.P. Zheng, Appl. Phys. Lett. 118, 213103 
(2021) 

70. J. Seo, Y. Kim, W.Y. Park, J.Y. Son, C.K. Jeong, H. Kim, W.H. Kim, Appl. Surf. Sci. 487, 
1356–1361 (2019) 

71. B. P. Majee, S. Mishra, R. K. Pandey, R. Prakash, A. K. Mishra, J. Phys. Chem. C.123, 18071– 
18078 (2019) 

72. J. Li, L. Jiang, W. Ma, T. Wu, Q. Qiu, Y. Shi, W. Zhou, N. Yao, Z. Huang, A.C.S. Appl, Nano 
Mater. 5, 5158–5167 (2022) 

73. B. Liu, L. Chen, G. Liu, A.N. Abbas, M. Fathi, C. Zhou, ACS Nano 8, 5304–5314 (2014) 
74. M. Shanmugam, R. Jacobs-Gedrim, E.S. Song, B. Yu, Nanoscale 6, 12682–12689 (2014) 
75. C. Park, N.T. Duong, S. Bang, D.A. Nguyen, H.M. Oh, M.S. Jeong, Nanoscale 10, 20306–20312 

(2018) 
76. B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nat. Nanotechnol. 6, 147–150 

(2011) 
77. W. Liu, J. Kang, D. Sarkar, Y. Khatami, D. Jena, K. Banerjee, Nano Lett. 13, 1983–1990 (2013) 
78. S. Mishra, P.K. Maurya, A.K. Mishra, Mater. Today Commun. 25, 101270 (2020) 
79. N. Ling, S. Zheng, Y. Lee, M. Zhao, E. Kim, S. Cho, H. Yang, APL Mater. 9, 061108 (2021) 
80. S. Mishra, P.K. Maurya, A.K. Mishra, Mater. Chem. Phys. 255, 123551 (2020) 
81. F. Zhong, A. Xu, Q. Zeng, Y. Wang, G. Li, Z. Xu, Y. Yan, S. Wu, A.C.S. Appl, Mater. Interfaces 

13, 59882–59891 (2021) 
82. G. Li, Y. Wang, J. Bi, X. Huang, Y. Mao, L. Luo, H. Hao, Nanomaterials 10, 278 (2020) 
83. Z. Wan, D. Li, Y. Jiao, X. Ouyang, L. Chang, X. Wang, Appl. Mater. Today 9, 551–559 (2017) 
84. E. P. Nguyen, C. d. C. C. Silva, A. Merkoçi, Nanoscale 12, 19043–19067 (2020) 
85. X. Li, J. Shan, W. Zhang, S. Su, L. Yuwen, L. Wang, Small 13, 1602660 (2017) 
86. W. Yin, L. Yan, J. Yu, G. Tian, L. Zhou, X. Zheng, X. Zhang, Y. Yong, J. Li, Z. Gu, Y. Zhao, 

ACS Nano 8, 6922–6933 (2014) 
87. J.Z. Ou, A.F. Chrimes, Y. Wang, S.Y. Tang, M.S. Strano, K. Kalantar-Zadeh, Nano Lett. 14, 

857–863 (2014) 
88. B.P. Majee, V. Srivastava, A.K. Mishra, A.C.S. Appl, Nano Mater. 3, 4851–4858 (2020)



Chapter 8 
Recent Escalations in MXenes: From 
Fundamental to Applications 

Jeevan Jyoti, Bhanu Pratap Singh, Manjit Sandhu, and Surya Kant Tripathi 

Abstract Enormous efforts have been devoted towards the development of various 
advanced materials with long cycle life, high power density and high energy density 
for energy storage and conversion applications. From the discovery of MXene, the 
family of two-dimensional (2D) transition metal nitrides, carbides and carbonitrides 
has attained significant research focus due to their outstanding properties. MXene has 
drawn significant attention because they have tunable layered structures, controllable 
interfacial chemistry, high mechanical strength, excellent electronic conductivity, 
superior specific surface area, magnetic properties, hydrophilic features, multiple 
possible surface terminations and the ability to accommodate intercalates. In this 
chapter, we reported the synthesis techniques and properties of MXene and MXene-
based hybrid materials and their potential applications. The MXene has been synthe-
sized by various routes such as chemical vapor deposition (CVD), sputtering, pulse 
laser plasma deposition and etching techniques. Generally, etching technique has 
been used for the synthesis of MXene. Different etchants have been used for the 
synthesis of MXene such as hydrofluoric acid, lithium fluoride, hydrochloric acid, 
ammonium hydrazine, etc. After etching, the surface termination groups such as –F, 
–OH and–O presents on the MXene influence their properties. The surface termina-
tion groups on 2D MXene have been significantly used in various applications such 
as rechargeable batteries, supercapacitors, electromagnetic interference shielding, 
sensors and so on. In summary, a widespread overview of the synthesis of MXene 
with the current challenges and encouraging technologies for the preparation of large 
scale MXene and its usefulness in several applications are provided. 
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8.1 Introduction 

Since 2004, graphene’s outstanding mechanical strength, carrier mobility, high 
electrical and thermal conductivity have significant applications for 2D materials. 
Various 2D materials have been synthesized and investigated such as metal–organic 
frame work (MOF), transition metal oxide (TMOs), transition metal dichalcogenides 
(TMDs), h-Boron nitrides, perovskites, etc. monolayer of boron nitride and so on 
[1–3]. Due to their excellent intrinsic features, these 2D materials have been used in 
multiple promising applications. The incorporation of layered 2D advanced materials 
has enhanced the properties of conventional devices, like batteries, fuel cell, solar 
cell, biomedical devices, supercapacitors, electromagnetic interference shielding, 
and photothermal therapeutic applications [4–17]. The layered 2D materials reported 
various problems like mechanically unstable, or electrochemical inertness, or having 
low intrinsic electronic conductivity. Scientists and researchers are continuously 
developing various 2D materials which can provide good mechanical stability, excel-
lent electronic conductivity, fast redox reaction, etc. Researchers of Drexel University 
in 2011, discovered the advanced material, commonly known as MXene [18, 19]. 
A new family of 2D materials has emerged, consisting of transition metal nitrides, 
carbides and carbonitrides, also known as MXene. 

Their parent metal ceramic phases (MAX) are the layered structure with the 
formula of Mn+1AXn and the symbol M signifies the transition metal ( TM = Zr, Ti, 
Mo, Ta, V, Hf, etc.), A stands for elements of group of 13 and 14 and X represents the 
Nitrogen/carbon atom [20, 21]. The symbol “n” can be any value that lies between 1 
and 3. The layer of “A” atom is sandwiched between the transition metal layers and 
the X atoms position at the octahedral sites. The strong bonding between the M-X 
has a mixed type of ionic/metallic/covalent bond, on the other hand, M-A bonds 
are metallic in behavior. The bonding present between the MAX phases are too 
strong to be damaged using shear and another comparable mechanical means. In the 
MAX phase, the bonding between the M-A bonds are slightly weaker as compared 
to the M-X bond. Using a particular etching technique, the “A” atom can be removed 
from the MAX phase using the strong acids or molten salts without distortion of 
the M-X bond. MXene have been commonly found in three phases such as M2X, 
M3X and M4X. Figure 8.1a shows  the Ti2AlC and Ti3AlC2 are structure of ternary 
carbides. Both crystalline in the P63/mmc space group. 

The MXene are synthesized using the selective etching technique. In the acid 
treatment of MAX phase, the acid damages the bonding between transition metal 
(TM) and “A” element. The MXene-based materials are synthesized using the etching 
of layers of MAX phase as shown in Fig. 8.1b. Figure 8.1b shows the X and M atoms 
of MAX phases arranged in hexagonal lattice, the position of X atoms occupied at 
the centre of the edges-shares M octahedral sites. The MAX phase exhibited in three 
different phases such as 211, 312 and 413 corresponds to layers of Ti atoms between 
Al layers i.e., 1, 2 and 3. The layers of carbon atoms are always one layer less than the 
Ti layer. The different structures of the MXene such as M2AX, M3AX2, and M4AX3 

phases are shown in Fig. 8.1b.
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Fig. 8.1 a Layered structure of Ti3AlC2 “Adapted with permission from [22]. Copyright (2010), 
Elsevier b different phases of MXene such as M2AX, M3AX2, and  M4AX3; Adapted with 
permission from [23]. Copyright (2021) Elsevier 

Till now, more than 80 different types of MXene have been recognized. MXene 
like Ti3C2, Ti2AlC, Nb2C Ti2C (Ti1/2, Nb1/2)2C, V2C, Ti3CN, and Ta4C3 etc. are 
well known materials [24, 25]. The structure of Ti2AlC phase contains four different 
layers of Ti–C–Ti–Al. The bi-layers of Ti atoms are packed densely. On the other 
side, a single layer of carbon atoms occupied the octahedral position between the 
Ti layers and the Al atom is placed between the Ti–C–Ti layer [26]. The octahedral 
arrangement of Ti6C is similar to rock salt structure and atoms of Al are placed 
in trigonal sites. Generally, M-X bonds show various features of ionic, covalent 
and metallic characters, which provide strong binding energy as compared to M-A 
metallic bond. The M-A phase is less stable as compared to M-X bound layers. The 
“A” atom exit in M-A phase offers higher chemical reactivity. The different functional 
groups attached on the surface of the MXene are considered to be modified in the 
structural and chemical form. 

With enhanced research consideration to layered 2D materials after graphene and 
with MXene signifying a new family of 2D material world-wide. In this book chapter, 
we willemphasize on their synthesis, properties and potential applications of MXene 
and MXene-based hybrid materials. 

8.2 Preparation of MXene Such as Transition Metal 
Nitrides and Carbides 

Commonly, MXene-based material is synthesized using the single metal carbides 
such as Ti3C2, Ti4C3, etc. Binary metal bases MXene materials are also synthesized 
such as M2

'M''C2 and M2
'M''

2C3 phases. B. Anasori, and his co. worker has success-
fully synthesised the binary phase M2

'M''C2 and M2
'M''

2C3 MXene, Where M' and 
M'' are the two different metals [27]. Most commonly binary MXene compounds are
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Mo2TiC2 and Mo2Ti2C3 MXenes are successive examples. Figure 8.2a displays the 
X-ray diffraction (XRD) pattern of Mo2TiAlC2 red colour signifies the before and 
green colour represents after etching which terminates to blue colour respectively. 
Mo2TiAlC2 indicate the layered structure and after the etching, the peak close to 62º is 
also seen after the delamination peak is vanished. The vanished peaks after the delam-
ination represent the layers are restacked arbitrarily and the crystallographic axis is 
retained properties. The XRD plot of Mo2Ti2C3 also shows comparable behavior, 

but the lattice parameter of Mo2Ti2AlC3 powder is 23.6 Ǻ(pink plot) and it improved 

upto 34.5 Ǻ after delamination as shown in Fig. 8.2c. Figure 8.2e, j exhibits the SEM 
micrograph of the parent MAX phase and Fig. 8.2f, k shows their MXene. Figure 8.2b, 
d show confirmations of 3D to 2D conversion of both materials. Figure 8.2g, h exhibits 
the high-resolution scanning transmission electron microscopy (HRSTEM) images 
of Mo2TiAlC2 and Mo2TiC2Tx respectively, Fig. 8.2g, h indicate the presence and 
absence of Al layer as shown in Fig. 8.2h. Mo2Ti2C3Tx shows analogous behavior 
at the presence and disappearance of the Al layers as shown in Fig. 8.2l, m. The 
HRSTEM gives clear confirmation for the removal of Al layers after etching. The 
low magnified of TEM shows the flakes like layered structure as shown in Fig. 8.2i 
and n.

Similar, Raman Spectroscopy is a useful tool to give information about the bonding 
in the MXene structure. This technique detects the molecular fingerprints and is 
sensitive to amorphous materials as well as traces of TMO, which are often present 
in the structure of MXene. 

MXene has been synthesized by various techniques such as wet etching [25, 28, 
29], chemical vapor deposition [30, 31], molten salts [32–34] and electrochemical 
etching [35]. Usually, MXene are synthesized from the MAX precursors. The Top-
down and Bottom-up techniques have been used for the fabrications of MXene as 
shown in Fig. 8.3. The 2D materials can be prepared by using the top-down technique 
which contains the exfoliation of materials using mechanical or chemical methods. 
The second technique is bottom-up technique which uses chemical deposition on the 
substrate to produce the high quality of material.

8.2.1 Top-Down Technique 

For the synthesis of 2D MXene using the top-down technique is generally used. It 
involves several steps such as etching and exfoliation. MXene-based materials are 
generally synthesized using this approach. 

8.2.1.1 Wet Chemical Technique 

This technique is generally used for the preparation of MXene, by elimination of 
“A” atom from a multi-layered MAX phase because the layer to layer bond is much
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Fig. 8.2 Synthesis and structure of Binary metal MXene phase Mo2TiC2 and Mo2Ti2C3, a XRD 
plots of Mo2TiAlC2 red (before) and green (after) the HF treatment and after delamination(blue), c 
XRD patterns of Mo2Ti2AlC3 pink (before) and after (purple) HF treatment and after delamination 
black, b and d diagrams of Mo2TiAlC2 to Mo2TiC2Txand Mo2Ti2AlC3 to Mo2Ti2C3Tx transfor-
mation respectively, e, f SEM of Mo2TiAlC2 and Mo2TiC2Tx and g and h HRSTEM micrograph 
of Mo2TiAlC2 and Mo2TiC2Tx, respectively, i lowered magnificent of TEM micrograph shows the 
layered structure through the sample, j and k SEM micrograph of Mo2Ti2AlC3 and Mo2Ti2C3Tx 
respectively, HRSTEM micrograph of l Mo2Ti2AlC3 and m, n Mo2Ti2C3 Adapted with permission 
from [27]. Copyright (2015) American Chemical Society

Fig. 8.3 Different 
techniques used for the 
synthesis of MXene
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weaker as compared to the intra-layer one. Firstly acid soaking in the MAX phase is 
used to breaking the bonding between transition metals and “A” element as shown in 
Fig. 8.4. Commonly, acid containing fluoride solutions have been significantly used 
for the etching technique and it contains the stirring of MXene powder with the acid 
solution for the suitable time and temperature. When the reaction is completed, the 
surface terminations are found in the outer layers of metal of MXene because of the 
acid treatment [20]. These materials have a mixture of both metals and ceramics like 
ceramics have good strength, stiffness, brittleness and high thermal stability and like 
metals, they conduct electricity and heat. 

The major difference of MXenes is interlayer interaction between M-A band as 
compared to the other layered compounds. The reaction occurs at room temperature 
and acid containing aqueous solution of HF is used as etching reagent 

Ti3AlC2 + 3HF = Ti3C2 + AlF3 + 1.5 H2(g) (8.1) 

Ti3C2 + 2HF = Ti3C2F2 + H2 (8.2) 

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2 (8.3) 

The main issue in using HF is that it is a dangerous solvent, so various other 
substitute solvents have been used to solve the problem of hazardousness. Ammo-
nium fluoride (NH4HF2), HCl/LiF are commonly used for the elimination of Al 
layers such as 

Ti3AlC2 + NH4HF2 = Ti3C2 + (NH4)3AlF6 + 3/2 H2 (8.4)

Fig. 8.4 Synthesis of MXene phase using the etching technique 
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Ti3C2 + 2HF = Ti3C2F2 + H2 (8.5) 

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2 (8.6) 

Reactions (8.5) and (8.6) exhibit the surface termination with fluorine/hydroxyl 
group on the layered of the MXene. The layered structure of Ti3C2 contains the two 
atoms of Ti in the unit cell. 

8.2.1.2 Exfoliation Technique 

During the synthesis of MXene using the chemical etching, multi-layered forms of 
MXene are obtained, then the ultra-sonication can be used to sonicate these multi-
layers of MXene to get the single layer. The shaking or ultra-sonication can be 
used for the exfoliation of MXene [36, 37]. The dimethyl sulfoxide (DMSO) has 
been utilized for the exfoliation of Ti3AlC2 [38]. Tetrabutlammonium hydroxide 
(TBAOH) can also be used for the exfoliation of 2D materials, they depends upon 
the intercalation of TBA+ ions in the interlayers. The multilayers consist of organic 
molecules or cations, to insert the suitable molecules to exfoliate the multilayers into 
single layer. 

8.2.1.3 Precursor 

The MAX phases have more than 140 family groups having the structure of octahedral 
MX6 containing an interlayer of “A” elements. The common difference is the no. 
of M atoms layers between the A layers such as 211, 312, or 413. The structure of 
MXene depends upon the parent phases. In 2013 as well as mid-2017, two chemical 
ordered MXene phases were reported out of plane and designed as o-MAX, 312 and 
413 phase and in-planed phases named as i-MAX 211 phase. In the o-MAX phase, 
the mono/bilayer of M elements is sandwiched between the M layers. Similarly, in 
the i-MAX phase, two M elements are in plane. 

8.2.2 Bottom-Up Technique 

The bottom-up technique uses techniques like CVD, pulse laser deposition (PLD), 
sputtering, and template method. In these techniques, high purity crystalline materials 
are obtained.
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8.2.2.1 Magnetron Sputtering: 

Magnetron sputtering has also been used for the synthesis of the MXene mate-
rials. Using this technique, the Ti3AlC2 MXene film was deposited on the substrates 
(sapphire) using the C, Al, and Ti targets as shown in Fig. 8.5a–c [39]. Figure 8.5b 
shows the schematic representation of Ti3AlC2 MXene after the removal of the Al 
element. STEM image of Ti3AlC2 MXene film as shown in Fig. 8.5c. For the depo-
sition of TiC layer, a superior adhesion substrate is required. After the deposition, 
absorption of MXene/sapphire as etching solvent for the fabrication of MXene phase 
has been observed. 

Ion beam sputtering is based on the direct current beam sputtering which were 
the low energy ions such as inert gas bombarding the target. The sputtered materials 
are deposited on the substrate. The main benefit of this technique is that the ion 
source is placed outside of the chamber, so that the development of materials using 
the sputtering does not affect the presence of ion source. This technique can be used 
for the fabrication of ultrathin layers with the pre-designed structures. The synthesis

Fig. 8.5 a Step used for the synthesis of Ti3AlC2 MXene film using sputtering of Ti, Al and C 
on the sapphire substrate, b schematic representation for the preparation of Ti3AlC2 MXene film 
after the removal of Al element, c STEM image of Ti3AlC2 MXene film obtained from sputtering 
Adapted with permission from [40]. Copyright (2014) American Chemical Society, d schematic 
representation for the preparation of Mo2C film on copper substrate, e AFM micrograph of Mo2C 
film, f STEM image of Mo2C sheet, Adapted with permission from [39]. Copyright (2020) American 
Chemical Society 
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of thin materials does not require a large amount of the materials as compared to the 
bulk materials. 

The synthesis of high quality thin films depends upon various aspects such as 
low substrate contaminations, well control parameters for the deposition, high purity 
sputtering targets, high quality deposition environment etc. The deposition parameter 
plays a vital role in the growth and defining the quality of the synthesized film. 
However, the synthesis of the MAX and MXene-based thin films is quite difficult. 

8.2.2.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) has been used to synthesize the MXene. Ti3SiC2 

MXene, the first thin film, was synthesized using the CVD [41]. This technique 
requires a high temperature (1000–1300 ◦C) for synthesizing Ti3SiC2 MXene. The 
range of temperature was typically higher and purity was another issue faced by CVD. 
The molybdenum carbide (Mo2C) MXene phase was synthesized using CVD in the 
presence of CH4 and molybdenum [30, 31]. The temperature range of synthesized 
carbide was 1080 ◦C in the presence of precursors such as H2 and CH4 [31, 42–44]. 
Geng et al. [45] reported the control morphology of molybdenum carbide (Mo2C) 
crystals by changing the concentration of the flow rate of gases. At a low flow rate of 
CH4, irregular crystals were obtained; the shapes of the crystals were also transformed 
from triangular to polygons. Xu et al. [31] reported the synthesis of ultrathin crystals 
of Mo2C using CVD with a high temperature as shown in Fig. 8.5d. Due to the high 
temperature, growth of Mo2C crystals synthesized using the catalyzed CVD were 
reported to be orthorhombic crystal structures. The experimental conditions such as 
processing time and temperature affected the size and thickness of the materials. 
The atomic force microscopic (AFM) scanning transmission electron microscopy 
(STEM), bright-field STEM (BFSTEM) and atomic-level-high-angle annular dark 
field (HAADF) images are shown in Fig. 8.5e, f. The HAADF-STEM pattern exhibits 
that substantial Mo atoms are strongly packed in the hexagonal structure. The BF-
STEM image clearly shows the pressure of heavy atoms such as Mo (red circle) 
and C (red green) clearly observed in the insert of Fig. 8.5f. The C atom occupies 
the central position and six Mo atoms adjoining it to form an orthogonal structure 
with no disorder, defects. Materials fabricated by CVD techniques had fewer defects 
and had large transparent size, which helped the study of intrinsic properties of the 
MXene. 

However, the CVD approach is not an appropriate technique for the preparation 
of MXene because they synthesize the thin layers rather than the single layers. Also, 
CVD technique requires high cost and low yield of MXene which still needs to be 
optimized for the synthesis of high quality of MXene.
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8.2.2.3 Plasma Enhanced Pulsed Laser Deposition 

Zhang et al. [46] reported the fabrication of ultrathin film using the CVD and pulse 
laser deposition technique. The sapphire substrate was heated at 700 ◦C in the pres-
ence of CH4. The  CH4 was used as a carbon source. MXene synthesized using this 
approach exhibited low quality of crystalline and quantities of stacking faults were 
existed in the films. 

8.3 Properties of MXene 

MXenes have attained significant focus due to their excellent properties such as 
mechanical, electrical, thermal, magnetic and optical as given in Fig. 8.6. Due  to  
the hydrophilic behavior of the MXene, it exhibits excellent electrical and thermal 
conductivities. 

8.3.1 Mechanical Properties 

Mechanical properties of MXene have attracted significant attention due to the pres-
ence of strong interaction between MXene carbides (M–C) and MXene nitrides (M– 
N). According to theoretical calculations, the elastic modulus of MXene is at least 
two times higher as compared to MAX phases and lowers than the graphene. The 
mechanical performances of MXene depend upon the surface termination, thickness 
and chemical compositions. The Young’s modulus of the MXene was calculated 
using the stress strain graph as shown in Fig. 8.7. The stress strain plot with the 
different strain rates is shown in Fig. 8.7a–c. The value of Young modulus of, Ti4C3,

Fig. 8.6 Various properties 
of MXene 



8 Recent Escalations in MXenes: From Fundamental to Applications 215

Fig. 8.7 Stress strain graph of MXene at different strain rates a Ti2C, b Ti3C2, c Ti4C3 and d stress 
strain plot recorded under the tensile loading. Adapted with permission from [15] Copyright (2022) 
Sustainable Energy and Fuels, Royal Society of Chemistry 

Ti3C2 and Ti2C was observed at 534, 502 and 597 GPa, respectively as shown in 
Fig. 8.7d. 

8.3.2 Thermal Properties 

Efficient thermal management materials (TMMs) are the need of the hour for the 
development of next-generation electronic devices. The critical issues faced by 
thermal management are reliability, flexibility and the life span of electronic devices. 
The electronic devices essentially require a focus on heat dissipation. The TMMs not 
only exhibit a high value of thermal conductivity and dissipation power density but 
also show flexibility in structure, and are lightweight with mechanical robustness. 
The thermal expansion coefficient and higher thermal conductivity of MXenes are 
still unlimited. Theoretical models predict that the Sc3(CN)F2 and Sc2CT2 (T=OH,F) 
has lower thermal expansion coefficient and higher thermal conductivity as compared 
to MoS2 and phosphorene single layer [32, 47] 

According to the theoretical model, room temperature thermal conductivity of 
Zr2Co2, Ti2CO2 and Sc2CF2 MXene was analyzed and found to vary from 23 
to 473 W/mK [47, 48]. MXene also exists in two high routes symmetry such as 
Zigzag and armchair directions. According to the top-view of MXene, the x-axis is 
parallel to the Zigzag direction and Y-axis overlaps with the armchair as shown in
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Fig. 8.8 a Upper and b side view of Sc2CF2 MXene 

Fig. 8.8. Thermal conductivity of Sc2CF2 MXene enhances from 298 to 722 W/mK 
by increasing the size of flakes from 1 to 50 µm [47]. It concludes that the particle 
size and thermal conductivity of MXene depend upon the synthesis papermakers 
and morphology of the MXene. Thermal conductivity of Ti3C2Tx was observed 
experimentally and other types of MXene should also beanalyzed. 

8.3.3 Structural Properties 

The 2D MXene is attained by the removal of the “A” atom from the MAX phase using 
etching method. The monolayer of MXene has a hexagonal lattice, equivalent to the 
graphene flakes. The different functional groups (such as O, OH and F) are attached 
to the MXene after the exfoliation of the MAX phase. OH and O terminations of 
MXene was more stable as compared to the F, because the F terminations will be 
easily substituted by other groups such as OH. Xie et al. [49] reported that at high 
temperature treatment and metal adsorption processes the OH functional group gets 
converted to O terminations. Further, O terminated MXene decomposes into pure 
MXene when they are in contact with other metals such as Mg, Ca, Al, etc. [50]. 
The attachment of the functional groups depends upon the basic requirement of 
MXene materials. Generally, MXene is formed with the termination of the different 
functional groups. Additionally, modeling is an essential requirement which gives 
the information regarding the complicated structure of the MXene-based materials. 

8.3.4 Magnetic Properties 

The magnetic behavior of the MXene depends on the spin polarization properties. 
The magnetic behavior of MXene also strongly depends on the covalent bonding
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Fig. 8.9 Total magnetic 
moment of a monolayer of 
pristine nitride and carbide as 
a function of layer thickness; 
Adapted with permission 
from [51] copyright (2013) 
American Physical Society 

between the TM and X element as well as the attachment of the functional groups. 
The single layer of the MXene (Mn+1Xn) is intrinsically magnetic. The magnetic 
behavior of the MXene is the result of the “d” electrons of the surface. In the Ti, 3d 
electron on the surface is present and the magnetic moment (µB) of the Ti surface 
and top sites carbon/nitrogen atoms are 0.619 and 0.027 µB per atom of Ti2N and 
0.983 and 0.065µB per atom of Ti2C, respectively. The magnetic moments of MXene 
(nitrides/ carbides) as a function of “n” are shown in Fig. 8.9. Figure 8.9 exhibits the 
behavior of the carbides and nitrides, the total µB of the carbides enhances from 2 to 
3 µB. On the nitrides, the µB varies around 1.2 µB [51]. The continuous enhancement 
of the biaxial strain, the half-metallic ferromagnetic single layer of Ti2C changes into 
perfect half metal, semiconductor, and then metal. The nitride (Ti2N) remains to be 
half-metallic and the biaxial strain shows a negligible effect [52]. 

The monolayers of V2N and V2C show nonmagnetic and antiferromagnetic 
behavior respectively. The attachment of the functional group (OH or F) on V2C 
converts into an antiferromagnetic semiconductor [53]. Similarly, the Cr2C is trans-
formed into a semiconductor with functionalization (F, Cl, OH, or H). The magnetic 
behavior of the double TM carbides MXenes, Cr2M''C2T2 (M''=V and Ti, T=O, 
OH, and F) have been studied. The magnetic behavior of Cr2M''C2T2 are depending 
on the M'' and T. The literature shows that the magnetic behavior of Cr2TiC2O2 is 
metallic, while Cr2TiC2(OH)2 and Cr2TiC2F2 are antiferromagnetic and Cr2VC2O2, 
Cr2VC2O2, Cr2VC2(OH)2 are ferromagnetic [54]. 

8.3.5 Optical Properties 

MXene can be considered as an appropriate material for the fabrication of flexible 
electrodes. The surface terminations on the MXene strongly influence the optical 
properties. In the visible range spectrum, the oxidized MXene samples exhibit strong
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Fig. 8.10 The absorption coefficients in In-Plane (αxx) and normal (αzz) as a function of photon 
energy, a Ti3C2F2, b Ti3C2O2 and Ti3C2(OH)2 respectively Adapted with permission from [57]. 
Copyright (2022) Elsevier 

absorption properties, and the surface fluorination experiences weak absorption as 
compared to pure MXene. In the range of ultraviolet energy, the attachments of 
functional groups enhance the reflectivity and absorption properties. The thin film of 
Ti3C2TX (T = mixture of OH, O, and F) has shown 77% of transmittance at visible 
light. The Ti3C2.3O1.2F0.7N0.2 has more than 90% transmittance, although Ti3AlC2 

thin film has 30% transmittance. It concludes that the absorbance of Ti3C2TX linearly 
depends upon the thickness and intercalated films [55, 56]. 

Figure 8.10 shows the calculated absorption spectrum of MXene-based mate-
rials, for convenience the visible region is distinguished from the shaded area. The 
absorption regions are generally focused in the UV region with the onsets of absorp-
tion in the infrared range for these materials. The Ti3C2F2 observed three typical 
absorption peaks. The peak covering 3.5–6.5 eV belongs to the UV region. The 
coefficient of absorption is also enhanced slightly in the Visible–UV region with 
photon energy from 2.5 to 3.5 eV. For Ti3C2O2, the absorption region covers the 
visible and UV region. The curves of absorption exhibit anisotropy along with the 
normal and in-plane directions, in which the adsorption peaks showed at 4.5 and 
6.5 eV respectively. The defects present in Ti3C2O2 can significantly increase the 
intensity of light absorption from 4.5 eV, generally for the normal direction. The 
enhancement of light absorption by defect is mostly concentrated in the infrared and 
visible regions of Ti3C2(OH)2. In the in-plane direction, the intensity of absorption 
light enhances by more than 25% for all these points. 

8.3.6 Electronic Properties 

According to the theoretical computations, the optical [58], thermoelectric [59], 
elastic [60], magnetic [51, 61, 62], electronic [63] and dielectric [64] properties of
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MXene have been reported. Few experimental studies have confirmed the theoret-
ical analysis. In this section, we will focus on the electronic properties, which have 
been reported thoroughly. Tin+1Xn MXene are metallic in nature. As the value of “n” 
enhances, metallic behavior reduces, because of the additional Ti-X bond [58]. The 
attachment of X atom (C and N) plays an important role in the metallic behavior. Tita-
nium nitrides show more metallicity in nature as compared to the titanium carbide, 
due to the N atom having a higher atomic number (1 more electron) as compared to 
C atom. On the other side, terminated MXene sheets have thin band gaps and they 
behave like metal or semiconductors, depending upon the orientation and types of the 
functional group [65, 66]. Indirect band gap of Zr2CO2, Hf2CO2, Ti2CO2, Sc2CF2, 
and Sc2CO2 terminated MXene sheets are also reported, though Sc2C(OH)2 with 
lower direct band gap [67]. Therefore, it is necessary to tune the electronic structure 
to attain the direct band gap, mainly in the field of optics and optoelectronic devices. 
Lee et al. [68] reported the band gap of Sc2CO2 under the effect of applied strain. As 
strain changes, the value of the interatomic distance within the atoms also changes. 
The band gap progressively reduces, as the tensile strain is enhanced. 

Generally, MXene exhibit outstanding mechanical strength [69, 70], high thermal 
conductivity [55], and tunable bandgap [29], thus it is significantly used in the field 
of electromagnetic interference (EMI) shielding [71, 72], environmental protection 
[73, 74], sensing [75, 76], energy storage and conversion [3, 26] and so on. Similar to 
other 2D materials, MXene has suffered agglomeration and restacking issues because 
of van der Waals force of attractions, which limits its practical applications [77, 78]. 

8.4 Applications 

In the next-generation of electronic devices (ED), electric vehicles (EV) and their 
hybrid EV (EHV) and smart electricity grids, demand outstanding properties in 
terms of high energy and power to ensure a reliable energy supply. Therefore, high-
performance energy storage devices are essential requirements for renewable energy 
sources. In rechargeable batteries, the materials used in the electrode play a signif-
icant role in the electrochemical performance (ECP). Researchers have continu-
ously focused on the design and synthesis of various advanced nanomaterials which 
improve ECP of the secondary batteries. Various nanomaterials such as 1D, 2D 
and 3D have been significantly used in the electrode materials. But, the layered 
two-dimensional (2D) advanced nanomaterials have attained significant research 
consideration because they exhibit unique optical, mechanical, thermal, and elec-
trical properties, and electrochemical performance [79]. Rechargeable Secondary 
batteries are significantly used in energy storage applications. High storage capacity, 
high rate capability, good cyclability, long life, and cheapest are the basic require-
ments of rechargeable batteries, and they depend upon the properties of the electrode 
materials. Generally, a graphite based electrode is used as an anode electrode; it has 
a moderate specific capacity of 372 mAh/g and low rate capability properties.
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8.4.1 Lithium-Ion Batteries (LIBs) 

The basic mechanism of LIBs depends upon the Li-ion insertion/extraction into 
or from the electrodes during the charging/discharging processes. LIBs are slow 
in charging/discharging process (low power device) and have high energy density. 
The fundamental diffusion dynamics of LIBs in the solid-state electrode materials 
inevitably restrict the rate of intercalation/deintercalation. Ideal pure 2D MXene 
flakes cannot be used in practical applications, because of their low capacitance, 
low capacity and inferior retention properties. So, nanoengineering methods on 
the pure MXene materials such as surface modification, hybridization, coating, and 
morphology control techniques are used to enhance the ECP of energy storage appli-
cations and resolve the problem of diffusion dynamics challenges. Researchers have 
continuously explored various advanced materials to replace the graphite material in 
LIBs [80]. 

Since the discovery of MXene in 2011, the use of transition metal carbides and 
nitrides have been quickly expanded. Today, MXene and MXene-based hybrid mate-
rials are the growing materials that have been widely explored because they are similar 
to graphene. Similar to graphene, MXene-based materials have been used for ESCDs. 
Nowadays, MXene hybrid materials have been significantly used in next-generation 
EVs and HVs. The basic necessities of EV are high power systems, which can work 
under high current conditions. 

According to the theoretical calculations, MXene is a capable material for energy 
storage applications [81, 82]. MXene-based materials are continuously used as 
renewable energy resources for practical applications. In recent years, Ti3C2 has 
received significant focus for its outstanding hydrophobicity and conductivity. Due 
to its low capacity, its practical application is restricted. So, researchers are contin-
uously exploring hybrid materials. MXene hybrid materials have been significantly 
used in electrode materials for rechargeable batteries [83, 84]. Several researchers 
have reported improving the ECP using surface modification, lamination and interca-
lation [85–87]. Zhang et al. [88] studied the intercalation of Ti3C2 MXene with Cu2O 
and slightly improved its specific capacity. Xie et al. [89] reported that intercalating 
of CNTs/Ti3C2 has significantly enhanced the electrical conductivity. Yin et al. [90] 
reported the synthesis of Ti3C2FX MXene using electrochemical etching. The elec-
trochemical exfoliation approach was used to synthesize MXene which controls its 
fluorination degree. Figure 8.11 shows the SEM image of pure Ti3AlC2 and Ti3C2FX 
MXene. The contact layered structure of Ti3AlC2 MXene is shown in Fig. 8.11a. 
Al layer of Ti3AlC2 was slowly etched at low potential (3 V vs. Ag wire) and the 
accordion-like structure is shown in Fig. 8.11b. As the potential was increased to 
5 V, the Al layer was etched sufficiently and nanosheets were formed as shown in 
Fig. 8.11c. Figure 8.11d exhibits that increasing potential to 7 V, the amorphous 
behavior was observed. Ti3C2FX MXene exhibited improved electrochemical prop-
erties as cycling stability. The initial discharge capacity at 329 mAh/g was 0.2 A/g 
and sustained at 210 mAh/g after 500 cycles.
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Fig. 8.11 SEM images of a Pure Ti3AlC2, and electrochemical etched Ti3C2FX at different poten-
tial of b 3 V,  c 5 V and  d 7 V versus Ag wire; Adapted with permission from [90]. Copyright (2021) 
Elsevier 

Zheng et al. [91] studied the 3D sandwich structure of MoS2 intercalated partially 
oxidized Ti3C2 (p–Ti3C2) was synthesized using the etching technique and conse-
quent hydrothermal treatment to avoid the limitation of Ti3C2. MoS2 behaves as 
the intercalation agent to reduce the restacking issue of p-Ti3C2 and assist the fast 
transportation of ions and electrons between the MXene layers. The electrochemical 
properties of MoS2/p-Ti3C2 composites were also analyzed with different content 
of MoS2 (10, 20, 30 and 40 wt.% was designed as T10, T20, T30 and T40). The 
charging/discharging performance of different wt.% of MoS2 was analyzed between 
0.00001 and 3Vat 50 mA/g. At 50 mA/g, initial discharge capacities of T10, T20, T30 
and T40 were 434, 656, 604 and 605 mAh/g, respectively. Figure 8.12a exhibits the 
cycling stability of different wt.% of MoS2 on Ti3C2 and Coulombic efficiency (CE) 
of the T20 sample. The specific capacity was increased by increasing the wt.% of 
MoS2. Among all the samples, T20 shows the highest discharging capacity and best 
cycling stability. At the higher wt.% such as T30 and T40 showed that as increases the 
number of cycles, discharge capacity declined. Figure 8.12b shows the discharging 
capacity of the MoS2/Ti3C2 electrode which was much higher as compared to Ti3C2. 

