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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 ITRAM, 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 Dheeraj Kumar Singh
Hyderabad, India Sanjay Singh
Varanasi, India Prabhakar Singh
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Chapter 1 ®)
An Overview of Nanomaterials: History, Gzt
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 (X))

Department of Basic Sciences, Institute of Infrastructure Technology Research And Management,
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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 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 (OD), (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 OD 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 sp? configuration [35].
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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 sp? 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 [V-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 (OD), 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
(Cep), 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 sp? hybridization
and possess a higher surface-to-volume ratio for broad applications in the field of
science and technology. Other OD 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, TiO,, Fe, 03, 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.
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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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L

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~ 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 TiB, composite ceramics, and molybdenum are
well-known resistive heating elements [82]. Some examples of synthesized nanoma-
terials by thermal evaporation technique are MoS, nanowafers (0.7 nm thick) [83],
Zn;GeO4 nanocrystals (10 nm thick) [84], thin films of SnS (720 nm thick) [85],
Ga, 03 (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]-, TiO; [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 ZrO, [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 CoMn, O, nanoparticles [115], and Mn3;O4 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 TiO, nanoparticles [119], CozO4 [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
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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 Guca i
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 lijima 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. SWCNTSs have a dimension of 1-10 nm diameters with a
length of a few um and MWCNTs have a length of 10 wm 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 C,. Here, n represents the no of carbon atoms and is n > 20 and
accordingly, there are different types of fullerene-like Cgp, C79, Css, 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 thata
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].

Chemical
vapor
deposition

Laser ablation Electrolysis

Synthesis

method of
CNTs

Sono-
chemical/ Arc discharge
hydrothermal |

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 SWCNTSs 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 SWCNTSs. 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 CO, 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 Oncel 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~!
desalination capacity for the highest specific capacitance of 242.3 F g~ at 0.5 A
g~ !. 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 CO,. 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 SWCNTSs. 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 pm and diameters of 60 £ 20 nm. Flower-like MoS,/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/MnO,/rGO [55], and MWCNTs/TiO; [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. Kritschmer 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 Cg 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. Cgy and C7 fullerene thin film was prepared by laser irradiation

Fig. 2.5 Various synthesis
methods for fullerene

Electrical
arc-
discharge
in graphite
rod

Laser Synthesis Resistive
irradiation —— methodof —— archeating
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Laser
irradiation
of PAHs
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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 CO, 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 Cgp, C79, C76, C78, Cg2, Cga, Cop, and Coe. Few of these forms like Cg, and
Coyg 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 x 10*-8.0 x 10* 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 (LaCg;, La;Cgp) and exohedral fullerenes (Cgo(Cy,,Op)).

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 CO, 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 CgoH3p polyarene by laser irradiation results in
Cgo fullerene as reported by Booram et al. [68]. Cgyp and Cyg 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 HCI 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 H,O, 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 CO?* 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 (Hg?*) 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 aclosed vessel at 200 °C for 8 h. Vanillin can also be used as a carbon source for the
solvothermal synthesis of CDs. C;HsOH 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, C,HsOH, (CH,OH), and C3HgO)
as a solvent for L-ascorbic acid starting carbon source. C;HsOH-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@SiO, and
CDs@mSi0O,-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
ahigh 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(IIl). 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)
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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/TiO, using an electrochem-
ical process using P25 powder, anhydrous C;HsOH, C,H;NO, C;¢H4004Ti, and
NaOH starting materials. The prepared material showed excellent visible photocat-
alytic activity. Red fluorescent CDs were synthesized by electrochemical treatment of
graphite in K,S,0g 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 Hg?*
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 C;HsOH. 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 C,HsOH 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].

355nm
Pulsedlaser
3-Mercaptopropionic,
ethanolmixed
solution

S-GQDs / 2 :'::: V‘X&
\ — _-.--,.-' ) w‘ + %5.‘%;\:' e of"' /
b:o - J =:x::. .'.. im‘

