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Preface

Advanced carbon materials represent the next scientific revolution, especially

in the fields of nanotechnology, drug delivery, and materials sciences. Advanced
carbon materials such as graphene, fullerenes, and carbon nanotubes (CNTs) are
heavily researched nanostructures. Due to their outstanding physical properties,
advanced carbon monoliths have been used in photovoltaic, environmental, energy,
thermal, and electronic applications. The 21st century is considered the “scientific
era of graphene,” which is a form of carbon with desirable properties such as high
electrical conductivity, thermal conductivity, strength, and permeability. Graphene
is a material that conducts electricity and heat maximally, making it an ideal
candidate for energy and thermal applications, respectively. The book includes
comprehensive information on fabrication, emerging physical properties, and
technological applications of advanced carbon materials.

The book is organized into three sections, each of which contains two detailed and
comprehensive chapters. Section 1, “Advanced Carbon Materials: A Comprehensive
Overview,” includes Chapter 1, “Introductory Chapter: Introduction to Advanced
Carbon Materials and Innovative Engineering Applications, and Chapter 2,
“Advanced Carbon Materials: Base of 21st Century Scientific Innovations in
Chemical, Polymer, Sensing and Energy Engineering”

Chapter 1 provides detailed insight into various forms of advanced carbon materials,
including graphene, structural graphite, CNTs, diamond-like carbon (DLC),
carbon foam, and fullerene. It discusses both physical properties and applications

of advanced carbon materials. Chapter 2 reviews the conjugation of graphene with
other 2D materials to produce further remarkable compounds appropriate for an
extensive variety of applications. The chapter examines the uses and applications of
advanced carbon materials in chemical, polymer, sensing, and energy engineering.

Section 2, “Sustainable Fabrication of Advanced Carbon Materials for Applied
Applications,” includes Chapter 3, “Carbon Nanotubes Integrated Hydroxyapatite
Nano-Composite for Orthopaedic and Tissue Engineering Applications”

and Chapter 4, “Advanced Carbon Materials for Sustainable and Emerging
Applications.”

Chapter 3 provides fabrication details for CNTs with significant physical properties
for applied applications in orthopaedics and tissue engineering. Chapter 4 describes
advanced carbon materials for sustainable applications in electronics, energy
conservation, drug delivery, and more. These advanced materials are the future of
sustainable energy production and storage devices owing to their capability to store
energy on a large scale. In the near future, fuel cells will likely replace battery-based
energy systems, and graphene sheets will be game-changers in microelectronics.

Section 3, “Electrochemistry of Advanced 2D Carbon Materials,” includes Chapter
5, “Electrochemical Exfoliation of 2D Advanced Carbon Derivatives” and Chapter 6,
“Carbon Nanotubes.”



“Chapter 1, Introductory Chapter: Introduction to Advanced Carbon Materials and
Innovative Engineering Applications” will have a detailed insight into various forms
of advanced carbon materials especially graphene, structural graphite, carbon
nanotubes, diamond-like carbon (DLC), carbon foam and fullerene, respectively.
The chapter grants detailed insight into physical properties and applications of
advanced carbons materials.

“Chapter 2: Advanced Carbon Materials: Base of 21st Century Scientific Innovations
in Chemical, Polymer, Sensing and Energy Engineering” will have a detailed

insight with respect to conjugation of graphene with other 2D material which will
be developed to produce further remarkable compounds that make it appropriate
for an extensive variety of applications. This chapter grants the utilization and
applications of advanced carbons materials in chemical, polymer, sensing and
energy engineering.

“Chapter 3: Carbon Nanotubes Integrated Hydroxyapatite Nano-Composite for
Orthopaedic and Tissue Engineering Applications” will give fabrication details for
Carbon nanotube with significant physical properties for applied applications in
orthopaedics and tissue engineering.

“Chapter 4: Advanced Carbon Materials for Sustainable and Emerging
Applications” will describe in-depth details of advanced carbon materials as

a sustainable prospectus. Advance carbon nanomaterials are receiving a lot of
attention from scientific research in the last few years owing to their unique
mechanical, thermal, chemical, optical and electrical properties. Advanced carbon
nanomaterials, comprising of graphene, fullerene, carbon fibers, activated carbon
and carbon nanotubes are considered as the backbone of material science and
technological innovation. These nanomaterials are fabricated by using different
physical and chemical methods to get high materials with excellent characteristics.
Advanced carbon materials also find applications in electronics, organic
photovoltaic, energy conservation technology and drug delivery, etc. In the future,
these advanced materials can be used to develop several materials with different
applications. A lot of research is taking place for producing these materials on the
industrial level. These advanced materials are the future of sustainable energy
production and storage devices owing to their capability to store energy on large
scale. Fuel cells also in the near future are thought to replace battery-based energy
systems. Graphene sheets may have the potential to be a game-changing use in
microelectronics. The demand for advanced carbon materials will continue to grow
for technological innovation.

Chapter 5 talks about advanced 2D carbon materials such as graphene and its
derivatives, which are basic building blocks for future nanostructures in electronics
and energy owing to their remarkable physical and chemical properties. A variety
of techniques have been employed to develop 2D advanced carbon materials,
including state-of-the-art synthetic protocols like electrochemical exfoliation,
which provides high yield, great performance, low cost, and excellent scalability.
Notably, playing with electrochemical parameters not only allows tuneable
properties but also enhances the content variety from graphene to a wide spectrum
of 2D semiconductors. This chapter provides a succinct and comprehensive survey
of recent progress in electrochemical exfoliation routes and presents the processing
techniques, strategic design for exfoliations, mechanisms, and electrochemistry of
graphene.
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Chapter 6 describes CNTs, also referred to as carbon nano-architecture allotropes,
with wrapped graphene sheets forming a cylindrical structure. CNTs are either
developed by metals or narrow-band semiconductors with rolling graphene sheets
in various ways. CNTs possess certain peculiar properties, such as a high degree

of stiffness, wide ratio of length to diameter, and remarkable toughness, and are
employed in several applications. These properties can be enhanced by scheming
the diameter, nature of walls, chirality, and length depending on the synthesis
process. This chapter examines the various properties of CNTs and explains
numerous methods of synthesis and processing of CNTs, comparing advantages and
drawbacks.

I acknowledge the Higher Education Commission Start Up Research Grant (2410)
for financial support. I am deeply thankful to my coeditor, Professor Emeritus Dr.
Asghari Magsood, for expert advice and critical comments. I am thankful for the

support of my family, without which this book would not have been possible.

Dr. Mujtaba Ikram
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University of the Punjab,

Lahore, Pakistan

Dr. Asghari Magsood
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Chapter1

Introductory Chapter:
Introduction to Advanced
Carbon Materials and Innovative
Engineering Applications

Sadia Sharif, Sana Arbab, Amna Saeed, Khurram Shahzad,
Muhammad Aamir Igbal, Abdullah Khan Durrani,
Asghari Magqsood and Mujtaba Ikram

1. Introduction

Carbon belongs to the group IV of periodic table with atomic number 6. Graphite,
diamond and fullerene are the allotropic forms of carbon. Carbon-based materials
are versatile in term of applications due to its nature to chemically combine with other
carbon-based materials and to make a strong covalent bond with a range of different
elements. Therefore, they have outstanding properties like high strength, high density,
and high hardness. The amazing characteristics of carbon materials make them most
suitable candidate in various applications of advance technology. Graphene, carbon
fibers, carbon foams, structural graphite (special graphite), carbon nanotubes (CNT),
diamond-like carbon (dlc) and nano-crystalline diamond (ncd) are all included in
advance carbon materials category. Advance carbon material are backbone of next
generation scientific revolution especially in field of nanotechnology and materials
sciences, respectively. Advanced carbon materials which are graphene, fullerenes,
CNTs are considered most researched nanostructures in last couple of decades. Due
to outstanding physical properties of advanced carbon monoliths, it has been used in
photovolatic, environment, energy, thermal, and electronic applications. 21st century is
being considered as “Scientific era of graphene”, which is most amazing form of carbon
due to highest electrical conductivity, thermal conductivity, strength and permeabile
properties. Graphene is a material which conducts electricity and heat to maximum,
which makes it an ideal candidate for energy and thermal applications, respectively.
The following chapter will have a detailed insight in various forms of advanced carbon
materials especially graphene, structural graphite, carbon nanotubes, diamond-like
carbon (DLC), carbon foam and fullerene, respectively. The chapter grants detailed
insight into physical properties and applications of advanced carbons materials.

2. Types of advanced carbon materials and related application
2.1 Graphene

Graphene is first ever 2-D allotropic form of carbon with hybridized Sp2 bonding
which gave rise to new advancements in research and technology. The mysterious
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Figure 1.
Descriptive illustration of various structures of graphene.

electronics, structural, electrochemical, and physicochemical features of single layer
of this material are significantly the big concern for the material scientists [1-4].
Mono atomic carbon layer extending across the two provided large surface areas due
to an incredibly porous material [5], representing its potent absorbing ability. Hereby,
scientists may conclude that it is a great adsorption applicant.

Thanks to the intersection among conduction and valence band at six posi-
tions in momentum at the Dirac points, graphene is often considered a zero-gap
semiconductor [6]. Zero band gap depicts “zigzag” with the presence of an “arm-
chair”. Descriptive illustration of various structure of graphene is represented in
Figure 1. Moreover, high charge room temperature durability, as demonstrated
by previous research, is 15000 cm’V s [7]. In some earlier studies, the identi-
cal charge flexibility for hole and electron was also stated [8-11]. The splitting
stability of charge carriers at a room temperature of audible graphene phonons is
noted to be 4.5 x 10° times more than copper [12]. At room temperature, gra-
phene plates give lowest resistivity 10°° Q cm, which is lower compared to silver
[13]. Graphene in twisted bilayer form exhibited superconductivity [8, 14].
Owing to its adsorption power which is nearly 2.3% of the red light, and approxi-
mately 2.6% of the green light, the mono-atomic dense bilayer surface can be
observed with the naked eye [14]. Graphene has an exceptional clarity for mono-
layer atomic structure in vacuum [15]. Thermal behavior, one of the key charac-
teristics of graphene, an efficient and desirable tested route for many researchers
because of its high ability in thermal applications. In previous experiments, a
comparative study of graphite and graphene found that the thermal conductiv-
ity varies in both materials at room temperature which are 2000 W.m".K™" and
5300 W.m "K', respectively [16]. However, recent progress has demonstrated
that the former thermal conductivity value is sustainable, in fact it ranges from
1500 to 2500 W-m K" for individual layer of graphene [17-25].