In the low current density, T30 and T40 composites exhibited a higher discharge 
capacity as compared to others. The increased number of cycles enhances current 
density and reduces the discharging capacity remarkably. A T20 sample delivers a 
higher specific capacity as compared to others at a high current density. The reversible 
capacity of 487.9 mAh/g was attained at 50 mA/g, which was 2 times higher as 
compared to p-Ti3C2. Ali et al. [92] studied the ECP of iron oxide/MXene anode
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Fig. 8.12 a Cycling performance of all samples at 0.5 A/g with CE of T20 electrode, b discharging 
performance at various current densities; Adapted with permission from [91]. Copyright (2018) 
Elsevier 

material for LIBs. The iron oxide/MXene hybrid material was fabricated by different 
concentrations of iron oxide nanoparticles into MXene using a facile and scalable 
dry-milling method. Composites of 25 and 50 wt.% of iron oxide/MXene synthe-
sized using the ball milling resulted in proper dispersion of iron oxide nanoparticles 
and reported the ECP. The composite containing 50wt.% iron oxide/MXene shows 
a higher reversible capacity of 271 mAh/g at 1C and 100 mAh/g rate performance at 
10C. 

8.4.2 Supercapacitors (SCs) 

Developments in electronic devices have significantly promoted the new flexible 
energy storage devices (ESD). SCs have drawn significant consideration because 
of their high power density, eco-friendly nature, unlimited cycle life, low charging 
ability, and compelling cycling performance [93, 94]. SCs are also another family 
of the energy storage device, which can accumulate and distribute energy at a faster 
rate. SCs have rapid charging/discharging, high power density, long cycle life, etc. 
According to the mechanism of energy storage, SCs are divided into pseudocapac-
itors and electrochemical-double layer capacitors (EDLCs) [95]. EDLCs can store 
charges by reversible electron charge transfer properties at the interface of elec-
trode/electrolyte. In non-faradic (NF) reactions, EDLCs have long cycle life and low 
energy densities. The pseudocapacitors contain the fast reversible Faradic response at 
the surface of electrode materials, but they can have low rate capability, short cycle 
life and higher energy densities. The mechanism of hybrid SCs (HSCs) is based 
upon the different mechanisms in which non-faradic charging-discharging occurs on 
capacitive carbon electrodes combined with the surface redox reaction at the negative 
electrode [96]. The combined merits of both pseudocapacitors and EDLCs possess
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high energy density with cycling stability. Electrodes and electrolytes have played 
an essential part in the design of supercapacitors. 

Flexible electrode materials for the SCs are of significant interest due to their 
high flexibility, lightweight, high power density, and ease of handling [97, 98]. Free-
standing films/paper can be used as electrode materials without the addition of an 
insulating binder and conducting fillers that provide high volumetric and gravimetric 
performances. Various nanomaterials such as graphene, CNTs, graphene-carbon 
nanotube (GCNTs), carbon black and hollow structured metal oxides/sulfides and 
MXene [99, 100] are widely used in electrode materials [65, 101]. The max. specific 
capacitance of 481 F/g at 0.005 V/s was recorded at 0.1 M sulphuric acid electrolytes 
with a high cyclic retention rate of 89% [102]. The MXene has also suffered from 
restacking issues similar to graphene, which restricts its electrochemical properties. 
The addition of various nanoparticles coated/doped within MXene is done to form 
MXene hybrid composites. 

The 2D MXene possesses a high surface to volume ratio, hydrophilic surface, 
high electrical conductivity, structural variety etc. Free-standing MXene film has 
been significantly used as electrode material in SCs due to their large volumetric 
capacitances as compared to carbon based nanofillers [103, 104]. Ti3C2Tx film exhib-
ited a specific surface area (SSA) of 98 m2/g and carried a volumetric capacitance 
of 340 F/cm3 as compared to carbon based electrodes of 300 F/cm3 [104]. Wang 
et al. [105] studied the synthesis of nickel cobalt oxide-metal–organic frame work 
(NiCo-MOF = NCM) on nickel foam using the hydrothermal technique. The Ni-
Co@NiCo-MOF/NF (M-NC@NCM/NF) nanosheets were synthesized using elec-
trodeposition. The specific capacity of the Co@NiCo-MOF/NF nanosheet reached 
2138 F/g at 1A/g and the specific capacity was retained at 75%. Chen et al. [106] 
reported the synthesis of NiCoFe-layer double hydroxide/Ti3C2 composites using 
nano-dimension coating of NiCoFe-layer double hydroxide(LDH) on Ti3C2 MXene 
via the surface functional group. Figure 8.13a exhibits the XPS spectrum showing 
the presence of Ni, Co, Fe, C, Ti and F elements. Figure 8.13b shows the decon-
volution spectrum of 1S carbon of Ti3C2 and NiCoFe-LDH/Ti3C2 composites. The 
peaks of Ti3C2 MXene at 286.1, 284.8 and 282.8 eV are ascribed to O-C=O, C=C, 
and C-Ti-Tx peaks respectively. In NiCoFe-LDH/Ti3C2 hybrid, C-Ti-Tx peaks are 
changed to C- at 281.5 eV. Figure 8.13c shows the XRD pattern of NiCoFe-LDH, 
Ti3C2 MXene and NiCoFe-LDH/MXene composites. The diffraction peaks at 2 θ 
values of 8.9°, 18.2° and 44° represent the (002), (004) and (200) crystal planes of 
Ti3C2 MXene. The diffraction peaks at 2 θ values of 11.7°, 26.7°, 34.5°, 39.1°, 46.6°, 
59.8° and 61.1° signifies the (006), (012), (015), (018), (110) and (113) planes of 
NiCoFe-LDH verified that the successful synthesis of NiCoFe-LDH/MXene.

NiCoFe-LDH/Ti3C2 composite shows an excellent specific capacity of 1990 
F/g at 1A/g in 1 M KOH and maintained the specific capacity of 85% after 500 
cycles of charge/discharge at 10 A/g. Li et al. [107] reported the fabrication of 
graphene/MXene film by vacuum-filtration. The graphene/MXene hybrid electrodes 
were accumulated into flexible solid-state SCs, which presented a volumetric capac-
itance of 217 F/cm3. Zhu et al. [108] reported the fabrication of foam MXene using 
two different techniques such as: a facile hard and a pore-forming approach. The
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Fig. 8.13 a XPS spectrum of NiCoFe-LDH/Ti3C2 composite, b deconvolution and c XRD spec-
trum of Ti3C2 MXene, NiCoFe-LDH and NiCoFe-LDH/Ti3C2 composite; Adapted with permission 
from [106], Copyright (2021) Elsevier

sheets of MXenes were expanded using the MgO nanoparticles using hard templates 
showing the wrinkled flakes with open morphology. The expanded MXene used as 
electrode materials delivered the capacitance of 180 F/g at 1A/g. On other hand, 
MXene foam synthesized after the urea-MXene composites at 600 ◦C, displayed the 
various pores on the layers as shown in Fig. 8.14.

CV plots of all MXene-based composite electrodes displayed the rectangular 
shape plot at 5 mV/s as shown in Fig. 8.15a, and determined the pseudocapacitive 
behavior. Figure 8.15b shows CV plots of the MXene foam electrodes at various scan 
rates. Figure 8.15c shows the specific capacitance of pure MXene-based electrodes at 
48 F/g at 20 A/g, expanded MXene electrodes at 70 F/g and MXene foam electrodes 
at 125 F/g. The cyclic stability of all electrodes was tested for 5000 cycles using 
galvanostatic charging/discharging at the current density of 5 A/g. At a higher scan 
rate, only slight distortions are observed. The foamy porous structure of MXene 
showed the capacitance of 203F/g at 5A/g and maintained 99% after the 5000 cycle 
as  shown in Fig.  8.15d. Wang et al. [109] studied the ECP of self-discharging behavior 
of Ti3C2TX based SCs. They reported the self-discharge behavior of tightly bonded 
and loosely bonded ions corresponding to the individual self-discharge behavior.
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Fig. 8.14 Schematic representation for the synthesis of MXene foam, Adapted with permission 
from [108]. Copyright (2020) Elsevier

Fig. 8.15 ECP of binder free three electrodes a CV plot of all three electrodes at 5 mV/s scan rate, 
b CV graph of MXene foam at different scan rates, c relationship between the specific capacitance 
of all three electrodes at different current densities, d comparison of retention of all three electrodes 
at 5A/g over 5000 cycles; Adapted with permission from [108]. Copyright (2020) Elsevier
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Figure 8.16a exhibits the schematic representation of the relationship between 
the self-discharging behavior and the mechanism of surface chemistry of Ti3C2TX 

MXene. They show that the direct interface between the electrode and ions surface 
indicates the tight-bond atoms. The bottom part of the image shows the loose bonding 
model, as the distance between the ions and electrode increases, the surface results in 
a weak attractive force between them. Figure 8.16b shows that two different models 
indicate the mixed charge behavior. It clearly shows that both loose and tightly packed 
bonded ions diffused out of the surface of electrode and fitted by a mixed potential 
model as given: 

V ∝ V1 × e
−t/τ 1 + V1 × e

−t/τ 2 (8.7) 

Here V1 represents the SC potential during self-discharge, V1 and V2 indicate the 
initial potential of the self-discharge process, τ 1andτ 2 represents the time constant 
of discharging process, and t is the time. When the loose bonding ion diffuses out of 
the electrode, the individual potential of the self-discharge model is 

V ∝ V1 × e
−t/τ 1 (8.8)

Fig. 8.16 Self-discharging effect of Ti3C2TX MXene a theoretical model of different tightly-
bonding atoms, b mixed self–discharging mechanism of different bonding, c schematic of a tunable 
self-discharging by regulating surface chemistry; Adapted with permission from [109]. Copyright 
(2020) Applied Chemical Society 
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Figure 8.16c shows that Ti3C2TX t-MXene, eliminating the Fluorine (F)-rich 
elements (65% atoms) shared a positive apparent decline of 20% self-discharge rate 
in comparison to high F-containing atoms. Yan et al. [110] studied the prepara-
tion of MXene/graphene film using the electrostatic self-assembly technique. In this 
case, rGO nanosheets were inserted within the MXene layers to avoid the restacking 
issue. The volumetric capacitance of the MXene/rGO film electrode was 1040 F/cm3 

at 2 mV/s, with capacitance retention of 61% at 1 V/s. The symmetric SCs show 
an ultrahigh volumetric energy density of 32.6 Wh/L and power density of up to 
75 kW/L, which was much higher as compared to MXene and carbon based materials 
in aqueous electrolytes. Huang et al. [111] studied the fabrication of MXene-based 
microsupercapacitors which promoted the development of portable devices. The 
synthesized microsupercapacitors provided a volumetric capacitance of 351 F/cm3 

at 1.2 V, representing a breakthrough volumetric energy density of 76 mWh/cm3 

8.4.3 Electromagnetic Interference Shielding 

With the increasing demand of electronic devices, electromagnetic pollution has 
become a serious issue, which harmfully affects the performance of electronic 
instruments. These electromagnetic radiations are also hazardous to living beings 
and the surrounding environment. To avoid this problem, electromagnetic interfer-
ence (EMI) shielding materials are used to solve this problem. From the past few 
decades, the development of smart electronic devices, nuclear reactors, aerospace and 
aircraft materials require lightweight, thin film EMI shielding materials [112, 113]. 
Conventional shielding materials like metals have suffered the problems of heavi-
ness, bulkiness and easy to corrosion [114]. So, material science and engineering 
require various advanced nanomaterials for the development of new EMI shielding 
materials [115, 116]. 

Various materials such as CNT, graphene, MXene, etc. have attracted more effec-
tive materials for EMI shielding because of their low density, lightweight, high 
conductivity and corrosion resistance. Incorporating these fillers within polymer has 
been used as the feasible material for EMI shielding. MXene-based materials show 
excellent capability for EMI shielding. Li et al. [117] reported the preparation of 
novel Ti3C2Tx MXene for high-performance EMI shielding. The EMIs shielding of 
Ti3C2Tx MXene reached 70 dB in X-band at 0.8 mm. Shahzad et al.[118] reported the 
fabrication of Ti3C2Tx film and Ti3C2Tx-sodium alginate (SA) film using vacuum-
filtration and provided higher EMI shielding of 92 dB. Sun et al. [119] reported the 
fabrication of Ti3C2Tx/polystyrene composites through excellent EMI shielding of 
54 dB in X-band. Li et al. [120] reported the synthesis of rGO/ Ti3C2Tx foam with 
hollow core–shell architectures, showing the high value of specific electromagnetic 
absorption of 14,300 dB cm2/g. Zhou et al. [121] reported the fabrication of ultra-
thin Ti3C2Tx MXene/calcium alginate (Ti3C2Tx/CA) aerogel film used for EMI. The 
Ti3C2Tx/CA film exhibited an EMI value of 54.3 dB at a sample thickness of 26 µm. 
Lei et al. [122] reported the fabrication of Aramid nanofiber/Ti3C2Tx MXene (ANF/
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Ti3C2Tx) using brick and motar architecture. The ANF/ Ti3C2Tx composites film 
showed the specific EMI shielding effectiveness of 8814.5 dB cm2/g. Liu et al. [71] 
reported the preparation of MXene foam using the hydrazine-induced foaming tech-
nique. The MXene foam exhibited outstanding wear resistance, durability and 70 dB 
EMI shielding effectiveness. Ganguly et al. [123] reported the fabrication of carbon 
dot generated polynorepinephrine (PNE) coated MXene and Fe3O4 hybrid using 
the vacuum-assisted filtration (VAF) technique. The free-standing cellulose-based 
composite membrane (CM) was fabricated using the VAF approach. The different 
concentrations of the magnetic nanoparticles coated on the CM were also analyzed. 
Figure 8.17a–c shows the SEM image of uncoated CM exhibiting the entangled 
architecture without coated nanoparticles. Figure 8.17d–j exhibits the coating of 
nanoparticles on the CMs and showed that the compact morphology has increased 
the concentration of particle coated on CMs as compared to an uncoated surface. 
The cross-sectional image was used to determine the thickness of coated materials 
using the focused-ion beam (FIB) technique as shown in Fig. 8.17h, i. Figure 8.17j 
shows that the average thickness was 9.8 µm. Figure 8.17k shows that the average 
value of coated thickness lies between the range of 9–11.5 µm. 

The image of the PNE-MXene/ Iron Oxide Nanohybrid (PMIO)-based membrane 
coated region is shown in Fig. 8.18a. Figure 8.18b shows the EMI shielding values

Fig. 8.17 SEM images of a–c uncoated FP and d–g coated CM of nanoparticles coated on woven 
fiber, h image of coated CM with the cross-section of Ga+ ion FIB, i cross-section image, j FIB-
SEM cross-section image CM coated the thickness, k average thickness of coated CM nanoparticles; 
Adapted with permission from [123], Copyright(2020) American Chemical Society 
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increases with increase in concentration of nanoparticles deposited on CM. The EMI 
shielding value was increased from 8.5 dB (CM1) to 40 dB (CM4) by increasing 
the coating concentrations. The EMI shielding value was reported 40 times higher 
as compared to uncoated FP, due to the development of a 3D network inside the 
coated layer. Figure 8.18c exhibits the EM shielding of all CM and clearly shows 
that the SEA values of all CM composites are comparatively higher as compared 
to SER and both values of SER and SEA were increased with the coated mass. The 
toughness of the materials was also analyzed in their shielding effectiveness in dry 
and wet chemical conditions. Figure 8.18d shows that bending affects the SE values 
for CM4. Figure 8.18e shows the durability test of CM material under the static 
and water flowing test. The CM absorbed for 30 min showed no deterioration in 
SE values. Sun et al. [124] reported the fabrication of MXene-xanthan films for 
EMI shielding. The MXene-xanthan nanocomposites show shielding effectiveness 
of SSE/t = 24,465 and 14,491 dB cm2/g.

Nguyen et al. [125] reported the Ti3C2Tx/graphene/PDMS composites for the EMI 
shielding. Fe3O4 nanoparticle deposited on the graphene particle- intercalated in the 
Ti3C2Tx MXene sheets. The hybrid composite shows the EMI SE of 81 dB in X-
band (8.2–12.4 GHz) and 77 dB in Ka-band (26.5–40 GHz). Lu et al. [126] reported 
the synthesis of a self-healable assembly of waterborne PU/ Ti3C2Tx (ADWPU-
T) composites for the stirring technique. The self-assembly between ADWPU and 
Ti3C2Tx MXene exhibited EMI shielding of 52 dB. 

8.4.4 Sensors 

Recently, sensors have attained significant attention in our daily life due to the 
fast progress of electronic and information technology. Sensors are devices that 
detect/respond to some type of input from the physical phenomenon. There exist 
different types of sensors such as gas sensors, strain sensors, pressure sensors, 
photodetectors, humidity sensors, biosensors, etc. as shown in Fig. 8.19.

Various nanomaterials have been synthesized and used for sensing purposes. But, 
2D layered materials have been significantly used because of their large surface 
area, excellent flexibility, tunable electronic structure and outstanding mechanical 
properties. 

8.4.4.1 Strain Sensors 

Strain sensors have been extensively used in numerous applications such as health 
care, artificial eardrum, electronic skin, robotics, motion monitoring, etc. [128, 
129]. Due to the outstanding properties of MXene, it has been significantly used 
in strain/stress sensors. Yang et al. [130] reported the tensile strain sensor proper-
ties of Ti3C2Tx nanosheets and nanoparticles. The change in resistance was due to 
the movement of nanoparticles and the bridging-network of Ti3C2Tx nanosheets.
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Fig. 8.18 Schematic diagram for preparation of PMIO coated CMs materials and mechanism of 
shielding, b EMI shielding value composite materials, c comparison value of SET, SEA and SER for 
the CMs, d EMI SE values of CM bending and e durability analysis of CMs before and after water 
flow test; Adapted with permission from [123], Copyright (2020) American Chemical Society

The fabricated sensors showed that the gauge factor was greater than 179, sensing 
range lies between 0 nad 54%, and the limit of detection was observed at 0.025% 
with stable response under the 20% strain without degradation over 5000 cycles. 
Cai et al. [131] reported the tensile strain sensor of Ti3C2Tx/CNTs hybrid mate-
rials. The fabricated sensors showed the gauge factor of 773 and sensing range 
between 30 and 131% and detection limit of 0.1% and good consistency and 
stability over 5000 cycles. Zhang et al. [132] reported the self-healable and highly 
stretchable MXene/PVA hydrogel based wearable sensors. Hydrogels consist of
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Fig. 8.19 MXene-based materials used in various types of sensor Adapted with permission from 
[127] copyright (2021) from American Chemical Society

3D network structures with an excess concentration of water/ionic liquid that has 
been proposed for electrodes for soft electronics. Figure 8.20a shows the diagram 
illustration for the fabrication of MXene/PVA hydrogel. Figure 8.20b shows  the  
photograph of the cut piece of MXene/PVA hydrogel. Figure 8.20c exhibits that 
when the two cut pieces were joined together, self-healing instantaneously appeared 
in Fig. 8.20d and also retained the high stretch-ability up to 1200% as shown in 
Fig. 8.20e. Figure 8.20f exhibits the diagram illustration for the hydrogel electrode 
compressed with VHB tape. Figure 8.20g shows the stretching/releasing performance 
of the MXene/PVA hydrogel electrode under the different applied strains. Although 
the stretching/releasing process, the MXene/PVA hydrogel electrode showed the 
hysteresis curve at all applied strains. The change in the relative resistance in the 
favor of applied strain was up to 200%. The relative change resistance of 200% strain 
was 1 for PVA/MXene which was smaller as compared to PVAhydrogel. CNTs/PVA 
hydrogel based strain sensors enhanced the sensitivity. Figure 8.20h shows that the 
change in resistance of CNTs/PVA hydrogel at 200% was 2.4, which was more than 
two times higher as compared to MXene/PVA hydrogel. Therefore, they concluded 
that PVA/MXene hydrogel could be an excellent choice as compared to MXene/PVA 
for strain sensors.

8.4.4.2 Gas Sensors 

The detection and concentrations of gases such as CO2, NO2, CO, NO, NH3, SOx and 
H2S are important requirements to measure air quality. Monitoring and identification
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Fig. 8.20 Schematic illustration for the preparation of PVA/MXene hydrogel, b–e photograph of 
self-healing and stretch-ability of PVA/MXene hydrogel, f PVA/MXene electrode for analyzing 
the performance of strain sensor, g change in the resistance response of PVA/MXene electrode at 
different strains, h relative resistance change-strain plots of PVA, PVA/CNTs, PVA/MXene hydrogel 
electrodes Adapted with permission from [132]. Copyright (2019) Wiley

of the exhaust, toxic and flammable gases are vital for energy saving and protection 
of the environment [133]. Researchers are continuously putting efforts to improve 
sensitivity and selectivity. Various nanomaterials have been explored to enhance the 
gas sensing properties. The small, low power consumption, cheaper and reliable gas 
sensors are a significant requirement in various applications. With increasing demand 
for improved gas sensors, the higher sensitivity and selectivity of various materials 
are used to analyze and fabricate suitable materials for gas sensing properties. 2D 
materials have attracted significant attention in gas sensing applications due to their 
controlled surface chemistry, large surface area and capability of sensing selection at 
room temperature. Among the various 2D materials, MXene-based hybrid materials 
have gained significant consideration in gas sensor applications. MXene-based mate-
rials have outstanding physical and chemical properties. Lee et al. [134] reported 
the synthesis of Ti3C2Tx and were combined on flexible polyimide platforms for 
gas sensing applications. Ti3C2Tx MXene sensors successfully measured methanol, 
ethanol, ammonia gas and acetone at room temperature. The Ti3C2Tx based sensors 
showed a high sensing response for ammonia because of its large energy absorption.
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Fig. 8.21 Ti3C2Tx 
MXene-based gas sensors 
response toward 500 rpm for 
H2S, NH3, NO, CH4, 
methanol, ethanol and 
acetone at room temperature 
(25 ◦C) Adapted with 
permission from [136]. 
Copyright (2019) American 
Chemical Society 

Kim et al. [135] reported the Ti3C2Tx MXene-based gas sensors. Ti3C2Tx MXene-
based gas sensors showed a very small limit of detection of 49–100 ppb for volatile 
organic compounds gases at normal temperature. Wu et al. [136] reported the prepa-
ration of 2D Ti3C2Tx MXene for gas sensing applications. The colloidal suspension 
of Ti3C2Tx MXene was deposited on the surface of ceramic tubes to develop the 
gas sensors. At room temperature, this gas sensor was used to detect the many gases 
such as (H2S, NH3, CH4, NO, methanol, acetone and ethanol) with a concentration 
of 500 ppm. Ti3C2Tx based gas sensors have high choice for NH3 as associated to 
other gases as shown in Fig. 8.21. 

8.4.5 Other Sensors 

8.4.5.1 Optical Sensors 

MXene has a tuneable electronic structure depending upon the attachment of different 
surface functional groups and the number of layers shows interesting non-linear 
optical properties. Ti3C2Tx MXene MX has an extensive optical absorption region 
from visible to infrared with high photothermal properties [137]. 

Electrochemical sensors are significantly used in various practical applications 
because of their excellent repeatability, low cost, linear output and good selectivity. 
Commonly, the interaction between analyser and sensing materials is critically essen-
tial to analyse the sensing performance. MXene-based materials have a large surface 
area, biocompatibility, good mechanical properties, good conductivity etc., allowing 
effective and selective interaction with target species [130, 138]. MXene hybrid 
materials have been significantly used as redox transducers and electrocatalysts for 
sensing environmental pollutants, minor molecules, biomarkers and pharmaceutical 
drugs.
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8.4.5.2 Humidity Sensors (HS) 

It is a device used to sense the humidity and commonly expressed as relative humidity. 
HS has been commonly used in industry, meteorology, automation, agriculture, 
medical health, aerospace, food storage and smart homes [139]. Researchers are 
putting continuous efforts in improving the performance of HS such as response 
value, response speed, and sensitivity of sensors. Some HS shows very quick time 
response (in ms) and large response values (106) [140–143]. The main challenge is 
the development of a low detection limit, high detection resolution and wide detection 
range of HS. The detection range of most HS lies within 10–90% relative humidity, 
HS shows no response for a low value of RH such as less than 5%. Several nanomate-
rials have been used for HS, among MXene because of their outstanding properties. 
Muckley et al. [144] studied Ti3C2Tx MXene film for HS. Ti3C2Tx MXene film 
showed a reproducible reversible response in the 0.1–95% RH range in a detec-
tion limit of less than 20 m Torr H2O. Li et al. [145] reported the fabrication of 
high-performance HS based on Ti3C2Tx MXene–derived TiO2 nanowire composites. 
Ti3C2Tx/TiO2 nanowire composites exhibited high sensitivity in a 7%-33%RH. 

8.5 Conclusion and Outlook 

We discussed the recent advancement of MXene-based hybrid materials in terms of 
synthesis techniques, properties and potential applications. The synthesis of MXene 
materials using various techniques has several limitations, followed by a summary 
of various techniques used for the synthesis of MXene in terms of hazardous, yield, 
cost, thickness, etc. The broad applications of MXene hybrid materials in terms of 
rechargeable batteries, supercapacitors, EMI and sensing were also reported. 

Similar to other 2D materials, surface modification and morphology have an 
important impact on enhancing the no. of active sites. The production of defect-
free and high quality MXene is very important for various applications in the field of 
high-performance rechargeable batteries and supercapacitors. MXene-based hybrid 
materials are still hindered in various potential applications. The thickness of MXene 
flakes is the major challenge. 

• The synthesis method of MXene should be safe, high quality, cheaper and efficient 
materials. 

• Synthesis of various advanced new materials must be explored for next-generation 
applications. 

• Synthesis technique for MXene techniques should be improved in terms of 
restacking, the tendency of oxidation and difficulty in exfoliation. 

• The synthesis of defect-free MXene should be explored to improve the electro-
chemical performances 

• Easy synthesis of various advanced 2D MXene should be explored to improve 
stability
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• The tuning porosity of MXene should be investigated. 

In industrial applications, the technical issues for process integration and mass 
production should be examined. Hence, it is an essential requirement to know the 
exfoliation mechanism of the important properties and performance of MXene to the 
scale-up synthesis of MXene as environmentally friendly and cheap. In conclusion, 
MXene hybrid materials have witnessed major innovations in several fields and 
have important prospects. In recent years, energy storage applications of MXene-
based materials have significantly focused but their applicable research is still in 
its beginning. Innovative investigation of MXene is still required for practical and 
commercial applications. 
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Chapter 9 
Nanocomposite Ceramics for Energy 
Harvesting 

Raghvendra Pandey and Prabhakar Singh 

Abstract A nanocomposite material is composed of a number of phases, each of 
which has at least one, two, or three dimensions that are in the nanoscale regime. As 
the dimensions of a material are reduced to the nanoscale size, phase interfaces are 
created which are crucial for improving the characteristics of materials. The structure 
and property of nanocomposite ceramics directly depend on the ratio of reinforced 
material volume to surface area employed in the creation of nanocomposites. In 
the field of medical, pharmaceutical, food packaging, electronics, and energy indus-
tries, nanocomposites provide possibilities on entirely new dimensions. Additionally, 
ceramic nanocomposites can be broadly classified as either a nanophase ceramic in 
a ceramic matrix, a ceramic matrix carbonaceous nanophase, or as a ceramic matrix 
with metal as the additional component. Oxides, carbides, and nitrides combined 
with metallic and non-metallic components produce ceramic nanocomposites. The 
ceramic nanocomposites have been widely used in a number of applications in elec-
tronics and structural components because of their better mechanical, electrical, 
and magnetic properties. Developing innovative processing methods that allow for 
the fabrication of products ranging from laboratory research to commercial level 
is increasingly using ceramic nanocomposites. Nowadays, the ceramic nanocom-
posite is widely used in electrochemical devices as an electrode or electrolyte for 
energy conversion or storage purpose. This chapter describes the key concepts behind 
nanocomposite ceramics and explores various classes of nanocomposite ceramics. 
The purpose of this chapter is to provide a basic introduction to nanocomposites, their 
types, material fabrication technique that is most appropriate for the preparation and 
processing of nanocomposites ceramics, physical properties, applications, benefits, 
and flaws of these nanocomposites and their uses in energy harvesting. 
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9.1 Introduction 

The development of innovative nanocrystalline ceramic powders with multifunc-
tional potentials has sparked study into the progress of multifunctional engineering 
materials using nanoscale structural design [1–4]. The evolution of nanocomposite 
is the prominent fast-growing field in composite research which has been pushed 
by the increasing interest in nanotechnology [5–7]. When a functional material 
with at least one dimension on the nanoscale range (less than 100 nm) is dissemi-
nated in a matrix such as ceramic, polymer, or metal, nanocomposites are formed 
[8, 9]. Carbon nanotubes (CNTs), nanocellulose, graphene, ceramics, inorganic 
nanowires, layered double hydroxides, layered silicates, and many other inorganic 
nanoparticles are examples of functional materials [9–11]. A composite material 
with multifunctional abilities can be created by translating the numerous distinctive 
and outstanding features of such functional materials for example thermal conduc-
tivity, electrical conductivity, high current density, stiffness, strength, optical and 
magnetic to the matrix material [12]. The concept behind nanocomposites is to 
design and produce new materials with outstanding flexibility and improvements in 
their physical attributes by using building blocks with sizes in the nanometer range. 
Nanoscale material reduction results in interaction phase interfaces, which are crucial 
for improving the characteristics of materials [12, 13]. The nanocomposite will have 
significantly different electrical, mechanical, electrochemical, thermal, catalytic, and 
optical properties from its components. These size constraints effects are crucial and 
are listed below [12–14]:

. Size <5 nm is suitable for catalytic activity

. Size <20 nm is appropriate for making a hard magnetic material into soft material

. Size <50 nm to change the refractive index

. Size <100 nm is apt for getting the mechanical strength, super-magnetism, etc 
(Fig. 9.1). 

Material Matrix+ Reinforcement (filler) Nanocomposite 

Fig. 9.1 Formation of nanocomposite materials
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Fig. 9.2 A broad classification of nanocomposite materials 

Understanding the relationship between structure and property is directly influ-
enced by the surface area to volume ratio of the reinforced material employed during 
the fabrication of nanocomposites. The basic characteristics of the non-metallic, 
metallic, and polymeric materials are retained in the nanocomposite material (at 
least one component of nanometric scale (10–9 m), which offers the added benefit of 
overcoming flaws and exhibiting some new characteristics [7, 14]. These materials 
embody a multiphase crossover of matrix material and reinforcing material as clas-
sified in Fig. 9.2. The matrix material is a continuous phase that comprises metallic, 
inorganic, non-metallic, and polymer matrix materials. The reinforcing material is a 
dispersed phase that typically consists of fibrous materials like glass fibre, organic 
fibre, etc [6–14]. 

According to their matrix materials, nanocomposite materials can be broadly 
categorized into three groups: (a) metal matrix Nanocomposites (MMNCs), (b) 
polymer matrix Nanocomposites (PMNCs), and (c) ceramic matrix Nanocomposites 
(CMNCs). Based on the application requirement, these different types of nanocom-
posites may be used [15]. A few examples of all three types of matrix-based 
nanocomposite materials are listed in Table 9.1. 

Among all other matrix composites, ceramic matrix nanocomposites (CMNCs) 
have received attention owing to their enhanced physical properties as compared 
to conventional or traditional ceramics. In ceramic matrix nanocomposite, the main 
components, i.e. matrix is generally a ceramic material and other components may

Table 9.1 Types of nanocomposites on the basis of matrix 

Class Examples 

Metal Ni/Al2O3, Fe–Cr/Al2O3, Fe/MgO, Co/Cr, Mg/CNT, Al/CNT, Ni/YSZ, Ni/SDC, etc. 

Polymer Polymer/layered silicates, thermoplastic/thermoset, polymer/CNT, polyester/TiO2, 
polymer/layered double hydroxides, etc. 

Ceramic ZrO2/Al2O3, Al2O3/TiO2, Al2O3/SiO2, SiO2/Ni, Al2O3/CNT, Al2O3/SiC, etc. 
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be either ceramic, metal or polymer. The ceramic component is generally occupied 
by oxides, nitrides, borides, silicides, carbides, etc. as a major volume. CMNCs 
were designed to address the single-phase ceramic materials’ inefficiency. In order 
to get superior characteristics, ceramic reinforcement is used in ceramic matrix 
composites. Ceramic particle dispersion tends to inhibit dislocation motion and 
contributes to the dispersion strengthening mechanism, improving a number of 
attributes including increased hardness, thermal conductivity, thermal shock resis-
tance, electrical conductivity, etc [7, 16–19]. Here are a few common examples of 
nanocomposite ceramic materials as given below:

. Alumina-based nanocomposites: Alumina matrix materials with increased 
mechanical properties (hardness, fracture toughness, wear resistance, and higher 
corrosion resistance) have been produced with the inclusion of a number of nano 
reinforcements.

. Alumina/silicon carbide nanocomposites: Wear resistance is increased by adding 
SiC nanoparticles to an alumina matrix.

. Alumina/zirconia nanocomposites: They are also known as zirconia-toughened 
alumina (ZTA) nanocomposites and are made of zirconia particles bonded to a 
fine-grained alumina matrix. The purpose of the zirconia nanoparticles is to make 
the alumina matrix more resilient.

. Alumina/titania nanocomposites: There has been an increase in hardness, fracture 
toughness, and fracture resistance.

. Zirconia/alumina nanocomposites: They are also referred to as alumina-
toughened zirconia (ATZ) and are made of a zirconia matrix that has been strength-
ened by alumina nanoparticles. They exhibit great hardness and resistance.

. Silicon nitride/silicon carbide nanocomposites: Due to residual compressive 
thermal stresses within the nanocomposites, intragranular SiC particles increase 
strength and fracture toughness.

. Ceramic/carbon nanofibre composites: Mostly used to improve the mechanical 
properties of ceramic materials by reinforcing them with carbon nanofibers.

. Ceramic/polymer composites: specific to applications involving tissue engi-
neering and biomedical applications.

. Ceramic/carbon nanotube (CNT) composites: improved thermal, mechanical, and 
electrical properties. 

A few examples of ceramic matrix nanocomposite and their characteristic features 
are given in Table 9.2.

Ceramic nanocomposites exhibit better strength, toughness, hardness, and creep 
resistance compared to traditional ceramic matrix composites. Because of their 
outstanding properties, such as resistance to corrosion, high-temperature oxida-
tion, and better wear resistance than that of metals in high-temperature conditions, 
they have been used in numerous industrial applications. However, these ceramic 
nanocomposites’ primary goal is to increase fracture toughness and prevention from 
thermal shock [22, 23].
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Table 9.2 Examples of ceramic matrix nanocomposite and their properties [20, 21] 

Matrix/Reinforcement Properties/Characteristics 

Metal oxides/metal Sensors, catalysts, optoelectronic devices, 
electrochemical electrodes 

BaTiO3/SiC, PZT/Ag High-performance ferroelectric devices and electronic 
industry 

SiO2/Co Optical fibres 

SiO2/Ni Chemical sensors 

ZrO2/MoSi2, Al2O3/ZrO2 Improved mechanical properties, toughness, strength 

B4C/TiB2 Improved mechanical properties, toughness, strength 

Al2O3/NdAlO3 and Al2O3/LnAlO3 Phosphors, photoluminescence, optical amplifiers, 
solid-state laser media 

TiO2/Fe2O3 High-density magnetic recording media, ferrofluids, 
and catalysts 

Al2O3/Ni Engineering parts 

PbTiO3/PbZrO3 Microelectronic and micro-electromechanical systems 

Al2O3/SiC, Si3N4/SiC Structural materials 

TiO2/C nanofibre Electrospinning 

SiO2/Fe High-performance catalysts, data storage technology 

ZnO/Co Field effect transistor for the optical femtosecond 
study of interparticle 

YSZ/Ni, SDC/Ni Mixed conducting anode materials for solid oxide fuel 
cells 

SDC/Na2CO3, SDC/Al2O3 Ion conducting electrolyte for SOFCs 

TiO2/CNT, ZrO2/CNT Improved fracture toughness, strength 

Ceramic Si3N4/MWCNT High durability, thermoelectric attributes, high 
electrical conductivity

Benefits and drawbacks of the Nanocomposite 

Nanocomposites are the next generation of materials because they offer a new alter-
native to the current limitations of micro composites and monolithics. The following 
are the primary benefits of nanocomposites over other composite materials [23]: 

– high surface to volume ratio allows small filler size and separation between the 
fillers; 

– improved mechanical properties; 
– high ductility retaining high strength and scratch resistance; 
– better optical properties (the transmission of light depends on the particle size). 