Synthesis area Setet
3-Mercaptopropionic  Graphite flake $-GQDs

graphite @ Oxygen

Hydrogen
, Sulfur

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

v K>
ECNT(K) = Eg_ZD(km + UKI)
2

whereK;| = %(—tzbl +1by), K, = %(mbl —nby)
—% < K < % is a 1-D wave vector along the CNT axis and v = 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 x 10° 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 sp?
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~! K~! and 1.52 W m~! K/,
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
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and C70 both types of fullerene showed strong UV absorption but a weak absorption
in the visible region. For UV absorption, Eax ~10° M~ cm™!, and, for visible
region, Amax ~540 nm, E;,x ~710 M~! cm™! for Cep and hpa ~468 nm, Epay
~15,000 M~! cm~! for C7o. No fluorescence emission was shown by Cg, but there
is a very weak fluorescence emission corresponding to Cyo [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 m—m*transition of the C=C bonds, and the
n—m*transition of C=0. Other than absorption CDs also have properties of fluo-
rescence, phosphorescence, and different type of luminescence. Emission wave-
length defined the \.x 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—! at a current density
of 0.2 mA cm~2. Nanocomposites of CNTs with Sb and SnSby s has been used for
LIB anode. Composite was prepared by chemical method and the highest reversible
capacity was 518 mAh g~! for the composition of CNT-56 wt.% SnSby s [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 C,H, 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’l, 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~ at 0.1A g~! 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~! 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~! at 0.5
Cand 323.9 mAh g~! at 0.5 C, respectively. CD-Bi, O3 nanocomposite synthesized
by hydrothermal synthesis and offered a high discharge capacity of 1500 mA h ¢! 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.
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Fig. 2.11 a Schematic image of hollow CNTs/carbon—nanofiber hybrid, b charge/discharge capac-
ities at different rates, and ¢ 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 Karakogak 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 wg mL~! CDs. Figure 2.12¢, 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 (Cgy-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 Crp-based poly(L-lactide) (PLLA) composite
nanofibers loaded with water-soluble fullerene C;y 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 ug mL ™!
for 0.5 h) in bright field and b at 578 nm excitation. ¢ In vivo PL image of a nude mouse
treated with subcutaneous injection and d intravenous injection of 50 wL 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 MWCNTSs 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~!. CNTs’ electrochemical sensor for
Sudan I offered a detection from 0.01 mg L~! to 1.0 mg L~! with a detection limit
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of 5.0 wg L~![173]. Figure 2.13 reveals the schematic and electrochemical results
of Cu nanoparticle/fullerene-Cso/MWCNT composite-based sensor. Carbon paste
electrode (CPE) was modified with 1 mg of MWCNTs:Cg (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 x
10~'"" 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 wM with two linear ranges of 0.5—
15 pM and 15-60 WM. 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 uM with a linear sensing range of 0.25-76.81 wM. CDs, chitosan, and
gold nanoparticles were used for preparing the modified electrochemical sensor for
detecting patulin with the lowest detection limit of 7.57 x 10~'3 mol L~! [176]. Liu
et al. [176] developed F- and N-doped CDs decorated laccase for sensing catechol.
Functionalized fullerene Cgg.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.

Reduction
Ceo*MWCNTSs Phosphate of CuS0, to
Buffer form CuNPs
— ) Y = m)
Reduction
in ACN

MWCNT:
SRt Ceo MWCNTS/CPE CuNPs/CeeMWCNTS/CPE

m=y MWCNTs

1 (uA)

=,
f‘\ir. sy Fullerene-Cg
X7

E(V) ‘ Wy CuNPs

Electrochemical Signal

Voltammetric Cell

Fig. 2.13 Schematic fabrication of Cu nanoparticles/fullerene-C¢o/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 Ref
detection limit
Zinc Granular H,0; and nitrite 0.81 wM and [181]
porphyrin-fullerene-derivative morphology 1.44 uM
Fullerene-functionalized Nanoclusters of | Catecholamines 18 £2nM, 22 | [182]
CDs/ionic liquid Cgo and CNTs 4+ 2nM and 15
+2nMin
various
samples
Fullerene nanorods Linear Paraben 3.8 nM [183]
hexagonal
cross-sectional
rods crimpled
to form
star-shaped
structures
Fullerene-Cgg coated Gold Small bundles | Dopamine 0.26 x 10°° M | [184]
electrode and single
fullerene
particles
Fullerene Cgp-enzyme - Glucose 1.6 x 10°M | [185]
Gold nanoparticles/CNTs 10 nm Au Arsenic (IIT) 0.1pgL™! [186]
nanoparticles
were on the
wall of CNTs
CNTs—chitosan - Dehydrogenase 3 uM [187]
enzymes
Ni nanoparticles/CNTs Ni Glucose 500 nM [188]
nanoparticles
distributed on
CNTs
Polyaniline-CNTs Core—shell Carbaryl and 1.4 and [189]
arrangement of | methomyl 0.95 wmol L~
composite
MWCNTs@molecularly imprinted | Porous Chloramphenicol | 1.0 x [190]
polymer structure 10719 mol L~!
CDs/MWCNTs nanocomposites CDs (6.5nm) | HyO, 0.25 uM [191]
distributed on
CNTs
CDs particle size Glucose 0.09 uM [192]
2-5nm
NCDs/cuprous oxide Sphere-like Chlorpromazine 25 nM [193]
morphology
CDs/hexadecyl trimethyl 1.55 £ 0.25 nm | 2,4-dichlorophenol | 0.01 pmol L-! [194]
ammonium bromide/chitosan spherical
nanoparticles

(continued)
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Table 2.3 (continued)

Nanomaterials Morphology Sensing Lowest Ref
detection limit
N-CDs/manganese oxide 4.089 nm p-aminophenol 0.0303 pM [195]
nanosphere and paracetamol and 0.046 M

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. Cgo, C7o,
Cga, 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.

References

. N. Gupta, S.M. Gupta, S.K. Sharma, Carbon Lett. 29, 419-447 (2019)

. D. Maiti, X. Tong, X. Mou, K. Yang, Front. Pharmacol. 9, 1401 (2019)

S. Iijima, Nature 354, 56-58 (1991)

. M. Monthioux, P. Serp, E. Flahaut, M. Razafinimanana, C. Laurent, A. Peigney, W. Bacsa,
J.-M. Broto, in Springer handbook of nanotechnology. ed. by B. Bhushan (Springer, Berlin
Heidelberg, Berlin, Heidelberg, 2010), pp.47-118

5. D. Tomanek, A. Jorio, M. S. Dresselhaus, and G. Dresselhaus, in Carbon Nanotubes:
Advanced Topics in the Synthesis, Structure, Properties and Applications, edited by A. Jorio,
G. Dresselhaus, and M. S. Dresselhaus (Springer Berlin Heidelberg, Berlin, Heidelberg, 2008),
pp. 1-12

6. X.Xu, R. Ray, Y. Gu, H.J. Ploehn, L. Gearheart, K. Raker, W.A. Scrivens, J. Am. Chem. Soc.
126, 1273612737 (2004)

7. S.Y. Lim, W. Shen, Z. Gao, Chem. Soc. Rev. 44, 362-381 (2015)

8. D.L. Zhao, T.-S. Chung, Water Res. 147, 43—49 (2018)

9. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E. Smalley, Nature 318, 162-163 (1985)

10. W.0.J. Boo, J. Chem. Educ. 69, 605 (1992)

11. L. Sun, X. Wang, Y. Wang, Q. Zhang, Carbon 122, 462-474 (2017)

12. J. Xiao, R. Momen, C. Liu, Electrochem. Commun. 132, 107143 (2021)

AW~



52

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
217.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
. E. Muiioz, W.K. Maser, A.M. Benito, M.T. Martinez, G.F. de 1a Fuente, Y. Maniette, A. Righi,
39.
40.
41.
42.