Graphene has two dimensions. The LA and TA showed linear dispersion relation
whereas the quadratic scattering relation was observed because of off-plane mode.
That is why the linear dispersion mode has high thermal conductivity relative to the
off-plane mode [26]. The negative GPs found by the phonon graphene bands and at
low temperatures are significant, while the clear link between the negative GPs and
thermal expansion coefficient [27]. The graphene structure is layered and the spac-
ing is around 0.335 nm between each sheet. Toughness of graphene is 130 GPa and
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it has 1TPa Young’s Modulus, which is why it is significantly a stronger material than
others [28]. Scientists have found that Graphene monolayer have a large-angle-bent,
which gives a slight strain, so 2D carbon monoliths displayed important mechanical
and physical features. Moreover, the charge mobility in the monolayer of graphene
does not alter after high disruption [29].

2.1.1 Applied applications of graphene based materials

Graphene is versatile material owing to excellent physical properties. It has been
used in many applications in industry and environment. Following are the applica-
tions of components from graphene.

* Energy storage and solar cell [30, 31]
* Sensors, photo detectors, Transistors and memories [32-40]
e Flexible, stretchable and foldable electronics [41-45]
* Biotechnology and medicines [46-51]
2.2 Structural graphite

The word “Graphite” is taken from a Greek-word “graphein” having meanings of
“to write”, This is a grayish-black naturally-occurring carbon-material with a radi-
ant black-shine. It is a unique material which shows properties of both crystalline &
non-crystalline and of a metal & non-metal. On this basis, graphite can be classified
as natural and synthetic-graphite.

2.3 Natural-graphite
Naturally-occurring graphite is further grouped into three classes:
* Crystalline-graphite or structural-graphite
* Amorphous-graphite
* Flake-graphite
2.3.1 Crystalline or structural-graphite

Graphite has a layer-structure with hexagonal-arrangement of C-atoms con-
taining covalent-bonding “honeycomb-structure”. The layers are stacked together
by secondary-bonding type that is, Van-der-Waals interactions which measure
the weak shear-strength of graphite. Therefore, by applying a small shear-stress,
deformation in structure happens and thus graphite comes out to be anisotropic
where properties depend on the direction of applied-force. In structural-graphite,
every C-atom is covalently associated to three neighboring C-atoms and that is how
each atom leaves a spare free-electron. These free-electrons form a delocalized-
cloud of electrons which is weakly bonded to layers which is an ultimate-reason of
graphite’s good electrical-conductivity along each layer [52]. Structure of graphite is
respresented in Figure 2.
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Van der Waals
interactions

Figure 2.
Structure of graphite [52].

2.3.2 Artificial or synthetic-gvaphite

Artificial-graphite is obtained by graphitization of nongraphitic carbon and via
chemical-vapor-deposition CVD from hydro-carbons using higher temperatures.
This graphite is not highly crystalline as natural-graphite or structural-graphite.
Example includes synthetic-graphite obtained via heating calcined-petroleum at
about 2800°C.

2.3.3 Applied applications and physical properties of graphite

On account of structural, chemical and mechanical properties of graphite, some
important applications are listed in the table below:

Properties Areas of application

Chemical-inertness & high-T Used as refractory-materials such as in making of refractory-bricks
stability Mag-Carbon ‘Mg-C’.

Directional electrical-conductivity In chemical-industry, graphite is used as an electrode [53] in specific

electrolytic-solutions and in various anti electrical-instrumental
coverings as charges-passivator.

High-coefficients of thermal- These properties enable graphite to use as moderator-rods and
conductivity & low-absorption of reflector-components in nuclear-reactors [54].
neutron

2.4 Carbon foam (C-foam)

The C-materials are best known for their wide-range porous-structure with
variety of size and number of pores [55, 56]. Among fibrous, tubular, granular and
other platelet & spherical morphologies of C-materials, C-foam has a particular-pore
organization, where there is an interconnection of various macropores (cells) to
form an open-cell-structure. Actually, this unique cell-structure defines the novel
characteristics and features of these substances such as low density, high thermal-
stability, water resistive surfaces, efficient thermal and electrical-conductivities, etc.
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Window

Figure 3.
SEM-shot of C-foam [57].

Thermal and electrical conductivities can be altered for bulky-C-products by making
controlled-changes in the internal. Cell-structure to define C-foam can be understood
thoroughly from the SEM-image in Figure 3. Two distinct pores can be observed in
the image: a macropore called “cell” which is surrounded by “C-wall” and other is a
hole in C-wall called “window”. Window connects the neighboring cells together to
form a Cell-structure. With these terminologies, the concept of C-foam is described
as: Components with enlarged pores where cells (macropores or sometimes meso-
pores) are interconnected through windows and thus provide space to introduce other
types of substances inside the pores to increase substrate compatibility [58].

2.4.1 Applied application and physical properties of C-foam

Properties Applications

Low & High- Low conductivity-foams are perfect-electrical-conductors having a wide-bandgap

electrical- to use in radar-absorption and electromagnetic-shielding applications. Similarly,

conductivity RVC-foams (foams obtained through reticulated-vitreous-carbon) with high

(0.01-10°Q) conductivity, 97% high-pore volume and honeycomb-structure are used as
optically-transparent electrodes [59].

High-thermal With good thermal conductivity and low thermal-expansion coefficients, C-foams

conductivity can be used in thermal-energy storage-devices [60].

Coupling of These properties enable C-foam to use in air-crafts and ship materials.

low-weight, high-
strength & resistance

to fire

High-specific-area Activation agents are used in C-wall to increase the volume of pores which

due to open-cell ultimately provide a larger-specific-area for the adsorption/desorption of water
structure [61-63], radioactive-Cs [61-65], carbon-dioxide and oxygen.

2.5 Carbon nanotubes (CNTs)

As the name suggests, these are tubes of carbon with diameters of nanometer-
range which are also known as “bucky-tubes”. The tubular C-structure was first
studied in 1991 by lijima [66, 67]. These were named as “multi-walled CNTs
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Figure 4.
(a) SW-NT [4] ¢ (b) MW-NT [71].

(MW-CNT)”. Single-partition (SW) CNT was synthesized by Bethune [68]. Both
the types can synthesize using three methods: arc-ablation, thermal decomposi-
tion and catalytic-growth. To understand the structure of SW-CNT, structure

of crystalline-graphite should be known. As graphite contains stacked-layers of
hexagonally-arranged C-atoms with sp’-configuration. The stacking of these layers
is due to inter-molecular forces and separately single layer is known as “graphene
sheet”. Each nanotube comprises of millions of C-atoms and in SW-NT only ten
atoms are arranged at circumference and thickness of tube is ~1 atom [69, 70]. The
structures of single wall and multi wall nanotubes are shown in Figure 4.

2.5.1 Applied applications and physical properties of CNT's

CNTs show a great combination of superlative-mechanical, electrical and
thermal properties which is mainly due to sp’ C-C bonding ability. These properties
have opened their ways to the various areas of industrial-applications, some of them
are listed below.

Properties Areas of application
High-stiffness & High- CNTs are the strongest-material among other C-materials ever discovered
tensile strength by humans’ history. These are the materials with Young’s Modulus >1TPa

which is 5x more than of steel and tensile-strength of ~63GPa which is 50x
more than that of steel [72]. Due to these properties, CNTs have replaced
steel in many applications such as sports-goods: bicycle-components, ice
hockey-sticks, baseball-bats, skis etc.

Strong chemical If these properties of CNTs are coupled with the light-weight property of
and environmental- C-based materials, then these materials have potential applications in the
reliability & efficient field of aerospace [73].

thermal-conductivity

Electrical-conductivity CNTs have high-electrical conductivity which is comparable to that of
copper and are being used in electronics [74].

2.6 Fullerene

The fullerene discovery in 1985 has revotulized the scientific field. It has been used
widely in physical, biological and chemical applications, respectively. Amazing physi-
cal properties are attribute of C60, which is actually a member of fullerene family.

2.7 Diamond-like carbon (DLC)

Diamond-like carbon (DLC) is undefined carbon [75, 76]. In DLC, considering
the hybridization of sp3, no periodicity exists because of the heterogeneity of the
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bond angle C-C-C. The DLC has low density than that of diamond. Preferably DLC

is composed of only sp3 carbon atoms. The processed content, though, sometimes
contains sp3 and s2 carbon atoms. The existence of sp2 carbon atoms does not make
the substance electrically isolated. In terms of hardness and thermal conduction, DLC
is not as strong as diamond, but is much cheaper. The DLC is widely used for painting
purposes for better wear resistance and thermal conductivity, owing to its low coeffi-
cient of friction. The DLC is normally produced by plasma enhanced chemical vapor
deposition (PECVD. The accumulation conditions vary from DLC to diamond. The
DLC is hydrogenated frequently during its development to inactive the collar bonds.
Such passivation is beneficial to minimize the electric capacitance in the DLC [77].

3. Conclusion

Advanced carbon materials are backbone for scientific revolution of 21st century
especially in nanotechnology. Carbon nanotubes (CNTs) and graphene are most
researchered nanomaterials for the last decade due to outstanding physical proper-
ties. Graphene, being the first ever 2-D material, bring huge opportunities and
potential for novel materials research due to good electrical conductivity, thermal
conductivity, tensile strength and good dielectric properties, respectively. Due to
unique characteristics of graphene monoliths, it has been employed in various fields
such as electrical, thermal. Mechanical, and optical applications. In conclusion,
advanced carbon materials will be the driving force for next generation scientific
revolution.
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Abstract

Advance carbon material that includes graphene, fullerenes, hierarchical
carbon, and CNTs are referred to as strength of revolution and advancement in
the era of material science and technology. In general, 20th century corresponds to
plastic meanwhile 21st century will be named as “Century of Graphene” owing to
its exceptional physical properties. Graphene is now well-known and prominent 2D
carbon allotrope that is considered as multipurpose material in comparison with
any material discovered on earth. One of the interesting properties of graphene
is strongest and lightest material that enables it to conduct electricity and heat
as compared to any other material. Such features permit it to utilize in numerous
applications including biosensors, electronic industry, environmental remediation,
drug delivery, energy storage, and production as well. Owing to these capabilities,
it can be stated that graphene can be utilized to improve effectiveness and perfor-
mance of existing substances and materials. In the future, conjugation of graphene
with other 2D material will be devolved to produce further remarkable compounds
that make it appropriate for an extensive variety of applications. This chapter
grants the utilization and applications of advanced carbons materials in chemical,
polymer, sensing and energy enegineering.