The main drawbacks of using nanocomposites are their impact performance and 
toughness due to the integration of nanoparticles into the bulk matrix.
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– Inadequate comprehension of the link between formulation, property, and 
structure, simpler particle exfoliation and dispersion process is required. 

– Expensiveness. 

9.2 Classification of Nanocomposites Ceramics 

As depicted in Fig. 9.3, Niihara [24] categorizes nanocomposites into four groups: 
intergranular, intragranular, hybrid, and nano/nanocomposites. The nano-size parti-
cles are mainly dispersed within the grains or at the grain boundaries of the 
matrix, respectively, in the intra- and intergranular nanocomposites, as schemati-
cally depicted in this figure. Their objective is to improve both mechanical prop-
erties at high temperatures, such as hardness, strength, creep, and fatigue fracture 
resistances, as well as mechanical properties at room temperature, such as hardness, 
fracture strength, toughness, and durability [25, 26]. On the other hand, the disper-
soids and nanometer-sized matrix grains comprise the nano/nanocomposites. The 
main objective of this composite is to provide ceramics with new properties similar 
to metals, such as machinability and superplasticity [24]. 

The magnitude and distribution of the resultant phase obtained as well as the 
synthesis procedure used all affect the properties of CMNCs. According to the

Fig. 9.3 Schematic categorization of ceramic nanocomposite. a Inter type, b Intra type, c Hybrid 
(inter/intra) type, and d Nano-nano type 
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desired area of application, several ceramic matrix nanocomposite systems have 
been developed through a variety of synthesis techniques (shown in Table 9.3) [6, 
17]. Sol–gel synthesis was used by D. Sarkar et al. to produce the powder of the 
Al2O3–ZrO2 nanocomposites [27–29]. Due to their unique characteristics, such as 
particularly improved toughness, high wear resistance, and enhanced room tempera-
ture strength, synthetic materials have been found to have applications in cutting tools 
and as components of implants. Al2O3–ZrO2 nanocomposite powder was synthe-
sized and characterized by the sucrose process, according to Beitollahi et al. [30]. 
This method is a modified chemical pathway in which metal nitrates, sucrose, and 
polyvinyl alcohol (PVA) were used to prepare powder, which was then subjected to 
post-calcinations. ZrO2–Al2O3 nanocomposite powder was synthesized by J. Kishan 
et al. by changing the alumina content from 3 to 8% [31]. In their investigation, they 
used the aqueous combustion synthesis technique to produce nanopowder. Al2O3-
13wt% TiO2 plasma sprayed coatings made from nanocrystalline powders have been 
prepared by Goberman et al. [32]. It was observed that the final microstructure 
had a bimodal distribution with two distinct zones. One had a fully melted zone, 
whereas the other had a microstructure with a partially melted portion. A param-
eter known as the critical plasma spray parameter (CPSP) can be used to adjust the 
ratio of the completely melted region to the partially melted region (CPSP). This 
bimodal distribution of nanostructured Al2O3-13wt% TiO2 has improved a number 
of attributes including mechanical strength, wear resistance, spalling resistance, and 
others. Dejang et al. [33] have fabricated Al2O3/TiO2 nanocomposite coatings via 
plasma spray method and studied their properties by adding varying amount of nano-
sized TiO2. They found that with excess addition of TiO2 nanoparticle, the hard-
ness of the nanocomposite decreases while fracture toughness increased. Surface 
morphology of nanocomposite revealed that lamellas of TiO2 were well separated 
and dispersed homogeneously among lamellas of Al2O3. By using a hydrothermal 
synthesis technique at a relatively low temperature, Kaya et al. synthesized pure 
zirconia nanostructures with mullite, boehmite, and other materials [34]. In this 
study, a porous morphology with almost hexagonal particle shapes was attained. The 
generated nanostructured materials are used in ceramic composites with fibre rein-
forcement and ceramic fibre coating, among several other things. Recently, green 
synthesis of TiO2/MWCNTs nanocomposites was performed by Khasan et al. [35] 
via pulsed laser ablation in liquid. Zeta potential fallouts of these nanocomposites 
displayed a rise as the concentration ratios of MWCNTs increased.

As was already discussed, there are several processing methods for the produc-
tion of ceramic matrix composites. These techniques include the co-precipitation 
route, the solid-state route, the sol–gel route, plasma spraying, laser synthesis, and 
many others. Co-precipitation and hydrothermal approaches are the most cutting-
edge methods for obtaining nanoparticles and a uniform microstructure in composite 
materials. Utilizing polymer as a surfactant during synthesis has also helped in 
further improvement. The following section covers various processing methods for 
the synthesis of CMNCs.
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9.3 Synthesis and Processing Techniques of Nanocomposite 
Ceramics 

There are several theories that can be used to synthesize different ceramic matrix 
composites. The method of synthesis utilized to make the ceramic matrix composite 
material influences the structural, thermal, and mechanical properties. As a result, 
choosing the right processing route is crucial to getting the intended results. 
Researchers have employed a variety of traditional and cutting-edge processing 
methods to produce different types of CMNCs [36]. A few of them are described 
below. 

9.3.1 Solid-State Route 

The traditional method for obtaining various ceramic matrix composites is via solid 
state [37]. This method involves mixing several oxide powders in a stoichiometric 
ratio to obtain the desired composition. A high-energy ball mill is used for wet milling 
of the prepared powder mixture. Several hours are spent doing this to create a homo-
geneous nanomixture. To obtain a fine and uniform powder mixture, grinding media 
is typically utilized during mixing. The ball to powder ratio and milling time depends 
on the desired powder size. For improved homogeneity, wet milling is favoured over 
dry milling, which is carried out in the appearance of any fluid phase like acetone 
or ethyl alcohol or propanol. For the elimination of moisture and organic matter, 
as well as the phase transition, the prepared mixed powder is dried and calcined at 
the desired temperature. To achieve the desired shape, the synthesized powder is 
mixed with a very little amount of binder and then compressed to a certain pressure 
to form pellets. The manufactured pellet is ultimately dried before being sintered at 
a high temperature for a short time duration in order to develop its microstructure, 
undergo a phase change, and achieve densification. A number of characterizations 
were performed on the obtained calcined powders and sintered pellets. 

9.3.2 Sol–Gel Method 

In this method [38], a stoichiometric mixture of two or more precursor solutions is 
used. With constant stirring at room temperature, this solution is stabilized. Drop 
by drop, ammonium hydroxide solution is added to this stirred mixture. The hydro-
production gel causes a constant rise in the viscosity of the solution. Finally, when 
a sufficiently high viscosity is reflected, pH is maintained at 7–8. The received gel 
is aged for a short while at room temperature. The precipitation that has formed 
is removed using distilled water. The filtered precipitate is washed to remove any 
remaining acidic and basic ions, and it is then dried for a short period of time at a
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temperature below 100 °C. Following that, the obtained powder is examined utilizing 
several characterization techniques. 

9.3.3 Pechini Method 

This technique generates a metal nitrate solution by combining metal isopropoxide 
with nitric acid. In the Pechini process [39], metallic ions from metal nitrate nona-
hydrate and -hydroxy carboxylic ions combine to produce polybasic quelates. The 
final solution’s pH is kept at a somewhat lower level, around 2. The solution is 
polyesterized by heating it to a temperature below 100 °C and stirring it with poly-
functional alcohol. A resin with a high viscosity is produced by further heating to a 
higher temperature of around 175 °C. The glassy gel that results from this transfor-
mation of the viscous resin is rigid and transparent. This dehydrated gel is put through 
an attrition mill for a few hours to turn it into powder. To obtain the desired powder 
particle size, the milled powder is sieved. By heating it at a higher temperature, the 
precursor oxide can eventually be formed. 

9.3.4 Laser Synthesis Route 

For laser synthesis, conditions of the vapour/plasma non-equilibrium, that are 
produced at the surface by a strong laser pulse, are one of the basic requirements 
[40]. In the laser synthesis process, a powder mixture including various oxides 
is compacted into pellet form under a specific load. This compact is laser-treated 
utilizing continuous-action laser light at a wavelength of 1064 nm. Irradiation causes 
the surfaces of specimens to develop concave channels (tracks). Their production is 
linked to high temperatures inside the irradiation zone, where melting and sintering 
processes occur before solidification. These tracks might be readily taken out of the 
compact discs. The loose, somewhat sintered powder was removed from the lower 
sides of the tracks. During the irradiation process, phase formation also takes place. 
Different characterization, procedures are used to examine synthesized materials. 

9.3.5 Melt Synthesis Route 

The first oxide particles are weighed and mixed in an ethanol medium as part of 
the melt synthesis process [41]. The mixture is first dried and then melted in an arc 
furnace. A small amount of graphite is added to the melt in order to absorb radiation. 
To assure complete melting, a second melting is performed and then cooled to room 
temperature. For the purpose of making powder grounding is done. With the help of 
various characterization techniques, more studies may be conducted.
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9.3.6 Co-precipitation Route 

The co-precipitation route [42] involves homogeneously mixing various metal salts, 
which are subsequently precipitated with the aid of any basic media, often ammonia 
solution. After preparation, the precipitate is washed to eliminate excess basic and 
acid ions. To make powder, the washed product is dried, calcined, and then ground. 
Two distinct approaches can be used to achieve co-precipitation. The first method of 
precipitation is called direct precipitation, while the second is called inverse precipi-
tation, where the salt solution is poured into the precipitator and stirred to produce a 
precipitate. Compared to the precipitate produced by the first method, the precipitate 
obtained by the second method is more finely scattered. The co-precipitation method 
has the following benefits:

. A quick and easy method of preparation.

. The ability to easily alter particle size and content.

. Several choices for changing the particle surface state and overall homogeneity.

. Using the co-precipitation technique, the smallest size particles with rounded 
shapes can be produced. 

9.3.7 Hydrothermal Synthesis 

By employing the initial precursor powder in the hydrothermal process [34], fine 
powders can be produced. These precursors are put into an autoclave that is lined 
with Teflon. For various reaction periods, the reactor is heated to a temperature 
between 100 and 150 °C under certain uniaxial pressure. After being thoroughly 
dried in a hot air oven for a few hours to eliminate all hygroscopic water, the 
obtained product is rinsed with distilled water to flush out any soluble compo-
nents. The dry powder is sinterized for a short period of time at a high tempera-
ture. Hydrothermal synthesis depends heavily on the control of pH and solubility. 
According to reports, a higher pH level aids in de-agglomerating the powder and 
lowering particle size. During sintering, small particles with a higher solubility have 
a tendency to form big crystals. This morphological shift aids in densification, which 
leads to an improvement in mechanical behaviour. Utilizing a polymer as a surfactant 
during the hydrothermal synthesis process has resulted in recent advancements. The 
employment of a surfactant in tandem with a hydrothermal method results in the 
following benefits:

. The produced powder has nanoscale (less than 100 nm) sized particles.

. The finished sintered product has a homogenous and fine-grained microstructure.

. A lower synthesis temperature and a faster reaction.

. Well-crystallized solid solution that does not require additional thermal 
processing.
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Ceramics materials are usually grouped into two types: (i) Oxide Ceramics and 
(ii) Non-oxide Ceramics (which include carbides, borides, nitrides, silicides, etc.). 
Therefore, the ceramic-ceramic nanocomposite may be of four types: (i) Oxide/oxide 
ceramic, (ii) oxide/non-oxide ceramic, (iii) non-oxide/oxide ceramics, and (iv) non-
oxide/non-oxide ceramics [5, 6]. Apart from as described above, there are many other 
recent and advanced synthesis routes available to fabricate nanocomposite ceramics 
[15, 22, 23]. A few synthesis routes and the type of ceramic nanocomposite along 
with a few examples are provided in Table 9.3. 

9.4 Characterization of Nanocomposites Ceramics 

The phase formation of the nanocomposite ceramics can be done by the X-Ray 
Diffraction (XRD)/Neutron diffraction techniques. Composite phases may be iden-
tified and indexed by the various crystallographic databases and matching programme 
software’s. Rietveld’s refinement of X-ray/Neutron data gives the exact phase infor-
mation of the synthesized system. Scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), wide-angle X-ray diffraction (WAXD), and small-
angle X-ray scattering are the primary methods used to examine the macroscopic 
morphology and surface texture of nanocomposites (SAXS). The most popular appli-
cation for SEM is morphological analysis because it is so simple. Although many 
researchers consider TEM to be a crucial tool for qualitative analysis, structural defect 
analysis, and spatial distribution studies, it takes a lot of time and doesn’t yield quan-
titative data. The position, character, and strength of basal reflections are frequently 
seen using WAXD to examine the structure. DSC/TGA is used to analyse the thermal 
behaviour of nanocomposites. Numerous methods, including nuclear magnetic reso-
nance, Fourier transform infrared, SAXS, and optical birefringence can be used to 
determine the molecular structure of nanocomposite materials [2, 5, 23]. Chemical 
characteristics can be examined using methods like water contact angle measure-
ment and X-ray photoelectron spectroscopy. An analytical method called inductively 
coupled plasma (ICP) spectroscopy is used to quantify and identify the elements in 
a sample matrix based on how they ionize. Many other characterization tools like 
STM, AFM, UV, PL, RAMAN, etc. are also used to characterize the nanocomposite 
powder samples. 

9.5 Physical Properties of Ceramic Nanocomposite 

Depending on the morphology and interfacial properties of the component materials, 
nanocomposite materials may exhibit unique chemical and physical properties. The 
features of the nanocomposite ceramics depend on the composition of the matrix 
and reinforcement, the properties of the ceramics and nanofiller, and the structure of 
the final composite. The nanocomposite ceramics possess perceptible variances in
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their thermal, mechanical, optical, magnetic, electrical, and textural properties when 
collate with traditional ceramic composites. 

9.5.1 Mechanical Properties 

The surface morphology and the materials used to make nanocomposites play a 
significant role in their mechanical properties, such as tensile strength, elongation, 
and modulus. Due to the high stiffness and high aspect ratio of the nanofillers, as 
well as their good affinity with the ceramic, ceramic nanocomposite’s mechanical 
properties have improved. It has been suggested that classic ductile metals can be 
made hard and robust by reducing grain size [5, 23]. Conventional ceramics, on 
the other hand, are capable of plastic deformation. Few reports on the ductility of 
nanoceramics have been published. The research is a result of processing challenges, 
particularly densification of nanoceramics without any grain formation. Fabricating 
test specimens is a difficult task because mechanical tests need specimens with 
specific dimensions. As a result, the majority of the data were collected utilizing an 
indentation technique, which calls for a straightforward fixture and a small sample 
size. The fact that pre-cracking is not necessary is another benefit. These tests can 
also provide Young’s modulus, hardness, toughness, and strain-rate sensitivity. A 
nanoindenter can be used as a probe to analyse the qualities in the nanoscale size 
range since it is particularly well suited for measurements in the nanometer range. 
A hot hardness tester can be used to measure the fluctuation in mechanical prop-
erties (such as hardness with temperature). By altering the indenter’s loading rate, 
one can generate strain-rate-sensitivity rates, which provide a formability indica-
tion. There are numerous publications that cover various elements of toughening and 
strengthening mechanisms in ceramic nanocomposites. In contrast to intragranular 
types of composites, which have very similar microstructures, Bhaduri et al. obtained 
mechanical property data for nano/nano types of composites [17]. The Al3O3-SiC 
nanocomposites, in which SiC particles are found at intragranular regions of the 
massive Al2O3 grains, have been studied by Niihara’s group [24, 53, 54]. According 
to Carroll et al.’s [97] findings, their nanocomposites have a smaller critical flaw 
size. Finally, a model predicting the mechanical behaviour of such nanocomposites 
was brought forward by Levin et al. Powders that had just been synthesized were 
used to form Al2O3–ZrO2 nano/nanocomposites [98]. Provided that both phases are 
nanocrystalline, this structure is truly nano/nano. This substance is modestly tough 
and has a moderate hardness [99]. Properties at high temperatures were investi-
gated by Hirano and Niihara to determine how bend strength varied with temper-
ature for monolithic Si3N4 and Si3N4/SiC nanocomposite materials [53, 54]. As 
the temperature increased up to 1,200 °C, where abrupt degradation was observed, 
the strength of Si3N4 gradually reduced. However, nanocomposites demonstrated 
nearly the same strength up to 1,400 °C. The increased high-temperature strength 
may be the result of the intergranular SiC particles’ obstruction of grain-boundary
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sliding. Kennedy et al. [100] examined the high-temperature mechanical character-
istics of an Al2O3–SiC nanocomposite with 550 MPa strength at 1,250 °C. Even 
after 96 hours at 1,350°C, the oxidation behaviour of such composites showed that 
very little oxidation had taken place. In additional studies, the relationship between 
hardness and temperature was examined for both monolithic and nanocomposite 
materials. At 1,200 °C and 1,400 °C, the fracture strengths were 1,200 MPa and 
800 MPa, respectively. Si3N4/SiC nanocomposites’ R curve behaviour was studied 
at high temperatures (1,500–1,650 °C). With a maximum crack-growth resistance, 
almost twice as high as the beginning value, rising R curves were obtained. Near 
the ductile area, it was found that the rate of fracture propagation consistently and 
significantly decreases. Ohji et al. [101] conducted creep measurements on mono-
lithic alumina and an Al2O3–SiC nanocomposite at 1,200–1,300 °C. 50, 100, and 
150 MPa of applied loads were used for the creep experiments at 1,200 °C, and 50 
MPa at 1,300 °C. The creep resistance of nanocomposites was superior to that of 
monolithic alumina. In a given stress range, the minimum creep rate of the composite 
was found to be about three orders of magnitude lower than that of the monolithic. 
The nanocomposites have a tenfold longer creep life. This extraordinary creep resis-
tance is thought to be the result of the strong interface bonding between Al2O3 

and SiC. Nano/nanocomposites may have accelerated creep as opposed to inhibited 
creep in intragranular nanocomposites, which may be advantageous in the formation 
of superplastic materials. Fine and equiaxed microstructures and the suppression of 
grain development during deformation are necessary microstructural conditions for 
micrograin superplasticity. The fine-grained microstructures were maintained after 
consolidation, grain expansion was minimal due to the duplex structures of Si3N4 and 
SiC grain, and the nucleation of elongated -Si3N4 grains was restricted. These factors 
were satisfied in Si3N4/SiC nanocomposites. Si3N4/SiC nanocomposites were tested 
for tensile strength by researchers [23]. In contrast to prior studies, where strain rates 
varied from 2 × 10−5 to 1.6 × 10−4/s with an elongation of 110%, the compositions 
displayed superplastic elongation larger than 150% at 1,600 °C. 

9.5.2 Thermal Properties 

The thermal behaviours like heat flow, weight loss, and expansion coefficient of 
nanocomposite ceramics can be analyzed by DSC/TGA and dilatometry techniques. 
The thermal stability of nanocomposites can be estimated from the weight loss on 
heating material at higher temperatures. The heat resistance of nanocomposites may 
be measured by the Heat Deflection Temperature (HDT) Technique. The application 
of ceramic materials depends significantly on their thermal conductivity. In a certain 
range, improving the thermal conductivity of ceramic materials using particular tech-
niques can enhance their capacity for heat conduction, heat convection, and heat 
radiation, hence broadening their use range [23]. Polycrystalline diamond ceramics, 
aluminium nitride, beryllium oxide, silicon nitride, and silicon carbide are exam-
ples of materials with a high thermal conductivity that are mostly made of oxides,
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nitrides, carbides, and borides. The nanocomposite with good thermal conductivity 
has multiple applications, such as thermal interface materials, printed circuit boards 
(PCBs), heat sinks, connectors, and systems for thermal management. The diffusivity 
of nanocrystalline/nanocomposite materials is expected to be increased compared 
to that of their traditional counterparts. Low impurity concentration at the grain 
boundary, faster diffusion along the triple junctions, various boundary structures, 
and a multitude of charged defects in ionic ceramics all contribute to the enhance-
ment of diffusivity. Superior mechanical qualities could result from this improved 
diffusivity. Further advancements in thermal shock resistance are required in order 
to use ceramic nanocomposites in a larger variety of high-temperature applications. 
One of the most crucial factors for advancement in this field is fracture strength, 
which is well established. Thermal shock resistance in Si3N4/SiC nanocomposites 
was reported by Hirano and Niihara [55]. The bend strength of the water-quenched 
sample was used to determine thermal shock resistance, while the thermal expansion 
coefficient and thermal conductivity were determined using the laser-flash technique 
and dilatometer, respectively. When Si3N4 with 32 vol.% SiC nanocomposites was 
mixed, the thermal expansion coefficient increased from 3.4 × 10−6 K−1 for mono-
lithic Si3N4 to 4.2× 10−6 K−1. As the SiC content increased, the thermal conductivity 
initially increased, then marginally decreased. 

9.5.3 Optical Properties 

A little research has been done so far on optical properties. During the consolidation 
of nanocomposites, certain intriguing optical characteristics have been obtained by 
regulating porosity. Granqvist demonstrated in the early 1980s that the codeposited 
oxide film exhibited spectral selectivity, making it suitable for effective photocon-
version of PV energy [102]. All potential electrochromic materials, which typically 
consist of crystals of electrochromic metal (Me) oxides, were studied by Granqvist in 
his report. Under the influence of a voltage pulse, electrochromic devices can change 
their optical characteristics in a persistent and reversible manner. The quantity of 
mobile ions in the materials affects the optical modulation. There are many uses for 
these kinds of materials. Kundu et al. [103], and Huber et al. [104], have examined 
the optical characteristics of glass ceramics Cu–SiO2 and GaSb–SiO2, respectively. 

9.5.4 Magnetic Properties 

In the literature, the magnetic characteristics of nanocomposites have been docu-
mented [105]. The magnetocaloric effect is connected to the most beneficial magnetic 
property provided by nanoceramics/composites. The decline in magnetic-spin align-
ment that follows the removal of a magnetic field from a substance raises spin entropy. 
When the field is reduced adiabatically, the lower lattice entropy is brought about



256 R. Pandey and P. Singh

by the higher spin entropy. The temperature of the substance falls as a result of 
the reduction in lattice entropy. The magnetocaloric effect is the name given to this 
shift in temperature. Shull and his colleagues conducted significant research on these 
phenomena and speculated that low fields and high temperatures would intensify the 
magnetocaloric effect. Gd3Ga3.25Fe1.75O12 (x <25 K for the current paramagnetic 
refrigerant Gd3Ga5O12) is one of the materials utilized for this purpose [106]. By 
Shull et al. [107] and Roy et al. [108], the magnetic characteristics of glass-metal 
nanocomposites were assessed. Ultrafine ferromagnetic particles have recently been 
the subject of a large body of literature, either as separate systems or as nanocom-
posites. Maya et al. [109] investigated the magnetic characteristics of films made of 
CoN/BN or CoN/Si3N4. A promising field of research is ferromagnetic nanocom-
posites as data-recording media. Most of the time, by adjusting the particle size and 
volume fraction, enhanced magnetic performance may be designed. The ferromag-
netic component of the film has dimensions that fall within the range of a single 
magnetic domain, which means that depending on temperature, it may exhibit super 
magnetic behaviour or a variable level of coercivity. Various scientists investigated 
the properties of glass-metal nanocomposites (such Ni–SiO2 or Fe–SiO2) [110]. The  
majority of the time, nanocomposites (such as the Ni/SiO2 and Fe/SiO2 systems) were 
found to have increased coercivity. Another area of interest is magnetic nanometal 
inclusion in a nonmagnetic matrix, such as oxides. The presence of super magnetic 
iron oxide grains in a metallic silver matrix raises the possibility that these samples 
may experience enormous magnetoresistance [105]. 

9.5.5 Electrical Properties 

In Nanocomposites, electrical properties depend upon many factors, for 
example, aspect ratio, dispersion, and conformation of the conductive 
nanofillers/reinforcement materials in the structure. The electrical properties of the 
CNT-containing nanocomposites exhibit high energy densities and low driving volt-
ages [5, 23]. The ionic conductivity of the ether/clay nanocomposite is many orders 
of magnitude greater than that of the comparable clay. With a very low loading of 
nanotubes, the electrical conductivity is enhanced by several orders of magnitude 
without affecting other properties like optical clarity, mechanical strength, or low 
melt flow viscosities. Application of conductive nanocomposite is found in many 
areas such as electrostatic painting, electromagnetic interference (EMI) shielding, 
electrostatic dissipation, printable circuit wiring, and transparent conductive coating 
[17]. Ables et al. [111] provide an overview of the composition and characteristics 
of granular metal films. Due to their high resistivity, granular metals—which are 
combinations of metals and insulators—are utilized as electrical resistors. Ables and 
his team studied Ni–SiO2, Pt–SiO2, and Au–Al2O3 films in detail. By varying the 
size of the metal particles and the space between them, a broad range of resistivity 
can be formed in glass-metal nanocomposites. It is clear that altering the metal phase
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or its size can change resistivities by up to four orders of magnitude. Both the clas-
sical percolation contribution to electrical conduction and the electron tunnelling 
contribution to it can be used to explain the fluctuation in resistivity with temper-
ature. As the size of the metal particle is decreased, another significant effect is a 
fall in the Debye temperature. Phonon softening is the term used to describe a drop 
in the Debye temperature of this kind [10, 12, 17]. This results from the alteration 
of an ultrafine particle’s phonon spectrum from that of bulk metal. Between 235 
and 340 K, these nanocomposites frequently exhibit semiconductor-like properties. 
Nanocomposites made of polymer and glass are another area of study. NiONi(OH)2 
nanocomposites have been suggested for use as humidity sensors by Hwang et al. 
[112]. The electrical properties of Al2O3–SiC were reported by Sawaguchi et al. 
[113]. Resistivity of the order of 1013 ohm cm was found in the composite with 
SiC below 10 vol.%, but it quickly dropped to 106 ohm cm with the addition of 20 
vol.%. Therefore, this type of composite can be employed as either insulators or 
semiconductors by adjusting the volume percent of SiC. A new class of electrically 
conductive diamond-like nanocomposites with conductivities ranging from 2–4 × 
10-4 ohm cm to 1014–1016 ohm cm was developed by Dorfman et al. [114]. Appli-
cations such as microelectronics and battery technologies are made possible by this 
material. 

9.6 Applications of Nanocomposite Ceramics 

Ceramic nanocomposites with their unprecedented property combinations and excep-
tional design possibilities are establishing themselves as high-performance materials 
of the twenty-first century and are used in multifarious cutting-edge technologies [1– 
6]. A schematic diagram is provided in Fig. 9.4 listing out various applications of 
nanocomposite ceramics.

Recently ceramic–ceramic, ceramic–polymer, and Ceramic–graphene-based 
nanocomposite and hybrid materials have gained much attention due to their applica-
tion in many different areas such as energy production, conversion, and storage like 
solar cells, Fuel Cells, batteries, supercapacitors, and other electrochemical energy 
devices, sensors, energy harvesting, electromagnetic interference (EMI) shielding, 
thermal management, biomaterials, catalysts, engineering components, etc [17, 23]. 

9.7 Nanocomposite Ceramics for Energy Conversion 
and Storage 

Nowadays, ceramic nanocomposites are extensively used in the area of energy 
conversion storage and sensing.
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Fig. 9.4 Application area of nanocomposite ceramics

9.7.1 Nanocomposite Ceramics for Fuel Cells (NANOCOFC) 

A functional nanocomposite material for fuel cells (NANOCOFC) is being developed 
using a scientific approach to run SOFCs at low temperatures (300–600 °C). For the 
purpose of producing electrical power, the synthesized nanocomposite materials can 
also be used in numerous other electrochemical devices. The main criteria for the 
development of advanced fuel cell nano-architectures are flexibility and viability 
[5, 23, 115]. These nanocomposite materials are two-phase materials (TPM), which 
exhibit some distinctive properties and serve a wide range of functions. 

(i) TPM materials have an interface between their two structural phases; this 
two-phase interfacial area (core–shell structure) is responsible for the mate-
rial’s functionality. The interfacial functionalities of TPM composites eliminate 
conventional structural constraints. 

(ii) In two-phase nanocomposite electrolytes, the ionic transport process is not 
viable and varies from the bulk structure. The functions and electrical properties 
of composite materials can be revealed at the interfaces by interfacial super-
ionic conduction (SIC) and its associated mechanisms. 

(iii) At low temperatures (300–600 °C), source ions (O2, H+) and SIC cooperate to 
improve device performance. 

(iv) Fast ion conduction mechanism at interfaces assists in the development of 
functional composite materials.
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(v) Interfacial and surface redox reactions both can provide new opportunities 
for the advancement of the development of functional nanocomposite for 
LTSOFCs. 

(vi) Nowadays, a variety of Nanocomposite ceramic anode, cathode, and elec-
trolytes are being developed for SOFC applications [115, 116]. For example, 
for the anode, YSZ/Ni, or YSZ/NiO, SDC/Ni, La0.2Sr0.24Ca0.45TiO3-SDC, etc., 
For Cathode, LSCF–GDC, LSC-SDC, LSM-YSZ, etc., for electrolyte, SDC-
Na2CO3, SDC-Al2O3, SDC-SrTiO3, LSGM-YSZ, YSZ-SDC, LSGM-SDC 
nanocomposites, etc., are widely used in SOFCs [117, 118]. 

9.7.2 Nanocomposite Ceramics for Solar Cells 

Nanocomposites have numerous uses in renewable energy sectors, including solar 
energy conservation. Thin film organic solar cells have been successfully constructed 
using organic and inorganic nanocomposites, either to boost solar energy harvesting 
or to assist with charge transport processes [119]. The use of highly absorbent mate-
rials with very short photogenerated charge carrier drift or diffusion lengths in solar 
cells was made possible by nanocomposite absorbers. In perovskite solar cells,

. In order to facilitate the development of perovskite lattice structures, nanoparti-
cles, and nanocomposites serve as useful nucleation sites.

. Increase perovskites’ crystallinity and assist in obtaining high grain sizes.

. Enhancement in the absorption of light due to plasmonic effects.

. The distribution of nanoparticles at the grain boundary passivates the perovskite 
layer, reducing nonradiative recombination.

. enhancing charge transport characteristics through the doping of metal nanopar-
ticles. 

TiO2-based nanocomposites (like GO/TiO2, etc.) are widely applicable in 
solar cell as it’s having good photocatalytic and photo-electrochemical properties. 
TiO2/ZnO is an excellent composite for DSSCs for application in heterogeneous 
photocatalysis owing to the superior properties of ZnO compared to TiO2 [23, 120]. 

9.7.3 Nanocomposite Ceramics for Batteries 

In today’s information-rich and mobile culture, rechargeable batteries are one of the 
most important technologies. The cathode, anode, binder, and separator of Li-ion 
batteries are being developed using nanocomposite materials. Li-ion battery safety, 
cycle life, rate capability, and specific capacity can all be improved with nanocom-
posite materials. Carbon nanotubes (CNTs), which have a high surface area and are 
excellent electronic conductors, can improve the overall electrical and ionic conduc-
tivity of active cathode/anode materials by linking their inert “dead” zones [121].
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At both low and high C rates, the performance of the LiFePO4-CNT composite was 
noticeably superior to that of the pure LiFePO4. Due to close contact between the 
nonaqueous electrolyte and the LiFePO4 active materials and better charge and mass 
transfer, using graphene in LiFePO4 nanocomposite enabled the attainment of near 
theoretical specific capacity, extraordinary rate capability, and improved life cycle 
[122]. 

9.7.4 Nanocomposite Ceramics for Supercapacitor 

Supercapacitors (SCs) find one of the most important places among the energy 
storage system due to their quick energy storage capacity, enhanced cycle stability, 
high-power density, and environmental friendliness. A variety of materials have been 
developed for supercapacitor electrodes, including carbon-based materials (activated 
carbon, CNTs, GO, conducting polymers) oxides, hydroxides, sulphides, carbides, 
nitrides, MOF, and MXene. By carefully etching a layer from the MAX phase, 
a two-dimensional transition metal carbide/nitride ceramic material called MXene 
is formed [123]. MXene is frequently used as a supercapacitor electrode material. 
Nanocomposites, MnO2-MWCNT, NiO/YSZ, etc. are also used as electrode mate-
rials in supercapacitors. Advanced nanocomposite for supercapacitor applications 
was made by combining graphene with metal oxides such as CeO2, SnO2, RuO2, 
V2O5, and Nb2O5. CNTs coated with transition metal oxide nanoparticles have 
proven to be a great electroactive material for supercapacitor applications [124]. 

Nanocomposite ceramics are also used in many electrochemical devices like elec-
trochromic windows, various kinds of sensors, displays, detectors and optoelectronic 
devices. 

9.8 Nanocomposite Ceramics Applications in Energy 
Harvesting 

Researchers have been looking at alternative energy systems that can harness 
ambient energy as a result of the global energy crisis and environmental pollu-
tion brought on mostly by increased usage of nonrenewable energy sources [125]. 
Energy harvesting can be understood as a process of converting ambient energy from 
the environment into electrical energy for use in autonomous electronic devices or 
circuits. Energy harvesting technologies include thermoelectric energy harvesting, 
photovoltaic energy harvesting, piezoelectric energy harvesting, pyroelectric energy 
harvesting, Electromagnetic energy harvesting, Electrochemical Energy Harvesting, 
wind energy harvesting, vibration-based energy harvesting, etc. Nanocomposite 
materials can be used in different energy harvesting techniques. Some few are 
described hereunder.
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9.8.1 Multifunctional Materials for Energy Harvester 
and Sensor 

One of the most crucial components of an energy harvester and related systems 
is energy conversion materials. The efficiency of energy harvesters is significantly 
impacted by the functionality of such materials, which also dictates the input energy 
sources. Energy harvesting research typically makes use of materials that exhibit 
piezoelectric, photovoltaic, pyroelectric, thermoelectric, electromagnetic, magneto-
strictive, or electro-caloric characteristics. They are frequently utilized for sensing 
as well. The simultaneous use of a harvester as a sensor offers a workable solu-
tion for multifunctional integrations. Hybrid energy harvesters manufactured from 
various materials/structures are currently the focus of extensive research in an effort to 
increase the quantity of input energy sources and the overall capability/effectiveness 
of energy harvesting processes. Additionally, monolithic and composite materials can 
be used to produce multifunctional features, such as piezoelectric and pyroelectric, 
and piezoelectric and photovoltaic. These hybrid and multifunctional materials and 
devices are also advantageous replacements for the integration of harvester-sensors. 
Recently, nanocomposites are used as cutting-edge hybrid energy conversion mate-
rials and in equipment with multi-source or multifunctional harvesting or harvesting-
sensing capabilities. A nanostructured cerium oxide and multiwall carbon nanotube 
composite (CeO2/MWCNT) has been successfully formed by Jixing et al. for use in 
an electrochemical sensor for the measurement of nitenpyram (NIT) [126]. 

9.8.2 Piezoelectric, Mechano-Magneto-Electric, 
and Triboelectric Energy Harvesting 

Piezoelectric materials are currently among the most promising building blocks 
for sensing, actuation, and energy harvesting systems. In our surroundings, on a 
range of platforms, mechanical vibrations and low-amplitude magnetic fields are 
readily available [125]. These mechanical and magnetic fields might be efficiently 
converted into electricity to produce a source of energy that is available every-
where. For instance, the infrastructure for electricity transmission creates para-
sitic magnetic noise at 50/60 Hz all around us. Recent research on MME gener-
ators has demonstrated the potential to harness this magnetic field with a high-
power density. Low-power electric gadgets, wireless charging systems, and wireless 
sensor networks can all run on this MME generator. Multiferroic magnetoelectric 
(ME) composites are attractive building blocks for dual-phase harvesters and MME 
generators. Numerous study areas, including piezoelectric and triboelectric energy 
harvesting, have shown increasing interest in low-dimensional materials, such as 
nanowires, nanotubes, nanofibres, and nanomaterials. Low-dimensional materials 
have a variety of interesting mechanical, electrical, and electromechanical charac-
teristics that are barely noticeable at macroscales, making them an excellent choice
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for energy-harvesting applications. For instance, the theoretically anticipated prop-
erties of piezoelectricity or triboelectricity in two-dimensional materials having a 
non-centrosymmetric structure have been empirically validated. The MgO/BaTiO3 

nanocomposite exhibited piezoelectricity after poling. However, the magnitude of 
the planar piezoelectric coupling factor was reduced to 5% even in MgO/80 vol% 
BaTiO3 composite [125, 127]. 