43.
44,

45.
46.

47.

N. Devi et al.

T. Xu, W. Shen, W. Huang, X. Lu, Mater. Today Nano 11, 100081 (2020)

S. Goodarzi, T. Da Ros, J. Conde, F. Sefat, M. Mozafari, Mater. Today 20, 460-480 (2017)
X. Li, X. Liu, J. Huang, Y. Fan, F.-Z. Cui, Surf. Coat. Technol. 206, 759-766 (2011)

M.J. Molaei, RSC Adv. 9, 6460-6481 (2019)

A. Merkogi, M. Pumera, X. Llopis, B. Pérez, M. del Valle, S. Alegret, TrAC Trends Anal.
Chem. 24, 826-838 (2005)

M.J. Molaei, Anal. Methods 12, 1266-1287 (2020)

S. Pilehvar, K. De Wael, in Nanocarbons for Electroanalysis, ed. by S. Szunerits, R. Boukher-
roub, A. Downard, J. J Zhu (Wiley Online Library, Hoboken, New Jersey, U.S. 2017),
p- 173.

M.S. Mauter, M. Elimelech, Environ. Sci. Technol. 42, 5843-5859 (2008)

C.W. Tan, K.H. Tan, Y.T. Ong, A.R. Mohamed, S.H.S. Zein, S.H. Tan, Environ. Chem. Lett.
10, 265-273 (2012)

Y. Yao, H. Zhang, K. Hu, G. Nie, Y. Yang, Y. Wang, X. Duan, S. Wang, J. Environ. Chem.
Eng. 10, 107336 (2022)

R. Kumar, R.K. Singh, P.K. Dubey, P. Kumar, R.S. Tiwari, I.-K. Oh, J. Nanoparticle Res. 15,
1847 (2013)

R. Kumar, R.K. Singh, PK. Dubey, R.M. Yadav, D.P. Singh, R.S. Tiwari, O.N. Srivastava, J.
Nanoparticle Res. 17, 24 (2015)

R. Kumar, R.S. Tiwari, O.N. Srivastava, NANO 06, 215-223 (2011)

R. Kumar, R.S. Tiwari, O.N. Srivastava, Nanoscale Res. Lett. 6, 92 (2011)

R.Kumar, R.K. Singh, P.K. Dubey, D.P. Singh, R.M. Yadav, R.S. Tiwari, Adv. Mater. Interfaces
2, 1500191 (2015)

K. Awasthi, R. Kumar, R.S. Tiwari, O.N. Srivastava, J. Exp. Nanosci. 5, 498-508 (2010)

R. Kumar, R.K. Singh, R.S. Tiwari, Mater. Des. 94, 166-175 (2016)

R. Kumar, R.K. Singh, V.S. Tiwari, A. Yadav, R. Savu, A.R. Vaz, S.A. Moshkalev, J. Alloys
Compd. 695, 1793-1801 (2017)

R. Kumar, R.K. Singh, P. Kumar, P.K. Dubey, R.S. Tiwari, O.N. Srivastava, Sci. Adv. Mater.
6, 76-83 (2014)

N. Arora, N.N. Sharma, Diam. Relat. Mater. 50, 135-150 (2014)

Z. Shi et al., J. Phys. Chem. Solids 61, 1031-1036 (2000)

M. Cadek, R. Murphy, B. McCarthy, A. Drury, B. Lahr, R.C. Barklie, M. in het Panhuis, J.
N. Coleman, and W.J. Blau, Carbon 40, 923-928 (2002)

S. Cui, P. Scharff, C. Siegmund, D. Schneider, K. Risch, S. Klotzer, L. Spiess, H. Romanus,
J. Schawohl, Carbon 42, 931-939 (2004)

C.E. Baddour, C. Briens, Int. J. Chem. React. 3, 1-20 (2005)

M. Keidar, Phys. D: Appl. Phys. 40, 2388-2393 (2007)

E. Anglaret, J.L. Sauvajol, Carbon 38, 1445-1451 (2000)

J. Chrzanowska, J. Hoffman, A. Malolepszy, M. Mazurkiewicz, T.A. Kowalewski, Z.
Szymanski, L. Stobinski, Phys. Status Solidi B 252, 1860-1867 (2015)

Z.Lu, R. Raad, F. Safaei, J. Xi, Z. Liu, J. Foroughi, Front. Mater. Sci. 6, 138 (2019)

R. Andrews, D. Jacques, D. Qian, T. Rantell, Acc. Chem. Res. 35, 1008-1017 (2002)

J. Prasek, J. Drbohlavova, J. Chomoucka, J. Hubalek, O. Jasek, V. Adam, R. Kizek, J. Mater.
Chem. 21, 1587215884 (2011)

C. Oncel, Y. Yiiriim, Fuller. Nanotub. Carbon Nanostruct. 14, 17-37 (2006)

H. Wang, W. Sun, Y. Liu, H. Ma, T. Li, K.A. Lin, K. Yin, S. Luo, J. Electroanal. Chem 904,
115907 (2022)

A.G. Ryabenko, D.P. Kiryukhin, G.A. Kichigina, V.G. Basu, O.M. Zhigalina, N.N. Dremova,
High Energy Chem. 56, 50-53 (2022)

V. Sivamaran, V. Balasubramanian, M. Gopalakrishnan, V. Viswabaskaran, A.G. Rao, Chem.
Phys. 4, 100072 (2022)

W. Khan, R. Sharma, P. Saini, in Carbon Nanotubes-Current Progress of their Polymer
Composites ed. by M. R. Berber, 1. H. Hafez (Intech Open, Vienna, Austria, 2016), p. 1



2 Carbon-Based Nanomaterials: Carbon Nanotube ... 53

48

49.