Keywords: polymer composites, nano coatings, lubricants, nanofluids, biosensors,
fuel cells, supercapacitors

1. Introduction

Carbon has been distinguished into variety of forms as amorphous carbon,
diamond, and graphite. Among these, the well-recognized allotropes of carbon
since ancient times are diamond and graphite. The third kind of carbon named
fullerene was discovered by Kroto et al. in 1985 whereas; carbon nanotubes (CNTs)
were discovered by lijima in 1991 that leads to gain a significant role in the field of
science and technology. Accordingly, only three kinds of carbon allotropes were
identified and well-known in the carbon family are first, diamond and graphite
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(3D) secondly, CNTs (1D) and thirdly, fullerenes (OD). Later, in 1991 it was
realized that CNTs were fabricated by rolling of 2D graphene single sheet that was
extracted from 3D graphitic material [1-3]. Furthermore, isolation of graphene
was somewhat struggling and indefinable concerning any effort corresponds to
experimental research until 2004. Graphene is an elementary structural element
of CNTs, fullerenes, and graphite that are named as allotropes of carbon family.
Fullerene is entitled as buckyball as it is composed of carbon sheets in the arrange-
ment of spherical profile. In comparison with fullerene, CNTs acquire tubular
form. For more than two decades, CNTs and fullerene-based martial expose
extensive applications in the varied portion of the research that involve biosensors,
super-capacitors, electrochemical sensors, electronics, fuel cells, batteries, and
medicinal applications. Presently, graphene is entitled as “Rising Star Candidate”
after its effective production from scotch tape process by utilizing voluntarily
accessible graphite by Andre Geim and his coworkers in 2004. Single-layer sheets
of graphene consist of carbon atom that is sp* bonded and acquires honeycomb-
like lattice which is densely packed. As an active material, remarkable properties
of graphene that include tunable bandgap, high specific surface area, superior
thermal, electrical stability and conductivity, and more importantly Hall effect
(at room temperature) provides suitable platform for its utilization in the produc-
tion of several composites materials [4]. Struggles were devoted to reviewing the
structure and preparation of graphene its properties, possible applications, and
finally composite material [5-8]. At present, owing to possess remarkable proper-
ties, graphene is shortlisted as the most widespread material that can be employed
for several devices and applications. This chapter grants the utilization and appli-
cations of graphene in various approaches, the synthesis routes, and numerous
exceptional properties.

2. Application

Previously, graphene has illustrated promising impression to various infor-
mation communication technology areas that sorts from a high-performance
application (top-end) in ultrafast information processing (i.e. THz) to consumer
applications by means of flexible electronic structures. An authentic property of
graphene is verified by the increment in the score of chip makers now energetic in
research based on graphene. Prominently, graphene is reflected as the emerging
candidate that can be utilized for post-Si-electronics. Most auspicious applications
of graphene contain light processing, sensors, electronics, plasmonics, energy
storage, meta-materials, generators, etc. Besides, graphene is utilized to enhance
various industrial and medical processes. The overview for the applications of
graphene is displayed in Figure 1.

2.1 Polymer composites

Biphasic materials are considered as polymeric composites, which are attained by
dispersing one phase into another controllably. Modified graphene may be dispersed
into polymer-matrix to become reinforcing-filler to increase optimally physiochemi-
cal properties [10]. Firstly, Stankovich et al. presented phenyl isocyanated graphene
acting as nanofiller during the synthesis of polystyrene (PS)/graphene matrix [11]. It
was observed that only 2.4 vol% increments belonging to surface-modified graphitic
compound filled desired composites, caused by enlarged surface area graphitic
composite. The electrical conductivity attained percolation threshold by incorporat-
ing about ~0.1 vol% graphene as illustrated Figure 2. Reports offered by Eda et al.
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Figure 1.
Overview of applications of advanced carbon material (graphene) [9].
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Figure 2.
Electrical conductivity of phenyl isocyanate modifi ed. graphene filled polystyrene composites [11].

exhibited functionalized graphitic filled PS-composites showing the same electrical
properties as that of monolayer rGO nanosheets [12]. Whereas PS-composites are
being explored p-type semiconducting nature at high temperatures.

Kuila et al. reported that dodecyl-amine (DA) along with octadecy-amine
(ODA) functionalized graphitic filler during synthesis of linear-low-density poly-
ethylene (LDPE), while ethylene-vinyl-acetate (EVA) composites were obtained
respectively [13-16]. Modified-graphene was well dispersed in LLDPE as well as
EVA matrix during hydrophobic-interaction with alkyl-chains of polymer matrix
along with modifier. As far as tensile strength is concerned, it acts with storage-
modulus collectively to composites as they are increased with surface-modified gra-
phene optimally to a certain limit, thereby decreasing with additional fillers. Epoxy
graphitic composites have been detailed in investigation processes [17-19]. It has
been keenly observed that little increment of surface-modified graphitic material
increasingly enhances mechanical as well as thermal stability as compared with neat
epoxy. This corresponds to reasonable surface area along with superior mechanical-
strength attributing to graphene composite. Some other usable polymers for
graphitic-composite preparation are known as polyvinyl-alcohol, crystal-polymers,
polypropylene, polypyrrole, polymethyl methacrylate chitosan, cellulose, poly-
carbonate, polyethylene terephthalate, and polyvinyl chloride [20-25]. Graphitic-
polymers offer potential applications towards automobiles, air-craft industry,
turbine blades, bony structures, and tissue culture implantations [26-30].
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2.2 Nano coatings: antimicrobials and microelectronics

Carbon nanotubes show a promising multifunctional nature material in coating
fabrication. Metal decorated CNTs are considered as hybrid-systems that may be
prepared by using those CNTs having carboxyl-groups, binding transition metal
ions such as Ag* and Cu”". These aforesaid ions contribute a large part to their
superior antimicrobial activity to destroy bacterial as well as fungus microbes along
with less cross-resistance towards antibiotics (see Figure 3a and b) [31]. MWCNTs
with paint materials successfully reduce biofouling-ship-hulls owing to discourage
embodied algae with barnacles [32]. Consequently, they are referred to as alterna-
tives for environmentally polluted biocide type paints. Anticorrosion-coatings
include CNTs for metals for enhancement of coating-stiffness and strengthen them
to make an electric pathway to create cathodic protection.

Widespread progress has been made for fabrication of CNTs that are based on
flexible and transparent conductive thin films [33-35] proving alternative material
of indium tin oxide. The main issue concerning ITO is its expensive nature owing
to shortage of indium. However immense need for displays, touchscreens and
photovoltaic provide stimulus. Moreover, CNTs flexibility raise the transparency of
conductors showing a major advantage over ITO coatings towards flexible displays.
Additionally, transparent CNTs conductors are deposited from solutions such
as slot-die coating as well as ultrasonic spraying along with cost-effective non-
lithographic approaches likewise micro-plotting. The latest effort has been made
for fabrication of CNTs films showing 90% transparency with 100-ohm resistivity
per square as is clear from Figure 4. Surface resistivity so much appeared is con-
siderably suitable for promising applications. However, substantially it is better
than equally transparent and optimal doping with ITO coatings [36]. Widespread
applications have exhibiting requirements relevant to CNTs thin-film-heaters and
are substantially used for defrosting automobile-windows as well as sidewalks.
Aforesaid all types of coatings are widely used on an industrial level.

Recently, CNTs films are transparent; however, stretchable flexible may often
tailor in the form of shapes and sizes. They are freestanding and are placed on rigid
or flexible insulated surfaces. A piece of carbon nanotube CNTs thin films may
explore magnet-free-loudspeaker. It may simply show through applying an audio-
frequency-current passing through it depicted in Figure 5. CNTs film loudspeaker
produces sound waves with high-frequency range, a wide range of sound pressure-
level along with low harmonic-distortion [37]. These CNTs thin films behave like
transistors, proving more attractive towards driving organic light-emitting-diode

L Random ool AP
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Figure 3.

Comparison in functional mechanism between small molecular antibiotics and macromolecular antimicrobials
(a) mechanisms of antibiotic vesistance in bacteria, (b) mechanism of membrane-active antimicrobial
peptides.
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Figure 4.
Carbon nanotubes flexible transparent conducting film ((image courtesy Plasticstar material news).
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Figure 5.

Cagrbon nanotube thin film loudspeakers (a) the CNT thin film was pulled out from a super aligned CNT
array grown on a 4 in. Silicon wafer and put on two electrodes of a frame to make a loudspeaker. (b) SEM
image of the CNT thin film showing that the CNTs are aligned in the drawing direction. (c) A4 paper size
CNT thin film loudspeaker. (d) the cylindrical cage shape CNT thin film loudspeaker can emit sounds to all
directions, diameter 9 cm, height 8.5 cm [39].

screen display. Because of this reason, they have explored higher-mobility as com-
pared with amorphous silicon, depositable by low-temperature, and vacuum-free
approaches. Today flexible CNTs -TFTs having mobility 35 cm* V™' s™", whereas an
on/off ratio of 6 x 10° has been demonstrated in Figure 5a, d [38].

2.3 Lubricants

Applications corresponding to surface-functionalized-graphene show addi-
tive counterpart in lubricant oil refinery owing to progressing research field.
Extremely large mechanical-flexibility, fine friction-reduction, greater surface-
area, and anti-wear-ability support enhancement in properties. In addition,
Zhang et al. also observed oleic acid-modified graphitic nature lubricant [40].
Tribological properties were investigated by employing four-ball tribometer
relevant to oily surface-modified graphene. Figure 6a, b illustrates lubricant
optimized-graphene with contents (0.02-0.06 wt.%), exhibiting improved-
friction as well as anti-wear activity, 17% friction-coefficient whereas 14% wear
scar-diameter respectively. Desired friction behavior has been elaborated by
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Figure 6.