9.8.3 Thermoelectric Energy Harvesting 

Thermoelectric energy harvesting (THE) is primarily governed by the function of 
the thermoelectric generator (TEG) or modules. Thermoelectric systems modules are 
solid-state devices with direct heat-to-electricity and electricity-to-heat conversion 
capabilities [125]. These nanocomposites are promising for use in thermal energy 
harvesting because they have improved thermoelectric properties. In recent years, 
rapid advancements are seen in the discovery, conceptualization, and practical use 
of thermoelectric materials and devices. In thermoelectric materials, factors such 
as mechanical characteristics, thermal stability, and oxidation resistance should be 
taken into account in addition to the high peak and average ZT of the materials 
[128]. The design of thermoelectric modules and devices, as well as the materials 
used for joints and brazing, as well as the manufacturing methods, are all areas 
where the thermoelectric society has to put more effort since, more than the perfor-
mance of the individual components, it is the overall performance of the device 
that drives investment and research efforts and results in practical applications for 
energy harvesting and cooling. Investigating micro and nanoscale methods enables 
the integration of low-dimension materials and the production of micromodules for 
small footprint devices. Recently, Hinterding et al. have investigated the thermo-
electric behaviour of ceramic nanocomposites containing undoped Ca3Co4xO9+ and 
La2NiO4+ in various ratios for enhancing the average ZT value [129]. Apart from 
high thermoelectric efficiency, alloys such as Bi2Te3, Si1−xGex, and PbTe, a few 
nanoceramic oxides, and composite materials are also explored because of their high 
stability and nontoxic nature. These materials often have a lower figure of merit 
than alloys, but they have higher thermal and chemical stability. Aluminium incor-
porated ZnO with other ceramics nanocomposite is also reported as a good n-type 
thermoelectric ceramic oxide material. 

9.9 Conclusions and Future Perspective 

Nanotechnology advancements are associated with the future of modern technology. 
With the development of engineering techniques based on nanocomposite materials, 
the goal of producing sustainable energy is becoming a reality. These nanocom-
posite ceramics have demonstrated outstanding outcomes which lead the innovative
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types of solar and hydrogen fuel cells, served as effective catalysts for water splitting, 
and demonstrated good hydrogen storage capabilities. Nanocomposites Ceramics are 
very important in the field of material science for the past two decades. These ceramic 
nanocomposites have great potential, marking them as an exciting area in recent years. 
With the use of nanoparticles, properties like mechanical strength, hardness, and elec-
trical or thermal conductivity significantly improved. In this study, a thorough anal-
ysis of several processing techniques used to fabricate ceramic matrix composites is 
conducted. The mechanical and thermal behaviour of composite has been found to be 
enriched by the reinforcement of a second ceramic phase in a few ceramic matrixes. 
Nanocomposite ceramics are being used in many areas like medical and health sector, 
Energy generation and storage, sensing, infrastructure development, aerospace and 
defence sector, beauty products, coating materials, paints, electrocatalyst, food, and 
agriculture, electronics and Information Technology sector, environmental remedia-
tion, automobiles, and textiles, etc. Recently, the usage of nanocomposite ceramics 
in energy harvesting has increased due to its wide application in energy conversion 
and storage devices. 
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Chapter 10 
Polymeric Nanocomposites: Synthesis, 
Characterization, and Recent 
Applications 

Saurabh Shivalkar, Sneha Ranjan, and Amaresh Kumar Sahoo 

Abstract Nanomaterials have been extensively studied over the last few decades 
owing to their unique physicochemical properties. Recent advancement in the field 
of nanoengineering also provides the opportunity for easy and precise modifications 
in the structural aspects of these nanomaterials to get exceptional functional advan-
tages over their bulk counterpart. Polymeric nanocomposites are one such modifica-
tion, where nanoparticles or nanofillers are dispersed homogeneously in the polymer 
matrix to get better physicochemical properties, which are apt for various applica-
tions and thus offer significant scientific as well as industrial interest. Moreover, 
the kin association of nanotechnology with polymer chemistry provides several new 
synthesis routes and formulation protocols, which are favorable for the large-scale 
production of nanocomposites. The opportunity of modulating the ratios of polymer 
matrix and inorganic components (e.g., nanoparticles) provides the benefits to control 
its properties including greater resistance towards moisture and gases, better electrical 
and thermal conductivity, tunable surface charge, and surface chemistry. Addition-
ally, due to low toxicity and biocompatibility, the polymeric nanocomposites indeed 
gain an edge over pure nanomaterials and thus become an intrinsic part of several 
advanced applications in various sectors such as healthcare, medicine, microelec-
tronics, chemical engineering, and mechanical engineering. Therefore, the present 
chapter specifically focuses on the various synthesis methods, techniques commonly 
used for characterization, suitable functionalization to tune the properties, and recent 
advancements in the applications of polymer nanocomposites. 
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10.1 Introduction 

Nanotechnology provides a unique scope of developing materials, devices, archi-
tecture, and designs having at least one dimension sized from 1 to 100 nm (one 
nanometer is one-billionth of a meter) that has become a boon to many fields since 
its inception owing to its remarkable physicochemical properties. Recent progress 
in this line of interest offers precise engineering at the ‘atomic level’ for devel-
oping materials of any size, and shape, and with the desired functionalization to 
develop advanced smart materials [1–5]. Moreover, the incorporation of nanoscale 
materials along with suitable polymers, which are commonly known as polymeric 
nanocomposites (PoNc) expands the utilities and functionalities of these modalities. 
Generally, PoNc is made up of polymer (major component) and nanoscale materials 
(minor component) that exhibit several benefits because of their exceptional prop-
erties such as ease of functionalization, better mechanical properties, high thermal 
stability, biodegradability, and many more. The PoNc exhibit synergistic physico-
chemical properties that are difficult to get from a single component [6]. The natural 
and derived forms of polymers have been considered a crucial material for the devel-
opment of PoNc and deeply tied with human society for a long time. Polymers are 
abundant in the natural world and can be obtained from a wide range of sources, 
such as plants, animals, and microorganisms. For the design of suitable polymer 
composite, primary attention is given to selecting a proper polymer as its character-
istics determine the overall properties and function of composite. Several polymers 
have been proposed by various research teams globally; however, biodegradable and 
biocompatible polymers offer significant prospects as it’s very useful particularly in 
the field of biomedical. For this, both natural, as well as synthetic polymers, are found 
to be very useful. A few natural polymers are chitosan, alginate, polysaccharides, 
hyaluronic acid, dextrin, poly-glycolic acid, and poly-lactic acid. Likewise, examples 
of a few synthetic polymers are poly-ethylenimine, poly-2-hydroxyethyl methacry-
late, poly-lactic-co-glycolic acid, poly-N-isopropyl acrylamide, and dendritic poly-
mers. Also, there are several biopolymers like protein, nucleic acids, and lipids that 
showed promising outcomes in the design of polymer nanocomposites [7]. Apart 
from the biomedical applications, the polymer nanocomposites have shown huge 
prospects in various fields such as energy storage, food, automobiles, and so on 
[2, 8, 9]. 

This would be mentioned here that natural polymeric materials have several inter-
esting properties such as unique mechanical strength, high bending and stretching 
(e.g., rubber) and some of them are extremely hard (e.g., epoxides) [10]. However, 
quite often natural polymers offer several limitations also as a higher level of struc-
tural variability while extracted from natural sources, and demands time-consuming 
processes of purification and not able to withstand harsh physical as well as chemical 
treatments. Also, its intrinsic complex structures show the issues of solubility in the 
desired solvent that hinders its scope of applications [11]. To overcome these, a wide 
range of synthetic polymers have been developed by various research groups, which 
are having exceptional advantages over natural polymers, that essentially open up a
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spectrum of applications ranging from optoelectronic to biomedical [12]. However, 
synthetic polymers are generally costly, and involve multiple steps in the synthesis 
process. On the other hand, polymer composites, which are homogeneous mixtures of 
inorganic materials and polymers offer significant opportunities to develop advanced 
hybrid materials. More importantly, the polymer composites provide unique oppor-
tunities for crafting and developing a whole new spectrum of materials, where the 
properties of the materials could be easily tuned as per the demand of the users. These 
polymer composites are having several benefits like being lightweight, less toxicity, 
better mechanical properties, easy processing, and economical [13]. Therefore, prod-
ucts that involve the use of polymer composite, which are designed as multicompo-
nent systems by adding different materials such as ceramics, metals, etc., to obtain 
unique physical properties are gaining huge popularity for scientific as well as indus-
trial applications. For instance, the addition of fillers in polypropylene can signif-
icantly enhance the performance of thermoplastic [80]. Similarly, the use of metal 
and metal oxide nanoparticles (size less than 100 nm) along with polymer showed 
huge promises to formulating biocompatible polymer composites useful for various 
biomedical applications like drug/gene delivery, tissue engineering, biosensors, and 
prosthetic and implants [14]. However, judicious choice of a suitable polymer is 
very important during the formulation of the nanocomposite as physicochemical 
and mechanical characteristics of the composite material greatly rely on ratios of 
hydrophobicity and hydrophilicity groups, Young’s Modulus, and biocompatibility 
of the polymers. 

Therefore, researchers are primarily focusing on the development of advanced 
PoNc materials by combining a specific polymeric matrix with various types of 
nanoscale materials including metal and metal oxide nanoparticles, carbon nanotubes 
(CNTs), graphene, graphene oxide, ceramic, glass, etc. It’s worth mentioning that 
the use of nanoscale materials added value to the composite as nanoscale mate-
rials have a large surface-to-volume ratio that leads to changes in physical and 
chemical properties as well as the dominance of atomic behavior on the surface of 
nanocomposites [15]. Moreover, the higher surface area indicates more interaction 
within the mixture, which increases the strength, thermal conductivity, heat resis-
tance, crystallinity, and mechanical properties. The present chapter focuses on the 
synthesis, properties, and characterization techniques of polymeric nanocomposites 
along with their recent applications in various domains such as biomedical sciences, 
microelectronics, sensors, optoelectronics, and semiconductor devices. 

10.2 Synthesis of Polymeric Nanocomposite 

Synthesis of polymeric nanocomposites has been done to develop a more orga-
nized structure that shows better properties than pure polymer or polymer compos-
ites. Since these composites were made in nano-range for enhancing their physical, 
chemical, and mechanical properties, therefore it is important to understand how 
these nanocomposites were synthesized. For this purpose, different methods were
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employed for developing PoNc. Some of the most frequently used techniques are 
solution casting, melt blending, in situ polymerization, and exfoliation adsorption 
process. 

10.2.1 Solution Casting 

Solution casting is one of the oldest, simplest, and most versatile techniques for the 
synthesis of PoNc in the lab. In this case, a polymer is dissolved in a suitable volatile 
organic solvent or simply aqueous solution followed by the addition of nanoscale 
materials that are allowed to mix thoroughly using mechanical/magnetic stirring 
or ultra-sonication. However, the most common method of stirring and mixing the 
components is ultra-sonication. The ultra-sonication techniques involve ultrasonic 
tools and an ultrasonic agitator that assist in the development of cavitation (i.e., 
generation of vapor-filled bubbles in a liquid at low pressures) of the molecules. The 
ultrasonic tool is kept on top of the ultrasonic agitator and vibrates at around 20 kHz 
with a small amplitude of 60 to 90 μm resulting in the formation of a large cavity [29, 
30]. This cavity keeps moving towards the top, which further results in the dispersion 
of nanoscale materials (e.g., nanoparticles). When cavitation of molecules breaks, 
then there is a place for nanoparticles to mix thoroughly which leads to the formation 
of a homogenous composite. The solvent in the mixture gets evaporated leaving 
behind nanoparticles which are then placed inside the dryer to obtain polymeric 
nanocomposite. The steps of solution casting are given below (Fig. 10.1).

One of the most widely used materials is rubber nanocomposites that are developed 
by the above-mentioned method. For this, the rubber matrix is mixed with carbon-
based nanoscale materials (e.g., graphene, graphene oxide, CNTs) as nanofillers in 
suitable solvents followed by vigorous mixing with the polymer solution through 
mechanical/magnetic stirring or ultra-sonication. Once the mixing is done, the film 
casting and solvent evaporation are performed. Also, this is one of the most preferred 
methods that is used in the development of various elastomer-based nanocomposites. 
The reinforcing effect of the nanofillers is increased due to hydrodynamic interactions 
between rubber and nanoscale materials. These nanocomposites have several excep-
tional properties over pure rubber such as better uniformity of thickness and good 
mechanochemical response [16]. The use of suitable nanofillers materials improves 
the compatibility and performance of the polymer nanocomposite that eventually 
depends on (i) the uniform and homogeneous dispersion of the nanofillers within a 
polymer matrix, (ii) weight ratio of the nanofiller and polymers, (iii) Aspect ratio 
of nanofiller shape (like CNTs, Nano-rods), (iv) hydrophilicity and hydrophobicity 
ratio of nanofiller and polymers, (v) non-covalent interactions between the nanofiller– 
polymer matrixes. However, one of the prominent issues of solution casting is that 
solute components (e.g., elastomers/rubber/polymers) must be soluble in a volatile 
solvent or water and form a stable solution with a reasonable minimum solid content 
and viscosity, several cases it was found that solute component is not forming a stable
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Fig. 10.1 Schematics of synthesis of PoNc using solution casting technique

solution. The method is also costly as compared to the other method of castings such 
as vacuum die casting and centrifugal casting [16]. 

10.2.2 Melt Intercalation 

Melt intercalation is considered a standard approach for the synthesis of several 
PoNc materials. It involves annealing of the polymer matrix at a high temperature 
followed by thoroughly mixing it with the desired amount of fillers or nano-sized 
reinforcement (mostly intercalated clay) (Fig. 10.2). Finally, kneading is done to 
the mixture to obtain the uniformly distributed desired PoNc materials [20]. The 
intercalation is formed as the polymer slowly moves into the filler interlayers due to 
weak electrostatic forces between the polymer matrix and filler interlayers. The melt 
intercalation technique is better than solvent casting as it does not rely on solvent 
to break apart nanomaterials, instead, it uses heat and kinetic energy to disperse 
nanomaterials into individual nanoparticles. This method is generally ecofriendly 
compared with solution casting that mostly requires biologically and environmen-
tally harmful solvents for the synthesis of PoNc [19]. Therefore, melt intercalation is 
preferred for various industrial processes like extrusion and injection molding. This 
method meets the criteria for large-scale industrial processes and is economical too.
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Fig. 10.2 Synthesis of PoNc from organophilic clay as nano-sized reinforcement and thermoplastic 
polymer using melt intercalation method 

As mentioned earlier melt intercalation uses kinetic energy to disperse nanoparticles. 
This kinetic energy is usually provided by extruders which is a screw pump where 
the screw rotates (single-screw extruders) or two (twin-screw extruders) in a tightly 
fitting stationary barrel. However, the drawback is that sometimes surface modifica-
tions performed by this method may be damaged during the synthesis process due to 
very high processing temperature (190–220 °C) [18]. For instance, alkyl ammonium-
modified organo-clays usually degrade at the temperature of 140 °C. Therefore, to 
obtain uniformly dispersed and better exfoliation the processing conditions must be 
properly optimized, such as lowering the operating temperature or replacing rein-
forcement with thermally stable alternatives to prevent any degradation during the 
synthesis process [19]. 

One of the examples of this method is the development of nylon 6/clay nanocom-
posites. The nylon 6/clay nanocomposites exhibit superior properties in terms of 
strength and heat distortion temperature than only the nylon 6 matrix. To prepare 
nylon 6/clay nanocomposite using the melt intercalation process a dispersed phase 
is prepared by mechanically mixing high molecular weight polar nylon 6 matrix 
and organoclay (formed when organic amine salts were ion-exchanged with sodium 
montmorillonite). Twin-screw extruder is then used to extrude the mixture at the 
rotational speed of around 30 rpm while maintaining the temperature of the mixing 
barrel in the range of 180–230 °C. Later, at injection molding temperature and pres-
sure, i.e., 220 °C and 13.5 MPa respectively extrude was pelletized followed by dying 
and injected into the standard sample [19]. Organoclay was melt-mixed with a high 
molecular grade of nylon 6 using a twin-screw extruder; here, Organoclay was acting 
as nanofillers. 

10.2.3 In-Situ Polymerization 

In-situ polymerization involves the mixing of liquid monomer/monomer solution 
with the nanofillers/nanoparticles. The addition of monomer causes swelling that 
creates small openings between layers of nanoparticles [20]. The reason being 
monomers have low molecular weight, are more mobile and can diffuse easily into
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the nanofiller interlayers (Fig. 10.3). During this process the reaction temperature 
such as polymerization time, temperature, and swelling time for better polymeriza-
tion [18]. Different factors such as temperature, radiation, or diffusion of appropriate 
initiator/catalyst via cation exchange are responsible for polymerization. Finally, 
the monomers polymerize in between the interlayers to yield exfoliated or interca-
lated PoNc. This approach is considered better in comparison to melt intercalation 
methods. However, recently the focus has been shifted to graphene-based conducting 
polymer nanocomposites. 

Furthermore, thermoplastic and thermoset-based nanocomposites can also be 
synthesized using in situ polymerization. It would be mentioned here that thermo-
plastic is a class of polymers that become flexible (i.e., plastic) on heating and harden 
on cooling and this can be processed many times without any chemical alterations. 
Some examples are polystyrene, polythene, polyamide, nylon, and polypropylene. 
On the other hand, thermosets are polymers, which exhibit permanent chemical 
changes during heating/curing which causes irreversibly hardening, for example, 
epoxy resins, and phenol–formaldehyde resins. These thermosets and thermoplastics 
polymers are further grafted on the suitable nanofillers surface to fabricate superior 
quality nanocomposites [20]. 

Recently, graphene oxide-epoxy nanocomposites (thermoset-based nanocompos-
ites) were synthesized where graphene oxide nanofillers were dispersed using ultra-
sonication followed by adding epoxy matrix in a vacuum oven at around 50 °C. 
While approximately 80% of the solvent was evaporated then a curing agent, m-
Phenylenediamine was added with vigorous stirring. Later, these were transferred 
to a steel mold and kept for drying for 5 h at around 60 °C that removing residual 
solvents. Finally, pre-cured in an oven for 2 h at around 80 °C followed by post-curing 
for 2 h at around 120 °C. When visualized under the high-resolution transmission

Fig. 10.3 Schematics of in situ polymerization technique for PoNc synthesis 
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electron microscopy (TEM), uniformly distributed bundles of epoxy functionalized 
graphene oxide nanocomposites were observed [18–20]. 

10.2.4 Template Synthesis 

Template synthesis is a sol–gel technology that employs the synthesis of several 
PoNc. This technique involves the preparation of an aqueous solution of the inor-
ganic nanofillers (sol) or a gel with suitable polymer and building blocks made 
of fillers under the influence of high temperature [21]. Herein, the polymer acts 
as a nucleating agent that helps in the formation and further growth of the inor-
ganic nanofiller lyotropic liquid crystals. The nanocomposites are formed when the 
polymer gets trapped within the interlayers of the nanofillers during the growth of 
these crystals [19]. However, this technique is rarely applied recently due to the use of 
high temperature for synthesis causing polymer damage. For example, template CNT 
membrane is annealed at temperature >2000 °C to convert into partially graphitized 
CNT. Therefore, it is mainly restricted to double-layered hydroxide nanocomposite 
synthesis only. 

10.2.5 Exfoliation Adsorption Process 

In this process, the layered clay is exfoliated into monolayer in a solvent that can 
potentially dissolve the polymer. These polymers enter into the delaminated layer 
due to the weak forces of the clay layers. The residual solved is evaporated to obtain 
PoNc. For example, this method was used to synthesize Magnesium–Aluminum 
layered double hydroxide (Mg, Al-LDH) and poly(methyl methacrylate) (PMMA). 

10.3 Properties of Polymeric Nanocomposites 

The properties of polymer nanocomposites, as well as structure, are mainly depen-
dent on the characteristics of the used nano-reinforcement and polymer matrix. 
These hybrid PoNc possess significantly better mechanical, thermal, electrical, and 
gas barriers compared with the conventional composites. Different combinations of 
nanofillers and polymer matrices to synthesize PoNc for desired properties and their 
probable area of applications are given in Table 10.1 [6, 7, 11, 12]. In this section, 
detailed properties of PoNc are presented.

Mechanical Properties: The material composition and surface morphology of 
the PoNc translates their mechanical properties such as Young’s Modulus, tensile 
strength, and stiffness. For instance, on the introduction of the polymers into the
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Table 10.1 Different combinations of nanofillers and polymer matrices to synthesize PoNc for 
desired properties and their probable area of applications 

S.No. Nanofillers Polymer matrix Acquired 
properties 

Applications 

1 Carbon nanotubes Epoxy Stiffness and 
strength 

Microelectronics, 
optoelectronics, and 
sensors; sports 
rackets 

2 Layered 
silicates/exfoliated 
clay 

Nylon 6 or thermoplastic 
polyolefins 

Stiffness and 
strength 

Automotive body 
elements 

3 Multiwalled CNT Different types of 
polymers 

Thermal and 
electrical 
conductivity 

Semiconductor 
devices 

4 Silver nanoparticles Chitosan Antimicrobial 
effects 

Drug delivery; 
wound dressing 

5 Exfoliated 
clay/Carbon Black 

Polyisobutylene/natural 
rubber/polybutadiene 

Strength and 
permeability 
barrier 

Tires; tennis and 
soccer balls 

6 Silver/Silica Natural rubber Antimicrobial 
and viscosity 
control 

Latex gloves

nanofillers, Young’s Modulus of the PoNc varies as a function of its particle concen-
tration, resultantly improving strength and durability. The mechanical properties of 
PoNc can be significantly improved by opting for the nanofillers of high aspect ratio 
and high rigidity along with excellent affinity towards the incorporated polymer 
matrix. Apart from this the composite materials show better friction resistance, dura-
bility, and wear performance. For example, layered silicates or exfoliated clay used 
with nylon 6 or thermoplastic polyolefins provide excellent strength and stiffness to 
the PoNc that are generally used in automotive industries as body elements [22]. 

Thermal Properties: Differential Scanning Calorimetry (DSC) technique is gener-
ally used to determine the thermal properties of the PoNc. In this method, the thermal 
stability of the PoNc is analyzed by calculating the total loss of the PoNc material 
when subjected to uniform heating at a specific temperature known as heat distor-
tion temperature (HDT). The HDT is a material-dependent quantity. For instance, 
a copolymer of polypropylene has an HDT value range of 50–60 °C. On the other 
hand, glass fiber reinforced polypropylene has more than double HDT, i.e., 125– 
140 °C. Therefore, HDT can also be used to calculate the heat resistance properties 
of the PoNc. The PoNc possessing excellent thermal properties can be used in high-
performance thermal management systems, thermal interface material, printed circuit 
boards, and heat sinks [23]. 

Electrical Properties: Nano-filler in polymer composites are key material that 
determines their electrical properties because most polymers are not having good
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electric properties. The conductive nanofillers with a high aspect ratio, better disper-
sion, and alignment provide good electrical properties to the PoNc. For example, 
nanofillers made of carbon nanotubes (CNT) are considered to provide superior elec-
trical properties to the PoNc as they have low driving voltage and high energy densi-
ties. Similarly, organically modified clay, i.e., ether-clay provides enhanced ionic 
conductive the conventional clay. Additionally, incorporating a very small amount 
of the CNT (up to 0.1% of weight) can enhance the electrical conductivity of the 
PoNc to several folds without impacting their existing properties like mechanical or 
optical. PoNc with good electrical conductivity can be widely used in areas such as 
electromagnetic interference (EMI) shielding, electrostatic dissipation, conductive 
transparent coating, printable circuit wiring, and electrostatic wiring [24]. 

Barrier Properties: The polymer nanocomposite provides excellent gas barrier 
property due to the high aspect ratio and tortuous dispersion of the nanofillers in 
the polymer matrix. It would be mentioned here that tortuosity (τ = Lt/L) is the  
measurement of the ratio of the actual lengths (Lt) to the straight distance (L) between 
the ends of the fluid pathways of the porous medium. Therefore, an intrinsic structural 
characteristic restricts the movement of several gas molecules through the PoNc and 
significantly reduces their permeability. The gas barrier properties of a composite can 
be monitored significantly by changing the ratios of nanofiller, which are served as 
an impermeable inorganic material. The addition of nanofiller in permeable polymer 
matrix leads to (i) reduced available diffusion area, and (ii) tortuous pathway increases 
the gas diffusion pathways. For example, layered silicate/polyamide PoNc are known 
to have barrier properties against multiple gases like nitrogen, helium, carbon dioxide, 
oxygen, and ethyl acetate vapors, thus offering potential applications in various areas 
[25]. 

Rheological Properties: Rheological properties suggest the flow behavior of the 
material. In polymer nanocomposite, the structure and viscoelastic behavior of its 
matrices (i.e., polymer) and dispersion of the nanofillers play a key role in determining 
the flow behavior. Matrices of polycaprolactone/nylon 6-based PoNc was found to 
have improved the flow behavior of polymer matrices [26]. 

10.4 Characterization of Polymeric Nanocomposites 

The polymer nanocomposites are having unique properties and structural aspects. 
The minute change in structural parameters leads to a change in their properties 
hugely that ultimately affects the performance of the composite materials. Thus, 
characterization is a very important aspect for not only understanding their internal 
structure and composition but also analyzing structural defects and impurities that 
are compromising the properties of the polymeric nanocomposites. Different charac-
terization techniques such as X-ray diffraction (XRD), scanning electron microscopy 
(SEM), infrared (IR) spectroscopy, thermal analysis, etc., are performed to under-
stand internal and surface structure. Along with this surface, functional groups and 
surface chemistry also play a useful role in their altered characteristics. The advanced
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characterization tools and techniques offer the scope of detailed characterization 
at molecular and even electronic levels too. However, in the subsequent section, 
we have incorporated only commonly used techniques/tools employed for routine 
characterization of any polymer nanocomposites. 

10.4.1 X-Ray Diffraction (XRD) 

The XRD is generally used for obtaining the structural information of the material. 
The working principle lies in the identification of the X-ray diffraction pattern of the 
short-range and long-range order of crystalline arrangements from the amorphous 
substances. While X-ray falls on crystalline materials the crystal atoms scatter (i.e., 
elastic scattering) incident X-rays, due to interaction with atoms’ electrons. The 
intensities and scattering angles of the X-rays changes that are used to produce a 
specific diffraction pattern via destructive and constructive interference by following 
Bragg’s law [27]: 

2d sin θ = nλ (10.1) 

where d is the spacing between diffracting planes of the crystalline lattice, n is an 
integer, and θ and λ are the incident angle and wavelength of the X-ray. There-
fore, the XRD pattern of the crystalline material will be having highly sharp and 
intense peaks; no such peaks can be seen in the amorphous material. For example, 
y-Fe2O3/natural rubber-based PoNc show a highly sharp and intense peak due to the 
presence of dispersed y-Fe2O3 nanoparticles in the natural rubber matrix [28]. This 
is also suitable for determining the deviation of the intrinsic structure of a material 
due to internal stresses and defects. Apart from this, XRD analysis is found to be very 
useful for finding lattice parameters, grain size, phase composition, and diameter of 
the nanoparticles. The XRD samples are generally powder or thin film. Predomi-
nantly, powder samples are used for the same; thus it is also known as powder X-ray 
diffraction (PXRD). 

10.4.2 Electron Microscopy 

The electron microscopy is technique for obtaining high-resolution images of 
the biological or non-biological specimens of sizes below micro-range. Basically, 
there are two different types of electron microscopy namely Transmission Electron 
Microscopy (TEM) and Scanning Electron Microscopy (SEM). Instead of light, beam 
of electrons is used for the generation of images in case of electron microscope. The 
wavelength of electrons is much smaller than visible light, thus resolution of the elec-
tron microscopes is far better than that of a light microscope. These are very powerful 
imaging modalities that can have up to 2 million times magnification than regular



278 S. Shivalkar et al.

Fig. 10.4 Comparative electron microscopy image; a and b TEM images of iron oxide-polymethyl 
methacrylate PoNc in high resolution (a) and lower resolution (b); c SEM images of iron oxide-
polymethyl methacrylate PoNc showing 3D morphology (Adapted with permission from [29]. 
Copyright, 2008, Elsevier) 

light microscope. However, the working principle of both the electron microscopes 
are different, the TEM constructs images based on transmitted electrons (electrons 
that pass through the sample), and SEM images are formed by detecting reflected or 
scatter electrons. Thus, TEM provides internal structure of the sample whereas SEM 
provides information about surface morphology (Fig. 10.4). 

In case of TEM, a particle beam of high energy electrons (~60–300 kV) passes 
through very thin samples that use to focus via electromagnetic lenses for genera-
tion of 2D projection images. The magnifications (50 million times) and resolution 
(<50 pm) of TEM images are better than SEM images. Thus, TEM is very suitable 
for imaging particle having diameter of less than 10 nm. Additionally, TEM is very 
useful in observing the physical properties of the nanomaterials such as size, shape, 
homogeneity, interaction, distribution, crystal structure, internal defects, and degra-
dation. For example, TEM image of iron oxide-polymethyl methacrylate PoNc in 
high resolution (200 nm) and lower resolution (50 nm) clearly shows the presence of 
the iron oxide nanoparticle in within the polymethyl methacrylate matrix (Fig. 10.4a, 
b). However, for the TEM analysis, the sample has to be very thin (preferably less 
than 150 nm) so that electrons are able to pass through it [29]. 

On the other hand, the SEM assists in determining the detailed information 
on surface morphology, conductivity, and fractures of the PoNc. Generally, SEM 
provides the 3D image of an object, thus found to be a very effective visualiza-
tion technique of surface characteristics. Additionally, a wide range of mechanical 
properties of the nanocomposites, i.e., from shape information by the movement 
of individual molecules of the polymers to more complex structural forms can be 
obtained from SEM. It can also be used to identify the sites of interface boundary, 
which is commonly known as grain size and grain boundary. For example, iron 
oxide-polymethyl methacrylate PoNc can be seen as uniform size granular struc-
ture in Fig. 10.4c. The resolution of SEM images of nanocomposites depends on 
the acceleration voltage of the electron beam. The resolution of the SEM is also 
reached up to a few nanometers only and the operating voltage generally varies 
from 2–20 kV. Nowadays, the low-voltage mode of operation is also possible that is 
essential for recording the image of the non-conductive polymer and/or biological 
specimens. Low acceleration voltage (LAV) primarily shows the surface information
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of the composites, while at high acceleration voltage (HAV) sub-surface features can 
also be obtained. Therefore, LAV is mostly used for obtaining topological informa-
tion on the PoNc while the HAV showing the sub-surface features are generally used 
for testing the conductivity of the PoNc [29]. Moreover, before analysis, the SEM 
sample was coated with plasma gold, which is very crucial for obtaining high-quality 
SEM images while working with a beam-sensitive and non-conductive material. 

10.4.3 Infrared Spectroscopy 

Infrared (IR) spectroscopy is an analytical technique used to determine chemical 
information such as functional groups in the materials. The interaction of the IR 
light with a molecule induces the vibrations in the bonds. Each functional group in a 
molecule is having its characteristic vibrations depending on atomic masses and bond 
strength. While the energy of the IR light matches with the corresponding energy 
necessary to initiate molecular vibrations that leads to absorption of light (i.e., IR 
band). Thus, each band obtained in the IR spectrum is the representation of specific 
functional groups. This is also considered a fingerprint of the sample. The present IR 
spectroscopy technique uses an IR light source that passes through an interferometer 
consisting of a beam splitter, a fixed mirror, and a moving mirror. The arrangement 
of the interferometer separates the spectral components of the IR light in time, which 
then passes through the sample. Finally, the detector records an interferogram as a 
function of time, which is processed via a mathematical operation (Fourier transform) 
to translate the interferogram into the actual spectrum in the frequency domain. Thus, 
this is also known as Fourier transform infrared spectroscopy (FTIR). The infrared 
absorption frequency range varies from 400 to 4000 cm−1 wave number, which is 
suitable for recording of vibration of organic and inorganic molecules. This tech-
nique requires minimum steps of sample preparation, as well as provides a fast and 
reliable data recording option. Additionally, FTIR analysis is suitable for recording 
qualitative as well as quantitative data of the samples. It is also found to be suit-
able for the identification of unknown samples via the signature of the presence 
of various functional groups. Therefore, this is frequently used in organic chem-
istry such as characterization of polymeric materials and coordination chemistry. 
In PoNc, the presence of nanomaterials and polymers can be identified at different 
wavelength [28]. For example, the FTIR spectrum of polystyrene shows the charac-
teristic peaks over 2800–3100 cm−1, while the addition of Titanium Oxide in higher 
concentration shows the characteristics peaks of Titanium Oxide in the spectrum of 
polystyrene/Titanium Oxide PoNC film [81].
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10.4.4 Thermal Analysis 

Physical and chemical properties of the nanocomposites as a function of temperature 
are known to be thermal analyses of the composites [30]. Two different techniques are 
involved in thermal analysis, i.e., thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA). The TGA is the measurement of change in PoNc weight 
as a function of temperature. On the other hand, in DTA an inert reference material 
is introduced to measure the difference between the temperature of PoNc and inert 
material as a function of time. Differential scanning calorimetry (DSC) is an almost 
similar technique as DTA but it involves quantitative measurement of change in 
enthalpy of the PoNc as a function of temperature or time. DSC is frequently used to 
determine the thermal behavior of the PoNc. The underlying principle of DSC is that 
it assists in finding the glass transition temperature (Tg) of polymer and its PoNc. 
Higher Tg values show the presence of inorganic materials in the polymer matrix of 
the PoNc [28]. 

10.5 Applications of Polymeric Nanocomposites 

Polymeric nanocomposite has turned out to be a very promising material that can 
potentially apply diverse areas. The schematic representation of the promising areas 
of applications of the polymeric nanocomposites is given in Fig. 10.5. 
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Fig. 10.5 Schematic representation of various areas of applications of polymeric nanocomposites
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10.5.1 Biomedical Applications: Drug Delivery; Cancer 
Therapeutics; Gene Delivery 

Interest in polymeric nanocomposite has been growing around the globe day by day 
owing to its remarkable characteristics and the prospect of a wide range of appli-
cations. Particularly, the healthcare-related applications are prioritized by various 
research groups due to their unique features like (i) easy functionalization with suit-
able cell targeting ligands like an antibody, aptamer, peptides, etc., (ii) biodegrad-
able and biocompatible, (iii) economical as compared to other drug/gene delivery 
cargos, (iv) less chance of immunogenic and inflammatory response, (v) generally, 
non-allergenic and environmentally friendly [7]. 

Various polymeric nanocomposites (PoNc) were developed to apply in various 
biomedical applications, especially in drug/gene delivery to the tumor site (Fig. 10.6). 
Nanocarriers mediated delivery systems over several limitations of present drug 
delivery systems like insufficient bioavailability, short half-life, instability in blood 
circulation, and cytotoxicity. Moreover, the nanocarriers designed by using polymer 
nanocomposite are ably performed both active targeting via receptor-ligand interac-
tions and passive targeting depending on the size of the nanocarriers that permeate 
via leaky vasculature of the tumor sites only. It would be mentioned here that active 
targeting via conjugation of specific ligands provides better selectivity; however, 
this requires tedious steps of chemical conjugation followed by purification. Also, 
it demands sophisticated and costly laboratory setups. On the other hand, passive 
targeting by nanocarriers is easy as well as results enhanced permeability and reten-
tion (EPR) effect as nanoparticles of certain sizes (around 200 nm) accumulate more 
near tumor tissue as compared to normal tissues. Therefore, nanocarriers mediated 
‘on target’ drug delivery got huge attention over the conventional route of drug 
administration that leads to ‘off target’ drug accumulation that raises side effects and 
cost of treatment [6, 7].

Another important aspect of the polymeric nanocarriers is that it provides the scope 
of sustained (i.e., over a specific period) and controlled release (specific amount) of 
payloads. Sustained release is very important as a slow release of payloads over 
some time (i.e., more than a few weeks) eventually reduces the frequency of the 
drug uptakes. The conventional method of drug uptake greatly relies on the frequent 
uptake of drugs after a particular time interval for a specific period, which is indeed 
painstaking and challenging for persons with certain medical conditions or infants. 
On the other hand, sustained and controlled drug release from engineered nanocar-
riers may overcome these concurrent limitations as it releases a prescribed amount of 
drugs (i.e., therapeutic dose of the drug) from the nanocarriers for a ‘programmable 
time period’. Hence, the proper managing of the release profile of therapeutics over 
time in correlation with drug concentration is a very promising feature of the polymer 
nanocarriers. Along with this, release profiles can be monitored via external and/or 
internal stimuli. Various external stimuli like light, heating, magnetic field, ultra-
sound, etc., are commonly explored as promising non-invasive means to induce the
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Fig. 10.6 Illustration of 
active and passive drug 
delivery mechanism for 
PoNc to the tumor cells 
(Adapted with permission 
from [32]. Copyright, 2014, 
Frontiers)

release of the drugs from the nanocarriers. Likewise, pH, ionic concentration, and 
enzymes are served as intra-cellular stimuli to modulate the drug release [31]. 