50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.
61.
62.
63.
64.

65.
66.

67.
68.
69.
70.
71.

72.
73.

74.

75.
76.

71.

78.
79.

80.

81.

82.

83.

S. Abbasloo, M. Ojaghi-Ilkhchi, M. Mozammel, in 5th International Biennial Conference on
Ultrafine Grained and Nanostructured Materials (2015), pp. 1-6

L.A. Novoselova, N.F. Oliinyk, S.V. Volkov, A.A. Konchits, I.B. Yanchuk, V.S. Yefanov, S.P.
Kolesnik, M.V. Karpets, Physica E Low Dimens. Syst. Nanostruct. 40, 2231-2237 (2008)
K. Byrappa, T. Adschiri, Prog. Cryst. Growth Char. 53, 117-166 (2007)

H. Xu, B.W. Zeiger, K.S. Suslick, Chem. Soc. Rev. 42, 2555-2567 (2013)

P. Clemens, X. Wei, B.L. Wilson, R.L. Thomas, Open. J. Compos. Mater. 3, 30686 (2013)
S. Manafi, H. Nadali, H.R. Irani, Mater. Lett. 62, 4175-4176 (2008)

M. Dastborhan, A. Khataee, S. Arefi-Oskoui, Y. Yoon, Ultrason. Sonochem. 87, 106058 (2022)
B.J. Choudhury, V.S. Moholkar, Ultrason. Sonochem. 82, 105896 (2022)

M. Krishnaveni, A.M. Asiri, S. Anandan, Ultrason. Sonochem. 66, 105105 (2020)

W. Kritschmer, K. Fostiropoulos, D.R. Huffman, Chem. Phys. Lett. 170, 167-170 (1990)
S. Kano, M. Kohno, K. Sakiyama, S. Sasaki, N. Aya, H. Shimura, Chem. Phys. Lett. 378,
474-480 (2003)

L. S. Porto, D. N. Silva, A. E. F. d. Oliveira, A. C. Pereira, K. B. Borges, Rev. Anal. Chem.
38 (2019)

K. Kikuchi, N. Nakahara, T. Wakabayashi, M. Honda, H. Matsumiya, T. Moriwaki, S. Suzuki,
H. Shiromaru, K. Saito, K. Yamauchi, I. Ikemoto, Y. Achiba, Chem. Phys. Lett. 188, 177-180
(1992)

O. Nerushev, G. Sukhinin, Tech. Phys. 42, 160-167 (1997)

L.E. Kareev, V.M. Nekrasov, V.P. Bubnov, Tech. Phys. 60, 102-106 (2015)

A. Nimibofa, E.A. Newton, A.Y. Cyprain, W. Donbebe, J. Mater. Sci. 7, 22-23 (2018)

R. Otsuki, S. Nasu, R. Fujimori, K. Anada, K. Ohhashi, R. Yamamoto, K. Fujii, K. Ohkubo,
Powder Metall. 51, 622-625 (2004)

PI. Kyesmen, A. Onoja, A.N. Amah, Springerplus 5, 1323 (2016)

H. Funasaka, K. Yamamoto, K. Sakurai, T. Ishiguro, K. Sugiyama, T. Takahashi, Y. Kishimoto,
Fullerene Sci. Technol. 1, 437448 (1993)

X. Armand, N. Herlin, I. Voicu, M. Cauchetier, J. Phys. Chem. Solids 58, 18531859 (1997)
M.M. Boorum, Y.V. Vasil’ev, T. Drewello, L.T. Scott, Science 294, 828-831 (2001)

K.Y. Amsharov, M. Jansen, Carbon 45, 117-123 (2007)

S. Mitra, C.J. Pope, K.K. Gleason, Y. Makarovsky, A.L. Lafleur, J.B. Howard, MRS Proc.
270, 149 (2011)

I. Voicu, X. Armand, M. Cauchetier, N. Herlin, S. Bourcier, Chem. Phys. Lett. 256, 261-268
(1996)

L. Becker, T.E. Bunch, Meteorit. Planet. Sci. 32, 479-487 (1997)

H. Suematsu, C. Minami, R. Kobayashi, Y. Kinemuchi, T. Hirata, R. Hatakeyama, S.-C. Yang,
W. Jiang, K. Yatsui, Jpn. J. Appl. Phys. 42, L1028-L1031 (2003)

Q. Tang, S. Zhang, X. Liu, M. Sumita, S. Ishihara, H. Fuchs, Q. Ji, L.K. Shrestha, K. Ariga,
Phys. Chem. Chem. Phys. 19, 29099-29105 (2017)

B. Gayen, S. Palchoudhury, J. Chowdhury, J. Nanomater. 2019, 3451307 (2019)

R. Kumar, R.K. Singh, S.K. Yadav, R. Savu, S.A. Moshkalev, J. Alloy. Compd. 683, 38-45
(2016)

R.K. Singh, R. Kumar, D.P. Singh, R. Savu, S.A. Moshkalev, Mater. Today Chem. 12, 282-314
(2019)