Four-ball test results: (a) FC versus graphene concentration; (b) WSD versus graphene concentration; (c)
schematic diagram of the tribological mechanism of graphene sheets as oil additives; (d) lubrication regime
transition [40].

proposed tribological activity as shown in Figure 6c. Graphitic protective-layer
became prominent on each steel ball surface separately with less concentration,
thereby introducing improved anti-wear performance. On the other hand, oily
films become discontinuous with higher density that is considered responsible
for antiwear-degradation properties. Lin et al. investigated (0.075 wt%) stearic
with oleic-acid modified graphitic nature in oil tunes wear-resistance along with
load-carrying machine efficiency [41]. Current reports also presented that alkyl-
ated graphitic organic solvents may show lubricant behavior to improve properties
[42]. Alkylated-graphene with different alkyl-chain-length (Cn = 8, 12, 18) is
synthesized by condensed medium reaction (alkylamine+SOCI,-activated GO).
It was investigated through octadecyl amino-graphene mixed with hexadecane.
In this case, reduced friction along with wear concentration (26% and 9%) was
obtained compared with hexadecane.

2.4 Nanofluids

Loss of energy in the form of heat energy slows down performance of various
instruments and mechanical technology. Instrument and machinery performance
may be improved by using some fluids such as DI water, transformer oil, and heat-
sensitive fluids. Heat transfer capability of fluids is less enough caused by the deteri-
oration of productivity and lifetime of equipment and machines and also electronic
circuits. To prolong heat transfer efficiency, the addition of nanomaterials addition
is increased in fluids that may further improve the efficiency. Baby et al. reported
thermal conductivity that may be increased uptol4% with temperature (25°C)
and deionized water is used as base-fluid showing fraction by volume of only
0.056% [43, 44]. Moreover, thermal conductivity is increased upto 64% at 50°C
but with same contents belonging to modified-graphene. Ghozatloo et al. observed
0.06 wt% functionalized-graphene may improve thermal-conductivity (14.2%)
when treated in water (25°C) [45]. Finally, thermal-conductivity is enhanced (18%)
when the temperature is increased to 52°C.

20



Advanced Carbon Materials: Base of 21st Century Scientific Innovations in Chemical, Polymer...
DOI: http://dx.doi.org/10.5772/intechopen.95869

2.5 Graphene-based transparent and flexible conductive films for displays and
electrodes

Graphene is incorporated into electronics field by employing transfer printing
along with solution-based approaches. Chhowalla et al. [46] suggested an efficient
approach for smooth deposition with effective control of reduced graphene oxide in
the form of thin films having thickness like single-monolayer to several-layers rang-
ing large areas. Optoelectronic properties are tuned over reasonable order of magni-
tude that presents potentially beneficial towards transparent semiconductors as well
as semi-metals. The thinnest films show graphitic ambipolar-transistor behavior.
However, thick films behave like graphitic semi-metals respectively [47, 48].
Consequently, suggested deposition in this approach offered new routes to translate
fundamental properties relevant to graphene into viable devices. Furthermore,
large-scale transparent electrode growth has been successfully presented by Hong
etal. [49] In this work, chemical vapor deposition technique was employed on thin
nickel films. Two methods were applied for the formation of films and thereby
transferring also to arbitrary substrates. Graphene films exhibited sheet resistance
as well as optical transparency at desired level respectively. Graphene monolayers
were transferred to SiO, substrates showing electron mobility at faster rate along
with half-integer (quantum Hall effect). High-quality graphene was grown by CVD
that presented better results as compared with mechanically cleaved graphene as
illustrated in Figure 7a-c. Owing to extraordinary mechanical properties, graphene
demonstrated macroscopic use upto maximum level, resulting in conducting
electrodes and transparent electrodes in (flexible and foldable) electronics [50].

In addition, superior optical and electronic graphene properties i.e., high mobility,
optical behavior, flexibility trend, and environmental stability are accounted for promis-
ing material attributing to applications towards photonic as well as optoelectronic fields.
In this support, comprehensive literary work has been done favorable for graphene
photonics, optoelectronics, and other applications were offered by Ferrari et al. [51].
From scientific contents included in the review clearly show graphene-based conducting
films and graphene oxide (GO) based conducting films that were used in synthesis of
various photonic with optoelectronic devices. Equipment such as inorganic and organic
electrodes of dye-sensitized solar cells, light-emitting diodes as well as electrochemical
cells, touch screens, graphene-based absorbers.
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Figure 7.

Synthesis, etching, and transfer processes for the large scale and patterned graphene films, (a) synthesis of
patterned graphene films on thin nickel layers (b) etching using FeCl, (or acids) and transfer of graphene films
using a PDMS stamyp (c) etching using BOE or hydrogen fluoride (HF) solution and transfer of graphene films.
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Graphene electrodes showing high-performance field-effect transistors have
been fabricated by Kim et al. [52]. To optimize performance of devices, authors
controlled work-function attached with graphene electrodes via functionalization
of SiO, substrate surface. NH, may donate electrons that are considered terminated
SAMs but they are induced n-doping strongly in graphene. On the other hand,
CHj;-terminated SAMs contributed neutralized p-doping that was strictly induced
through SiO,-substrates. Resultantly, graphene electrode work function consider-
ably changed. Moreover, SAMs were observed as pattern-able robust yield. Besides,
output of work may also be used towards fabrication of various graphitic nature
compounds that paved foundation of electronic as well as optoelectronic devices.

Graphene films indicate mechanical along with optical properties as compared
with other transparent-thin-films, particularly in photonics and optoelectronics.
However, as far as conductivity is concerned it is inferior as compared with con-
ventional (ITO) electrodes having comparable transparency and resulting in lower
performance of devices working on graphene-based transparent thin films. Ahn
etal. [53] presented an effective method to overcome deficiency and to improve
graphene films concerning performance towards electrostatically doping that
was employed through ferroelectric polymer. Aforesaid graphene films showing
ferroelectric polarization have been used for the preparation of ultrathin organic-
solar-cells (OSCs). Graphene-based OSCs have explored superior efficiency as well
as superior stability as compared with graphene-based OSCs that were chemically
doped. Moreover, OSCs fabricated by ultrathin-ferroelectric-film act as substrate
with few micrometer sizes, exhibited attractive mechanical flexibility as well as
durability. In the last, these may also be rolled up into cylindrical shapes having
7.5 mm diameter size.

2.6 Graphene-based separation membranes

Graphene nanopores sheets are used as separation membranes emerging and
covering various since theoretical studies that were presented by Kral et al. [54].
They were labeled modified nanopores incorporated graphitic type monolayers
thereby resulted from molecular dynamic-simulation providing superior realm of
hydrated ions. The ions in a partly stripped state connected with hydration shells
may penetrate through infinitesimal pores having diameter ~5 A, such as fluorine
with nitrogen terminated-pores permit flow of Li*, Na* and K" like positive ions
having ratio 9:14:33 systematically whereas negative ions are strictly prohibited. On
the other hand, hydrogen-terminated pores accelerate F~, ClI"and Br™ anions along
with a specific ratio 0:17:33 rather it blocks cationic passage. Aforesaid nanopores
may provide versatile promising applications, particularly towards molecular
separation and energy storage devices respectively.

In addition, Jiang et al. [55] contributed the work that dealt with permeability
as well as selectivity related to graphene sheets structured with nanometer-scale
pores adopting density functional theory for necessary calculations. Researchers
investigated superior selectivity order of magnitude that was 10° for Hy/CH,
showing excellent performance from H; side in the situation of nitrogen-treated
pore. Furthermore, report writers investigated selectivity at an extremely higher
order of magnitude equivalent to 10 for H,/CH, for all hydrogen functionalized
pores with width infinitesimally 2.5 A, presenting a barrier (1.6 eV) for methane
(CH,) whereas surmountable for H, with magnitude 0.22 eV. These results exhib-
ited that pores are considered superior to polymers as well as silica membranes.
Whereas bulk solubility along with diffusivity is plays a dominant role to trans-
port gas molecules throughout the material. Outcomes suggested one atom thin
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porous-graphene-sheets behave such as highly efficient and selective membranes
relevant to gas separation. Aforesaid types of pores may occupy a widespread
impact concerning various energy devices with technological applications.

The molecular-dynamic-simulation employed by Xue et al. [56] explored CO,
separation strategy from that of CO, mixture whereas N, gas through porous
graphene-membranes. Graphene sheets are chemically functionalized to observe
its effects while porous graphene membranes performance for separation has been
controllably examined. Researchers investigated chemical functionalization of
graphene sheets that may increase absorptive capability of CO, gas. On the other
hand pore-rim chemical-functionalization significantly enhanced CO, selectivity
over N, gas molecules. The results demonstrated versatile use of functionalized-
porous-graphene for CO, as well as N, separation. Resultantly authors suggested
an effective strategy, improving gas separation activity of porous-graphene-
membranes [57].

Nanoporous graphene use for water desalination has been suggested by
Grossman et al. [58]. Through employing classical-molecular-dynamics, this work
presented nanometer-scale porous single-layer-graphene that may prove filter of
(NaCl) effectively from that of water. Furthermore, authors researched desali-
nation-performance corresponding to membrane exploring functioning of pore-
size, chemical-functionalization as well as applied-pressure. The results indicate
membrane’s ability that prevents salt penetration and all depends on the porous-
diameter size along with sized pores suitable for water flow whereas passage of ions
was banned. Further investigation indicates role of functional-groups appeared at
graphene-edges in hydroxyl group may form commonly double hydrophilic nature.
However, water flux is increased taking place by the reason of salt rejection activ-
ity with less amount corresponding to capability of hydroxyl group substituting
water molecules in hydration-shell of ions. Collective and achieved outcomes that
explored water-permeability of relevant material were clearly in higher magnitude
as compared with reverse-osmosis membranes conventionally, thereby NPG may
perform valuable role play towards water refinement [59, 60].