The use of polymer nanocomposites is not only limited to this, but numerous 
other biological applications are also possible by using such engineering mate-
rials. To add to this list, polymer nanocomposites are found to be very useful for 
tissue engineering, the development of biosensors, and the construction of pros-
thetics and implants. However, in the subsequent sections, we’ll mainly focus on 
the drug/gene delivery via polymer nanocomposite. As integral components, various 
nanoscale materials including metal NPs (e.g., Au NPs, Ag NPs, Cu NPs), metal 
oxide NPs (ZnO NPs, TiO2, Fe3O4 NPs) NPs, carbon-based nanomaterials (CNTs, 
graphene, graphene oxide, C-dots), hydroxyapatite, clay, etc., have been employed
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with polymer to prepare PoNc for the above-mentioned applications [31]. Moreover, 
some biopolymer-based drug carriers were also developed from mixed nanocompos-
ites like yolk-shell, core–shell, and coupled/impregnated nanostructured compounds 
embedded in a suitable polymer matrix [32, 33]. These drug carriers are found 
to have the potential to transport various types of pharmaceutical compounds and 
supplements required during the treatment process. 

Chitosan-based PoNc: Chitosan (CS) is a cationic linear polymer made up of 
N-acetyl-d-glucosamine and D-glucosamine units. This is commonly derived by 
deacetylation from chitin present in shells of shrimp, prawns, crabs, and other crus-
taceans. Chitosan has several interesting properties such as pH-responsive solubility, 
antimicrobial activity, and low immunogenicity. Moreover, due to its positive surface 
charge, chitosan is preferred as suitable drug/gene delivery material through various 
routes of administration (e.g., intra-cellular, oral, and subcutaneous, etc.). Several 
studies demonstrated that chitosan might serve as a penetration enhancer by facili-
tating the opening of the tight junctions of the epithelial cells. This also helps both 
paracellular transport (i.e., passing through the intercellular space) and transcellular 
transport (i.e., substance moves through a cell) of drugs. Reports also demonstrated 
that chitosan makes non-covalent interactions with mucus which is also negatively 
charged. 

Additionally, the chitosan polymer can be easily converted to chitosan nanopar-
ticles (CS NPs) with suitable ionotropic agents like tripolyphosphate (TPP), nucleic 
acids, polyphosphoric acid (PPA) and hexametaphosphate (HMP), etc. The posi-
tively charged CS NPs facilitate strong interactions with the negatively charged 
cell membrane and hence facilitates cellular localization as well as retention. 
Besides, the CS NPs protect the payload from enzymatic or environmental effects. 
Thus, it becomes one of the widely used biodegradable materials for developing 
pH-dependent delivery cargo [34]. 

For example, recently a PoNc was developed from layered self-assembly of 
chitosan/sodium alginate (CS/SA) functionalized with graphene oxide nanosheets 
loaded magnetic iron oxide nanoparticles (GOmNP) for the targeted delivery of anti-
cancer drug doxorubicin hydrochloride (DOX). The diameter and average thickness 
of GOmNP-CS/SA bio-PoNc was approximately 0.5 μm and around 50 nm, respec-
tively. This bio-PoNc is superparamagnetic, therefore was used for magnetically 
targeted cellular uptake. The DOX was loaded to GOmNP-CS/SA bio-PoNc through 
electrostatic and π–π stacking interactions. The drug loading capacity of GOmNP-
CS/SA bio-PoNc was extremely noteworthy as it loads up to 137% (w/w) [35]. Thus, 
pH-responsive drug release and dispersion of GOmNP-CS/SA-DOX bio-PoNc were 
significantly improved. 

Chitosan nanocarriers showed great prospects for the delivery of nucleic acids 
(DNA, siRNA, miRNA, etc.) inside the cells. These cationic polymer/polymer 
composites can easily form polyplex with nucleic acids via electrostatic interactions. 
Moreover, the chitosan nanocarriers not only increase the gene loading efficiency 
but also protect the genetic materials from exogenous nuclease activity. A nanocom-
posite of chitosan and gold nanocluster (Au NCs) was developed for delivery of a 
cytosine deaminase uracil phosphoribosyl transferase (CD-UPRT) suicide gene. The
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Fig. 10.7 Schematics of PoNc synthesized from gold salt and biopolymer chitosan with mercap-
topropionic acid (MPA) at room temperature. The suicide gene (pCD—UPRT) was added to PoNc 
to form stable polyplex formation that led to apoptosis in the transfected cells. Fluorescent gold 
nanocluster of PoNc was also used for the imaging of cells 

gene produces CD-UPRT enzyme after transcription and translation that converts a 
nontoxic prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) and other toxic 
metabolites that inhibit DNA replication and transcription, thus destroying trans-
fected cancer cells. The gold nanocluster used was highly fluorescent that was 
employed for tracking the nanocarriers by microscopic imaging. (Fig. 10.7) [36]. 
The study showed that chitosan-based nanocarriers protect the genetic material from 
nuclease degradation. 

In another study, the in situ polymerization technique was used to prepare a silver-
chitosan polymer composite by crosslinking the chitosan with silver nanoparticles via 
sodium tripolyphosphate. The study demonstrated that silver nanoparticles (Ag NPs) 
enhanced the swelling ability of the chitosan beads resulting in the prolonged release, 
otherwise encapsulated drugs in normal chitosan beads are released immediately 
upon swelling. The composite also exhibited excellent antibacterial activity against 
Staphylococcus aureus and Escherichia coli [37]. 

Silver-based PoNc: Among various types of metal and metal oxide nanoparticles, 
silver nanoparticles (Ag NPs) got special attention owing to their strong antimicrobial 
as well as cytotoxic activity. The cellular activity of Ag NPs/its composites becomes 
stronger depending on the size of the NPs, and it was demonstrated that the smaller 
the size better the activity. Apart from this, the shape of the Ag NPs also plays a very 
vital role in its biological activity. Several anisotropic NPs showed better activity as 
compared to spherical NPs. Thus, the overall cellular activity of the Ag NPs depends 
on the various factors (i) size, (ii) shape, (iii) surface charge as positively charged 
NPs showed better activity as compared it’s the counterparts, (iv) surface functional 
groups, (v) Types of cell lines used in the study, and (vi) Cell division stage, i.e., cell 
cycle. After cellular uptakes, Ag NPs influence several events like oxidative stress, 
destabilization of the cell membrane, cell cycle arrest, DNA damage, and apoptosis.
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Also, several in-vivo studies were performed that stated that Ag NPs may cause 
inflammatory responses and genotoxicity [38]. 

There are reports, which demonstrated that Ag NPs alone or in combination with 
other agents were able to show strong anti-cancer activity by causing apoptosis-
mediated cell death. The primary cause of silver-based cytotoxicity is the genera-
tion of a high level of reactive oxygen species (ROS). A study developed chitosan 
nanocarriers to deliver silver NPs (size 10 nm) to human colon cancer cells (HT 
29). The cell viability assay showed the IC50 dose (i.e., cell viability reduced by 
50%) of Ag NPs was 0.33 μg/mL. The Ag NPs caused apoptosis via a mitochondria-
dependent pathway as depolarization of mitochondrial membrane potential (ΔΨ(m)) 
was evident. Corresponding SEM images also showed the formation of apoptotic 
bodies. It was also proposed that elevated levels of ROS accelerated apoptosis in 
addition to the classical caspase signaling pathway [39]. 

To get synergistic activity combination therapy of Ag NPs was performed with 
suitable anti-cancer agents like recombinant protein. Poly(lactic-co-glycolic acid) 
nanocarriers (PLGA NCs) were used to encapsulate both Ag NPs and recombinant 
interferon-gamma (IFN-γ) protein that was used for the imaging and treatment of the 
two different types of cancer cells namely, cervical cancer (HeLa cells) and breast 
cancer (MCF-7 cells) (Fig. 10.8). It would be mentioned here that IFN-γ acts as 
tumoricidal and antiviral agents [40]. The combination therapy showed apoptosis-
mediated cell death. Another study was conducted where folic acid was chemically 
conjugated with nanocarriers for targeted delivery of silver nanocluster (Ag NCs) 
and drugs. The metal nanoclusters (size less than 2 nm) are the smallest class of 
the nanomaterials. In this size, realm nanoparticles do not show surface plasmon 
resonance (SPR) rather it exhibits luminescence due to discreet energy levels. It was 
demonstrated that while silver nanocluster was delivered with paracetamol dimer 
that was selectively showing better cell killing activity against folic acid receptor 
overexpressed cancer cells (HeLa cells) as compared to folic acid receptor downreg-
ulating lungs cancer cell lines (A549 cells). This combination therapy synergistically 
caused apoptosis for selective cancer cell lines [41].

Alginate-based PoNc: Sodium alginate is a naturally occurring polysaccharide 
obtained from brown algae and soil bacteria. These polysaccharides can easily be 
crosslinked with calcium (Ca) ions to prepare a microsphere with 3D networks. 
This polymer is readily available at low cost and biocompatible. Therefore, it is 
frequently used as a suitable material for food thickener, bone tissue engineering, 
and drug delivery [42] systems. For example, a microsphere-shaped hydroxyapatite 
nanoparticles-sodium alginate-chitosan (H–S-C) polymer composite was developed 
by emulsion (oil/water) crosslinking procedure in presence of Ca ions as a cross-
linker. The morphology and dispersion of the hydroxyapatite nanoparticles in the H– 
S-C polymer composite are dependent on the concentration of sodium alginate, rota-
tion speed, and ratio of oil to water in the emulsion. This composite was loaded with an 
anti-cancer drug (DOX) drug and their release profile was examined at different pH. 
The DOX-loaded H–S-C microsphere showed pH-sensitive drug release [43]. Simi-
larly, hydrogel beads of curcumin-loaded sodium alginate crosslinked with zinc oxide 
nanoparticles (CUR-S-ZNP) were prepared for the prolonged release of curcumin.
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Fig. 10.8 a–d Fluorescence microscopy images of HeLa cells with silver nanocluster-paracetamol 
dimer PoNc. a and b are showing the red and blue emission, respectively due to silver nanoclusters 
and paracetamol dimer when excited under ultra-violet light c phase contrast image d merged 
images of a and b is showing magenta color due to presence of both paracetamol dimer and silver 
nanoclusters inside the cells (Adapted with permission from [40]. Copyright, 2014, RSC)

Generally, pure hydrogels undergo burst release, whereas the as-synthesized CUR-
S-ZNP hydrogels provided sustained release that essentially decreased the chances 
of immediate physiological clearance of curcumin [44]. 

Cellulose-based PoNc: Cellulose is a polysaccharide of β-1,4-linked anhydrous-
D-glucose repeating units, synthesized via acid hydrolysis. The nanocrystals of cellu-
lose, cellulose nano-whiskers, and cellulose nanoparticles are nano-sized counter-
parts of cellulose. These nano-sized (diameter: 10 to 100 nm; length: 0.025–2 μm) 
counterparts can potentially undergo hydrophilic interaction and H-bond formation, 
thus can modulate the physiological efficiency of the drug delivery system. Other 
than hydrophilicity, nano-sized cellulose has low density, high modulus, high surface 
area, and a high aspect ratio. This is also biocompatible, non-irritant, and biodegrad-
able thus widely employed in the area of biomedical. The properties have made
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cellulose a better reinforcement material in PoNc, hydrogels, scaffolds, etc., for a 
wide range of applications [45, 46]. For example, PoNc prepared by combining 
iron oxide nanoparticles with cellulose nanocrystals (Fe@CNc) and loaded with 
curcumin works as drug carriers. These Fe@CNc drug carriers were magnetically 
triggered and used in-vitro for the treatment of colon cancer. The drug loading effi-
ciency of the Fe@CNc was approximately 99.35% and stabilized using a Pickering 
emulsion. The application of a magnetic field of 0.7 T causes the curcumin to release 
from the Fe@CNc drug carrier and inhibited the growth of human colon cancer cells 
(HCT116) [47]. 

Hybrid lipid polymer enveloped matrix PoNc: Another interesting class of polymer 
is lipids, which are biodegradable also, so it has been already applied in several 
biomedical applications. However, the hydrophobic nature of lipid restricts its appli-
cation in quite a few cases. To address this, the development of a hybrid composite of 
polymer with other suitable agents like proteins, showed immense scope to monitor 
its physicochemical properties. Both materials have their advantages and disadvan-
tages in terms of chemical properties, cost, and availability. The hybrid lipid polymer 
material would result in several benefits and thus be found to be suitable for various 
biological applications. Additionally, this hybrid lipid-polymer PoNc (HPL-PoNc) 
would create a possibility of an improved multifaceted drug delivery system that may 
overcome several challenges [48] like improved drug availability and therapeutic 
index. Moreover, a judicious choice of combination of HPL-PoNc can be employed 
for nucleic acid delivery also. There are various types of hybrid protein-lipid polymer 
composites available like lipid-hydrogel nanocomposites, lipid-mesoporous silica 
nanoparticles, and lipid-polyester nanocomposites [49]. 

Effectively delivery of sparingly water-soluble drugs is a very crucial challenge 
while the use of this hybrid polymer composite facilities the transport of such drug 
molecules in biological fluids. This hybrid composite is also suitable for the delivery 
of multiple drugs which are having different hydrophobicity and hydrophilicity by 
a single drug delivery module. For example, a lipid-based drug delivery system was 
used to encapsulate amphiphilic chemotherapeutic drugs paclitaxel (hydrophobic) 
and gemcitabine hydrochloride (hydrophilic) into lipid-coated poly(lactic-glycolic) 
acid (PLGA) nanocomposite using nanoprecipitation. This drug combination showed 
improved cytotoxicity in a human pancreatic carcinoma cell line. Therefore, the 
study proposed that delivery of multiple drugs having different polarities could be 
transported effectively by this hybrid cargo. Similarly, encapsulated hydrolysable 
paclitaxel–cisplatin drug conjugate in HPL-PoNc provided an improved therapeutic 
effect against ovarian cancer cells [34]. In another approach, chemotherapy and radio-
therapy (yttrium90) were synchronized using HPL-PoNc to perform chemo-radiation 
therapy. To avoid the interference of radioisotopes with docetaxel (drugs), the HPL-
PoNc was integrated with phospholipids that were modified with the chelator diethy-
lene triamine pentaacetate, in the PEGylated lipid monolayer of the PLGA core. Later, 
A10 RNA aptamer was tagged with HPL-PoNc for selective delivery of docetaxel 
and yttrium90 (90Y) to prostate-specific membrane antigen overexpressing prostate 
cancer cells. This combination therapy showed the synergistic killing of prostate 
cancer cells [50, 51].
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Clay-based PoNc for controlled drug delivery: The clay (a soft, earthy material 
having a grain size <4 μm) materials are gaining attention from the pharmaceu-
tical industry due to its unique physical and mechanical properties. Some examples 
of pharmaceutical-grade clay are kaolinite, fibrous clay, and smectites. These are 
generally chemically inert, and cost-effective [52]. Studies showed that the pres-
ence of a very less amount of clay (less than 5%) in a composite increases its heat 
resistance, and mechanical strength, and reduced gaseous permeability significantly 
[53, 54]. Additionally, pharmaceutical-grade clay possesses excellent intercalation 
properties thus preferred in sustained drug release applications [55–57]. The clay 
material also easily interacts with organic materials (drugs) and cell surfaces. More-
over, polymer–clay composite is useful for the development of nanocarriers having 
a size range of 1–1000 nm [58]. 

Collagen-based PoNc: Collagen is a naturally occurring fibrous protein present in 
the extracellular membrane of mammalians. The size of the collagen fibers usually 
ranges from 50 to 500 nm; therefore, these are inherently suitable for the development 
of the polymer nanocomposite which is suitable for various biomedical applications 
[59]. For example, hydrolyzed collagen was reinforced with polycaprolactone-based 
semi-conductive polymer composite to form an electrically actuated controlled drug 
delivery cargo. Herein, the in situ polymerization technique was followed to produce 
conductive nanofibers with the matrix of a hydrogel synthesized through radical 
copolymerization of acrylic acid. These hydrogels did not cause any cytotoxicity 
and were used for hydrocortisone drug release under electrical stimuli [60]. 

Moreover, gene delivery was also executed by using a hybrid nanocomposite. 
For this purpose, PoNc was developed by complexing DNA-polyethyleneimine-
silica nanoparticles and fibroblasts in collagen hydrogel matrices. The transfection 
efficiency was monitored by altering the particle size and molecular weight of the 
polyethyleneimine. The study proposed that transfection efficiency was remarkably 
affected by the cell proliferation in collagen hydrogel matrices [61]. 

10.5.2 Corrosion Control 

Clay-based polymer composite is now of great interest for the development of anti-
corrosive material. The PoNc structure and its interfacial characteristics greatly influ-
ence the anti-corrosion efficiency. Clay-based PoNc coating over the metallic surfaces 
creates an effective physical barrier that prevents corrosion due to the presence of 
chemicals. These physical barriers generally protect metals against the corrosion 
caused due to the presence of aggressive species such as O2 and H+ ions. For 
example, clay-based PoNc was prepared when inorganic nanolayers of montmo-
rillonite (MMT) clay dispersed in the organic poly-(methylmethacrylate) (PMMA) 
using an in situ polymerization technique. Furthermore, 1% (w/w) of MMT-PMMA 
composite was applied to the cold-rolled steel to observe its anti-corrosive prop-
erty. Generally, the anti-corrosive property is estimated from the values of corrosion
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Fig. 10.9 Schematics of epoxy matrix reinforced titanium nanotubes loaded dodecylamine (DOC) 
was used for corrosion control by coating over the steel surface (Adapted with permission from 
[82]. Copyright, 2019, MDPI) 

potential (Ecorr), polarization resistance (Rp), corrosion current (Icorr), and corro-
sion rate (Record). Experimentally, polymer nanocomposite coated cold-rolled steel 
showed a higher Ecorr value as compared to its uncoated counterpart [62]. Similarly, 
epoxy matrix reinforced titanium nanotubes loaded dodecylamine (DOC) was used 
for corrosion control by coating over the steel surface (Fig. 10.9). Spectroscopic 
analysis confirmed the release of the inhibitor (DOC) in response to pH change over 
the steel surface. It was also found that anti-corrosion properties can be controlled 
more effectively when pH was dropped to 2 as it supported improved release of DOC 
from the PoNc [82]. 

10.5.3 Fuel Cell Applications 

Fuel cells require the polymer-based proton exchange membrane (pPEM), electrodes 
binder, and matrices for bipolar plates. Conventionally, electrodes possess polymer 
nanocomposite having carbon black particles (0.5–1.0 mm) with platinum catalyst 
particles (2–5 nm) and Nafion polymeric binder. However, when platinum nanoparti-
cles are functionalized with carbon nanotubes (mostly single-walled) having Nafion 
as a binder increases the efficiency of the electrodes as compared with carbon black 
particles electrodes [63]. Furthermore, the incorporation of the nanoparticles or PoNc 
in pPEM can improve electron conductivity as well as mechanical properties. There-
fore, nanoparticles were added to direct methanol fuel cells to prevent methanol 
crossovers [64]. The conductivity and mechanical properties of the proton exchange 
membrane can be improved at higher temperatures by adding nano-sized particles of 
Heteropoly-acids (such as H3PW12O40; H3PMo12O40) [65]. Titanium oxide, zirco-
nium hydrogen phosphate, and zirconium phosphate nanoparticles in pPEM showed 
promising results in direct methanol fuel cells [66–68].



290 S. Shivalkar et al.

10.5.4 Semiconductor 

A semiconductor is a material that has the interim value of electrical conduc-
tivity of the conductor and insulator. Generally, the semiconductor has a band gap 
range of 1–1.5 eV such as MoS2-polyvinylidene fluoride PoNc, MnO2-paraffin, and 
CdSe-paraffin PoNc, while there are also semiconductors with wide band gaps, i.e., 
from 2–4 eV such as MoO3—paraffin PoNc, BaTiO3—polyaniline PoNc, TiO2— 
paraffin PoNc and ZnO—poly(vinyl alcohol), and SrTiO3-epoxy PoNc [69]. These 
semiconductor nanocomposites are reinforced with multi-walled carbon nanotubes 
(MWCNTs) to incorporate highly semiconducting layers into high-voltage electrical 
power cables. For this purpose, a homogenous mixture of MWCNT is reinforced 
into the semiconducting nanocomposites. The thermal, mechanical, and electrical 
properties depend on the type of polymer matrix used. Therefore, the volume resis-
tance of MWCNT-based PoNc can be altered up to several folds just by modulating 
the polymer matrix. For example, an increase in the degree of crystallinity of the 
polymer matrix can linearly increase the volume resistance of the MWCNT-based 
PoNc. Therefore, modified MWCNT-based PoNc can have promising applications 
in creating semiconducting layers of high-voltage electrical power cables [70]. 

10.5.5 Thermal Conductive 

Thermally conductive polymer nanocomposites can be used to replace several metal 
parts associated with the function of thermal conductions in generators, electric 
motors, power electronics, heat exchanges, etc. Recently, several polymer nanocom-
posites are developed that possess high thermal conductivity and mechanical prop-
erties. Carbon-based nanomaterials (like nanotubes, graphene, and graphene oxide) 
are found to best material for this purpose. Although, the thermal conductivity of 
PoNc based on carbon nanotubes possesses low thermal conductivity in comparison 
with the thermal conductivity of the carbon nanotubes only. This is due to the thermal 
resistance offered by the surrounding polymer matrix. Apart from carbon nanotubes, 
the thermal conductivity of the PoNc can be enhanced by the incorporation of other 
types of fillers, and ceramics like aluminum nitride, boron nitride or silicon carbide, 
carbon black, carbon fibers, and metal particles such as copper, silver, aluminum, 
or nickel [71]. These materials are thermally conductive, although the degree of 
conductivity is dependent on the size, crystallinity, or purity of the materials. 

The thermal conductivity of the polymers and their nanocomposites-based spec-
imen can be measured using steady-state and non-state methods. In steady-state 
methods, the temperature difference across the specimen was measured in response 
to applied heat. On the other hand, non-steady methods involve sub-techniques like 
temperature wave, hot wire and plate and laser flash thermal diffusivity techniques 
[72]. Herein, mostly laser flash technique is used where specimen surface is heated 
using a short laser pulse and increase in temperature is measured at opposite sides of
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the specimen. This allows the measurement of thermal diffusivity of the PoNc using 
the expression given in Eq. 10.1. This method is considered relatively simple and 
quick. 

k = αCpρ (10.2) 

where k, α, Cp, and ρ are the thermal conductivity, thermal diffusivity, heat capacity, 
and density, respectively [71]. 

10.5.6 Microelectronics, Optoelectronics, and Sensors 

Today nanotechnology has become the root of advanced electronics and optoelec-
tronic devices. Therefore, these devices now mostly had components in the nano-
range. The introduction of PoNc will create a viable option for developing smart 
applications. Recently, conjugated polymers and CNT are receiving considerable 
attention in the PoNc category. Potential applications of PoNc in this category include 
supercapacitors, photodiodes, photovoltaic cells, light-emitting diodes, sensors, and 
field-effect transistors [6]. 

The electrical conductivity of the CNT we have already seen in a previous appli-
cation. Based on this property of CNT they are also employed in electrostatic dissipa-
tion, transparent conductive coatings, supercapacitors, electromagnetic interference 
shielding, electromechanical actuators, and other electrode-based applications. For 
example, MWCNT-epoxy PoNc has a percolation threshold of 0.0025 wt% for elec-
trical conductivity, which is comparatively lower than dispersed carbon black parti-
cles [73]. Exfoliated graphene sheets have been used for synthesizing polystyrene-
graphene PoNc which has almost a similar percolation threshold as the CNT. 
Recently, considerable interest in graphene for the application in microelectronics 
and optoelectronics is nothing less than the CNT [74]. 

The basic structure of the PoNc-based photovoltaic cells and LED devices is 
shown in Fig. 10.10. However, actual devices do not contain all the potential layers. 
The major difference between these two devices is the light-harvesting layer (LHL) 
and light-emitting layer (LEL). Anode, hole injection layer (HIL), LEL, and LHL are 
mostly made of PoNc. However, a transparent substrate may be made from PoNc from 
different polymers depending upon the requirement of barrier properties to oxygen 
or water permeability and flexibility for the transparent substrate. For example, the 
application of silicon-conjugated polymer-based PoNc in photovoltaic devices can 
provide high flexibility, stability, efficiency, and cost-effectiveness [6].

Moreover, PoNc based on conjugated polymers can also be used for sensor appli-
cations such as chemical sensors, gas sensors, and biosensors. The nanofillers used in 
PoNc based on conjugated polymers can be of CNT, gold nanoparticle/nanoclusters, 
metal oxide nanowires, etc. For example, CNT-conjugated polymers PoNc are used 
as gas sensors due to their electrical resistance in presence of nitrogen dioxide and 
ammonia [6]. Similarly, SWCNT/polypyrrole PoNc were also used as gas sensors.
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Fig. 10.10 The basic 
construction of LEV and PV 
devices

Therefore, the sensing potential of PoNc is dependent on the change in their conduc-
tivity upon exposure to specific gases. This change in conductivity in the PoNc can 
be due to the interaction of gases with nanofillers or polymers, electro-optical prop-
erty changes, catalytic activity, chemiluminescent property or biomolecules recog-
nition or pH change [75]. For example, poly-(aniline boronic acid)/CNT PoNc and 
polyaniline/gold PoNc can be used as dopamine sensors [76, 77]. 

10.5.7 Magnetic Storage 

In the last two decades, the capacities of the storage media have significantly 
increased while on the contrary side the storage media is significantly reduced. This is 
due to applications of polymers, nanocomposites, and nanomaterials in electronics 
and the increasing necessity of such types of storage media to blend in with the 
lifestyle of the people. Nowadays, PoNc is frequently studied as potentially high 
storage capacity magnetic media alongside nanoscale spintronics. Materials like 
iron oxide nanoparticles based PoNc are preferred due to their superparamagnetic 
property. Later, the nanomaterial size, shape, temperature, and concentrations of 
the components of PoNc can be altered to regulate the magnetic media and their 
storage capacity. Moreover, in situ polymerization technique was used to prepare 
PoNc of ferromagnetic iron oxide nanoparticles reinforced in a polyvinyl alcohol 
(PVA) matrix. These ferromagnetic particles may interact either via magnetic dipole– 
dipole interactions or exchange forces due to strong interacting forces between the 
particles in direct contact. Consequently, the whole PoNc will possess ferromagnetic 
behavior. The coupling and breaking of magnetic momentum to provide long-range 
(coupling) or fluctuating (breaking) magnetic order switches the behavior of the PoNc 
from ferromagnetic (long-range) to superparamagnetic (fluctuating). In a magnetic
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storage device, each nanoparticle can store information up to ca. 1017 bit/cm2 = 
10,000 Gbit/cm2 [78]. This is a very impressive number but still, has several obsta-
cles such as the reliability of information stored and the formation of well-organized 
2D arrays in the PoNc matrix. However, ferromagnetic nanocomposites have paved 
a way for developing magnetic random access memory in future [79]. 

10.6 Conclusion and Future Outlook 

Polymer nanocomposite has become part of cutting-edge modern technology, 
however major achievements are yet to come. There are tremendous possibilities 
in terms of technical and scientific advances where these PoNc may lead to ground-
breaking leaps in different areas. The basic understanding of the polymers, nanoma-
terials, and micro and macromolecules will always be the foundation of the PoNc that 
may lead to the development of advanced nanocomposites. Recently, commercial, 
industrial and scientific communities are focusing more on the use and develop-
ment of environmentally friendly and biocompatible materials with excellent phys-
ical, chemical, and biological properties. Biopolymer such as collagen, cellulose, 
chitosan, etc., and carbon-based nanomaterials reinforced nanocomposites can be 
applied in different areas of biomedical that not only requires applications associated 
with delicate cells, tissues, or organs but also requires low modulus and high strength 
for mechanically associated applications. For example, to increase the modulus and 
strength of nanocomposites the matrix phase of the carbon nanotubes was modified 
at a lower-dimensional scale while higher scale of dimensions for carbon nanofibers. 

The future outlook of the potential of the PoNc relies on overcoming the chal-
lenges related to smaller filler sizes and their ability to intercalate with the polymer 
matrices. Furthermore, looking from a cost-effective point of view, carbon black and 
montmorillonite with SWCNT-based PoNc are potential markets in the future as they 
are relatively more feasible with today’s requirements of ecofriendly, biocompatible 
and biodegradable materials. Replacing these materials with the traditional filler 
plastics will be a common strategy in diverse medical and electronic applications. 
However, the uniqueness of the PoNc will lead to the development of shape-memory 
materials for morphing aircraft, self-passivating films for satellites, and piezoresistive 
materials for MEMs-based sensors. Moreover, the PoNc having spatially controlled 
morphology will become a viable option for critically designed components for 
devices like fuel cell membranes, sensors, actuators, photovoltaics, and batteries.
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Chapter 11 
Nanotechnology for Biomedical 
Applications 

Shashank Reddy Pasika, Raviteja Bulusu, Balaga Venkata Krishna Rao, 
Nagavendra Kommineni, Pradeep Kumar Bolla, Shabari Girinath Kala, 
and Chandraiah Godugu 

Abstract Nowadays, promising era for stepping towards the rapid development of 
the novel nanomedicine using nanotechnology to address various difficulties facing 
our human systems by treating and diagnosing. But before the great promise of 
nanotechnology for biological or biomedical applications can be completely real-
ized, a number of issues need to be effectively resolved. This chapter will provide 
you with a summary of contemporary research results that explain the use and appli-
cations of various nanotechnologies and modified nanomaterials, which have created 
a possibility in the positive shift toward diagnosis and therapy. In addition to that, 
this chapter covers a wide range of nanoparticles as well as their applications in
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the field of biomedicine. In this chapter, the fundamental ideas behind the design 
of nanoparticle delivery systems, the interactions and movement of nanoparticles 
inside biological systems, and lastly, the potential applications of nanoparticles in 
industry and clinical practice are discussed in great detail. The primary focus of this 
discussion is on the biomedical application of inorganic (metal and metal oxide) and 
organic (carbon nanotubes and liposomes) nanoparticles and surfaces with nanopat-
terns in diagnostics, biosensing, and bioimaging devices, as well as drug delivery 
systems, theranostic systems, and bone-replacing implants. 

Keywords Nanoparticles · Biomedical application · Drug delivery · Tissue 
engineering · Scaffolds 

11.1 Introduction 

The term “nano” comes from a Greek word that means “dwarf” or “something exceed-
ingly small.” Today, this term refers to a measurement that is one thousand millionth 
of a meter. More recently, this word has been used to describe the development 
and application of substances, machines, and systems that use matter smaller than 
a nanometre or at the atomic, molecular, and supramolecular levels. In other words, 
it refers to the study of matter at the atomic, molecular, and supramolecular levels. 
Nanotechnology can be put to a wide variety of uses and can be defined in a few 
different ways. Nevertheless, the development of highly ordered and nanostructured 
materials that react in a predetermined manner to a predetermined set of stimuli is 
emphasized across all classifications [1]. 

The most significant agents of transformation in the world of pharmaceutical 
sciences include nanotechnology and nanomaterials. According to the United States 
National Nanotechnology Initiative, nanotechnology is the process of determining 
and optimizing numerous aspects of materials in order to develop nanoscale particles 
that have unique features due to their size [2]. The properties of materials at the 
nanoscale are distinct from those of bulk materials. This is typically the result of 
attributes related to the greater surface-to-volume ratio of nanoscale materials, which 
causes shifts in chemical reactivity and quantum confinement effects. 

For biological systems, the size range of nanometers can be excellent for a number 
of different activities, including circulating in the bloodstream, traveling through 
tissues, and entering cells [3]. The development of effective imaging methods for 
the diagnosis and treatment of a wide range of conditions has been a driving force 
behind recent advancements in the field of nanoscience. The peculiar physicochem-
ical properties that can be achieved by nanosizing materials have piqued the curiosity 
of professionals in the biomedical field, which led to the development of the concept 
of nano-pharmaceuticals. “mediations created at the nanoscale, i.e., medications in 
which the nanomaterial fulfills the key therapeutic role or adds functionality to the 
currently active component” is how nano-pharmaceuticals have been defined [4].
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Richard Feynman, an American physicist who later won the Nobel Prize, is cred-
ited with introducing the notion of nanotechnology in the year 1959. Feynman was 
well aware of the possibility that the new technology he was advocating for could 
have applications in the medical field. According to Feynman’s point of view, it is 
quite probable that nanomedicine, which is a multidisciplinary discipline that encom-
passes biology, chemistry, physics, engineering, and materials science, will play a 
significant role in the process of bettering the living conditions of humans. Later on, 
it was discovered that Feynman’s theories were accurate, and his ground-breaking 
insights displayed new ways of thinking at the time. As a result of his work, he is 
generally acknowledged as the founder of contemporary nanotechnology [5]. After 
fifteen years, a Japanese scientist named Norio Taniguchi was the first to adopt and 
define the term “nanotechnology” in 1974. He stated that “nanotechnology largely 
consists of the processing of separation, consolidation, and deformation of materials 
by one atom or one molecule” [6]. 

Nanotechnology has the potential to lessen our reliance on traditional forms of 
energy while also paving the way for improved pharmaceutical solutions to pressing 
medical issues. It will lead to goods with lower costs and more functionality, as well 
as reduced consumption of energy and raw materials [7]. 

This chapter will provide you with a summary of contemporary research results 
that explain the use and applications of various nanotechnologies and modified nano-
materials, which have created a possibility in the positive shift toward diagnosis and 
therapy. In addition to that, this chapter covers a wide range of nanoparticles as well as 
their applications in the field of biomedicine. In it, the fundamental ideas behind the 
design of nanoparticle delivery systems, the interactions and movement of nanopar-
ticles inside biological systems, and lastly, the potential applications of nanoparticles 
in industry and clinical practice are discussed in great detail. The primary focus of 
this discussion is on the application of inorganic (metal and metal oxide) and organic 
(carbon nanotubes and liposomes) nanoparticles and surfaces with nanopatterns in 
diagnostics, biosensing, and bioimaging devices, as well as drug delivery systems, 
theragnostic systems, and bone-replacing implants. 

11.2 Nanotechnology Explored in the Biomedical Field 

11.2.1 Polymeric Nanoparticles 

Polymer-fabricated nanoparticles have attracted a lot of interest in recent years 
because of the many advantages associated with their diminutive sizes [8–10]. They 
are frequently utilized as carrier molecules that encapsulate therapeutic payload, 
and they allow the regulated release of the active component while stabilizing 
and avoiding undesired exposure, which improves the overall effectiveness of the 
molecule [8, 9]. Polymeric nanoparticles appear to have a number of advantages 
over other colloidal carriers, including stability, processability, and the possibility of



300 S. R. Pasika et al.

altering the surface properties of particles. This drug delivery method appears to be 
the most efficient method accessible to formulation scientists for the targeted delivery 
of chemotherapeutic drugs [11, 12]. Biodegradable polymers for drug delivery have 
gained popularity in recent years since they do not need to be eliminated from the 
body like non-biodegradable polymers do. Polyesters such as poly(glycolic acid) 
(PGA), poly(lactic acid) (PLA), and their copolymer poly(lactide-co-glycolic acid) 
(PLGA) are non-toxic, biocompatible, and biodegradable polymeric materials that 
have been authorized by the FDA for a variety of biomedical uses [13]. However, 
these polymers are hydrophobic in nature, and nanoparticles made with them have 
a hydrophobic surface, which attracts plasma proteins when administered in vivo, 
triggering recognition and uptake by the mononuclear phagocytic system (MPS), 
also known as the reticuloendothelial system (RES), and resulting in rapid clearance 
from the circulation [14–16]. The interaction of nanoparticles with blood proteins 
called opsonin’s causes phagocytosis, which is referred to as opsonization. This 
feature affects how nanoparticles and encapsulated drugs are distributed throughout 
the body. Surface modification with hydrophilic polymers is being investigated as a 
way to shield nanoparticles from MPS absorption. Polyethylene glycol (PEG) is a 
common hydrophilic polymer used to limit MPS absorption. Surface modification 
of nanoparticles can be accomplished in two ways: physically coating or by utilizing 
PEG copolymers. PEG-modified biodegradable polymers produced stealth nanopar-
ticles have superior stability than PEG-coated nanoparticles. The term nanoparticle 
is frequently used to refer to both nanocapsules and nanospheres, despite the fact that 
their morphological characteristics are distinct from one another [17]. The medicine 
is often dissolved in an oily core that is surrounded by a polymeric matrix when 
it is contained in nanocapsules. The term “nanospheres” refers to the formation of 
polymers into a continuous network, which allows for the medicine to be dissem-
inated throughout [17–19]. To put it another way, nanospheres can be thought of 
as a matrix structure, whereas nanocapsules essentially function as a reservoir for 
medicine. Dendrimers [20], polymeric conjugates [21], micelles [22], and nanocom-
posites [23] are just some of the examples of common types of polymeric nanopar-
ticles [13]. Table 11.1 provides a list of examples of applications of nanomaterials 
for different diseases.