H. Zhu, X. Wang, Y. Li, Z. Wang, F. Yang, X. Yang, Chem. Commun. 5118-5120 (2009)

C. Lépez, M. Zougagh, M. Algarra, E. Rodriguez-Castellén, B. B. Campos, J. C. G. Esteves
da Silva, J. Jiménez-Jiménez, A. Rios, Talanta 132, 845-850 (2015)

T.-N. Pham-Truong, T. Petenzi, C. Ranjan, H. Randriamahazaka, J. Ghilane, Carbon 130,
544-552 (2018)

M.P. Romero, F. Alves, M.D. Stringasci, H.H. Buzzd, H. Ciol, N.M. Inada, V.S. Bagnato,
Front. Microbiol. 12, 1455 (2021)

H. Li, F-Q. Shao, S.-Y. Zou, Q.-J. Yang, H. Huang, J.-J. Feng, A.-J. Wang, Mikrochim. Acta
183, 821-826 (2016)

C. Zhao, X. Li, C. Cheng, Y. Yang, Microchem. J. 147, 183-190 (2019)



54

84.
85.
86.
87.
88.

89.

90.
91.

92.
. X.W. Tan, A.N.B. Romainor, S.F. Chin, S.M. Ng, J. Anal. Appl. Pyrolysis 105, 157-165

94.
95.
96.
97.

98.

99.
100.
101.
102.
103.
104.
105.

106.
107.

108.

109.
110.

111.
112.
113.
114.
115.
116.
117.
118.
119.

120.

N. Devi et al.

Y. Wang, X. Chang, N. Jing, Y. Zhang, Anal. Methods 10, 2775-2784 (2018)

7. Han, L. He, S. Pan, H. Liu, X. Hu, J. Lumin. 35, 989-997 (2020)

Q. Wang, H. Zheng, Y. Long, L. Zhang, M. Gao, W. Bai, Carbon 49, 3134-3140 (2011)

L. Lin, Y. Wang, Y. Xiao, W. Liu, Mikrochim. Acta 186, 147 (2019)

H. Lee, Y.-C. Su, H.-H. Tang, Y.-S. Lee, J.-Y. Lee, C.-C. Hu, T.-C. Chiu, J. Nanomater. 11,
1831 (2021)

Z.Pang, Y. Fu, H. Yu, S. Liu, S. Yu, Y. Liu, Q. Wu, Y. Liu, G. Nie, H. Xu, S. Nie, S. Yao, Ind.
Crops Prod. 183, 114957 (2022)

X. Lai, L. Gao, J. Li, P. Zhang, Integr. Ferroelectr. 228, 272-280 (2022)

Y. Deng, Y. Zhou, S. Ye, J. Qian, S. Cao, J. Wuhan Univ. Technol. Mater. Sci. Ed. 37, 23-27
(2022)

C.S. Stan, C. Albu, A. Coroaba, M. Popa, D. Sutiman, J. Mater. Chem. C 3, 789-795 (2015)

(2014)

M. Rong, Y. Feng, Y. Wang, X. Chen, Sens. Actuators B Chem. 245, 868-874 (2017)

C.-W. Lai, Y.-H. Hsiao, Y.-K. Peng, P.-T. Chou, J. Mater. Chem. 22, 14403-14409 (2012)
A. Dager, T. Uchida, T. Maekawa, M. Tachibana, Sci. Rep. 9, 14004 (2019)

W. Tang, B. Wang, J. Li, Y. Li, Y. Zhang, H. Quan, Z. Huang, J. Mater. Sci. 54, 1171-1183
(2019)

Y. Li, J. Chen, Y. Wang, H. Li, J. Yin, M. Li, L. Wang, H. Sun, L. Chen, Appl. Surf. Sci. 538,
148151 (2021)

Y. Li, S. Li, Y. Wang, J. Wang, H. Liu, X. Liu, L. Wang, X. Liu, W. Xue, N. Ma, Phys. Chem.
Chem. Phys. 19, 11631-11638 (2017)

Y. Hou, Q. Lu, H. Wang, H. Li, Y. Zhang, S. Zhang, Mater. Lett. 173, 13-17 (2016)

Y.-S. Lee, C.-C. Hu, T.-C. Chiu, J. Environ. Chem. Eng. 10, 107413 (2022)

Y. Hou, Q. Lu, J. Deng, H. Li, Y. Zhang, Anal. Chim. Acta 866, 69-74 (2015)

H.Ming, Z.Ma, Y. Liu, K. Pan, H. Yu, F. Wang, Z. Kang, Dalton Trans. 41, 9526-9531 (2012)
S. Kang, Y.K. Jeong, K.H. Jung, Y. Son, W.R. Kim, J.H. Ryu, K.M. Kim, Opt. Express 28,
21659-21667 (2020)

A. Kaczmarek, J. Hoffman, J. Morgiel, T. Moscicki, L. Stobifiski, Z. Szymanski, A.
Matolepszy, Materials 14, 729 (2021)

A.K.Narasimhan, T.S. Santra, M.R. Rao, G. Krishnamurthi, RSC Adv. 7, 53822-53829 (2017)
P. Russo, R. Liang, E. Jabari, E. Marzbanrad, E. Toyserkani, Y.N. Zhou, Nanoscale 8, 8863—
8877 (2016)