The same period was covered by Karnik et al. [61] study also who selectively
suggested transport of molecules employing intrinsic-defects single-layer (CVD)
graphene. In this case, small measured area was identified greater than 25 mm?, but
in turn it was transferred on porous polycarbonate-substrate. The collective contri-
bution of pressure-driven as well as diffusive- transport with precise-measurement
presented confirm evidence with respect to size-selective- transport of material
molecules passing through membranes. They were attributed to low-frequency
presence within 14 nm range diameter size pores relevant to (CVD) graphene as
describe in Figure 8. Consequently, authors have proposed first step towards the
occurrence of graphene-based selective- membranes [62-65].

Previous work was progressively continued [66] for molecular-sieving by
employing porous- graphene. In this respect, Bunch et al. [67] also fabricated valves
to control gas-phase-transport through graphene containing discrete nano-sized
pores. Reports have revealed and identified gas-flux passing through discrete nano-
size pores present in monolayer-graphene that may be detected as well as controlled
employing nanometer-size gold clusters. These clusters are centered on graphene
surface by migrating pores but partially block them also. However, samples contain-
ing not gold-clusters indicate stochastic-switching of magnitude of gas molecules
attributing rearrangement of desired pores. Additionally, previously fabricated
molecular valves may be involved particularly to progress ideal approaches towards
a molecular synthesis that are considered foundation for controllable switching
concerned with molecular gas flux [68, 69].
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Figure 8.

(a) Graphene composite membrane (GCM) consists of large-area graphene on polycarbonate track etch
(PCTE) membrane, (b) permeability of the CVD graphene, KG, calculated for the three membranes using a
simple civcuit model (inset), indicated as a function of the diameters of the molecules. Only two pores, one of
which is covered by graphene, are shown for clarity. The gray vegion denotes the continuum model prediction for
graphene of porosity between 0.025% and 0.15% [61].

2.7 Biosensors

Sensors are regarded as those devices that may identify changes in occurring
events. Various studies have reported CNTs to use concerning sensors such as
chemical, thermal, biological, and gas respectively. In addition, CNTs may also
behave like flow sensors [70, 71]. It has been observed that liquid flow on SWCNTs
bundles creates voltage normally in flow direction, and may be used in near future
in the form of micro-machines working in a fluid medium, for example, heart pace-
makers working without heavy-battery as well as recharging [70]. Piezoresistive
sensors based on pressure may be prepared using CNTs. SWCNTs have also grown
on polysilicon membranes [72]. Uniform pressure creates change into resistance of
SWCNTs that was observed in membranes. From viewpoint of Caldwell et al. [73]
piezoresistive fabrication offered pressure sensors for CNTs that may bring changes
dramatically to biomedical industry and various piezoresistance diagnostic nature
as well as therapeutic devices have recently applied in sensor field. Moreover, CNTs
fabricated biosensors are used to detect deoxyribonucleic acid concentration in the
body. Aforesaid instruments also detected specific parts of DNA corresponding to
particular type of disease [74]. Sensors previously mentioned become capable to
detect only few molecules of DNA containing specific sequences, thereby increas-
ing probability to diagnose patients possessing specific sequences that are closely
related to cancerous genes. Furthermore biosensors have been suitably used for the
sensing of glucose. CNTs chemical-sensors, especially for liquids, may also use sens-
ing capability to investigate blood completely or partially. In this case, biosensors
are proposed favorable to detect sodium as well as to find pH value accordingly [75].

Having small size with owing attractive electrochemical properties, carbon
nanotubes contribute a great part as a component of biosensors. Additionally, CNTs
fabricated electrodes possess interesting electrochemical properties as compared
with previously available electrodes and show superior quality [76]. CNT-based
biosensors present a high aspect-ratio that enables tubes to become embodied into
proteins so that electron transferring included with enzymes frequently occur such
as glucose oxidase where redox centers are observed not normal to be accessible
(See Figure 9) [78]. Moreover, chemically modified CNTs have become an effec-
tive approach to contribute selectivity property into resulting biosensors that have
sufficiently exploited towards exploring sensitivity to detect DNA molecules [79].
However, in near future, fine efforts may be expected to direct towards preventing
biomolecules that may be absorbed on surface of tube walls, whereas promising
advances have previously contributed a great part in this respect [80]. Further
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Figure 9.
Schematics of synthesis process DNA based biosensors [77].

advancements may extend range of molecules to be modified that are considered
attachable to nanotubes whereas enzymes, as well as nucleic acids along with some
metal nanocrystals, are numerously employed to meet the need so far. Particularly
respect is electropolymerized coatings have been appreciated that may be prepared
with various concentrations, having precise and controllable thicknesses [81].

2.8 Fuel cells

As far as fuel cells are concerned, they are utilized for conversion of chemical
energy into electricity directly with great efficiency and exhibited excellent results
towards different applications [82-84]. In the fuel cells, catalysts on membrane
surface are especially PEM made from graphene. Recently numerous investigations
are under progress assessing probability for substitution of platinum catalyst with
metals or metal oxides and with nitrogen functionalized metal catalyst [85, 86].
However, some catalysts face issues such as stability as well as activity as compared
with platinum catalyst. Active carbon exhibits capability for meeting said chal-
lenges yet they tend to occupy certain limitations accordingly. They possess high
surface area owing to have instability thereby raising major issues unless coupled
with suitable material for this purpose. Graphene technological development made
by active carbons has suggested stronger substitutes to platinum occupying high
conductivity whereas surface area is considered high along with adhesion property
for the catalyst [87, 88]. Graphene oxide, a derivative of graphene resides large
number of functional groups making them best for nucleation sites such as catalyst
nanoparticles randomly locate on and edges of the surface [89]. The extensive use
of graphene is indicated in fuel cells showing supporting material to anode catalyst
and replace also cathode catalyst as well as standalone electrolyte membrane and
bipolar plates. All work may be summarized concerning role of graphene in vari-
ous component forms. Platinum, as well as alloys, are supposed as conventional
catalysts in the electrodes of fuel cells. They are either an anode or cathode located
in fuel cells. These fuel cells are fed by hydrogen and other hydrocarbon methanol
[90] as well as ethanol [91]. Platinum is expensive as well as limited in availability
and also caused by the produced intermediates while oxidation reactions are carried
out at different fuels [92]. Various approaches were employed to reduce catalyst
loading or complete replacement of Pt catalyst by using non-precious catalyst reac-
tions at anodes [93] as well as cathode [94] terminals of fuel cells.

2.9 Supercapacitors

Supercapacitors harvest excellent properties such as energy density, ultra
thinness, and long life, and therefore have proven promising candidates in
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electrochemical energy-storage systems [95-97]. Initially, supercapacitors may be
categorized into electrical double-layer as well as Pseudo-capacitors depending on
energy-storage mechanisms. In first category, charges accumulate electrostatically
at electrode and electrolyte interface through formation of an electrical double-
charges layer. Charge-storage is uniquely physical essence showing no chemical
reaction yet is called non-faradaic process. Electric-double-layer behaves like
dielectric whereas capacitance proves direct-function owing to surface-area of
electrode. Therefore, carbon-based nanomaterials possessing great surface-area

for electrodes increase capacitance of electrical double-layer capacitors. Charge
—discharge functioning is indicated by ion absorption-desorption capability of
EDLC. Ions are directed forming EDL at the time of voltage application at elec-
trodes which in turn charge EDLC for controlling purpose. It has been observed
that carbonaceous electrodes exhibit fine electrochemical surface-area inheriting
large porosity caused by creating enhanced interfacial-area forming prominent
EDL. Carbonaceous materials have attractive electrical properties owing to which
are labeled as basic type of EDLC [98]. Unlike EDLC nature, Pseudo capacitors
show capability of fast (Faradaic) charging with transfer-reactions that are carried
out at solid electrodes as well as electrolytes. As a result, faradaic-charge-transfer

is an applied voltage-dependent system. Fundamental electrochemical reactions in
pseudocapacitance involve chemisorption along with electro-sorption from electro-
lyte. Redox (oxidation and reduction) reactions attractions from electrolyte thereby
producing intercalation/de-intercalation sites relevant to active electrodes. Previous
electrochemical processes are proposed as surface dependent. In order to promote
electrochemical properties attributing to capacitors, great efforts were devoted to
making functionalization/hybridization related to a variety of materials or nano-
structured optimized promising candidates [99].

3. Conclusions and future directions

Advanced carbons materials such as graphene and CNTs are considered key
merits for affordable energy conversions and storage versatile applications. The
investigation explored the latest technological advancement during synthesis
of the said advanced materials whereas characterizations are performed with
respect to current day applications. CVD technique often leads to production
of nanostructures having porous networks showing good conductivity. Since
quality improvement is the main goal of research work of relevant material, so
is improved significantly through employing such technique. Growing concerns
are also expected concerning scalability adopting this approach reasonably.
Furthermore, characteristics and performance are achievable towards graphene
as well as graphene oxide equally growing concern size with quality of graphene-
oxide-precursor. The investigation related to novel techniques are aimed to enhance
into inter-sheet- binding is considered another novel direction towards research
purpose. Desired characteristics are proposed to be achieved through merging gra-
phene sponges as well as polymers. As far as research-based graphene applications
are concerned, they belong to several energy storage/conversion devices that are
considered still novel in research activities. Graphene suitability has exhibited elec-
trochemical properties prominently and for electrochemical purposes accordingly.