11.2.2 Lipid Nanoparticles 

11.2.2.1 Solid Lipid Nanoparticles 

Solid lipid nanoparticles, often known as SLNs for short, are a type of nanosized 
lipid-based nanoparticle that have a solid lipid core at ambient temperature. In most 
cases, these encase the active ingredient within a solid lipid matrix, which is further 
stabilized by a surfactant [24]. Their dimensions typically range from 100 to 200 nm; 
however, this might change depending on the fabrication method that is used [25]. 
The use of a surfactant enhances the stability, and the lipophilic character contributes
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Table 11.1 Examples of 
applications of nanomaterials 
for different diseases 

Drug Nanostructure Disease Reference 

Celecoxib Polymeric 
nanoparticle 

Lung cancer [69] 

Glucocorticoids Polymeric 
nanoparticle 

Systemic lupus 
erythematosus 

[70] 

Saquinavir Polymeric 
nanoparticle 

AIDS [71] 

Doxorubicin Dendrimers Non-small cell 
Lung cancer 

[72] 

Terpinene-4-ol Solid lipid 
nanoparticles 

Candidiasis [73] 

Saquinavir Solid lipid 
nanoparticles 

AIDS [74] 

Ciprofloxacin Solid lipid 
nanoparticles 

Cystic fibrosis, 
folliculitis 

[75] 

Ivacaftor Nanostructured 
lipid carrier 

Cystic fibrosis [76] 

Procaterol Liposomes Asthma and 
COPD 

[77] 

Chloroquine Liposomes Malaria [78] 

Methotrexate Liposomes Rheumatoid 
arthritis 

[79] 

Stavudine Liposomes AIDS [80] 

Simvastatin Niosomes Breast cancer [81] 

Vancomycin Transferosome Microbial 
infections 

[82] 

Acetazolamide Cubosome Glaucoma [83]

to an increase in both the solubility and the permeation of the substance [26]. The fact 
that the medicine is encased in the matrix ensures that it will have a prolonged release 
and that it will be protected from unfavorable environmental conditions. Because the 
SLN has various benefits, such as a larger payload capacity [27], and an appro-
priate carrier for encapsulating both lipophilic and hydrophilic medicines, they have 
become the preferred carrier [27, 28]. In addition, the surface can be functionalized 
with molecules such as antibodies, pH-sensitive polymers, and magnetic nanopar-
ticles, all of which have the ability to further modulate targeting [29]. SLN usually 
addresses problems like chemical instability, poor solubility and permeability, and 
first-pass metabolism, making them a suitable carrier for drug delivery and other 
broad biomedical applications [30, 31].
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11.2.2.2 Nanostructured Lipid Carriers 

SLNs were successful as a carrier molecules, addressing various obstacles that were 
presented by conventional drug delivery methods; nonetheless, they were ineffec-
tive in addressing problems such as polymorphic transitions, leakage of medication, 
unexpected gelation tendency, and many more [32]. In many cases, nanostructured 
lipid carriers, also known as NLCs, are considered to be the second generation of 
lipid nanoparticles, with SLN representing the first generation. NLCs were devel-
oped in response to the difficulties presented by SLN [33]. NLCs are fabricated 
using the emulsifiers and biodegradable compatible lipids [34]. The incorporation 
of lipids in liquid state creates structural imperfections of solid lipids, creating a 
less ordered crystalline arrangement. This modification averts drug leakage from the 
carrier, maintaining a higher drug load [35, 36]. These NLCs can be classified into 
three classes/models depending upon the site of drug incorporation. Type 1 NLC 
also termed as imperfect crystal model incorporates drug as amorphous clusters as it 
contains many disordered void spaces. These are produced as a result of the inclusion 
of sufficient quantities of both solid lipids and liquid lipids; the fact that the chain 
lengths of these lipids vary results in the production of a highly disordered structure. 
The major drawback with this model is that it offers the least entrapment efficiency. 
The multiple type NLC is referred to as the type II NLC, and it is predicated on the 
concept that the solubility of pharmaceuticals varies depending on the medium in 
which they are dissolved. For example, lipophilic medications dissolve more easily 
in liquid lipids as opposed to solid lipids. These offer numerous advantages like 
high entrapment efficiency, low drug leakage, and regulated drug release. In the type 
III model, the lipid matrix can be found in a state that is both homogeneous and 
amorphous. It is formulated by carefully mixing the lipids in order to avoid leakage, 
which is typically the result of crystallization. This is done in order to preserve the 
integrity of the product [37]. 

11.2.2.3 Vesicular Systems 

In the 1900s, vesicular systems came to the forefront of many people’s minds, 
despite the fact that their biology has just been the subject of research in recent 
decades. Both natural/biological/extracellular vesicles and synthetic vesicles can be 
distinguished from one another by examining their points of origin. Both of these 
are able to enclose and move cargo around within of the biological system [38]. 
Rothman, Schekman, and Südhof were awarded the nobel prize in 2013 in physi-
ology or medicine for their discoveries in the machinery regulating vesicle traffic, 
a major transport system in our cells. Synthetic vesicles can be further classified 
into lipoidal vesicular systems comprising of liposomes, enzymosomes, emulsomes, 
ethosomes, sphingosomes, transferosomes, pharmacosomes, exosomes [39, 40], and 
colloidosomes. Among the several non-lipoidal vesicular systems are things like 
noisomes, bilosomes, aquasomes, and polymersomes. Some of the properties that 
attributed to the broad success of these systems in numerous biomedical applications
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include surface morphology, coupled with the tunability of various structural prop-
erties, such as size, polydispersity, permeability, surface characteristics, adhesion 
properties, and elasticity. Some of the vesicular systems commonly used for broad 
biomedical applications are discussed briefly in this section [41]. 

11.2.2.4 Liposomes 

Gerald Weissman developed the term “liposome” to describe a structural arrange-
ment consisting of “microscopic vesicular structure containing lipid bilayers (one 
or more) [42, 43]”. The phospholipids in the liposomes form a bag-like shape and 
are now exploited as drug delivery methods as they mimic biological cells, hence 
liposomes are the focus of the majority of research [43, 44]. Liposomes are vesicular 
systems that are composed of lipid molecules and have a spherical form. They have 
a hydrophilic hollow core that is surrounded by a lipid bilayer. Phospholipids that 
have been dried out typically, upon hydration, will tend to form a liposome. These 
vesicles can be categorized as small unilamellar vesicles, large unilamellar vesicles, 
or multilamellar vesicles depending on the number of bilayers that are produced 
[45]. While unilamellar vesicles are made up of just one lipid bilayer each, multil-
amellar vesicles are made up of numerous lipid bilayers that are separated from one 
another by a hydrophilic core [46]. Because the outer layer is lipophilic, it interacts 
with the cell membrane and aids in the process of delivering the therapeutic payload 
straight into the cytoplasm. This process is called transcytosis. Liposomes are similar 
to biological components; hence they could be used to deliver medications intracel-
lularly. They have the ability to combine with cell components. Liposomes’ unique 
ability to encapsulate pharmaceuticals in both an aqueous and a lipid layer makes 
them ideal for both hydrophilic and hydrophobic medications [47]. Lipophilic drugs 
are generally encased in liposomes’ lipid bilayers, while hydrophilic drugs are found 
in the aqueous core. The poorly water-soluble substance had issues with entrap-
ment and storage stability [48]. Furthermore, they are commonly utilized as a cell 
model for the penetration of various medicines. These have the ability to encapsu-
late a wide range of therapeutic payloads while simultaneously enhancing their bio 
circulation and targeting. In addition to this, the surface of it can also be altered 
by employing certain polymers [49]. Additionally, liposomes are nontoxic, biocom-
patible, non-irritant, easy to produce, sustain and trigger the release of payload, 
capable of self-assembly, and targeted drug delivery [50]. Due to the fact that the 
lipid components of liposomes are degraded by the body’s own enzymes, they are 
one of the most biocompatible nano transporters accessible [51]. Liposomes can be 
functionally altered to meet our needs by adding PEGylated lipids, additional func-
tional lipids, and surface-active molecules [51]. Because of all of these benefits, they 
are the perfect candidate for use as a carrier in drug delivery and therapeutic diag-
nostic applications, particularly in the treatment of neurodegenerative and cancerous 
disorders.



304 S. R. Pasika et al.

11.2.2.5 Niosomes 

Niosomes are one type of recently discovered nanocarrier. Researchers working in 
the cosmetic sector were the ones who initially documented the formation of these in 
the late 1970s. They are produced when non-ionic surfactants assemble themselves 
into vesicles through a process known as self-assembly. Microscopic lamellar struc-
tures known as non-ionic surfactant vesicles are created following hydration. These 
structures are often produced when a non-ionic surfactant known as an alkyl or dialkyl 
polyglycerol ether interacts with cholesterol [52] Because they are amphiphilic, when 
they come into contact with aqueous media, they create some energy by physically 
agitating themselves, and then form a bilayer vesicular structure. The hydrophobic 
components will position themselves away from the aqueous medium, whereas the 
hydrophilic components will continue to be in touch with the aqueous medium. 
These newly generated vesicles have a wide range of possible configurations due to 
the fact that their composition, as well as their size, lamellarity, surface charge, and 
concentration, may all be modified [53]. Their effect in vivo is comparable to that of 
liposomes in that they extend the amount of time an encapsulated therapeutic payload 
is in circulation, which improves the pharmacokinetic properties of the payload [54]. 
In the same way that the properties of liposomes are dependent on their composition, 
the properties of these particles are also influenced by the various process parame-
ters that are used in their production. For example, the intercalation of cholesterol 
in the bilayer reduces the drug’s encapsulating efficiency, which further lowers the 
particle’s efficiency [55]. In spite of the fact that niosomes and liposomes share a great 
number of similarities, there are some distinguishing characteristics between the two 
types of particles. Niosomes are made from uncharged single-chain surfactants and 
cholesterol, whereas liposomes are made from double chains of phospholipids [53]. 

11.2.2.6 Transferosomes 

A transferosome is a lipid vesicle that was initially developed in 1991 by Cevc 
and Blume with the purpose of transporting medicinal payload across the skin via 
the transdermal route [56]. Despite the fact that it has been available in the market 
for close to thirty years, very few products have been developed and brought to 
market. Transferosomes are lipid-based vesicular carriers that are highly elastic, 
ultra-deformable, and stimuli-sensitive [57]. They have properties that are easily 
deformable, which allows them to be easily squeezed out from the stratum corneum. 
The mechanism for penetration is the generation of a “osmotic gradient,” which 
is caused by the evaporation of water while applying the lipid suspension (trans-
ferosomes) on the surface of the skin [58]. Transferosomes can access the stratum 
corneum through either the intracellular or the transcellular pathway [58, 59]. These 
are usually fabricated by employing the use of amphipathic molecules, surfactants, 
and water [60]. Because they are manufactured from natural phospholipids, which 
are comparable to those found in liposomes, they are biocompatible and biodegrad-
able. They have a high entrapment efficiency, which in the case of lipophilic drugs
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is close to 90%. They prevent the encapsulated medicine from being broken down 
by the body’s metabolic processes [61, 62]. They perform the function of a depot, 
releasing their contents in a measured and staggered fashion. They have use in the 
systemic as well as the topical administration of pharmaceuticals. Therefore, the 
complex lipid molecules known as transferosomes have the potential to enhance the 
site specificity of bioactive compounds, raise the transdermal flux, and extend the 
release. 

11.2.2.7 Cubosomes 

Recently, there has been a lot of interest in the use of cubosomes as delivery vehicles. 
Cubosomes are liquid crystals that are in a bicontinuous cubic liquid crystalline 
phase [63] as a novel structure at the nanoscale scale that is optically transparent and 
extremely viscous. The lipid bilayer has been twisted into a space-filling structure, 
creating a barrier between the two continuous but non-intersecting aqueous zones, 
hence the term “bicontinuous.” Polymers and surfactants are extensively used for 
modifying drug delivery systems. They offer numerous advantages and can form 
supra-assemblies when used appropriately. For instance, polymers can form cross-
link structures (hydrogels), whereas surfactants can form aggregates like liposomes 
and cubosome [64]. The formation of a lipid bicontinuous cubic phase is essential to 
the manufacturing process of cubosomes, which is based on the fundamental idea that 
the lipid mixture, in addition to the stabilizer molecule and the medication or potential 
molecule of interest, can self-assemble [65]. Using different lipid combinations, it 
is possible to generate a wide variety of other phases in addition to the cubosome, 
such as the hexagonal phase [66], the micellar cubic phases, and the sponge phase 
[67]. Applications for these materials include therapeutic delivery, artificial cells, 
membrane bioreactors, and biosensors. They can be engineered in vitro in both bulk 
and nanoparticle versions [68]. 

11.2.3 Metallic Nanoparticles 

Metallic nanoparticles (NPs) are those whose metallic origin allows them to demon-
strate substantial optical absorption as a result of a localized surface phenomenon 
known as plasmon resonance. This phenomenon is primarily being explored for 
potential novel uses in biomedicine. The fact that metal NPs such as gold, silver, 
and copper have a broad absorption band in the visible part of the electromagnetic 
spectrum is the foundation for a diverse set of applications [84]. 

Metallic NPs have recently been recognized as the most advantageous and suitable 
nanomaterials for usage in biological research applications. Due to the unique optical, 
physical, and electrical properties that metallic nanoparticles (NPs) possess, they 
have found widespread application in a wide range of biological applications, such 
as imaging, sensing, drug administration, and gene targeting [85].
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11.2.3.1 Silver Nanoparticles 

Nanoparticles of silver, also known as AgNPs, typically consist of 20–15,000 atoms 
of silver and have a size of less than 100 nm. Silver nanoparticles have attracted a 
lot of attention and are finding important applications in a variety of fields, including 
optics, electronics, and medicine, due to the specific physical, chemical, and biolog-
ical properties that they possess. Given all of the advantages that come with using 
nanoparticles made of noble metals in biological applications, silver nanoparticles 
have also attracted a lot of attention recently. Several biosensing applications are 
based on the spectrum shifts that are caused by aggregated particles [86]. Guidelli 
et al. conducted research on a large number of AgNPs and reported that the production 
of AgNPs is straightforward due to the fact that their size can be easily manipulated 
and that they can be simply incorporated into a wide variety of materials [87, 88]. 

In published work, it is explained how silver can be used as a coating in materials 
for central venous catheters, cardiovascular implants, and neurosurgical catheters 
[89]. Polymers that were employed as bone cement and wound dressing were also 
loaded with AgNPs, and the antibacterial response of these polymers was compared 
with that of conventional antibiotics and silver salts [90]. In comparison to silver 
salt and gentamicin bone cement, only AgNPs bone cement exhibits a high level of 
antibacterial activity while exhibiting a low level of cytotoxicity [90, 91]. According 
to the publications that were cited, in order to effectively manufacture biocompatible 
AgNPs with improved stability and considerable antibacterial activity [45], they used 
bovine serum albumin as a stabilizing agent and glucose as a reducing agent [89]. Both 
of these agents were used in the manufacturing process. It has been established that 
silver nanoparticles have considerable antibacterial activity and boost the efficiency 
of standard antibiotics [92] (Fig. 11.1).

11.2.3.2 Gold Nanoparticles 

Although gold nanoparticles (AuNPs) have been known for more than two thousand 
five hundred years, the twenty-first century has witnessed a substantial increase in 
interest in the possibility that they could have medical applications [94]. The use 
of gold nanoparticles is continuing to be critical to the development of nanoscale 
devices and nanosensors that are particular to tumor [95]. 

Recent research conducted on animals suggests that in order to identify the molec-
ular hallmarks of cancer using optical imaging, a dielectric silicon core combined 
with hybrid AuNPs that have been coated with cancer markers may be the most effec-
tive combination to use. For instance, optical imaging tests conducted on animals 
have successfully demonstrated the ability to target and identify even the tiniest of 
breast cancers by utilizing gold/silicon nanoparticles coupled with the biomolecule 
Her-2, which is unique to breast cancer [96]. These tests were successful because 
the nanoparticles were coupled with the biomolecule. Despite the fact that the pene-
tration of nanotechnology in biomedicine (for diagnostic and therapeutic reasons) 
has been restricted, the synergistic advantages of nanoparticle-mediated imaging and
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Fig. 11.1 Application of silver nanoparticles in biomedicine and tissue engineering. Adapted from 
[93]. Copyright 2020 by the Multidisciplinary Digital Publishing Institute

therapy for the field of oncology are opening new possibilities in clinical modalities 
of cancer treatment [97]. These advantages are opening the door to new possibilities 
in clinical modalities of cancer treatment. Clinical and biomedical applications of 
gold nanoparticles (Fig. 11.2).

11.2.4 Non-metallic Nanoparticles 

These nanoparticles are also referred to as inorganic nanoparticles despite the fact 
that they are non-metallic. Non-metallic and inorganic nanoparticles have also been 
widely utilized for a number of biological applications in addition to metals. This 
is mostly because of the superior imaging and drug-delivery capabilities that these 
nanoparticles provide [99]. Carbon is the nonmetal that is used in biomedical appli-
cations such as drug delivery, bioimaging, tissue engineering, and biosensing more 
frequently than any other nonmetal. Single- and multi-walled carbon nanotubes 
(CNTs), which were not metallic when they were first discovered, have found utility 
in applications such as tissue engineering, drug delivery, and biosensors. In this 
chapter, we went through a few different nanoparticles that have received the greatest 
research attention for their potential use in biomedical settings.
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Fig. 11.2 Clinical and biomedical application of gold nanoparticles. Adapted from [98]. Copyright 
2022 by the Wiley–VCH GmbH (Wiley Online Library)

11.2.4.1 Quantum Dots 

Semiconductor nanocrystals are known as quantum dots. These nanocrystals have 
excited states that are restricted in space. Their coating with other materials is neces-
sary for their biological applications because it promotes aqueous dispersion and 
prevents dangerous heavy metal leakage. This is crucial for the use of these mate-
rials. In the past ten years, researchers have identified two primary methods for 
the production of quantum dots (QDs): (1) the production of nanosized semicon-
ductor particles through the use of colloidal chemistry [100–102] and (2) the use 
of epitaxial growth and/or nanoscale patterning, which refers to the utilization of 
technology that is based on lithography [103, 104]. This interest stems from inor-
ganic particles’ distinctive optical, electrical, and magnetic characteristics, which 
may be changed by adjustments to their size, composition, geometry, and struc-
ture. The creation of semiconductor nanoparticles may be accomplished using two 
main techniques [105]. Quantum dots are frequently used for a variety of imaging and 
labeling applications, both in vitro and in vivo. Quantum dots have been successfully 
utilized in the measurement of fluorescence in a variety of applications, including 
in situ hybridization signals, charge transfer-based biosensors, drug delivery, and 
photodynamic therapy [85]. In addition, quantum dots (QDs) are an excellent option 
for real-time in vivo imaging. This is due to the fact that QDs are 100–1000 times 
more intense than ordinary organic fluorophores, and they also enable multiphoton 
imaging using only a single wavelength of illumination [106].
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11.2.4.2 Carbon Nanotubes 

Carbon nanotubes are a novel class of nanomaterials that entered the field of 
nanomedicine only a few years ago. Since their introduction to the nanoplatform, their 
unique characteristics, such as high aspect ratio, ultralight weight, easy drug loading 
via pie-pie stacking interactions, and photoacoustic effect, have made them promising 
candidates for the targeted delivery of chemotherapeutics [107]. Depending on the 
configuration of the individual carbon atoms, carbon nanotubes (also known as 
CNTs) can take on a wide variety of properties. Carbon nanotubes (CNTs) are 
well-composed materials, which means that in addition to having a larger surface 
area, higher strength, and superior chemical and thermal stability features, they also 
have a larger surface area. CNTs are excellent choices for a wide range of appli-
cations [108]. Because of the unique physical and chemical properties that carbon 
nanotubes (CNTs) possess, their application in a wide range of scientific fields has 
recently become increasingly common. Surface modification and molecular func-
tionalization with biological molecules have led to an increase in the application of 
these particles in nanobiotechnology. Studies of the toxicity of oxidized, pegylated 
CNTs in vitro and in vivo have shown that they are highly water soluble, stable in 
serum, biocompatible, nontoxic, and might be useful for biomedical applications. 
Further studies in this regard have further established that functionalized CNTs (f-
CNTs) [109, 110] can easily cross the cell membrane facilitating the internalization 
of various cargos inside the cells (e.g. fluorescein, plasmid DNA, proteins, etc.) that 
would not otherwise be taken up, without any apparent side effects. CNTs are able to 
trigger internalization of cells because they engage with receptors on the cell surface. 
This is made possible by the presence of a [111] a large number of functional compo-
nents. Because these receptor-mediated systems allow for selective cell loading, it is 
feasible to reduce the amount of a medication that is taken [112]. Tovani et al. have 
proposed the use of calcium carbonate nanotubes modified with collagen as an inno-
vative form of tubular structure for bone regeneration [113]. Nanoparticles taken up 
by the reticuloendothelial system (RES) are cleared slowly via the biliary pathway 
and end up in faeces, without showing any systematic toxicity [109, 111, 114]. 

11.2.4.3 Dendrimers 

Dendrimers are high-branched nanocarriers that have their own characteristic struc-
tural architecture. They were first developed in 1978 with the purpose of delivering 
drugs [115]. These are structured nanocarriers that have layers that are referred to as 
“generations,” a molecular weight that falls between 5000 and 50,000 g/mol, and a 
polydispersity index that is relatively low. They divide into a central core and radi-
ally interconnected branches, each of which is tied to a different set of functional 
categories. The chemical synthesis of dendritic structures can take place through 
two distinct methods, either divergent or convergent. In the divergent method, the 
dendrimer is first synthesized from the core, which serves as the starting point, and 
is then constructed generation after generation. The alternate convergent method
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that was established by Hawker and Frechét [116, 117] begins at the surface and 
works its way all the way down to the core, where the dendrimer segments are 
joined together to form dendrons. It is essential to get chemotherapeutic drugs to 
the area that needs treatment in order to reduce the likelihood that the pharma-
ceuticals may cause unwanted side effects. Dendrimer surfaces were modified by 
attaching various components, such as folic acid, antibodies, and peptides, in order 
to achieve this goal. By encasing the medication within dendrimers, both its solu-
bility and its release in vitro were enhanced. Because of their robust branching, 
ability to encapsulate many active compounds with diverse chemical compositions, 
and high level of biological compatibility, dendrimers are the ideal carriers for use in 
biomedical applications [84]. In addition, dendrimers may be made in high purities 
with very few structural faults, and they are simple to analyze using conventional 
techniques such as mass spectrometry, infrared spectroscopy, and nuclear magnetic 
resonance spectroscopy. Dendritic polymers are distinguished from linear polymers 
in a number of ways, including the following: (i) they have well-defined structures 
that are comprised of a finite number of functions in a single molecule.; (ii) they are 
a system that is both unitary and monodisperse; (iii) they feature a high density of 
functional groups and are water soluble at the same time; (iv) the functional groups 
are located near to one another yet do not entangle with one another’s chains; (v) they 
make it possible for the functional groups to be easily accessible, which may result 
in cooperative substrate binding to receptors; (vi) it is possible to load medications 
in a number of different methods, such as through encapsulation, complexation, and 
conjugation; additionally, they can be loaded into a matrix or nanogel structure.; (vii) 
dendrimers are highly malleable in terms of their size, charge, type, and the number 
of functional groups they contain.; and (viii) the spherical structure is suitable for 
entrapment of host and guest molecules and improves the stability of the encapsulated 
drug molecules. A wide variety of pharmacological chemicals, including as targeting 
ligands, solubilizing agents, and imaging agents, can be included into dendrimers. 
This allows the dendrimers to perform a multitude of functions inside the biological 
system [118]. 

11.3 Biomedical Applications of Nanomaterials 

In the topic of nanomedicine, one can find examples of how nanomaterials might be 
useful in the study of various medical conditions. The primary goals of nanomedicine 
are the same as they have always been in medicine: to diagnose a condition with as 
much accuracy and promptness as is practical, to treat a condition with as much effi-
cacy as is possible while minimizing adverse effects, and to evaluate the effectiveness 
of a treatment regimen in a way that does not involve the patient. A summary of appli-
cations of nanomaterials in drug delivery is provided in Table 11.2. The advent of 
nanotechnology has opened the door to a plethora of opportunities, some of which 
include the creation of whole new tools and skills as well as the enhancement of 
those that already exist [85].
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Table 11.2 Applications of nanomaterials in drug delivery 

S. No. Type of nanomaterial Applications 

1 Liposomes Drug carriers for anti-cancer agents [12, 120], antibiotics, 
antigens, and targeted drug delivery system [120–122] 

2 Dendrimers Cancer treatment [123], gene transfection, diagnostic tool 
of brain tumor [124], kidney diseases, etc., and disorders of 
the brain, blood vessel, heart, and skin diseases [122, 125] 

3 Polymeric micelles Gene delivery, multiple functional targets, and micelles 
with attached ligands [126] 

4 Fullerenes Free radicle scavenger in cancer therapy, Anti-tubercular 
[127], transporter of antiviral drugs, and anti-cancer agents 
[128] 

5 Carbon-based nanocarriers Targeted drug delivery, gene delivery [129], siRNA 
delivery [130], small protein delivery [131] 

11.3.1 Drug Delivery 

The majority of nanomedicine research focuses on the use of nanomaterials in drug— 
delivery systems (DDS). The use of nanoparticles in drug delivery aims to achieve 
precise drug targeting and distribution, biocompatibility during application and treat-
ment processes, and quicker manufacture. NPs can deliver a diverse range of drugs 
to various locations such as the brain, artery walls, lymph vessels, liver, spleen, 
lungs, or systemic circulation for both short-term and long-term dosages, while 
metallic and non-metallic NPs have been widely employed in biomedicine, nanopar-
ticles composed of lipids and proteins, such as liposomes and micelles, are progres-
sively being considered as drug delivery nanocarriers along with some other promi-
nently used nanomaterials are dendrimers, polymeric nanoparticles, carbons based 
nanocarriers, fullerenes [119], etc., diagrammatic representation of the morphology 
of different nanomaterials is illustrated in Fig. 11.3.

11.3.2 Gene Delivery 

Gene therapy emerged in 1980s as a new approach for the treatment of mono-
genic diseases. It involves modification of the genetic content of the cell through the 
introduction of genes using delivering integrative or non-integrative vectors [134]. 
Different applications of gene delivery are listed below. 

Viral vectors: The first success in gene therapy was obtained in Italy in a clin-
ical trial that was carried out on a boy with “bubble boy disease” suffering from 
X chromosome-linked severe combined immunodeficiency (SCID-X1). The thera-
peutic transgene was introduced into bone marrow stem cells ex vivo using a modified 
gamma retroviral vector. These modified cells were then infused into the patients.
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Fig. 11.3 Morphology of different types of nanomaterials. Adapted from [132, 133]. Copyright 
2020 by Frontiers and Copyright 2022 by the Multidisciplinary Digital Publishing Institute

After a few months, the patients became immunocompetent, demonstrating that the 
therapy can constitute a definitive cure [135, 136]. 

Magnetofection: It is a process involving the combination of genetic material 
with nanoparticles and the application of a magnetic field. Polymers can serve as a 
connection between particles and nucleic acid [137, 138]. 

Iron Oxide Nano bioconjugates: The nanoparticles employed were commercial 
ultrasmall superparamagnetic iron oxide nanoparticles (USPIO). As the authors 
employed a covalent strategy, both the nanoparticle and the virus capsid were required 
to be functionalized [139]. Transduction tests on HepG2 cell lines revealed that 
USPIO coating of the avidin-displaying baculovirus enhanced both transduction 
efficiency and transgene expression [140]. 

Gold Nano bioconjugates: In this the adenoviral vectors (Ad) which are widely 
used for gene transfer are conjugated with smaller gold nanoparticles and allowed 
the complex to penetrate the plasma membrane directly in the presence of a magnetic 
field which results in an improvement in gene transfer efficiency [141]. 

11.3.3 Diagnosis and Imaging 

Nanomaterials used in the diagnosis and imaging of various cancers and other 
diseases for effective treatment initially. Metallic nanomaterials are used as 
biomedical-based imaging systems. gold nanoparticles [142] when coupled with
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a certain oligonucleotide, it can identify complementary DNA strands (leading to 
color change) [142, 143]. Nanoparticle-based agents are used in regular biomed-
ical imaging techniques, such as fluorescence imaging, MRI [144], CT, US, PET, 
and SPECT. Nanoparticle fluorescence mapping has been employed in gene iden-
tification, protein assessment, enzyme activity evaluation, element tracing, cell 
tracking, early-stage disease diagnosis [145], tumor research, and real-time ther-
apeutic activity monitoring [146]. Metal containing magnetic properties conjugated 
with high-density lipoproteins used for imaging and diagnosis of atherosclerotic 
plaque in the arterial wall [147]. Additionally, DNA-AuNP enriched with Gd3+ has 
been used in MRI imaging of genes after endocytosis [148] and poly (cholesteryl 
carbonate γ-butyrolactone-propylene oxide) nanoparticles have tumor identification 
properties used for tumor imaging [149]. 

11.3.4 Biosensors 

Biosensors are devices that combine a biologically active component with a physic-
ochemical signal transducer and an electrical signal processor in close proximity to 
one another [150]. This combination was devised with the intention of exploiting 
the sensitivity and selectivity of biological sensing for the purpose of analytical 
work in a number of different scientific and technological domains. Nanomaterial-
based biosensors have significant benefits over conventional biosensors, such as 
enhanced detection sensitivity and specificity and have great potential in applications 
such as the detection of DNA, RNA, glucose, proteins, pesticides, and certain other 
small molecules from clinical samples, food industrial samples, and environmental 
monitoring [151]. 

11.3.4.1 Carbon-Based Nanomaterials (CBNs) 

Researchers have become interested in carbon-based nanomaterials (also known 
as CBNs) because of the unique chemical and physical properties that they possess. 
Because of its exceptional mechanical, electrical, and structural diversity, it possesses 
superior strength, flexibility, and electrical conductivity toward a wide variety of 
biological entities. As a result, it can be utilized for sensing, medical diagnosis, and 
the treatment of a number of different diseases. CBNs, which are comprised of carbon 
nanotubes (CNT), graphene oxide (GO), and graphene quantum dots (GQDs), have 
been extensively used for biosensing includes, CNT-glucose biosensors have been 
designed based on the conjugation of glucose oxidase-impregnated polyvinyl alcohol 
solution [152], Graphene nanoparticles have been widely employed for single- and 
double-stranded DNA selective electrochemical sensing [153] because of the possi-
bility of simple functionalization, a greater number of functional groups have been 
enriched on its surface. This, in turn, makes the specific and selective detection of a
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variety of biological segments simpler [154]. In addition to this, it has an extraordi-
narily wide surface area, is chemically pure, and has free pi electrons, all of which 
make it a perfect choice for drug administration [155]. 

11.3.4.2 Magnetic Nanoparticles 

Magnetic nanoparticles (MNP) have been the subject of extensive research in a variety 
of applications due to the distinctive magnetic properties that they possess. Some of 
these applications include hyperthermia, the contrast agent for magnetic resonance 
imaging (MRI), tissue healing, immunoassay, drug/gene delivery, cell separation, 
and GMR-sensor. Because nanomaterials have vast surface areas and an environment 
that is biocompatible, they are excellent candidates for enzyme loading. Several iron 
magnetic nanoparticles (MNPs) have proved to be an excellent nanomaterial for 
electrochemical biosensing applications as key material [156]. This is due to their 
electroconductivity, biocompatibility, and availability of fabrication. Iron and oxides 
of iron nanoparticles have been investigated as signal amplification components for 
biosensors used for the identification of glucose, ethanol, acetaminophen [156, 157], 
and gold along with iron have been used for dual detection of carcinoembryonics 
antigens and have correctly shown the presence of antigens [158]. Nanozymes, also 
known as magnetic metal–organic frameworks, have been shown to be effective at 
detecting hydrogen peroxide [159]. 

11.3.5 Tissue and Implant Engineering 

Tissue engineering is an emerging multidisciplinary field that combines the study of 
biology, engineering, materials science, and medicine in order to construct biological 
substitutes for the purpose of repairing, replenishing, retaining, or enhancing the 
function of tissues and organs. Within tissues, cells are surrounded by a substance 
known as extracellular matrix (ECM), which is characterized by a natural network 
of nanofibers that are structured hierarchically. This fundamental nanoarchitecture 
is essential because it provides support for cells and directs cell function by way of 
interactions between cells and extracellular matrix [16, 160]. 

Nanotechnology has the potential to enable the design and fabrication of biocom-
patible scaffolds at the nanoscale, as well as control the spatial and temporal release 
of biological factors in a manner that closely resembles native extracellular matrix 
[16], to direct cell behaviors, and, ultimately, to create implantable tissues [161]. 

11.3.5.1 Nanofabricated Scaffolds 

A framework that resembles extracellular matrix that can be manufactured using 
nanopatterning, electrospinning, self-assembly, conjugating adhesion motifs to the
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Fig. 11.4 Schematic 
representation of importance 
if nanotechnology in tissue 
engineering 

matrix backbone, or sulfating the matrix backbone. Nanomaterials, such as carbon 
nanotubes, nanowires, and nanoparticles 95, can be inserted into a framework that 
resembles an extracellular matrix, and this can cause the properties of the framework 
to be altered [162]. 

The fabrication of a conductive hybrid hydrogel scaffold on the basis of gold 
nanoparticles generated homogeneously over a polymer template gel [163]. Newly 
generated cardiomyocytes cultivated on this scaffold showed an increase in the 
expression of connexin-43, which is evidence that an electrically active gold-
impregnated scaffold can improve cardiomyocyte function [164]. There is a signifi-
cant possibility that fibrous nanocomposites of hydroxyapatite (HA) and biodegrad-
able polymers that are able to replicate the fundamental building units of mineralized 
collagen nanofibers can be used to make functioning natural bone-like analog [165]. 
Applications in tissue engineering, medication administration, and gene delivery are 
just a few of the areas that have seen extensive research into nanomaterials based on 
lignin [166]. Schematic representation of the importance if nanotechnology in tissue 
engineering is illustrated in Fig. 11.4. 

11.3.5.2 Delivery Agents for Scaffolds 

Pre-loaded nanomaterials incorporated with growth mediators like nano polymers, 
lipids, and dendrimer-based nanocarriers play an important role in the field of
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Fig. 11.5 Schematic illustration of various applications of nanomaterials in tissue engineering 

tissue engineering. The goal of tissue engineering is to achieve the delivery of 
specific growth factors and biological molecules for the development of scaffolds. 
Specifically, polymer-based sustained release of angiogenic factors, such as vascular 
endothelial growth factors and basic fibroblast growth factors, can promote vascu-
larization, which is essential for ensuring a constant blood supply to growing tissues 
[167]. Delivery of biological materials (DNA and siRNA) incorporated with nano 
polymer(β-amino esters) for enhanced angiogenesis for scaffolds including stem 
cells [167]. In point of fact, the release of numerous components in conjunction 
with environmental changes such as pH, temperature, light, and mechanical stress 
together with signaling molecules allows immobilized scaffolds to be transported for 
the purpose of improving cell adhesion and guided cell migration. Nanotechnology 
has been found to play an important role in achieving successful transplants for 
people who are at risk of chronic rejections by delivering immunosuppressive medi-
cations in a targeted and regulated manner [168]. Schematic illustration of various 
applications of nanomaterials in tissue engineering has been represented in Fig. 11.5. 

11.3.6 Therapeutic Potential of Nanomaterials 

In comparison to traditional pharmaceuticals, the therapeutic potential of nanoma-
terials is far higher. The goal of therapeutic nanoparticles is to increase the local 
concentration and rate of medication release at the site of disease, boost therapeutic 
efficacy, and reduce exposure to healthy tissues, hence reducing the likelihood and 
severity of side effects [169].
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11.3.6.1 Treatment of Auto Immune Diseases 

Autoimmune disorders are chronic, severe illnesses that can result in functional 
impairment and organ failure. Even though there have been significant improvements 
in the variety of therapeutic agents, especially biologicals, limitations in the routes 
of administration, the need for frequent dosing, and inadequate targeting options 
mostly result in undesirable effects, adverse reactions, and lack of patient compliance. 
By addressing several of the limitations of conventional immunosuppressive and 
biological therapy, nanotechnology offers promising prospects for augmenting and 
optimizing the treatment of autoimmune diseases [170]. Cationic liposomes with 
TNFα targeting siRNA suppress inflammatory cytokines used for the treatment of 
rheumatoid arthritis and psoriasis [125, 171]. Mycophenolic acid, when delivered 
via nanogels and drug-loaded PLGA, suppresses inflammation by lowering cytokine 
production, making it useful in the treatment of systemic lupus erythematous [172]. 

11.3.6.2 Nanomaterials to Overcome Multidrug Resistance 

Nanomaterials may be useful against multidrug-resistant organisms like bacteria, 
which are becoming increasingly resistant to drugs. Due to the fact that unlike 
conventional medications, nanoparticles can target a wide variety of diseases, many 
nanomaterials were discovered to have antibacterial activity based on the zone of 
inhibition on an agar plate for test pathogens after incubation for 24 h. Manufactured 
inorganic NPs are distinct from natural or synthetic biocides in their potential to 
lessen bacterial resistance [173]. 

Metallic nanoparticles have progressively developed for multidrug resistance 
pathogens silver conjugated with chitosan natural polymer have antimicrobial 
activity again drug-resistant pathogen [173]. Nano compost formulated from 
Ag/TiO2/graphene can release silver ions, oxides, and superoxides which is used 
for altering cell surface and physiology [174]. 