S. Kang, Y.K. Jeong, K.H. Jung, Y. Son, S.-C. Choi, G.S. An, H. Han, K.M. Kim, RSC Adv.
9, 38447-38453 (2019)

S. Dey, A. Govindaraj, K. Biswas, C.N.R. Rao, Chem. Phys. Lett. 595-596, 203-208 (2014)
N. Biazar, R. Poursalehi, H. Delavari, in AIP Conference Proceedings (AIP Publishing LLC,
2018), p. 020033

J.-P. Salvetat, J.-M. Bonard, N. Thomson, A. Kulik, L. Forro, W. Benoit, L. Zuppiroli, Int. J.
Appl. Phys 69, 255-260 (1999)

J. Hone, Dekker Encycl. Nanosci. Nanotechnol. 7, 603—-610 (2004)

C.S. Foote, (Springer Berlin Heidelberg, Berlin, Heidelberg, 1994), pp. 347-363

Y. Wang, A. Hu, J. Mater. Chem. C 2, 6921-6939 (2014)

G.X. Wang, J.-H. Ahn, J. Yao, M. Lindsay, H.K. Liu, S.X. Dou, J. Power Sources 119-121,
16-23 (2003)

K.K. Singh, B. Kachhi, A. Singh, D.K. Sharma, Int. J. New Chem. 9, 348-360 (2022)

X.X. Wang, J.N. Wang, H. Chang, Y.F. Zhang, Adv. Funct. Mater. 17, 3613-3618 (2007)

C. Kang, 1. Lahiri, R. Baskaran, W.-G. Kim, Y.-K. Sun, W. Choi, J. Power Sources 219,
364-370 (2012)

L.G. Bulusheva, A.V. Okotrub, A.G. Kurenya, H. Zhang, H. Zhang, X. Chen, H. Song, Carbon
49, 4013-4023 (2011)

W.X. Chen, J.Y. Lee, Z. Liu, Carbon 41, 959-966 (2003)



2 Carbon-Based Nanomaterials: Carbon Nanotube ... 55

121.
122.
123.
124.
125.

126.
127.

128.

129.

130.

131.
132.

133.
134.
135.

136.
137.

138.
139.
140.
141.
142.
143.
144.

145.
146.

147.
148.

149.

150.

151.
152.

153.
154.

Y. Chen, X. Li, K. Park, J. Song, J. Hong, L. Zhou, Y.-W. Mai, H. Huang, J.B. Goodenough,
J. Am. Chem. Soc. 135, 16280-16283 (2013)

Y. Hu, W. Chen, T. Lei, B. Zhou, Y. Jiao, Y. Yan, X. Du, J. Huang, C. Wu, X. Wang, Y. Wang,
B. Chen, J. Xu, C. Wang, J. Xiong, Adv. Energy Mater. 9, 1802955 (2019)

A.A. Arie, J.K. Lee, Phys. Scr. T139, 014013 (2010)

S. Sahoo, A.K. Satpati, P.K. Sahoo, P.D. Naik, ACS Omega 3, 17936-17946 (2018)

C. Park, E. Lee, S.H. Kim, J.G. Han, C. Hwang, S.H. Joo, K. Baek, S.J. Kang, S.K. Kwak,
H.K. Song, N.S. Choi, J. Power Sources 521, 230923 (2022)

D. Zhang, M. Miao, H. Niu, Z. Wei, ACS Nano 8, 45714579 (2014)

K.H. An, W.S. Kim, Y.S. Park, Y.C. Choi, S.M. Lee, D.C. Chung, D.J. Bae, S.C. Lim, Y.H.
Lee, Adv. Mater. 13, 497-500 (2001)

M. Nawwar, R. Poon, R. Chen, R.P. Sahu, L.K. Puri, I. Zhitomirsky, Carbon Energy 1, 124133
(2019)

Z.Peng, Y. Hu, J. Wang, S. Liu, C. Li, Q. Jiang, J. Lu, X. Zeng, P. Peng, F.F. Li, Adv. Energy
Mater. 9, 1802928 (2019)

S. Maji, R.G. Shrestha, J. Lee, S.A. Han, J.P. Hill, J.H. Kim, K. Ariga, L.K. Shrestha, Bull.
Chem. Soc. Jpn. 94, 1502-1509 (2021)

S. Xiong, F. Yang, H. Jiang, J. Ma, X. Lu, Electrochim. Acta 85, 235-242 (2012)

A. Ramadan, M. Anas, S. Ebrahim, M. Soliman, A.I. Abou-Aly, Int. J. Hydrog. Energy 45,
16254-16265 (2020)

M.R. Benzigar et al., Microporous Mesoporous Mater. 285, 21-31 (2019)

S. Zheng, H. Ju, X. Lu, Adv. Energy Mater. 5, 1500871 (2015)

J. Chen, J.Z. Wang, A.I. Minett, Y. Liu, C. Lynam, H. Liu, G.G. Wallace, Energy Environ.
Sci. 2, 393-396 (2009)

D.-Y. Shin, K.-W. Sung, H.-J. Ahn, Chem. Eng. J. 413, 127563 (2021)

Y. Jin, C. Hu, Q. Dai, Y. Xiao, Y. Lin, J.W. Connell, F. Chen, L. Dai, Adv. Funct. Mater. 28,
1804630 (2018)

Z. Bagheri, Appl. Surf. Sci. 383, 294-299 (2016)

Z.Li, F. Liu, S. Chen, F. Zhai, Y. Li, Y. Feng, W. Feng, Nano Energy 82, 105698 (2021)
H.Lv, Y. Yuan, Q. Xu, H. Liu, Y.-G. Wang, Y. Xia, J. Power Sources 398, 167-174 (2018)
G. Chen, S. Wu, L. Hui, Y. Zhao, J. Ye, Z. Tan, W. Zeng, Z. Tao, L. Yang, Y. Zhu, Sci. Rep.
6, 19028 (2016)