Peculiarities related to graphene as well as graphene oxide compared to
allotropes of carbon were also discussed in detail. Aforesaid merits include such
as excellent surface-area, high conductivity, great solubility, facile synthesis,
and cheap source material as well. Though various technological advancements
were explored yet space is available for improvement particularly for both

26



Advanced Carbon Materials: Base of 215t Century Scientific Innovations in Chemical, Polymer...
DOI: http://dx.doi.org/10.5772/intechopen.95869

electro-analytical and electrochemical sensors. Some of other electrochemical
applications related to graphene oxide are still extendable covering further elec-
trochemical applications towards future directions. Furthermore, critical chal-
lenges are still associated with such material as facile synthesis has been critically
addressed. The structure of graphene oxide is also still incomplete at molecular level
and therefore considered more important in literature. Other focus areas are sup-
posed to be an understudy for further attention with respect to defects concerned
with conductivity of graphene oxide. A brief understanding of electron flow on
graphene oxide substrate/interface will also be an empty area of research available
for further enhancement towards graphene oxide as well as other applications.
Designs and approaches adopted, up till now, associated with manufacturing of
graphene oxide devices are suggested critical in the future status of this material.
Despite the aforementioned and highlighted challenges, graphene oxide applica-
tions associated with electrochemical sensors remain the key future application of
graphene oxide.
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Hydroxyapatite Nano-Composite
for Orthopaedic and Tissue
Engineering Applications
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Abstract

The reassessment of the literature stipulates that an increasing amount of
research in exploring the Hydroxyapatite Carbon Nanotubes (HA-CNT) system
for orthopedic application. Chemical precipitation, CNT functionalization, and
spray drying are the routinely used methods for CNT dispersal in HA matrix for
the application such as bone tissue engineering, nanostructured scaffolds, dental
regeneration, myocardial regeneration, and skin regeneration. Although mechani-
cal strength and biocompatibility is a substantial concern for the fabrication of
structures. Developing composite and bioceramic scaffolding with different natural
and synthetic biomaterials are the futuristic approach in the biomedical engineer-
ing field. The problems such as biocompatibility, biodegradability, and mechanical
resistance can be solved by combining natural, and artificial biomaterials. The
natural biomaterials, such as collagen, cellulose, chitosan, have a close resemblance
to the natural extracellular matrix (ECM). These materials are biocompatible,
biodegradable. The artificial biomaterials, such as Poly Vinyl Pyrrolidone (PVP),
Poly Capro Lactone (PCL), Poly Ethylene Glycol (PEG), and Poly Lactic Acid
(PLA) are also the material of choice for the fabrication of the composite materials.
Additional effort is necessary to fabricate biocompatible composite scaffolding for
tissue engineering. Moreover, vascularization, differentiation, cellular prolifera-
tion, and cells to scaffold interaction are the foremost challenges in the area of
tissue engineering that remains to overcome.

Keywords: Nanocomposites, Carbon Nanomaterial, Fabrication, Electrospinning,
Bone Tissue Engineering

1. Introduction

The bone defects are generally caused by trauma, tumor resection, deformity,
and infections. This kind of large bone defect has increased in recent years. Lack
of resources for bone grafting as well as rejections of the grafts are potential
obstacles in the treatment of these defects. Tissue engineering is considered the
emerging viable technology for reconstructing tissues and organs structure. Tissue
engineering is also helpful in repair, and reinforce the functions of dented tissues.
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The electrospinning techniques have been widely used for fabricating ultrafine,

and unremitting nano-fibres. The bone and dentin are natural mineralized hard
tissues with extremely compound and classified structures [1-3]. The3-dimensional
structures to the hard mineralized tissue are produced by the deposition of minerals
to the structured organic matrix [4]. The primary minerals of the tissues are
hydroxyapatite (HAp) (Cal0(PO4)6(0OH)2) found in bone and dentine [5, 6].

To fabricate the bone and dentin like biomaterials, it is essential that the scientist
from bioengineering, biomedical, biology, chemistry, and materials science should
come together. The multidisciplinary approach of fabrication shall create biocom-
patible hard tissue with improved mechanical properties. The large aspect ratio of
nanomaterials has attracted the extensive attention of material scientists across the
globe. The large aspect ratio enables the nanomaterials to have a large surface area in
less volume.

The following points shall be considered for the development of biomaterials for
hard tissue regeneration.

i. The material shall be compatible with the regenerated tissue.
ii. The time for tissue regeneration and healing shall be reduced.

iii. There shall not be any inflammatory or toxic response to the host because of
the materials used.

iv. The mechanical properties of material shall be equivalent to the natural bone
or dentine material.

Recently, the biomimetic approaches to synthesize the natural composite
materials are being discussed by the scientific communities [5]. The biomimetic
approach of fabrication enables the nanomaterials to spread to a specific orientation
in the matrix. Hence, it is expected that the newly synthesize composite shall have
the morphology and composition of the natural tissues. The PVA is a water-soluble
synthetic polymer. The PVA backbone is exceedingly interconnected by H-bond.
The presence of the abundant amount of hydroxyl groups (-OH) in PVA polymer
enables them to have better mechanical, chemical, and biological properties e.g.,
better tensile strength, excellent chemical resistance, biocompatibility, and stealth
resistance. Moreover, the ~OH group also allows appending the biological molecules
like antibodies, DNA collagens, and hyaluronidase to PVA without any compatibility
issues [6, 7]. The biocompatibility and biodegradability of PVA polymer to living
tissues results in a wide range of biomedical and biopharmaceutical applications
[8-10]. Two reasons to select PVA/HA nanocomposites for this study are (a) PVA
and HA both has abundant hydroxyl groups (-OH), so, PVA can strongly interact
with HA and, (b) aqueous phase electrospinning of PVA/HA nanocomposite is
possible.

We propose an alternative approach to PVA-HA nanocomposite manufacturing
in this research, which shall have a promising future application related to hard-
tissue engineering. The electrospun PVA-HA composite shall be an alternative
to bone replacement and dentine coating. Because, the electrospun composite
shall have similar physicochemical properties, and resemble the nanostructure of
living bone.

The synthetic hydroxyapatite is biocompatible, bioactive, and osteoconductive
material [11], which is similar to the hydroxyapatite present in the living system.
The chemical composition and molecular structures of the synthetic hydroxyapatite
are similar to the minerals present in the dentine, cartilage, and bone. Thus, the
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synthetic HA has been attracting the attention of the scientist in biomedical an
application such as coating for the implant, prosthesis, and replacement of defective
bone [12].

Hydroxyapatite is the integral component of natural bone, which is bioactive,
biocompatible, and osteoconductive. Thus, this material is most widely used in tissue
engineering. The brittleness and low biodegradability are considered as the limiting
factor for this material [13, 14]. Hence, making the composite with PVA can enhance
mechanical strength and biodegradability. The PVA/HA nanocomposite shall have a
suitable pore size, good aspect ratio, and biocompatibility to the living cells [15].

Carbon nanotubes (CNTs) are classified as single-walled carbon nanotubes
(SWNTs) and multi-walled carbon nanotubes (MWNTs). The CNTs are considered
as a suitable nanomaterial for biomedical application because of their aspect
ratio, excellent mechanical, thermal, and electromagnetic properties [16]. CNTs
are proved to be biocompatible and promote attachments and proliferation of
osteoblast cells. Hence, it can be assumed that the presence of CNTs in the matrix
shall result in better and improved composite fabrication.

The electrospinning is a technology introduced in the year 1934. This technology
is successful in producing nanofibers at a very low cost [17]. The cost-effectiveness
and the dimension of produced fibers enable this technology to be used in the field
of tissue engineering [18-20]. The as-produced structure of HA by electrospin-
ning resembles natural ECM, which enables them to be used as a scaffold for tissue
regeneration, immobilizing enzymes, wound dressing materials, and tissue culture
[21-24]. In the present study, we synthesized composite fibers using PVA and HA
via electrospinning and characterized by UTM, SEM analysis. The electro-spun
three-dimensional structure is microscopically similar to bone.

2. Review of literature

Miniaturization of the devices encouraged the scientist to explore a polymer
nanofiber. The electrospinning techniques enable them to produce controlled fiber
diameter with high strength, which couldn’t be achieved by the conventional fiber
processing techniques.

The microstructure formed during electrospinning leads to the fabrication
of strong fibers by systematic arrangements. It is important to understand the
effect of electrospinning parameters on morphology, tensile strength, and fiber
diameter. The electrospinning parameters affect the inherent structure and overall
deformation behavior. The deformation behavior, tensile strength, and fiber size
are mostly affected by crystallinity and molecular orientation. Whereas, the electro
wiring affects the fiber diameters during the process of electrospinning [25-29].
Furthermore, the electric field applied during the electrospinning encourages the
self-assembly of the fillers, which leads to composite synthesis in spatial arrange-
ments. The CNTs and carbon black (CB) are the most commonly used fillers in
the electrospinning process. These fillers disperse themselves within the fiber and
provide high strength and toughness to the composite. This simulating behavior of
the fillers make them a good candidate for the application such as tissue engineer-
ing, filtration, and advance nanofibers [30-34].

The characterization of the nanofibers for the traction behavior is the
challenging part of the field because the nanofibers get deformed with low load.
Consequently, the mechanical integrity of the nanofibers is less studied and
understood. The characterization of the mechanical deformation of the nonwoven
fabrics prepared by electrospinning is the need of the time. There are several
parameters that affect the tensile properties of the nonwoven fibers, such as,

39



21st Century Advanced Carbon Materials for Engineering Applications - A Comprehensive...

entanglement, orientation, porosity, fiber-fiber interaction, and size distribution
of the fibers. Although, these parameters are not readily controllable in the
nonwoven fibers, hence, characterization of the tensile properties of the single
fibers is of very much interest. In recent studies, it has been shown that the cutting
effect and size effects are important to control the intrinsic structure and diameter

respectively [35-37].

3. Materials and Methods

3.1 Materials

PVA (Polyvinyl chloride).

HA (Hydroxy apatite).

CNT (Carbon nanotubes).

e 0.5 M, 5 ml of Calcium Nitrate [Ca(NO3)2 4H20].

0.5M, 10 ml of Diammonium hydrogen phosphate [(NH4)2 HPO4].
* Ethanol.
* Distilled water.
* Magnetic stirrer.
* Cotton.
* Beakers.
3.2 Apparatus required
* Electrospinning Machine.
* Sonicator.

e Stirrer machine.

UTM (Universal testing machine).

* SEM (Scanning electron microscopy).

4. Methods
4.1 PVA film formations
* 18 gm of PVA is taken in a beaker and It is mixed with 182 ml of distilled water.

* 200 ml of PVA solution is continuously stirred for 3 hrs using magnetic stirrer.
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* Then this solution is loaded in a syringe upto 2 ml and fixed in the
syringe clamp.

* Then either the drum collector or the square collector is connected so that the
film is formed on it.

* Few parameters are set before starting the machine which are as followed:
i. Voltage - 12Kv.
ii. Flow-rate — 0.2 ml/hr.
iii. Syringe volume -2 ml.
iv.Needle diameter — 0.5 mm.
v. Needle length -25 mm.
vi. Distance between collector & syringe -18 cm.
vii. Time of run - 8 hrs.
4.2 Formation of HA-PVA film

* 15 ml of PVA is taken in a beaker.

0.59gm of Ca(NO3)2 4H20 is added to 5 ml of distilled water.