11.3.6.3 Cancer Therapy 

Nanoparticles have been employed in a variety of applications, including preclinical 
studies for cancer therapy, diagnostics, anticancer drug carriers [175], and cancer 
biomarkers. NPs used in cancer treatment have a variety of methods, but most of 
them aim to increase the efficacy of the medicine when it reaches the tumor site by a 
combination of radiation or other external impacts such as heat and laser beam [176]. 
Tumor pathophysiology is distinct, including hallmarks such as excessive angiogen-
esis, improper vascular architecture, and poor lymphatic drainage. These character-
istics are used by NPs to target tumor tissue. NPs are efficiently maintained due to 
decreased venous return in tumor tissue and inadequate lymphatic clearance. This is 
referred to as EPR. Similarly, tumor-targeting can be performed by targeting nearby 
tissues [177]. Cryo surgery is an advanced technique developed causes freezing of
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tumour cells and subsequently damage. Nanoparticles having freezing ability have 
been employed in this process [178]. 

11.3.6.4 Neurodegenerative Diseases 

Nanoscale treatments have been investigated in this scientific literature and are the 
most modern strategies to neurological diseases. Due to the complication such as 
entry restriction across the blood–brain barrier, many therapeutical medications fail 
to show their activity. Hence nanomaterials-based therapeutical molecules are poten-
tially used for the treatment of neurodegenerative diseases. AuNPs modified by poly 
ethylene glycols have more neuro-protective role compared with AuNPs itself [179]. 
A study states that transcytosis might be used to transport nanoparticles that interact 
with the LDLr via a particular apolipoprotein E (ApoE) amino acid sequence across 
the BBB, avoiding lysosomal breakdown used for the delivery of curcumin which 
has therapeutic properties for neurodegenerative diseases [180]. Polymer containing 
polyaspartic acid backbone have shown activity toward upregulation of amyloid 
plague aggregates by inducing the cellular autophagy where this polymeric nano-
material interacts with cell via lipid raft endocytosis at perinuclear region where the 
protein oligomer/aggregate primarily localizes, clears aggregated protein from the 
cell, and increases the cell’s survival against toxic protein aggregates [181]. 

11.4 Theranostic Applications of Nanomaterials 

Nanoparticles like many other materials have also profound applications in ther-
agnostic. The word “theragnostic” refers to the simultaneous application of both 
therapy and diagnosis (Tables 11.3 and 11.4). When nanoparticles are used for ther-
anostic applications, it is referred to as nanotheranostic. Nanotheranostic can yield 
promising results in fatal diseases such as cancer, which further is beneficial in saving 
humongous number of resources and time, improving the quality of life [182].

11.4.1 Recent Developments in Theragnostic Applications 
Using Nanomaterials 

Zhang et al. describe the injection of the nanotheranostic agent via various drug parti-
cles, which, when reaching the target area of the body, tend to breakdown, resulting 
in the release of the agents. This aids in targeting the molecules or neurons respon-
sible for or contributing to the illness [199]. Han et al. describe that using different 
metal nanoparticles makes it easy to turn electromagnetic waves into processes that 
are useful in medicine at the nanoscale (NPs). So, this chemical effect is combined
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Table 11.3 Highlights of theragnostic nanomedicines 

Theragnostic 
nanomedicine 

Therapeutic agent Diagnostic agent Improvement over 
conventional forms 

Carbon nanotubes NA NA Self photolumines-cent 
and photothermal 
property [183] 

Gold nanoparticles 
(AuNPs) 

Doxorubicin AuNPs Stimuli responsive drug 
release [184] 

Micelles Iron oxide 
nanoparticles 

Iron oxide 
nanoparticles 

Delivery of Theragnostic 
agent [185] 

Liposomes Docetaxel Quantum dots Co-delivery of docetaxel 
and quantum dots [186] 

Dendrimers Phthalocyanines Phthalocyanines Delivery of Theragnostic 
agent [187] 

Solid lipid 
nanoparticles 

Paclitaxel Quantum dots Multimodal therapy 
[188] 

Polymeric 
nanoparticles 

Docetaxel Quantum dots Co-delivery of docetaxel 
and quantum dots [189] 

Drug-polymer 
conjugates 

64Cu 64Cu Cancer imaging and 
radiochemo-therapy 
[190] 

NA Not available 

Table 11.4 Theragnostic application of nanoparticles in neurodegenerative diseases 

S. No. Type of nanomaterial Drug Disease/Location Reference 

1 Crosslinked nanogels Oligonucleotides BBB [191] 

2 Polyether-copolyester 
dendrimers 

Rhodamine B BBB [192] 

3 SLN Nitrendipine BBB [193] 

4 Liposomes Cisplatin Brain tumors [194] 

5 n-butyl-cyanoacrylate 
nanoparticles 

Clioquinol BBB [195] 

6 Iron oxide 
nanoparticles 

Monocrystalline iron 
oxide 

Alzheimer’s disease [196] 

7 Hydrogel nanoparticles Phenytoin Epilepsy [197] 

8 Quantum dots Graphene Parkinsons disease [198]

with laser technologies that can help the agents get deeper into the body’s tissues. 
This makes the process easier and much more effective [200]. Ramanathan et al. 
describe that Mice were injected with conjugated AuNPs and an RGD-peptide to 
determine the effects of the elements on the animal. The application and injection of 
NPs in mice resulted in increased tumor accumulation, giving a successful strategy 
for treating tumors and NDs such as AD [201]. Niu et al. created a silicon model of
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the cells of Parkinson’s disease (PD) patients, in which DA transporter cells were 
modeled. The aggressive and intrusive nature of the nanotheranostic method using 
NPs on the model led to the stimulation of these transporter cells, resulting in the 
production of more dopamine, which is responsible for aiding motor functions in 
humans [202]. 

11.5 Recent Advancements in Nanotechnology 

Jiagen Li et al. report regulation of drug release performance using mixed 
doxorubicin-doxorubicin dimer nanoparticles with high drug content as a pH-
triggered drug self-delivery system by adjusting dimer feeding ratios [203]. 
Omar et al. used nanocellulose crystalline/hexadecyltrimethylammonium bromide, 
respectively)/EDC-N-hydroxysuccinimide (NHS) as an injectable dosage form for 
early detection of dengue virus E-protein using surface plasmon resonance [204]. Tan 
et al. discovered a method to regulate the peroxidase activity of molybdenum-based 
quantum dots that functioned as “nanozymes” (small artificial enzymes) in a study. In 
the presence of a certain medicine, these nanozymes induced a color shift, the inten-
sity of which indicated the concentration of the drug [205]. Exosomes, which are 
produced naturally by human cells, are emerging as a new class of highly protective 
nanoplatforms for effective drug delivery. Not only can they transport medicines, but 
also molecular imaging agents for application in diagnostics and precision treatments. 
Exosomes are a suitable nanoplatform for loading both hydrophilic and lipophilic 
drugs due to their unusual structure, which consists of an aqueous core and a lipid-rich 
membrane [206, 207]. Tuan et al. developed a “nano-needle” with a tip approximately 
one-thousandth the width of a human hair is used to puncture a living cell, causing 
it to briefly quiver. Once removed from the cell, this nanosensor from ORNL detects 
early DNA damage that can lead to cancer. The team believes that the nanosensor 
can monitor the presence of proteins and other biomedically significant species in a 
living cell by employing antibodies specific to a wide range of cell chemicals [208]. 

11.6 Limitations of Nanoparticles for the Biomedical 
Application 

Indrasekara et al. discovered the use of nanotheranostic techniques to treat neurode-
generative diseases has limitations due to the fact that each patient’s genome, neuro-
logical functioning, and characteristics are unique; therefore, no single treatment 
strategy can be applied to all patients. Individually diagnosing and treating these 
neurodegenerative diseases is a challenging task that hinders the development of a 
single approach or treatment plan that is effective for everyone [209, 210]. Kim et al. 
emphasized the limitation that if the injection is not delivered properly, the NPs used
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in this method may be absorbed by the blood or other bodily tissues, rather than the 
intended target site. If the medication is not injected properly, it will not be absorbed 
or used to treat the intended area for neurodegenerative diseases such as Alzheimer’s 
and Parkinson’s. Due to the fact that only a little amount of the medication reaches 
its intended destination, some have argued that the therapy has not been proven to 
be 100% effective [211, 212]. The development of nanoparticles that target specific 
brain cells is an important issue that warrants additional research. The most effective 
NP formulations for brain delivery accumulate widely in other organs, including the 
spleen, the liver, and the kidneys. Therefore, it is essential to develop nanoformu-
lations that are only triggered when they reach the brain and not when they reach 
other organs [213]. Inorganic nanoparticles such as TiO2 and HAP were able to acti-
vate the NF-B signaling pathway and cause inflammation-related iNOS (inducible 
nitric oxide synthase). All evaluated NPs produced, to varying degrees, the accumu-
lation of pro-inflammatory chemicals. It was demonstrated that these inorganic NPs 
could activate microglial cells and cause potential pathogenic modifications in the 
olfactory bulb, striatum, and hippocampi of mice, hence leading to dysfunction and 
cytotoxicity in PC12 cells [214]. 

11.7 Conclusions and Future Perspectives 

This is a promising era for stepping towards the rapid development of the novel 
nanomedicine using nanotechnology to address various difficulties facing our human 
systems by treating and diagnosing. But before the great promise of nanotechnology 
for biological or biomedical applications can be completely realized, a number of 
issues need to be effectively resolved. So far, the focus has been on cancer diagnosis 
and treatment. However, the greatest challenge is to apply the newly acquired infor-
mation and technological advances to infectious diseases, which are the main cause 
of death. Although nanoparticles have special qualities that are exploited for their 
advantageous benefits, it is equally important to research any potential negative side 
effects. To ensure the safety of nanomedicine and its potential to improve human 
health, significant in vitro and in vivo toxicological research is required. The wide 
range of multimodal diagnostic platforms and therapy applications made possible 
by nanotechnology has the potential to drastically alter the current state of human 
health. As a result of these scientific breakthroughs, efforts are currently underway 
to construct a new biomedical paradigm. 
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Chapter 12 
Nanomaterials in Animal Nutrition 
and Disease Treatment: Recent 
Developments and Future Aspects 

Stuti Bhagat, Divya Mehta, and Sanjay Singh 

Abstract Raise in the human population requires increased demand for animal-
derived food products. The quality of animal-derived food depends on the live-
stock’s health and nutrition levels. Globally, every possible effort to make livestock 
disease accessible and health is in high demand. Supplementing food with essential 
minerals, vitamins and amino acids has been one of the easiest ways to improve 
livestock health. Recently, the intrinsic properties of nanoparticles (such as small 
size (1–100 nm), easy surface functionalization and high surface-to-volume ratio) 
have made them a potential candidate for different biomedical applications including 
nutrition. In the livestock sector, nanoparticles have been studied for their nutritional 
effect as well as its antibacterial, anti-parasitic and anti-helminthic properties. Only a 
handful of nanoparticles, such as ZnONPs, CuONPs, SeNPs, Fe2O3 NPs and AgNPs, 
have been studied for different applications using livestock models. Apart from this, 
liposomes, polymeric micelles and SiO2NPs are being widely learned as vaccine 
adjuvants because they can improve antigen presentation, target delivery, stimulate 
innate immunity and induce strong T cell responsiveness, which makes them ideal for 
vaccine adjuvants. This book chapter has been designed to comprehensively present 
nanomaterials’ application for animal nutrition, therapeutic agents against various 
disease-causing microbes, parasites and fungi and as a vaccine adjuvant. 
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disease · Nanovaccine

S. Bhagat · D. Mehta · S. Singh (B) 
DBT-National Institute of Animal Biotechnology (NIAB), Opposite Journalist Colony, Near 
Gowlidoddy, Extended Q-City Road, Gachibowli, Hyderabad 500032, Telangana, India 
e-mail: sanjay@niab.org.in 

DBT-Regional Centre for Biotechnology (RCB), Faridabad 121001, Haryana, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
D. K. Singh et al. (eds.), Nanomaterials, 
https://doi.org/10.1007/978-981-19-7963-7_12 

329

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-7963-7_12&domain=pdf
mailto:sanjay@niab.org.in
https://doi.org/10.1007/978-981-19-7963-7_12


330 S. Bhagat et al.

12.1 Introduction 

The last few decades have witnessed enormous research in nanoscience and nanotech-
nology, mainly hovering over the precise control of nanoparticle size, shape, compo-
sition, surface modification and associated biomedical applications. Nanoparticles 
(average diameter of 1–100 nm) display significantly altered properties than their bulk 
counterparts, chiefly novel optoelectronic, physicochemical and catalytic properties. 
Some notable applications of nanomaterials are drug/gene delivery, anticancer and 
antibacterial agents. Certain redox-active nanomaterials are also reported as antioxi-
dants due to their ability to scavenge various free radicals. The use of nanomaterials 
to develop novel biosensors to detect the disorder or disease-specific biomarkers 
is another area of recent interest. However, limited efforts have been devoted to 
addressing the concerns of the nutritional domain. A recent report by the Food and 
Agricultural Organization (FAO) has witnessed ~10% growth in the global popula-
tion with the concurrent surge in food demand, thus necessitating the matching food 
production [1]. According to the Statista Global Consumer Survey, in 39 countries, 
including major global economies, ~86% of respondents’ diets contained meat [2]. 
Therefore, it is expected that in the near future, the demand for meat will be fulfilled 
by the livestock industry. 

Further, needless to mention that the possible efforts to make the livestock disease 
free and healthy would be in high demand. One of the health aspects of keeping the 
livestock is to supplement their food with essential minerals, vitamins and amino 
acids. Among various efforts, specific nanoparticles are reported to be used as a 
supplement to promote growth [3] the quality and quantity of eggs [4], meat [5], 
and milk [6]. Improved reproductive ability and immunity are other factors that 
are seldom studied [7, 8]. Concerning livestock nutrition, zinc oxide nanoparticles 
(ZnONPs) [9], selenium nanoparticles (SeNPs) [10], and copper oxide nanoparticles 
(CuONPs) [11] are some of the major nanoparticle types that are tested in livestock 
to study the antioxidant levels and improvement in growth performance. Livestock 
also suffers from various bacterial (mastitis, brucellosis, leptospirosis, listeriosis, 
borreliosis), viral (foot and mouth disease, swine fever, rift valley fever), and para-
sitic diseases (tick fever, toxoplasmosis, theileriosis, trypanosomiasis) [12]. So far, 
there is no suitable treatment to eradicate these diseases that leads to the culling of 
animals to control the spread of the diseases, thus causing significant economic and 
production loss. Nanomaterials could be important in developing novel therapeutics 
for addressing livestock diseases. For example, several nanoparticles are reported to 
exhibit the antibacterial ability to kill drug-resistant pathogens selectively. In doing 
so, nanoparticles have shown promising results, either alone or in combination with 
antibacterial drugs. Similarly, nanoparticles are also being explored as vaccine adju-
vants to deliver multiple epitopes/antigens. In the context of the above-discussed 
applications of nanomaterials for various sectors of livestock health and nutrition, 
this chapter comprehensively covers the use of nanoparticles as a nutrient supplement, 
health and disease monitoring, and immunity of livestock.
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12.2 Animal Health: General Aspect 

Good health can be disease-free and perform normal metabolic functions by animals 
or humans. Livestock is considered healthy when it produces an optimum quantity 
and quality of milk, meat, egg, or wool and disease-free offspring. Poor livestock 
health may be associated with several issues broadly categorized into three parts: 
(i) Economic loss: The common diseases may affect livestock viability, leading to 
production loss and interference in the good management of the farms leading to 
substantial economic loss. (ii) Loss of public health: concerning zoonoses, para-
sites casuing infectious diseases are transmitted from diseased animals to humans, 
causing public health issues. (iii) Environmental pollution is related to agricultural 
activity and dumping of medicinal waste on land, causing antibiotic resistance in 
pathogenic microbes and spreading diseases from domestic to wildlife. Currently, 
these are considered issues of prime concern and therefore being addressed by the 
World Health Organization (WHO), World organization for Animal Health (OIE), 
and FAO. To maintain the optimum health of livestock, a balanced diet is required. 
Minerals, amino acids and vitamins are provided as supplements to achieve the 
necessary nutrition. Various minerals are essential in synthesizing key enzymes 
and biochemical processes that facilitate proper body functioning. For example, Zn 
ions participate in biochemical functions as Lewis acids and help to maintain the 
structure and stability of various proteins [13]. Additionally, “Se” is a part of the 
glutathione peroxidase system and located at the enzyme’s active site. “Fe” acts as 
an inorganic cofactor and helps in collagen cross-linking (functions as a cofactor 
for proline and lysyl hydroxylases), DNA synthesis (helicases, nucleases, glycosy-
lases, demethylases), and synthesis of hemoglobin. Magnesium (Mg) also works as 
a cofactor for more than 300 enzymatic biochemical reactions, such as ATPase, crea-
tine kinase, alkaline phosphatase and enolase. It also helps in cell adhesion, muscle 
contraction, and neurotransmitter release [14]. Manganese (Mn) can function as a 
redox switch; therefore, it plays an essential role as a cofactor of metalloenzymes, 
antioxidant enzymes (mitochondrial superoxide dismutase, MnSOD), carbohydrates 
(glucose) and lipid metabolism [15]. Usually to balance the nutrition, ionic minerals 
are provided as a supplement; however, a high concentration of minerals is required 
in the diet due to poor absorption. To overcome this challenge, researchers have come 
up with nanotechnology-based strategies. Recent progress has enabled researchers to 
develop nanomaterials of precise size, shape and composition, methods to enhance 
biocompatibility which has further added the potential. For example, nanoparticles 
of essential mineral ions are being studied for their nutritional value in livestock. 
ZnONPs and SeNPs are studied by different research groups and tested in a few 
animal models [3, 10]. Upon administration, these nanoparticles showed promising 
results as evidenced by enhanced production of milk, egg, or wool quality and 
quantity, improved reproductive potential and prevention of various infections.
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12.3 Use of Nanomaterials as a Nutritional Supplement 

Mineral nanoparticle supplement is expected to provide optimum nutrition by 
avoiding mineral ions deficiency and related diseases in livestock. Research has been 
done in this aspect that revolves around estimating the reproductive ability, growth 
performance and the quality of animal products (Egg, meat, milk and wool). There-
fore, based on nanoparticle types, the following sections provide a comprehensive 
discussion on reports offering nanomaterials as nutrition to livestock. 

12.3.1 Zinc Oxide Nanoparticles 

ZnONPs is one of the livestock’s most studied nanoparticle types and are investigated 
for their nutritional benefits. The result suggests that feeding ZnONPs improved 
reproductive ability, enhanced milk or egg production, and increased immunity 
against common infections. In a study, ZnONPs (80 ppm) were administered to 
male sheep and investigated their effects on reproductive ability [7]. Results revealed 
that the ZnONPs-based diet increased the semen volume, sperm motility (74.83%), 
and viability rate (76.90%), and significantly reduced sperm abnormality (28.3%). 
ZnONPs also increased the total antioxidant capacity of semen plasma compared to 
control groups (without ZnONPs diet). 67 mg/kg of ZnONPs (75 days) fed Japanese 
quail showed better fertility rate and egg quality, thus enhancing egg production of 
high weight and eggshell surface compared to the control group [4]. In another study, 
Zn-coated chitosan nanoparticles (ZnChNPs), chitosan nanoparticles containing Ca 
(CaChNPs), and chitosan nanoparticles containing Cu, Fe2O3, Mg,  Co, TiO2, and 
Zn (Multi-ChNPs) were sprayed on eggs for 35 days to increase egg hatchability and 
help in egg preservation [16]. Among different formulations, Multi-ChNPs improved 
egg hatchability by 11.6%, and the contamination rate was significantly decreased 
(99.7%) than untreated eggs. Additionally, a few research groups have also worked on 
the effects of ZnONPs-based feed on the quality and quantity of milk and meat. Rajen-
dran et al. reported that lactating Holstein Friesian cow fed on a ZnONPs-based diet 
(for 75 days) resulted in increased milk production with a lower number of somatic 
cells [17]. Alkhatib et al. tested methionine (Met) coated ZnONPs-based feed on 
broiler chicken [5]. About 50 g of the zinc-Met mixture, ZnONPs and Met-ZnONPs 
were mixed per ton of feed and broiler chicken was fed on it for 21 days. Interestingly, 
Met-ZnONPs fed chicken showed high tibia strength and increased overall weight 
compared to control groups. Additionally, Xu et al. used the pasteurization technique 
with ZnONPs combined with radio frequency [18]. ZnONPs combined with radio 
frequency techniques were explored to improve the chicken meat quality. It was 
observed that 20 min ZnONPs combined radio frequency exposure to chicken thigh 
meat retained water and improved meat quality. Compared with high-pressure steam, 
ZnONPs combined with the radio frequency technique improved the color, moisture, 
flavor, texture and pH value. ZnONPs are also known for their antibacterial activity.
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In a study, ZnONPs were tested against C. jejuni in chicken meat [19]. The ZnONPs 
treated meat had increased chicken meat shelf-life when stored at 4 °C. ZnONPs 
(6–8 mM) exposure to meat was reported to reduce the risk of growth of different 
pathogenic bacteria such as L. monocytogenes, E. coli, B. cereus, and S. aureus [20]. 
ZnONPs feeding also improves the immunity of livestock. For example, Fazaeli 
and co-workers fed Holstein calves with ZnONPs (30 nm) containing diet for ~100 
days (considering the weaning period) [21], and results reported improved rumen 
fermentation by decreasing rumen ammonia which further reduced the incidence of 
diarrhea. In another study, a 75 nm-sized ZnONPs-based diet showed increased high 
fiber digestibility and rumen fermentation in goats [9]. In pigs, decreased incidence 
of diarrhea was observed when a ZnONPs-based diet was administered for 21 days 
[3]. Efficient absorption of Zn was further confirmed by their presence in the kidney, 
liver, spleen, heart and blood serum. Decreased concentration of IgM and increased 
levels of IL-6 and TFN-α suggest improved immunity in pigs after feeding on a 
ZnONPs-based diet. ZnONPs are also found to promote wound healing in livestock. 
In a goat model, Jabbar and co-worker orally administered about 75 mg/kg ZnONPs 
(once a week, a total of ten doses) [22] and observed a quick narrowing of the wound 
area (within five weeks) than the control group. 

12.3.2 Selenium Nanoparticles 

Se is an essential mineral element required for various biochemical functions within 
humans and animals. Se concentration in milk is directly proportional to the Se 
content in livestock feed. Se requirement in livestock can be supplemented by sodium 
selenite or selenate. Concerning the poor bioavailability, Se content in livestock is 
significantly reduced; therefore, some alternate form, such as nanoparticles of Se, is 
expected to be better absorbed. For example, the effects of sodium selenite, selenome-
thionine and SeNPs (mixed in the diet) were evaluated during the final stage of preg-
nancy in goat [23]. SeNPs showed evident alterations in the serum concentration of 
other minerals such as Zn, Fe and Cu. Zn levels were found to be decreased, whereas 
Cu and Fe levels were found to be increased in the blood serum. In another study, 
the glycine-coated SeNPs (G-SeNPs)-based diet was studied in finishing pigs [24]. 
The results showed an accumulation of G-SeNPs (0.50 mg/kg) in different tissues 
(Loin, Heart, Liver, Pancreas and Kidney). The Se-chitosan conjugate was reported 
to improve the wool yield from the sheep (Chinese merino) [25]. About 60 mg 
of Se-chitosan conjugate (once/month) was given to the sheep with an essential diet 
showed increased RBC count and hemoglobin content within five days. SeNPs-based 
diet (0.3 mg/kg) showed an increased level of Se content in serum and glutathione 
peroxidase in the milk of lactating cows [10].
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12.3.3 Copper Oxide Nanoparticles 

Copper is an essential mineral element required to protect cells from oxidative 
stress and gut microbiota and an important component of antioxidant enzymes [26]. 
Copper-containing enzymes prevent free radical-mediated damage and maintain the 
structural integrity of the tissues (lysyl oxidase) and energy production (cytochrome 
C oxidase). Further, Cu-SOD (present in the cytosol) facilitates the dismutation 
of superoxide radicals and hydrogen peroxide [27]. The sustained release of Cu 
ions from copper oxide nanoparticles (CuONPs) is also expected to serve as a 
long-term supply to support the vital biochemical functions of the body. Therefore, 
CuONPs have been tested to protect livestock from infection and oxidative stress. 
CuONPs-based diet (0.040 mg/kg, 12 month) reported to increase in the weight of 
Holstein young cattle (~355 kg) than control (310 kg) [28]. The blood formation was 
also increased with increasing red blood cell count and hemoglobin by 14.7% and 
11.2%, respectively. It was suggested that the nutritional value of 5 mg/kg CuONPs 
was comparable to the 10 mg/kg inorganic Cu-powder. In another study, the effect 
of CuONPs on oocytes (bovine) was studied using in vitro maturation technique 
[29]. Here, 0.7 μg/mL CuONPs was given to oocytes that showed reduced DNA 
fragmentation and increased glutathione level. CuONPs containing a standard diet 
were reported to improve antioxidant activity and induce immune defense in broiler 
chicken [11]. In this study, 12 mg CuONPs/chicken was given for six weeks. Results 
revealed that MDA content was decreased in the blood and lipid peroxidation level 
was also maintained. A CuONPs-based diet also stimulated catalase activity, IL-6, 
IgM and IgA expression. 

12.3.4 Other Nanomaterials 

There have been few more nanomaterials [calcium (CaNPs), manganese (MnNPs), 
magnesium (MgNPs), polymeric NPs and nanoliposomes] that are recently reported 
to improve the nutrition among livestock; however, much literature is not available. 
For example, a MnNPs-based diet was fed to the turkey and analyzed the effects on 
oxidative stress [30]. MnNPs-based diet (50 mg/kg) increased antioxidant activity; 
however, there was no significant alteration in glutathione peroxidase, glutathione 
and SOD enzyme expression. Additionally, AuNPs were fed to chickens and their 
interaction with the immune system was observed [8]. A diet containing 1 mg/kg of 
AuNPs induced proinflammatory events, as confirmed by increasing ceruloplasmin 
and IL-6 activity. The inflammation caused due to AuNPs feeding was also found 
to depend on the duration of the administration and concentration, where 1 mg/kg 
AuNPs was found safe to be mixed in feed and given up to 38 days. Zhao et al. 
synthesized gelatine-cellulose-coated MgONPs (GC-MgONPs) and used them to 
preserve eggs [31]. The developed GC-MgONPs were biodegradable with small 
pore size, and when used as a thin film coating, they retained the water of the eggs
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and unaltered pH conditions. To increase the calcium content in the milk, Kwak and 
co-workers mixed Zn-containing CaNPs (CaNPs isolated from oyster shrimp) and 
stored them at 4 °C for 16 days [32]. Results revealed that for up to 16 days, no 
sedimentation of the nanoparticles was observed, and physicochemical properties 
were also maintained. Although more experimental work has to be performed, such 
results suggest that exogenous supplementation of inorganic Ca and other minerals in 
milk would be possible in the near future. Table 12.1 comprises a list of nanoparticles 
that are tested to improve livestock nutrition.

12.4 Strategies to Treat Animal Diseases Using 
Nanoparticles 

12.4.1 Bacterial Infections 

Majority of the bacterial infections in livestock are caused by different species 
of Staphylococcus, Salmonella, Streptococcus, Escherichia, Aracanobacterium, 
Pasteurella, etc. Bacterial diseases can be localized or systemic based on the causing 
agent and site of infection and symptoms include inflammation or pus formation, 
compressions or fractures in the spinal cord, and axon degeneration leading to 
weakness, paralysis and spasticity. Damage to the central nervous system (CNS) 
via the gastrointestinal tract (GIT) or osteocytes via the umbilical region of lambs 
and calves are a few other major symptoms [38]. Some of the major bacterial diseases 
of livestock are discussed below. 

12.4.1.1 Brucellosis 

Brucella represents the genus of Gram-negative coccobacilli (short rods) measuring 
about 0.6 to 1.5 μm × 0.5 to 0.7 μm. These bacteria are non-spore-forming, non-
motile, non-encapsulated, aerobic, or microaerophilic (may require CO2). Brucel-
losis is a severe acute febrile disease that causes relapses and focal lesions in bones, 
joints and the genitourinary tract. Different species of the organism can be char-
acterized and differentiated by the production level of urease and H2S, sensitivity 
toward dyes, cell wall antigens, phages, etc. [39]. Different species of Brucella cause 
infection in specific livestock, such as B. melitensis, B. abortus and B. suis cause 
pathogenesis in goats, cattle and pigs, respectively. Some common symptoms of 
Brucellosis include muscle and joint pain, enhanced sweating, headache, inflamma-
tion in lymphoid organs (mainly the spleen), etc. The pathogen exhibit camouflage 
to mask itself within macrophages of the reticuloendothelial system (spleen, lymph 
nodes, bone marrow and liver) and blood monocytes. The infection is considered 
one of the ancient infections and is known by various names, such as Malta fever, 
Mediterranean fever, undulant fever and gastric remittent fever [38]. Brucellosis is
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Table 12.1 Organic nanomaterials tested to improve animal nutrition 

Nanoparticle type Test animal model Results/Observations References 

Liposome encapsulated 
α-linolenic acid (Lipo-
ALA) and α-lipoic acid 
(α-LA) 

Cow Cow milk treated with 
α-LA and Lipo-ALA 
showed 236.16 mg and 
719.52 mg α-LA and 
Lipo-ALA in one serving of 
milk (240 mL) 

[33] 

Chromium picolinate NPs Broiler chicken Decreased Zn and Cr 
retention time was 
observed. Improved egg 
quality and mineral 
accumulation (Cr, Ca and P) 
in eggshells, liver, and yolk 

[34] 

Carboxymethyl 
chitosan-loaded reduced 
glutathione NPs 

Cow The cow was fed NPs for 
ten days to treat subclinical 
ketosis. 
Post-administration, the 
reduction in ketogenesis 
and enhanced 
gluconeogenesis was 
observed 

[6] 

Matrix 
metalloproteinase-9-based 
protein NPs 

Holstein cows 1.2 mg NPs (one week) 
improved immunity and 
enhanced mammary glands 
during the cow’s dry period 

[35] 

Chromium nanoparticles 
(CrNPs) 

Finishing pig A 35 days administration of 
CrNPs showed increased 
finishing pig weight with 
improved meat quality 

[34] 

Modified Spirulina 
maxima Pectin 
nanoparticles (SpiNPs) 

Porcine oocytes Reduced reactive oxygen 
species (ROS) level, high 
maturation and cleavage 
rate, improved blastocyte 
development, and total cell 
count 

[36] 

Alginate NPs Egyptian Nubian goats Better immunity (increased 
IFN-γ, TNFα, IL1β, IL-6,  
Ig-A and Ig-G) was 
observed in alginate NPs  
fed goats 

[37]

classified under zoonotic infections, which usually spreads in humans through raw 
food (meat) or non-pasteurized milk from extremely infected animals or due to close 
contact with the secretions [40]. 

Several formulations have been developed to treat the infection of Brucellosis. 
Among them, liposomal formulations of different antibiotics are some standard 
methods that have yielded positive results. Hernandez et al. developed a liposomal



12 Nanomaterials in Animal Nutrition and Disease Treatment: Recent … 337

formulation (positive and negative charged) containing Gentamicin (1 μg/mL) and 
tested it against B. melitensis infected mice [inoculated intraperitoneally (0.1 mL 
solution of 103 bacteria/mL)]. Liposomes (with and without Gentamicin) and free 
Gentamicin were injected on the 2nd, 5th and 8th day after Brucella infection in mice, 
and the effects were followed in the spleen and liver. Interestingly, free Gentamicin 
showed less efficacy than liposomal formulation towards inhibition of B. melitensis. 
The complete inhibition of the pathogen was observed with liposome-encapsulated 
Gentamicin with a dose of 500 μg of Gentamicin/mice. Also, the positively charged 
liposomes exhibited better inhibition than those negatively charged in terminating the 
disease [41]. Hosseini et al. also compared the efficiency of free doxycycline (DOX) 
and DOX-encapsulated (91.3–97.4% loading efficiency) solid lipid NPs (DOX-SLN) 
against B. melitensis inside the macrophages [42]. The study reported that DOX-SLN 
reduced the bacterial population inside macrophages (3.5 Log) more effectively 
than the free DOX. Alizadeh et al. studied the antibacterial effects of AgNPs by 
considering the minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) against B. abortus 544, which were noted as six ppm and eight 
ppm, respectively. The effect of AgNPs was checked on peritoneal macrophages 
of mice by incubating 0–4000 ppm of AgNPs with the bacterial suspension (5 × 
105 CFU/mL). The AgNPs were efficient in penetrating macrophages and killing 
bacteria, thus producing the highest efficacy (at 8–10 ppm of AgNPs exposure) [43]. 

12.4.1.2 Listeriosis 

L. monocytogenes is considered the main agent for causing Listeriosis in livestock. 
Several serotypes are virulent for livestock, such as 1/2a, 1/2b and 4b. The most 
common example is L. ivanovii (also known as L. bulgaricus or L. monocytogenes 
serotype 5), which causes reproductive abnormalities and abortion in cows and sheep 
[44]. Common routes of entry of this pathogen are via nasal passage [45]. Encephalitis 
is a neurological disease caused by L. monocytogenes in sheep, goats and cattle. It 
is also known as “circling disease,” as animal heads get turned or twisted to one 
side after attaining the infection and prefer to walk in circles. Infection also leads to 
unilateral paralysis in facial nerves causing drooping eyelids and ears, flaccid lips 
and deviated muzzle, loss of sensation and depression in animals. Pharyngeal paral-
ysis causes saliva drooling in animals and due to severe infection, lesions are formed 
in the cerebellum region of the brain in sheep and goats, causing death. L. mono-
cytogenes are susceptible to penicillin G (oxytetracycline), ceftiofur, erythromycin 
and trimethoprim. These drugs are required in very high doses (22,000 U/kg body 
weight, every 12 h for 1–2 weeks for penicillin and 16.5 mg/kg per day for oxyte-
tracycline) to be effective. The administration of dexamethasone was controversial 
as it depresses cell-mediated immunity and causes abortion in sheep and cattle, and 
also induces antimicrobial resistance in pathogens [46]. In nanoparticle-based treat-
ments, Markowska et al. used AgNPs against L. monocytogenes and results revealed 
that AgNPs showed high efficacy with low doses than free antibiotics. The MIC 
was determined against L. monocytogenes (2 × 106 CFU/mL) in a range from 0.5
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μg/mL to 12 μg/mL of AgNPs. At a concentration of 0.25 μg/mL of AgNPs, cell 
lysis was enhanced 1000-fold than lysozyme or Triton X-100 treatment. AgNPs were 
assumed to enhance the activity of autolysins (peptidoglycan hydrolyzing enzymes) 
that cause polymer destruction and pore formation in the cell envelope to enhance cell 
permeability, which was further confirmed by DNA and protein efflux [47].  1 h treat-
ment of AgNPs (0.50 μg/mL) showed enhancement in DNA, and protein efflux was 
noted as 48% and 30%, respectively, compared to lysozyme treatment. Additionally, 
curcumin nanoparticles (CNPs) coated with different surfactants [sodium dodecyl 
sulfate (SDS), Tween 20, and Cetrimonium bromide (CTAB)] showed antimicro-
bial activity against L. monocytogenes. The antimicrobial efficiency was found to 
be dependent on the surface charge and size of the NPs. NPs coated with CTAB 
(positively charged) showed enhanced antimicrobial activity than other surfactants, 
possibly due to the opposite charge between NPs and L. monocytogenes. 1  μg/mL 
of CNP-CTAB completely inhibited the growth of the L. monocytogenes, whereas a 
slight reduction in growth was observed in the case of CNP-SDS (500 μg/mL) [48] 

12.4.1.3 Mastitis 

Bovine mastitis causes ~$147/ cow/annum income loss in milk production [49]. 
Annual economic losses due to sub-clinical and clinical mastitis were estimated 
to be one billion dollars. Mastitis is the inflammation of the mammary glands of 
animals caused by the infection of a group of microorganisms and sometimes due to 
physical trauma. Among microbes, bacterial pathogens are predominantly causative 
agents, including P. multicida, S. aureus, S. pyogenes, E. coli, etc. Considering the 
levels of inflammation, bovine mastitis can be categorized into three classes: clinical, 
sub-clinical and chronic mastitis. Swelling and redness in the udder region, fever, 
weight loss, lack of appetite, sunken eyes and diarrhea are some acute symptoms of 
mastitis-affected cows. Under severe conditions, the appearance of milk is changed to 
watery or released as a brown discharge with a foul smell and clots. Under extreme 
situations, mastitis may be fatal [50]. Like other bacterial diseases, mastitis can 
be treated by antibiotics such as penicillin, intramuscular, ampicillin, tetracycline, 
gentamycin, etc., via administration through intra-mammary infusion, intramuscular 
and intravenous antibiotics. However, overuse of antibiotics led to their release in 
milk poses a significant concern. Antibiotics may retain the animal body for longer, 
causing health issues in animals. Although vaccines may be a suitable alternative 
for treating bovine mastitis, they face a lack of efficiency and the multi-etiological 
nature of bovine mastitis. 