W. Yang, P. Thordarson, J.J. Gooding, S.P. Ringer, F. Braet, Nanotechnology 18, 412001
(2007)

J. Chen, S. Chen, X. Zhao, L.V. Kuznetsova, S.S. Wong, I. Ojima, J. Am. Chem. Soc. 130,
16778-16785 (2008)

E. Heister, V. Neves, C. Lamprecht, S.R.P. Silva, HM. Coley, J. McFadden, Carbon 50,
622-632 (2012)

M.N. Al-Qattan, P.K. Deb, R.K. Tekade, Drug Discov. 23, 235-250 (2018)

K. Sapna, M. Tarique, A. Asiamma, T. N. Ravi Kumar, V. Shashidhar, A. B. Arun, K. S.
Prasad, J. Biosci. Bioeng. 130, 424-430 (2020)

M. Herndndez-Rivera, N.G. Zaibaq, L.J. Wilson, Biomaterials 101, 229-240 (2016)

B.B. Karakocak, A. Laradji, T. Primeau, M.Y. Berezin, S. Li, N. Ravi, A.C.S. Appl, Mater.
Interfaces 13, 277-286 (2021)

K.M. Tripathi, H.T. Ahn, M. Chung, X.A. Le, D. Saini, A. Bhati, S.K. Sonkar, M.I. Kim, T.
Kim, A.C.S. Biomater, Sci. Eng. 6, 5527-5537 (2020)

C. Zhao, X. Wang, L. Yu, L. Wu, X. Hao, Q. Liu, L. Lin, Z. Huang, Z. Ruan, S. Weng, A.
Liu, X. Lin, Acta Biomater. 138, 528-544 (2022)

H. Ding, X. Zhou, B. Qin, Z. Zhou, Y. Zhao, J. Lumin. 211, 298-304 (2019)

L. Tan, T. Wu, Z.-W. Tang, J.-Y. Xiao, R.-X. Zhuo, B. Shi, C.-J. Liu, Nanotechnology 27,
315104 (2016)

W. Liu, J. Wei, Y. Chen, New J. Chem. 38, 6223-6229 (2014)

B. Panchapakesan, S. Lu, K. Sivakumar, K. Taker, G. Cesarone, E. Wickstrom, J. Nanobiotech-
nology 1, 133-139 (2005)



56

155.

156.

157.

158.

159.

160.
161.
162.

163.

164.

165.

166.
167.
168.

169.

170.
171.
172.

173.
174.
175.

176.
177.
178.
179.

180.
181.

182.
183.

184.
185.
186.
187.
188.
189.
190.
191.

N. Devi et al.

C. Nie, Y. Yang, C. Cheng, L. Ma, J. Deng, L. Wang, C. Zhao, Acta Biomater. 51, 479494
(2017)

Y. Bai, 1.S. Park, S.J. Lee, T.S. Bae, F. Watari, M. Uo, M.H. Lee, Carbon 49, 3663-3671
(2011)

A.A. Bhirde, V. Patel, J. Gavard, G. Zhang, A.A. Sousa, A. Masedunskas, R.D. Leapman, R.
Weigert, J.S. Gutkind, J.F. Rusling, ACS Nano 3, 307-316 (2009)

X. Yan, Y. Zhao, J. Luo, W. Xiong, X. Liu, J. Cheng, Y. Wang, M. Zhang, H. Qu, J.
Nanobiotechnol. 15, 60 (2017)

S. Pandiyan, L. Arumugam, S.P. Srirengan, R. Pitchan, P. Sevugan, K. Kannan, G. Pitchan,
T.A. Hegde, V. Gandhirajan, ACS Omega 5, 30363-30372 (2020)

X.-W. Hua, Y.-W. Bao, F.-G. Wu, A.C.S. Appl, Mater. Interfaces 10, 10664-10677 (2018)
S. Samimi, M.S. Ardestani, F.A. Dorkoosh, J. Drug Delivery Sci. Technol. 61, 102287 (2021)
X. Hao, L. Huang, C. Zhao, S. Chen, W. Lin, Y. Lin, L. Zhang, A. Sun, C. Miao, X. Lin, M.
Chen, S. Weng, Mater. Sci. Eng. C. 123, 111971 (2021)

H.S. Zavareh, M. Pourmadadi, A. Moradi, F. Yazdian, M. Omidi, Int. J. Biol. Macromol. 165,
1422-1430 (2020)

Z.Qu,L.Liu, T. Sun, J. Hou, Y. Sun, M. Yu, Y. Diao, S. Lu, W. Zhao, L. Wang, Nanotechnology
31, 175102 (2020)

Z.M. Markovié¢, M. Labudova, M. Danko, D. Matijasevi¢, M. Micusik, V. Nadazdy, M.
Kovacova, A. Kleinovd, Z. §pitalsk)’/, V. Pavlovi¢, D.D. Milivojevi¢, M. Medié, M.B.
Todorovi¢ Markovié, ACS Sustain. Chem. Eng. 8, 16327-16338 (2020)

E. Yifeng, L. Bai, L. Fan, M. Han, X. Zhang, S. Yang, J. Mater. Chem. 21, 819-823 (2011)
K. He, H. Ran, Z. Su, Z. Wang, M. Li, L. Hao, Int. J. Nanomed. 14, 519 (2019)