* 0.57gm of (NH4)2HPO4 is added to 10 ml of distilled water.

pH should be adjusted more than 10.
¢ The solution is stirred and ammonia solution is added into it.

* After preparing the solution it is loaded into the syringe upto 2 ml and make
sure there won’t be any bubble formation in the syringe.

* Then the syringe is adjusted to the suitable position.
o After that few parameters are set in order to form the film which are as follows:
i. Voltage — 19Kv.
ii. Flow - rate — 0.2 ml/hr.
iii. Syringe volume — 2 ml.
iv. Needle diameter — 1.2 mm.
v. Needle length —38 mm.

vi. Distance between the collector & syringe —
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vii. Time of run — 8 hrs.

viii. Drum collector speed — 2000 rpm.

4.3 Formation of PVA-CNT film
* 15 ml of PVA is taken in a beaker and 1% of CNT (0.15gm) and sonicate it.
* Prepare two solutions of same quantity and sonicate them for 3 hrs.
* After that syringe is loaded with the solution which is prepared upto 2 ml.
* Then it is adjusted appropriately.
* Drum collector is connected on which the film will be formed.
* Few parameters are adjusted before starting the machine which are as follows:
i. Voltage — 19Kw.

ii. Flow-rate — 0.2 ml/hr.

iii. Syringe volume — 2 ml.

iv. Needle diameter — 1.2 mm.

v. Drum speed - 2000 rpm.

5. Characterization
5.1 Surface topography characterization

The surface morphology and atomic structure of PVA, PVA/HA, PVA/CNT
(Figure 1) scaffolds were examined under the FESEM (Hitachi SU6600, Japan) and
EDS (Horiba-EMAX). Prior to the microstructure analysis, specimens were coated
with gold using an ion sputter coating instrument (Hitachi E — 1010, Japan) with a
current set at a 15 mA for a coating time of 15s.

5.2 Universal testing machine (UTM) analysis
A universal testing machine (UTM), also known as a universal tester materials
testing machine or materials test frame, is used to test the tensile stress and

compressive strength of materials. It is named after the fact that it can perform many
standard tensile and compression test on materials, components and structures.

6. Results and discussion

6.1 Scanning electron microscope (SEM)

SEM micrographs of the samples were taken using (Zeiss) electron microscope,
Japan. The samples were coated with gold using sputtering technique. Scanning
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Figure 1.
a. PVA Film, b. PVA-HA Film, c. PVA-CNT Film prepavred through Electrospinning.
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Figure 2.
SEM image of the PVA film, scale 1 pm and 4K X magnification.
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Figure 3.
SEM image of the PVA film, scale 1 ym and 40K X magnification.

10pm EHT = 500KV A=inlens Mag= 400KX
Signal 2g

WD = 5.1 mm

Figure 4.
SEM image of the PVA-HA film, scale 10 ym and 4K X magnification.

electron microscopy (SEM) was used to investigate the morphology of different
types of films. To analyze complex structural variations upon undergoing electro-
spinning, and the interactions between HA and PVA. Due to abundant -OH group
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Sample Area Tensile Young Strain Stress Percentage total
(mm?) strength Modulus at break at break elongation at
(MPA) (GPA) (MPA) (MPA) fracture
Trial 1 0.42 6.06311 2912233 0.355376 2.018833 35.5378
Trial 2 0.14 24.954 217310 0.960583 12.66005 96.0584
Table 1.

UTM analysis for PVA films.

present in PVA and HA nanorods, they strongly interact via H-bonding within the
electrospun HA-PVA nanocomposite fibres, improving thermal property.

In PVA film, at a scale of 10 pm, EHT = 5.00 kV and 4 K X magnification, the
PVA film appeared like thin fibres arranged very closely (Figure 2). By Increasing
the magnification to 40 K X and decreasing the scale to 1 pm, we observed
combination of fibres with different sizes (Figure 3) ranging from 130 to 200 nm.
In PVA-HA Film, at a scale of 10 pm, EHT = 5.00 kV and 4.00 K X magnification,
the fibres are densely populated having an average size of 300 nm. Structure of
nanofibres exist with relatively uniform dispersion with PVA.

After the successful binding of PVA with HA, carbon nanotubes were added
with PVA to increase the strength of the film and give stability to the unwoven
fibres. Since it has remarkable mechanical, thermal properties and outstanding
electrical conductivity. It is much stronger and more functional fibres than current
traditional industrial fibres. Hence in PVA-CNT film SEM gives successful result
producing nano fibres, at a scale of 10 pm, EHT = 5.00 kV and 4.00 K X magnifica-
tion (Figure 4) by increasing the magnification the fibres can be observed clearly.

6.2 Universal testing machine (UTM) analysis

Test is carried out to obtain the stress and strain at break and determine tensile
strength of the fibres. This test is useful in getting the information of mechanical
behavior and the engineering performance of the material. The first trial carried out
on the film showed reduced tensile strength of 6.0631 MPA with young’s modulus
of 29.122 GPA. But the trial gave an improved result with increased tensile strength
of 24.954 MPA and 217.310 GPA.

The percentage of elongation at fracture was also seen increasing from trial 1 to
trial 2 from 35.5378 to 96.0584 respectively Table 1.

7. Conclusions

We prepared HA/PVA/CNT nanofibers nanocomposite via in situ
co-precipitation method through electrospinning process. The produced nanofibers
are a biomimetic composite of 200-300 nm. UTM analysis of the produced fibers
proved to have better young modulus and tensile strength. The nano-bio materials
are supposed to stimulate cell adhesion to the ECM matrix, and subsequent
mineralization and tissue regeneration. The electrospun HA/PVA/CNT nanofibers
shall have the potential for bone tissue engineering.

A nano-biomaterials-based scaffold shall have a high aspect ratio, better wettabil-
ity, improved mechanical properties. These properties of nano-biomaterial-based
scaffold make them desirable for tissue engineering. The scaffold-based on HA/PVA/
CNT nanofibers are expected to have better regeneration capacity in vivo, compared
to the conventional counterpart. Bone tissue engineering research requires the
combination of mechanically strong biocompatible materials, which is essential in
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cell adhesion and proliferation. Hence, we propose the combination of these materi-
als with stem cells and various growth factors as the future strategies in the field of
biomedical and bone tissue engineering. We propose the two tools (i) nano-scaf-
foldings, and (ii) cell micro-encapsulation for equal distribution of the cells within
the scaffolding. Furthermore, this research shall be validated by in vitro & in vivo
studies to establish the efficacy of the tailor-made nano-bio materials for orthopedic
and craniofacial applications.
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Chapter 4

Advanced Carbon Materials
for Sustainable and Emerging
Applications

Aneeqa Bashiv, Azka Mehvish and Mavia Khalil

Abstract

Advanced carbon nanomaterials, which comprises fullerene, graphene, and
carbon nanotubes (CNTs) are considered as backbone of engineering and scien-
tific Innovation due to their versatile chemical, physical and electrical properties.
Sustainable carbon materials are fabricated using different physical and chemical
methods, respectively. Moreover, fabrication methods are used to achieve advanced
carbon monoliths which are constituents with desirable properties. Keeping a view
of desirable monoliths, diverse allotropes of advanced carbon nanomaterials are
mostly employed in renewable energy resources, organic photovoltaic, and energy
conservation technology, respectively. Carbon nanomaterials offer tremendous
potential for enhancing biology and drug delivery because of biocompatibility. The
proposed chapter grants a variety of fabrications methods for sustainable carbon
materials as well as highlights the miscellaneous applications. Further, graphene,
carbon nanotube (CNT) and fullerene are considered as fast and effective nanocar-
riers for delivering therapeutic molecules. As advanced carbon materials have con-
trollable porous structure, high surface area, high conductivity, high temperature
stability, excellent anti-corrosion property and compatibility in composite materials
so they can be employed in energy storage as electrocatalysts, electro-conductive
additives, intercalation hosts and ideal substrate for active materials. Meanwhile,
the chapter sums up the required demands of advanced carbon materials for tech-
nological innovation and scientific applied research.

Keywords: Graphene, Drug Delivery, Porous Carbon, Physical Properties,
Chemical or Physical Methods, Energy Storage, Catalysts

1. Introduction

Nowadays, Carbon science is immensely popular in several areas of material,
nanoscience and, engineering [1] because of its unique and fundamental properties.
Basically, the word carbon meaning Charcoaloriginates from Latin carbo [2]. It’s
among the most plentiful component on the earth. Since about 5000 BC, Carbon
has been acknowledged and utilized for diverse purposes. From prehistoric times,
carbon was primarily obtained from wood that has been used for fuel for millen-
nium years. Graphite is the crystalline form of carbon that occurs naturally. The sec-
ond allotrope of carbon is diamond and has been adopted as a gemstone. Diamond
is extensively used in industry, due to its extraordinary optical properties [3].
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In general, the 20th century is identified as plastics while 21st century will be
named as ‘century of graphene’ due to its remarkable physical properties.

Graphite, diamond and amorphous carbon were only carbon allotropes known
to exist in the early 1980s [4]. Where amorphous carbon does not have a crystal-
line structure and is used in various applications like ink, rubber filler, and paint.
Carbon has a remarkable capability to bind with numerous other elements to make
it essential to nearly all life. The current era is abounding with a variety of novel
materials and undeniably the 20th-century capitulates a significantly more materi-
als than previous centuries. Various materials have significant impact on society.
Carbon has emerged as the most crucial substance for transforming 21st-century
illumination for two reasons, carbon is immensely strong and very lightweight [5].

Discovery of fullerene developed the new aspect to the cognizance of carbon
science, and it is the fourth allotrope of carbon at the nano level in which Spherical
fullerene are buckyballs (Cgp) is most common. In 1970, the existence of Cgg was
purposed by E. Osawa. Buckyball was discovered, in 1985 by R.F. Curl, and co-
workers. In 1996, R.F. Curl and co-workers win Nobel Prize for this great discovery.
Thereafter, in different natural environments, Cgg was found in rock, on earth,
and in space [6, 7]. In buckyballs, atoms are covalently bonded to three nearest
atoms in closed-shell [3]. This serendipitous discovery gave rise to a new epoch for
synthesized carbon allotropes. The next major breakthrough in this area was the
carbon nanotubes synthesis mechanism. Carbon nanotubes were discovered by S.
lijima, in 1996 [8]. By using evaporated graphite, synthesis of semi uni-dimensional
carbon tubes was reported forthwith the discovery of fullerenes [9]. Later on, by
using the chemical vapor deposition fabrication technique, carbon nanotubes were
developed [10]. One of the types of carbon nanotube is single-walled (SWNTs) in
which consist of one atom thick layer while multi-walled (MWNTs) many layers of
graphitic carbon in the wall [11]. Carbon nanotubes were discovered later but they
give new dimensions towards the field of advanced carbon.