Alternatively, nanoparticle-based strategies have been tested against the causative 
organisms of mastitis. Several examples report the development of a nanotechnology-
based formulation of the traditional drugs/agents used to treat mastitis. Taking this 
into account, Han et al. used hydrogenated nanoforms as carriers to modulate tilmi-
cosin release based on castor oil-solid lipid to smoothen the delivery and enhances the 
stability of the drug within the animal body from 5 h (without nanocarrier) to 8 days 
(with nanocarrier) [51]. Nanotechnology also aids in ensuring milk quality is safe
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for consumption through innovative techniques of foodborne pathogen detection. 
Nanocomposites (AuNPs and Fe2O3NPs) were developed by Sung et al. carrying 
anti-S. aureus antibodies utilized to test S. aureus in milk samples [52]. The anti-
body is an intriguing aspect of these nanocomposites as they might be changed to 
capture a range of diseases based on specificity and selectivity. Another similar tech-
nique was developed by Wang et al. to test existing toxins in milk in 10 min by 
applying polyclonal antibodies along with AuNPs immune chromatographic strips 
(e.g., aflatoxin M1, carcinogenic) [53]. 

12.4.1.4 Borreliosis 

Borreliosis (also known as Lyme disease or Lyme borreliosis) is an acute and persis-
tent zoonotic infection caused by spirochete B. burgdorferi and spread by ixodid 
ticks. Borrelia is an obligate parasite, a spirochete, long, wide and helical in shape. 
The parasite possesses a linear chromosome and linear and circular plasmids, which 
is the unique feature of this organism and essential for growth and survival [54]. 
These organisms persist in the environment usually for a short duration; however, 
they depend on vertebrate reservoirs, host and arthropod vectors for long-duration 
survival. Upon entering the host body, this organism multiplies and disseminated 
throughout the body to cause infection. Persistent infection in the host body leads to 
the induction of cytokines, which may form lesions. Only certain species (such as 
B. burgdorferi) of this pathogen have been reported infectious. In sheep and cattle, 
B. burgdorferi causes lameness, arthritis, weight loss, and abortion are common in 
cows. A limited number of antibiotics, such as ceftriaxone and DOX, are effective 
against this pathogen [55]. Among nanoparticle-based treatments, AgNPs have been 
tested by Nelson et al. against Hyalomma anatolicum (LC50 = 0.78 μg/mL). AgNPs 
showed 100% mortality when exposed to 2.5 μg/mL concentration [56]. AgNPs act 
as a catalyst to cripple the enzyme and make bacteria suffocate (without oxygen). 
Other suited mechanisms of AgNPs to impart antibacterial potential follow inter-
ference with replication, transcription and translation, cell membrane disruption, 
ROS generation, interference in cell wall synthesis, etc. (Fig. 12.1) [57]. AgNPs are 
also reported to enhance drug delivery and combat drug-resistance issues faced by 
antibiotics in microbes.

12.4.2 Viral Diseases 

Viruses are microscopic infectious agents (of size 20–200 nm) and obligate intra-
cellular parasites; hence can exist as potentially active inside the cell but act as an 
inert entity outside cells [58]. They either contain DNA or RNA as genetic material 
in single- or double-stranded form. They require host cellular machinery to multiply 
via sophisticated mechanisms operating by incorporating their genome into the host 
genome and synchronizing with their life cycle. Also, antibiotics are ineffective
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Fig. 12.1 Schematic diagram showing the possible interference caused by AgNPs to exhibit 
antibacterial activity and drug delivery mechanism

against viruses as they steal host machinery [59]. Viral diseases are of great concern 
worldwide as they are extremely difficult to control after an outbreak. Several viruses 
are known to cause infections in livestock, such as Foot and Mouth Disease (FMD), 
Rift Valley Fever (RVF), and African Swine Fever. Some common symptoms of 
viral infections are anorexia, excessive salivation, conjunctivitis, nasal congestion 
and discharge, coughing, fever, warts on the head and neck, depression, loss of 
appetite and abortion in severe cases [60]. Some common methods to control viral 
pathogenesis include immune prophylaxis (mass immunization by vaccines) and 
active and passive prophylaxis to provide immune protection. Other basic methods 
include culling, sanitation and vector control that reduce exposure and spread of viral 
infection [61]. 

12.4.2.1 Foot and Mouth Disease 

FMD is considered one of the highly infectious viral diseases of cloven-hoofed 
animals, including cattle, sheep, pigs and goats [62]. FMD virus mainly has seven 
serotypes: A, O, C, Asia1, SAT1, SAT2, and SAT3 [60]. Some common symptoms 
include salivation, fever and vesicle formation in the mouth, muzzle, feet, and tongue. 
Breakage of these vesicles leads to swelling in the coronary band, depression, lame-
ness and abortion [63]. This disease has been prevalent in many countries, including 
U.S., Mexico, U.K., Taiwan, China, Japan, Korea and Indonesia, for over 100 years.
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Reports suggest that the first outbreak occurred in the U.S., and ~3,500 livestock 
herds were infected, leading to the culling of 1,09,000 animals. In the U.K., about 
2000 cases were identified in 2001 [64], leading to the culling of six million sheep 
and cattle to halt the disease [65]. As of recent reports, there is no specific treatment 
for FMD; however, two methods are followed to control the spread of this infection, 
culling and vaccination or sometimes both. Often vaccination does not provide an 
effective solution. The available vaccines are developed by heat-killed pathogens; 
therefore, they are ineffective in protecting against other viruses and hence seek 
booster doses. The detection of this disease faces poor progress as real-time RT-PCR, 
ELISA and neutralization tests are the only methods. Hamdy et al. have developed 
an AuNPs-based RT-PCR nano-sensor for FMD detection that specifically recog-
nizes FMDV RNA. It was designed by using thiol-linked primers that resulted in 
enhanced specificity (100% with rT-PCR), efficacy (94.5% with rT-PCR), and sensi-
tivity [66]. Another study by Hafashjani et al. revealed that AuNPs possess good 
antiviral activity and may be used as an upcoming treatment option for FMD. The 
anti-FMDV activity by plaque retardation assay displayed ~50% cytotoxicity at 10.4 
μg/mL concentration using MTT assay. Such initiatives may be regarded as possible 
anti-FMDV agents [67]. 

12.4.2.2 Rift Valley Fever 

RVF comes under one of the most important zoonotic infections caused by the RVF 
Virus, which infects cattle, sheep and other livestock animals. This pathogen gener-
ally attacks young animals more than mature ones and causes fever, loss of appetite, 
weakness, diarrhea, abortion and death [62]. As of now, there is no specific treat-
ment available for RVF. Mohamed et al. aimed to assess the use of AuNPs as immune 
boosters for the RVF vaccine. Male albino rats were used for testing and divided into 
several groups, including the negative control group, immunized with non-adjuvant 
RVF vaccine group and immunized with RVF vaccine in combination with 40 μM 
rod-shaped AuNPs and 40 μM spherical AuNPs (two groups). The groups treated 
with vaccines in combination with rod and spherical AuNPs expressed elevations in 
enzymatic markers of the liver (alanine transaminase, aspartate aminotransferase), 
bilirubin, TNFα, CD-68 positive cells than untreated and the group treated with 
the non-adjuvant vaccine. These elevations for enzymatic markers and bilirubin 
depended on AuNPs morphology, where spherical AuNPs induced more than rod-
shaped AuNPs [68]. Borrego et al. conducted an in vitro study in Vero cells and 
analyzed the effectiveness of AgNPs in pre-incubated with RVFV MP-12 strain. A 
small amount (about 30–300 pfu) of RVFV MP-12 strain pre-incubated with AgNPs 
(1.5–12 μg/mL) and observed that AgNPs at 1.2 to 2.4 μg/mL showed ~50% whereas 
12 μg/mL exposure showed ~98% effectiveness against RVF. In vivo experiments 
in 8–10 weeks old transgenic mice infected with RVF (about 30–300 pfu) showed 
~80% and ~40% survival rates after AgNPs (6 mg/kg) administration in undiluted 
and diluted (½) forms, respectively, while 100% mortality rate was observed in the 
untreated group [69].
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12.4.2.3 African Swine Fever 

It is a highly contagious and deadly disease of swine caused by an unclassified virus 
and localized to domestic and feral pigs of all ages. The clinical symptoms include 
fever, vomiting, red blotchy skin, coughing, diarrhea, cyanosis (blue skin), necrosis 
in the skin, loss of appetite and abortion. So far, no vaccine or treatment is available 
for this disease, and the only way to control it is the depopulation of the affected 
swine. The current detection method is PCR-CRISPR-based or immunoassay-based 
(ELISA). Lateral flow assay (LFA) is one of the methods used to detect African 
Swine Fever viruses (ASFV) by several groups. Zhu et al. described a double-antigen 
sandwich LFA formulated on AuNPs-conjugated ASFV capsid protein (p-72) to 
detect ASFV antibodies from serum samples with high specificity and sensitivity 
within 10 min. Also, the result can be seen with the naked eye. These LFA strips 
could detect 10,000 times diluted serum samples [70]. Dung et al. have shown that 
non-toxic AgNPs of 14 nm in size (0.78 ppm) could inhibit the virus titer and a 
25 ppm exposure completely reduced the viral load. It was observed that AgNPs 
interact with viral capsid (particularly with gp120) to inhibit viral entry into host 
cells. Further, inhibition of intracellular RNA synthesis in virions was observed. The 
effect of AgNPs size on antiviral efficacy has also been investigated by several groups 
[71]. Galdiero et al. reported that AgNPs produced from fungal species Alternaria 
and Phoma with a mean diameter of 47 and 45 nm, respectively, showed low viral 
inhibition (0–40%), while AgNPs produced by Fusarium oxysporum (24 nm size) 
showed high inhibitory response (~80%) [72]. 

12.4.3 Protozoan Diseases 

The infection in animals due to protozoan parasites raises important concerns because 
they affect many animals, are easy to transmit and are deadly. Some most common 
protozoan diseases include toxoplasmosis, theileriosis and trypanosomiasis. They 
usually infect cattle, sheep, goats, buffalo, chickens and pigs. 

12.4.3.1 Toxoplasmosis 

This disease is caused by Toxoplasma gondii, a tick-borne pathogen. Cat acts as a 
definite host of this disease because, after ingestion, the parasite is released into the 
digestive tract and thus, feces further cause infection in other animals in contact 
[73]. The common symptoms include fever, diarrhea, cough, seizures, lethargy, 
loss of appetite, abortion and death in severe cases. Sulfadiazine, combined with 
pyrimethamine (targets active stage), pyrimethamine, clindamycin, atovaquone and 
clarithromycin, are given as a treatment for toxoplasmosis. However, none of these 
drugs are effective at the bradyzoite stage of the parasite [74]. In a study by Gaafar 
et al., Toxoplasma gondii-infected mice treated with chitosan combined AgNPs (200



12 Nanomaterials in Animal Nutrition and Disease Treatment: Recent … 343

μg/mL) showed a significant reduction in parasite infection than only AgNPs (200 
μg/mL) followed by the control group. Although complete eradication of the infec-
tion was not observed, a significant reduction in the population of toxoplasma was 
found [75]. In another study, Keyhani et al. studied the effect of SeNPs (~130 nm 
size and spherical shape) on the Toxoplasma gondii-infected mice [76]. A dose of 
10 mg/Kg of SeNPs exposed to mice showed reduction in the number of cysts in 
the brain, increased inflammatory cytokines and immune response by enhancing the 
expression of IFN-γ, TNF-α and IL-12. Atovaquone was developed as a nanoemul-
sion using grape seed oil to increase the bioavailability and efficacy of the drug. The 
oral administration of Atovaquone-loaded nanoemulsion in BALB/C mice showed 
improved tissue distribution, reduction in parasites, increased mice survival time and 
a low number of brain cysts [77]. 

12.4.3.2 Theileriosis 

It is a bovine disease commonly caused by a protozoan Theileria annulata and 
transmitted by Hyalomma tick species (Ixodid ticks). Some common symptoms of 
infection include fever, leukopenia, anorexia, lymph node enlargement, diarrhea, 
anemia, conjunctivitis, difficulty in respiration, cough and abortion. In cattle, prolif-
erative tissue is infected by Theileria species and causes morbidity. Routine diag-
nosis is performed by careful examination of the clinical symptoms however, suffers 
from false negative results [78]. Oxytetracycline has shown some positive responses 
and is considered one of the therapeutic options for this disease. Parvaquone and 
buparvaquone are the only two drugs reported to act against this disease. Soni et al. 
used solid lipid nanoparticles (~230 nm) with high drug loading efficiency (~85%) 
to deliver the hydrophobic drug buparvaquone in Theileria-infected Holtzman rats. 
Within 24 h of treatment, the drug was found to be distributed in the spleen (major 
organ for localization of theileria parasite) (~35%), liver and lungs [79]. 

12.4.3.3 Trypanosomiasis 

It is commonly called “Surra” because of multi-organ dysfunction due to hyper-
glycemia after the infection. The causing agent of this disease is Trypanosoma evansi 
in bovines. Some common symptoms include fever, circular motion, anorexia, mani-
acal behavior, discoloration of the eyeball and death in severe cases. Isometamidium 
chloride, Diminazine aceturate, Quinopyramin sulfate or chloride and Melarsomn 
dihydrochloride (Cymerlasan) are the common drugs used for the treatment of 
trypanosomiasis. These treatments are effective; however, the administration of drugs 
is difficult due to hydrophobicity. In a study by Adeyemi et al., AuNPs, AgNPs and 
Platinum NPs (PtNPs) were investigated against different species of Trypanosoma. 
Among these NPs, 1 to 10 μg/mL AuNPs and AgNPs showed efficacy against 
Trypanosoma brucei (~95% reduction in the number of ticks), AgNPs reduced 
Trypanosoma congolense and Trypanosoma evansi by >70%, AuNPs, AgNPs and
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PtNPs moderately reduced Trypanosoma gondii viability by 60%. The activity of 
these NPs was found to be very selective. Also, the LD50 was noted as more 
than 500 mg/kg when these NPs administered orally [80]. In another study, Arias 
et al. developed PEG-PLGA [poly ethylene glycol-poly(D, L-lactide-co-glycolide 
acid)] nanoparticles coated with heavy chain antibody (against Trypanosoma brucei, 
NbAn3) and first-line drug pentamidine for the treatment of the African trypanoso-
miasis [81]. This formulation showed specificity towards Trypanosoma brucei due 
to the coating of NbAn3 and delivered pentamidine specifically to infected cells. 
The in vitro assay showed a sevenfold decrease in the IC50 value of PEG-PLGA 
nanoparticles (1.37 μg/mL) compared to the free drug (9.8 μg/mL). Additionally, 
Hernández et al. reported the CNP-based therapy of trypanosomiasis [82], where 25 
mg/Kg of CNPs loaded with benznidazole (drug against Trypanosoma cruzi) was  
orally given to Trypanosoma cruzi infected mice (for 130 days). The formulation 
showed high effectiveness against Trypanosoma and downregulated the expression 
of proinflammatory cytokines (IL-6, TNFα, IL-1β, CCL5). 

12.4.4 Others 

A long list of pathogens causing various diseases in livestock leads to severe 
morbidity and mortality. Some of the notable diseases that are caused by pathogenic 
fungi include Aspergillosis (caused by Aspergillus flavus), Candidiasis (by Candida 
albicans), and Fusarium mycosis (by Fusarium oxysporum) [83]. The common anti-
fungal agents used are Itraconazole, Fluconazole, Voriconazole and Amphotericin 
B, possessing an active site that binds with the heme moiety of the binding pocket 
of the fungal enzyme (14α-demethylase), causing inhibition and thus disrupting the 
sterol synthesis of the cell membrane [84]. Fungal pathogens develop resistance to 
the antifungal drugs and therefore cause side effects in tested animals. A study by 
Atef et al. revealed that AgNPs could inhibit the growth of Aspergillus flavus by 
altering the aflatoxin biosynthesis process. Also, AgNPs have shown better efficacy 
in drug-resistant pathogens with the least possible side effects than common anti-
fungal drugs. Hassan et al. used ZnONPs (2 to 10 μg/mL) on mycotoxins produced by 
various Aspergillus species (Aspergillus flavus, Aspergillus parasiticus, Aspergillus 
ochraceus and Aspergillus niger) present in milk and dairy products. Results revealed 
that 8 and 10 μg/mL of ZnONPs were enough to diminish the Aflatoxins and Ochra-
toxins, respectively, from the contaminated samples. ZnONPs were found to disrupt 
the membrane of Aspergillus conidial cells and pits and pore formation in the fungal 
cell membrane (10 μg/mL) [85]. Hosseini et al. have also studied the MIC of ZnONPs 
against Candida albicans and reported MIC-50 and MIC-90 as 5 μg/mL and 11.3 
μg/mL, respectively [86]. 

Apart from fungal infections, helminths are also prevalent in causing livestock 
diseases across the globe. Some common infections in livestock include gastroin-
testinal nematodes, liver fluke and lungworms [87]. Khan et al. studied the effect of 
ZnONPs (16.7 nm size) against the Gigantocotyle explanatum parasite, which resides
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in buffalo’s (Bubalus bubalis) liver. Exposure of 0.012% ZnONPs significantly termi-
nated the antioxidant system (SOD and Glutathione-S-transferase) of Gigantocotyle 
explanatum. The study concluded that ZnONPs reduced the infection by generating 
free radicals that disrupt nucleic acids, lipids and proteins, ultimately the termination 
of functional cellular machinery [88]. Zahir et al. studied the effect of AgNPs against 
cattle tick (Haemaphysalis bispinosa) and haematophagus fly (Hippobosca mascu-
lata) and obtained LC50 values as 2.30 ppm and 2.55 ppm, respectively [89]. About 
100% mortality was noted against Hippobosca bispinosa and Hippobosca mascu-
lata after 24 h of treatment of 10 mg/mL AgNPs (average size 52.4 nm), and no side 
effects were observed when administered in Kangayam cattle (Bos indicus). Table 
12.2 shows various livestock diseases and developed nanoparticles for the therapy.

12.5 Nanotechnology-Enabled Vaccines for Animal 
Diseases 

According to the WHO, 2–3 million child lives are saved annually due to the 
vaccination program [97]. Several fatal diseases, such as smallpox, tetanus, polio, 
yellow fever, measles, influenza, and diphtheria, are almost (~99%) eradicated 
due to vaccination. Typically, a vaccine represents essential fragments of single 
or multiple protein antigens, which induce an immune response against infec-
tion. However, a few polysaccharide-based antigens have also induced immune 
responses against pneumonia and meningitis [98]. Vaccines are classified into two 
categories: (1). Whole-agent vaccine: This type of vaccine contains an attenuated 
replicating strain of the pathogenic organism (Whole killed organism and live atten-
uated). There are several vaccines licensed using this technology, such as measles, 
BCG, mumps, typhoid, polio, smallpox, Japanese encephalitis, and hepatitis-A. 
(2). Subunit vaccine: This type of vaccine contains only important biomolecules 
such as protein/DNA/RNA/polysaccharides, which help for inducing an immune 
response. The licensed vaccine includes tetanus, diphtheria, pertussis, hepatitis B, 
etc. Figure 12.2 shows the classification of vaccines and clinically available vaccines 
[99]. Despite successfully developing a vaccine against infection/disease, it causes 
unwanted side effects (such as fever, fatigue, headache, joint pain, chills, nausea, etc.). 
Until now, first-generation vaccines (whole organism vaccines) are more efficient for 
livestock [99]. However, another conventional vaccine suffers from low immuno-
genicity, activation of an oncogene (caused by a DNA-based vaccine), expensive 
production, low yield, etc.

To overcome these issues, nanoparticle-based vaccines (Nanovaccine) are being 
considered. The development of nanovaccines offers several opportunities, such as 
protecting antigens against degradation, carrying multiple hydrophilic/hydrophobic 
antigens, controlling antigen release, increasing cellular uptake and better immune 
response [100, 101]. In a study, Singh et al. developed PLGA-based nanoparticles 
encapsulating rL7/L12 proteins against Brucella antigen. This nanovaccine induced
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Fig. 12.2 Schematic classification of clinically available vaccines for various animal diseases

the expression of IFN-γ and IgG1 with a high Th1/Th2 ratio. This formulation deliv-
ered the entrapped vaccine candidate in mice to elicit specific humoral and cellular 
responses due to the entrapped Brucella antigen. In India, there are several licensed 
vaccines available for various livestock diseases such as FMD (Bovillis® Clovax, 
Raksha), Brucellosis (Bruvax), Haemorrhagic Septicemia (Raksha HS), Anthrax 
(Sterne vaccine, Raksha-anthrax) and Rabies (Raksharab) [102]. 

12.5.1 Viral Diseases 

Viral diseases cause major economic losses (~20,000 crores per year) in India’s dairy 
and meat industry [103]. Major viral diseases of livestock include bovine viral diar-
rhea virus (BVDV), bovine respiratory syncytial virus (BRSV), bovine parainfluenza 
3 (BPF3), adenovirus, herpesvirus-1, bovine respiratory disease complex virus, ASF, 
RVF and FMD, etc. BVDV causes gastrointestinal, reproductive, and respiratory 
infections in sheep and cattle. Unlike the plant and bacteria virus, the livestock virus 
does not penetrate the cell wall to access the host cell. The naked or non-enveloped 
virus may enter the host cell by two routes: (1). Receptor-mediated endocytosis
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or fusion and (2). Capsid protein undergoes shape changes to bind with the host 
cell receptor and penetrate inside the cell [104]. Graham and co-workers developed 
biomimetic poly-(D, L-lactic-co-glycolic acid) (PLGA) nanoparticles containing 
BVDV-1 NS3 protein (target for T cells) and poly (I: C) adjuvant to induce NS-
3 specific T cell response in calves against BVDV-1. Figure 12.3a shows the typical 
construction of PLGA nanoparticles containing BVDV-1 NS3 protein and poly (I: 
C) adjuvant (Control-NP) coated with E2 glycoprotein (Vaccine-NP). Control-NPs 
were smaller in hydrodynamic size -~300 nm with negative zeta potential (~−20 mV) 
(Fig. 12.3b, c). In contrast, the coating of E2 glycoprotein on Vaccine-NPs increased 
the zeta potential by +1.0 mV and size by ~500 nm. 87.5% of Vaccine-NPs were 
coated with E2 glycoprotein, which was confirmed using a flow cytometer using an 
anti-mouse IgG1-APC antibody against E2 glycoprotein (Fig. 12.3d). In this graph, 
the Control-NPs and Vaccine-NPs denoted with a red and blue line, respectively. This 
nanovaccine showed significant virus-neutralizing activity after the booster dose (at 
21 days). It showed high IFN-γ response (Fig. 12.3e, f) and BVDV antigen response in 
the blood (Fig. 12.3g, h) and was comparable to the inactivated BVDV vaccine [105]. 
Mesoporous silica nanoparticles (MSiNPs) coated with the BVDV-1 E2 glycoprotein 
vaccine have also been developed against BVDV-1. The MSiNPs were 60 nm in size 
with a 6 nm thick wall and 16 nm average pore size. The 500-μg concentration of 
the MSiNPs containing recombinant BVDV-E2 glycoprotein induced T cells medi-
ated IFN-γ secretion and induced IgG level in sheep. The cellular immunity against 
BVDV-1 was sustained till four months post-MSiNPs vaccination [106]. Wang and 
co-workers synthesized chitosan-coated PLGA nanoparticles encapsulating plasmid 
DNA (for capsid protein and bovine IL-6), viral protease 3C protein, and P1-2A 
against the FMD virus [107]. The nasal route administered this vaccine to deposit 
the vaccine in the lungs. The IL-6 effectively worked as mucosal adjuvants in Guinea 
pigs and developed a systematic humoral immune response by enhancing the IFN-γ, 
IgG, and IgA expression levels. Table 12.3 shows different viral nanovaccine tests 
for livestock.

12.5.2 Bacterial Diseases 

Nanovaccine has been developed for inducing immunity against various bacterial 
diseases of livestock, including Johne’s disease, Brucellosis, Leptospira, etc. Johne’s 
disease is caused by M. avium and its subspecies paratuberculosis. It is a highly conta-
gious and chronic disease that targets the small intestine of ruminants and causes 
diarrhea and chronic gastroenteritis. There has been no treatment for this disease 
and culling infected animals is common. Currently, only one vaccine is available 
against this disease that includes inactivated bacteria in an oil base. However, this 
vaccine is ineffective and rarely controls the disease [108, 109]. Recently, a few 
nanotechnology-based formulations have been developed to efficiently deliver func-
tional vaccines for several bacterial diseases in livestock. In an attempt by Thukral 
et al., polyanhydride nanoparticles were used to encapsulate mycobacterial antigens
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[culture filtrate (PAN-Cf) and whole cell lysate (PAN-Lysate) of M. paratubercu-
losis] and tested in mice model [110]. The scanning electron microscope was used 
to study the morphology of PAN-Lysate (Fig. 12.4a), PAN-Cf (Fig. 12.4b), and 
empty (Fig. 12.4c) polyanhydride nanoparticles (~200 nm diameter and spherical 
shape). Animal studies suggested that mice that received PBS only showed high 
bacterial load after 12 weeks of the challenge; however, nanovaccine-treated mice 
showed significantly lower CFU in the spleen (Fig. 12.4d), liver (Fig. 12.4e), small 
intestine (Fig. 12.4f) and mesenteric lymph node (Fig. 12.4g) than different vaccine 
(Mycopar®, lipN and PAN-Lysate). The tested nanovaccine showed no inflamma-
tion at the site of administration however, induced the production of IL-2, INF-α and 
IFN-γ by CD8+ T cells.

Sadeghi et al. tested calcium-phosphate nanoparticles bearing Brucella antigens 
(FliC, 7α-HSDH) and poly B-Poly T epitope to develop immunity against Brucellosis 
in mice [111]. The nanovaccine was found to be ~90 nm in diameter, spherical in 
shape and smooth surface. Exposure of this nanovaccine induced humoral and cellular 
immune responses as evidenced by an increased specific ratio of IgG2a (Th1 cells) to 
specific IgG1 (Th2 cells) than the control group. The nanovaccinated mice showed 
protection against the Brucella melitensis 16M and Brucella abortus 544, similar 
to commercially available vaccines. Leptospirosis is another zoonotic disease with 
250 pathogenic serovars. In dairy and goat farms, Hardjo serovar from Leptospira 
borgpetersenii is well known to cause infection and affect the genital and urinary 
tract. Umthong et al. developed a DNA plasmid (expressing LipL32 and Loa22— 
Leptospira specific serovar) encapsulated in chitosan nanoparticles and developed a 
vaccine [112]. Administration of this nanovaccine induced the production of total IgG 
and IgG1 (due to LipL32) and IgG1 (due to Loa22) and showed no effect on CD4+ T 
cells. IL-2 and IFN-γ production was also increased due to the co-administration of 
the two antigens. Table 12.3 shows different nanovaccine tests against the bacterial 
diseases of livestock. 

12.5.3 Parasitic Diseases 

Unlike viruses and bacteria, parasites have a complex system with multiple proteins, 
increasing the difficulties in studying and developing vaccines. For example, malaria 
is a well-known disease; however, only one vaccine (RTS, S/AS01) is used for the 
pilot test on children [113]. Livestock also suffers from parasitic diseases such 
as bovine anaplasmosis (tick fever), toxoplasmosis, theileriosis, trypanosomiasis, 
etc. Zhao et al. tested MSiNPs containing VirB9-1 and VirB9-2 (proteins of the 
Anaplasma marginale) to induce immunity against bovine anaplasmosis in mice. 
MSiNPs were ~50 nm in size with 6 nm wall thickness and 5.8 nm pore size [114]. 
The nanovaccine resulted in high antibody titers (~107), increased IFN-γ spot forming 
cells and T-lymphocyte proliferation. Bissati et al. developed self-assembling protein



12 Nanomaterials in Animal Nutrition and Disease Treatment: Recent … 353

Fig. 12.4 Scanning electron micrographs of 20:80 CPTEG: CPH NPs loaded with 2.5% whole cell 
lysate (a) and 2.5% culture filtrate (b) and empty NPs (c). Scale bar = 1 μm. The total colony of M. 
paratuberculosis for each animal for each vaccine group is shown in the spleen (d), liver (e), small 
intestine (f), and mesenteric lymph node (g). Error bars indicate standard deviation. * p < 0.05; ** 
p < 0.001. Adapted with permission from Ref. [110]. Copyright, 2020, Springer Nature
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nanoparticles containing toxAll (five CD8+ HLA-A*11:01 epitopes, four CD8+ HLA-
A*02:01, one CD8+ HLA-B*07:02 and MIC1 B cell epitope) to induce immu-
nity against Toxoplasma gondii [115]. Tested mice showed protection from HLA-
A*11:01, HLA-B*07:02, and HLA-A*02:01 by inducing the expression of CD8+ T 
cells, CD4+ helper cells, and IgG2b antibodies. It also activated TLR4 and TLR5 
innate immunity pathways and reduced the parasite load by 87%. In another study, 
Mody et al. tested an MSiNPs-based vaccine containing Bm86 antigen from the 
Rhipicephalus microplus (cattle tick) [116]. It did not show any significant adverse 
effects on the tissues and was found to be highly distributed in the lymph node, liver, 
and kidney. Robust Th2 antibody, IgG1, and IgG2a response were generated against 
Bm86 antigen in mice on the 28th day of administration. 

12.6 Nanomaterial-Based Nutraceuticals 

Nutraceutical products are isolated from food and usually sold as a medicine to 
improve health, prevent chronic diseases, delay the aging process, support the struc-
ture of the body and expand life expectancy [117]. Ginseng, Echinacea, green tea, 
glucosamine, omega-3, lutein, folic acid, cod liver oil, etc., are popular examples of 
nutraceuticals [117]. It is expected that the worldwide nutraceutical market will reach 
$650.5 billion by the year 2030 [118]. Recent studies showed the beneficial effects 
of nutraceuticals against diabetes [119], cardiovascular diseases [120], cancer [121], 
atherosclerosis [122] and neurological disorder [123], etc. In ruminants, probiotics, 
prebiotics, symbiotics, dietary lipids, algae and secondary metabolites are adminis-
tered as nutraceuticals [124]. Nutraceuticals also help in livestock disease control, 
reduction in methane production, improve growth performance and reduce the risk 
of metabolic diseases (Fig. 12.5).

Nanotechnology-based nutraceutical products showed a growing interest in the 
food industry and pharmaceuticals. Nano or microencapsulation of nutraceuticals 
helps for the protection of the compound of interest from degradation (undesired 
interaction or during processing or storage), prolongs the release of the product, 
improves its oral bioavailability, etc [125]. Various nanocarriers (such as micelles, 
liposomes, nanodispersions, nanoemulsions, polymeric micelles and nanoparticles) 
are used for the fabrication of nutraceuticals [125]. The food-grade NPs can be 
synthesized using different building blocks such as proteins, vitamins, carbohy-
drates, flavonoids, minerals, etc., using various methods (ultrasonication, precipita-
tion, emulsifications, homogenization and coacervation) [125]. Among these strate-
gies, the nanoemulsion-based technique is widely studied for the delivery of a variety 
of nutraceutical products. Guttoff et al. formulated the nanoemulsion of cholecal-
ciferol (vitamin D3) to improve the bioavailability of vitamin by simulating the 
gastrointestinal tract of mice models [126]. Recently, essential oil-based food preser-
vation techniques have gained the attention of researchers due to their antimicro-
bial properties. Thymol, carvacrol, limonene and cinnamaldehyde are essential oils
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Fig. 12.5 Effect of nutraceutical products on livestock

used for food preservation. In a study, peppermint oil (PO) containing nanoemul-
sion showed prolonged food protection against the L. monocytogenes and S. aureus 
compared to bulk PO [127]. Metal nanoparticles have also demonstrated applica-
tions in the field of nutraceuticals. For example, Lydia et al. formulated functional 
yogurt containing pomegranate seed oil-coated AuNPs. The pomegranate oil coated 
AuNPs spiked yogurt exhibited antioxidant and anticancer properties by scavenging 
H2O2 (62.8 ± 1.8%) and inhibiting the growth of lung (~75%) and colon cancer 
cells (~73%) (in vitro), respectively [128]. In another study, AgNPs coated with 
quercetin and afzelin (plant nutraceutical) showed antibacterial effects against P. 
aeruginosa and S. typhi [129]. This nanoformulation showed 50% inhibition of the 
biofilm of S. typhi. The SEM images confirmed the inhibition of the biofilm forma-
tion after quercetin and afzelin-treated AgNPs (Fig. 12.6a–c). Also, S. typhe infected 
zebrafish model showed a reduced burden of infection by 3 log fold (Fig. 12.6d). 
There are very few nanoparticle-based products available commercially as sweet-
ening agents (TiO2NPs and SiO2NPs) and as health supplements (CaNPs, Fe2O3NPs 
and ZnONPs) [130], etc. Nanotechnology-based nutraceutical products for livestock 
are unavailable commercially.

12.7 Limitations of Using Nanoparticles for Animal Health 
and Nutrition and Way Forward 

In animals, the mineral requirement is fulfilled by supplementing salts of multi-
mineral elements chelated with amino acids or vitamins. Generally, a high concen-
tration of ionic salts is required to meet minerals’ optimum absorption, thus suffering 
toxicity [131]. Nanoparticle-mediated delivery of desired mineral elements and
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Fig. 12.6 Scanning electron micrographs show S. typhi biofilm formation over the coverglass 
(a) and treated with Quercetin-AgNPs (b) and Afzelin-AgNPs (c). The bar graph (d) represents the 
reduction in S. typhi infection in the zebrafish model upon treatment of green synthesized Quercetin 
and Afzelin-coated AgNPs. Adapted with permission from [129]. Copyright, 2018, Elsevier

nutrient materials is considered safe. Therefore, biocompatible nanoparticles of 
essential mineral elements can be further explored for feed supplement purposes. 
Although, the bare nanoparticles (without any surface coating) are known to cause 
toxicity due to the interference with the normal biochemistry of the cells/tissues 
[132]. In this context, the most significant limitation is the development of nanopar-
ticles of all the essential mineral elements and making them biocompatible [132]. 
The surface modification of the nanoparticles with different biomolecules (ascorbic 
acid, thiamine, PEG, dextran, glucose, chitosan, etc.) is reported to reduce the 
observed toxicity [133]. Easy surface modification of nanomaterials further facil-
itates the targeted delivery of nanominerals or encapsulated nutrient materials. Such 
tissue/organ-specific delivery would also be beneficial in avoiding off-targeted accu-
mulation and toxicity. So far, only limited nanoparticles (ZnONPs, SeNPs, CuONPs) 
have been studied in livestock nutrition [140]; therefore, more nanoparticle types 
may be tested for their utility as nutrient material. The availability of suitable animal 
models is another concern because most studies involve mouse/rat models for experi-
ments; however, the inclusion of larger farm animals would be essential for extending 
the use of nanominerals in animals.
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12.8 Conclusion and Future Prospects 

Recent developments in nanoscience and nanotechnology have enabled this area to 
be successfully applied to various fields of nutrition and health. For nutrition, nano-
materials may be used directly or through surface grafting essential vitamins and 
amino acids to further aid the product’s nutritional value. Nanocomposites of various 
mineral elements could also be designed to consider the required ratio of multiple 
micronutrients. Sustained release and longer duration circulation in blood could also 
be achieved to facilitate the assimilation of mineral elements in functional enzymes. 
Although preliminary, a few nanomaterials (ZnONPs, SeNPs and CuONPs) are tested 
among livestock, and results revealed the beneficial health effects. Specific notable 
parameters included better growth performance, immunity and reproductive ability. 
Few nanomaterials exhibit excellent antibacterial and antiviral agents; therefore, they 
hold tremendous potential to combat multi-drug resistant microbial species. Several 
studies have included nanomaterials (for example, ZnONPs, CuONPs and AgNPs) 
combined with antimicrobial peptides, essential oils and several other natural prod-
ucts, etc., as potent growth inhibitors of pathogenic microbes and parasites. Use 
of nanomaterials to deliver the vaccine candidates or as adjuvants are also being 
explored to overcome the common drawbacks of conventional vaccines (for example, 
storage condition and multiple-dose requirement). Nanovaccines offer to encapsu-
late multiple antigens/epitopes in a single unit, which could build immunity against 
various species of parasite-causing disease. Despite the significant advances in the 
field, several bottlenecks hinder the complete realization of nanotechnology appli-
cations in multiple health and nutrition sectors. A collaborative effort from mate-
rial scientists and veterinarians will be required to address some concerns. Devel-
oping suitable cell culture and animal models, toxicity concerns of nanomaterials 
and nanotechnology-based rapid animal disease diagnosis methods are some critical 
areas to be explored in the near future. 
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