Q. Tang, W. Xiao, J. Li, D. Chen, Y. Zhang, J. Shao, X. Dong, J. Mater. Chem. B 6,2778-2784
(2018)

J. Shi, X. Yu, L. Wang, Y. Liu, J. Gao, J. Zhang, R. Ma, R. Liu, Z. Zhang, Biomaterials 34,
9666-9677 (2013)

P.K. Brahman, L. Suresh, V. Lokesh, S. Nizamuddin, Anal. Chim. Acta 917, 107-116 (2016)
C. Hu, C. Yang, S. Hu, Electrochem. Commun. 9, 128-134 (2007)

A. Wisitsoraat, P. Sritongkham, C. Karuwan, D. Phokharatkul, T. Maturos, A. Tuantranont,
Biosens. Bioelectron. 26, 1514—1520 (2010)

T. Gan, K. Li, K. Wu, Sens. Actuators B Chem. 132, 134-139 (2008)

R.T. Kachoosangi, G.G. Wildgoose, R.G. Compton, Analyst 133, 888—895 (2008)

R. Wu, S. Yu, S. Chen, Y. Dang, S.-H. Wen, J. Tang, Y. Zhou, J.-J. Zhu, Anal. Chim. Acta
1229, 340365 (2022)

W. Guo, F. Pi, H. Zhang, J. Sun, Y. Zhang, X. Sun, Biosens. Bioelectron. 98, 299-304 (2017)
B.B. Prasad, A. Kumar, R. Singh, Carbon 109, 196-207 (2016)

J.A. Rather, P. Debnath, K. De Wael, Electroanalysis 25, 2145-2150 (2013)

L. Taouri, M. Bourouina, S. Bourouina-Bacha, D. Hauchard, J. Food Compost. Anal. 100,
103811 (2021)

Y. Zhu, S. Huai, J. Jiao, Q. Xu, H. Wu, H. Zhang, J. Electroanal. Chem. 878, 114726 (2020)
H. Wu, S. Fan, X. Jin, H. Zhang, H. Chen, Z. Dai, X. Zou, J. Anal. Chem. 86, 6285-6290
(2014)

M. Mazloum-Ardakani, A. Khoshroo, Electrochem. Commun. 42, 9-12 (2014)

J. A. Rather, A. J. Al Harthi, E. A. Khudaish, A. Qurashi, A. Munam, P. Kannan, Anal.
Methods 8, 5690-5700 (2016)

R.N. Goyal, V.K. Gupta, N. Bachheti, R.A. Sharma, Electroanalysis 20, 757-764 (2008)
L.-H. Lin, J.-S. Shih, J. Chin. Chem. Soc. 58, 228-235 (2011)

L. Xiao, G.G. Wildgoose, R.G. Compton, Anal. Chim. Acta 620, 44-49 (2008)

M. Zhang, A. Smith, W. Gorski, J. Anal. Chem. 76, 5045-5050 (2004)

H. Nie, Z. Yao, X. Zhou, Z. Yang, S. Huang, Biosens. Bioelectron. 30, 28-34 (2011)

I. Cesarino, F.C. Moraes, M.R.V. Lanza, S.A.S. Machado, Food Chem. 135, 873-879 (2012)
G. Yang, F. Zhao, Biosens. Bioelectron. 64, 416422 (2015)

J. Bai, C. Sun, X. Jiang, Anal. Bioanal. Chem. 408, 4705-4714 (2016)



2 Carbon-Based Nanomaterials: Carbon Nanotube ... 57

192.
193.
194.
195.

W. Zheng, H. Wu, Y. Jiang, J. Xu, X. Li, W. Zhang, F. Qiu, Anal. Biochem. 555, 42-49 (2018)
V.N. Palakollu, R. Karpoormath, L. Wang, J.-N. Tang, C. Liu, J. Nanomater. 10, 1513 (2020)
L. Yu, X. Yue, R. Yang, S. Jing, L. Qu, Sens. Actuators B Chem. 224, 241-247 (2016)

Y. Feng, Y. Li, S. Yu, Q. Yang, Y. Tong, B.-C. Ye, Analyst 146, 5135-5142 (2021)



Chapter 3 ®)
Graphene-Based Materials: Synthesis e
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 sp? 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 A) [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 m?g~!, optical transparency, exceptional thermal
conductivity (~2000-5000 Wm~" K1), 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

Fullerene Graphite

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, SiO,, Al,O3, 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).

Bottom up
®
00 O
o O,
w
Graphite A Graphene Carbon molecules

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
(NaBH,). 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 K;FeQy, 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).
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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
K;,FeO4. 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 faxis
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
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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 wm, 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, ¢ 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 aresult, 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 Advantages Limitations References
procedure
Micromechanical |+ Easy procedure » Poor reproducibility [18]
exfoliation » Excellent quality * Not amenable to
* Suitable for fundamental large-scale production
research
CVD  Large surface area (upto |+ Costly process [64]
~1 cm?) * Poor scalability
* Low defects
» Large-scale production
 High quality
Epitaxial growth * High quality * Very expensive [18]
* Less defects » High-temperature process
Unzipping of CNTs | « Scalable e Low yield [75]
* Controlled growth ¢ Costly
* Control on
functionalization and edge
quality
Reduction of GO ¢ Low cost * Higher defects [76]
» Easy procedure

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 26 = 26.35° corresponding to interplanar spacing d = 3.34 A.
Graphite oxide peak found to be shifted left at 26 = 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)
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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, ¢ 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 T—m* 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
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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
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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™! and represents the disorder or defect in sp? carbon atom. The E2g mode
at the I'-point gives rise to G band peak about 1583 cm™! 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 (Ip/I) 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 10'3 cm™2, and room-temperature mobilities of ~10,000
cm? 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 NO,, NHs, H,O, 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. 