In 2004, A. Geim and his colleagues investigated and fabricated graphene, which
is the final stage of succeeding progress of carbon-based material. In 2010, Andre
Geim and his team won Nobel Prize for their innovative research on graphene.
Graphene is considered as a primary constituent of various allotropes of carbon and
knowing as a mother of carbon-based materials especially graphite [12]. Graphene
has a honeycomb-like structure, that is made up of a single atom thick sp” hybridized
carbon atom (Figure1).

Diverse allotropes of carbon materials are mostly employed in renewable
energy resources for the generation and storage of energy. Carbon nanomaterials

Discovery of Graphene was produced and
CNTbylijima identified by Geim and Novoselov
1985 1991 1996 2004 2010
Discovery of fullerene Nobel Prize being Geim and Novoselov
byCurl, Kroto, and awarded to Curl,_and co- wins Nobel Prize for
Smalley workers for the discovery isolating graphene
of fullerene

Figure 1.
Time line of advanced carbon materials.
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offer tremendous potential for enhancing biology, medicine [13], electronics,
energy technologies [14], and drug delivery. Scientists are currently working
feverishly to achieve the inimitable electrical, mechanical, and thermal proper-
ties of their carbon materials for potential applications. Hence the interest in
synthesis and applications of sustainable materials is emerging. Especially, for the
sake of applications in future chemical and energy sector are becoming recog-
nized. This chapter will introduce different fabrications methods for sustainable
carbon materials as well as highlights their applications in essential energy and
environmental-related field.

2. Fabrication of advanced carbon materials

With the innovation of industrial and commercial growth, the globe is con-
fronted with a slew of crisis, including energy shortage and environmental issues,
which have hampered the advancement of human civilizations. Researchers have
employed a variety of methods to address these issues and have achieved certain
results [15]. The synthesis for advanced carbon materials (Carbon nanotubes,
Graphene and, fullerenes) has been developed tremendously. So, this material
can fabricate by two methods physical methods and chemical methods. During
the chemical production of nanoparticles, it is feasible to control particle size at
a nanometer scale [16]. While the devoid of solvent and uniform nanoparticle
dispersion is a fundamental aspect of this physical method over the chemical
method [17].

3. Physical methods
3.1 Fabrication of carbon nanotubes via laser ablation

Smalley and his team established, method of laser vaporization for the prepara-
tionof fullerene as well as carbon nanotubes [18]. it was initially used for the syn-
thesis of fullerene and then later it is used in the production of CNTs, particularly
single-wall CNT [19]. Laser ablation is a technique that is used for the synthesis of
carbon nanotubes. A furnace, graphite target, reactor tube and, laser beam source is
used in this process (Figure 2).

A small graphite pellet is positioned at the mid of the quartz reactor tube inside
the furnace at a specific temperature. Once the air from quartz has been evacuated,
temperature of the furnace is raised to 1000°C- 1200°C. The quartz tube is satu-
rated with inert gas. Scanning the surface of the pellet by beam of laser, graphite is
vaporized whereas to preserve the smooth and homogenous surface. When gases

[ Puee | A
et O {\ | — ()

Carbon

Graphite
nanotubes

target

Figure 2.
Pictorial diagram of laser ablation method.
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flow through chamber as a result, carbon constituents obtained via sublimation

of graphite are displaced. Coalesce phenomena took place in gaseous state. After
that, they deposit on the surface of the collector of cooled copper. The fundamental
distinction between pulsed and continuous laser vaporization is that pulsed laser
produced significantly higher power density. Many parameters influence the prop-
erties of CNTs synthesized by the pulsed laser deposition process (PLD), including
laser properties, target material compositional and structural properties, chamber
pressure, and chemical composition [5].

3.2 Fabrication of carbon nanotubes via electric arc discharge

By using arc discharge method, Zhai etl fabricated amazing form of carbon
[11]. The AC/DC arc discharge technique may be used to prepared CNTs. The
electric arc discharge synthesis method involves high voltage delivered between
two graphene electrodes and high temperature. The synthesis process successfully
accomplished by filling a chamber with inert gas, such as He/Ar gas. Potential dif-
ference is supplied among two water-cooled electrodes that are made up of graphite.
Subsequently, gradually electrodes are brought closer together till the gap among
the electrodes narrows reaches the point, where electric arc collapse happening.
Afterward, sublimation of anode occurred, yielding the plasma at the region among
the two electrodes, wherever temperature approaches 6000°C high enough to cause
graphite sublimation (Figure 3).

The carbon atoms are evacuated from the solid during sublimation, the pressure
is extremely high. Then these atoms migrate to the colder zone of the chamber,
allowing a nanotube to deposit to accumulate on carbon. This type of nanotube
is produced highly dependent on the composition of the anode. In comparison to
other methods, this methodology leads to the growth of CNTs with few structural
defects [5].

3.3 Synthesis of graphene via micromechanical exfoliation
Novoselov and Geim developed a very simple efficient method. This method

involves, repeat the adhere and peel steps multiple times by using ordinary scotch
tape, culminating a few mm -thick flakes of graphite of auni-layer thin specimen.

Anode |—» Inert cathode

=

Deposition of nanotube

Figure 3.
Schematic diagram of Electric arc discharge.
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By using manually mechanically cleavage graphite with scotch tape, the first
graphene sheet was produced. Deifying the fact that no two-dimensional crystal
can occur underneath the environmental conditions and, also displaying a variety
of unique characteristics [20]. Mechanical exfoliation can produce high-quality
graphene for characteristics research. But it not appears innovative for the huge
areas. Mechanical exfoliation produced particles of graphene, with few microns of
sideways dimension [21].

3.4 Synthesis of graphene via arc discharge method

Arc discharge techniquehas beenused to prepared sheets of graphene. For the
first time, Rao et al. showed that this method may also be used to fabricate the
sheets of graphene [22]. Here graphite is used as an electrode, they used compara-
tively high hydrogen pressure and produce graphene having 2—4 sheets in the inner-
most arc area. No catalytic agent has been employed in this process. Furthermore,
doping of nitrogen and boron, sheets of graphene, can easily obtained by a nitrogen
source (pyridine) and boron source (B,Hg). Nevertheless, the graphene sheet’s
dimensions and shape can be optimized [23].

4. Chemical methods
4.1 Fabrication of carbon nanotubes via chemical vapor deposition (CVD)

CVD technique is utmost popular, uncomplicated as well as cost-effective for
producing Carbon nanotubes, at relatively low temperature. In this approach,
a gaseous carbon source is used. Transmit energy to the gaseous state of carbon
molecules by using av ariety of energy sources such like a Heating coil or plasma
source. As a source of carbon, CVD employing different hydrocarbons such as,
carbon monoxide/methane. During this process, a substrate is coated with a metal-
lic catalyst is heated around 700°C.When two different gases, one is actually carrier
gases (Argon /Nitrogen/hydrogen) and, hydrocarbon transported via chamber,
growth begins (Figure 4) [24].

When chamber is heated up using heating coil, then disintegrated gasses causing
a reaction between reactive species from the gas and catalyst resulting in carbon
deposition on a substrate. Through an elimination system, hydrogen gas as a residue
will eliminate from the chamber [25]. The temperature range for the vapor deposi-
tion is 600°C-1200°C. The vapor of hydrocarbon will mix with a metallic catalytical
agent till carbon and hydrogen are produced. While carbon will soluble in metallic
substrate and evaporation of hydrogen will occur [23].

CH (vapor) {\ e

Carbon (Solid)

H (vapor)

Substrate

Figure 4.
Schematic diagram of CVD.
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4.2 Fabrication of carbon nanotubes via hydrothermal method

The latest approach known as a hydrothermal method, use to synthesize the
carbon nanotubes (CNTs) at low temperature, reducing the cost of CNTs produc-
tion on a wide scale. Furthermore. Hydrothermal synthesis of materials has several
advantages, environmentally Benefield, simple and quick. CNTs are made by
utilizing the hydrothermal method, which uses ferrocene as carbon percussor and
sulfur as a catalyst. Under constant stirring, sulfur and ferrocene have been mixed
with NaOH solution containing ethanol and distilled water. Under the ultrasonic
bath, the mixture has been sonicated at ambient temperature and constant stirring.
The homogeneous solution is transferred to an autoclave reactor for hydrothermal
treatment in an electric oven. Once the reaction is completed, the autoclave reactor
has been cooled at room temperature. Black participate in the autoclave is filtered,
and washed with ethanol, HCI, and then distilled water, until the pH 7 of washing
solution is obtained [26].

4.3 Synthesis of graphene oxide (GO) via Hummer method

W.S. Hummers and R.E. Offeman developed this method in 1958 [27]. This
method is appropriate for the synthesis of graphene oxide (GO) on wide-ranging.
Hummer method emphasized three Phase responses [28]. Intercalation at a lower
temperature around 5°C, moderate temperature approximately 35-40°C oxidation of
graphite intercalation compounds, and hydrolysis due to higher temperature. For the
preparation of GO, untainted graphite, concentrated sulfuric acid and, sodium nitrate
is added to the flask. Kept that flask at temperature 5°C in an ice bath, under constant
stirred for few minutes. After that, to avoid intense reaction at a certain spot, potas-
sium permanganate has been slowly added to the flask. Next step, to remove the ice
bath. Temperature of the reaction is gradually raised to a maximum temperature that
is 35-40°C, and maintained for half an hour with continuous stirring. Demineralized
water is then added to the mentioned suspension. As a result, hydration of heat, pro-
ducing a large exotherm of approximately 98°C. After that bath process is maintained
at maximum temperature. Later on, deionized water and hydrogen peroxide have

S

Graphite
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Schematic flow chart of GO synthesis by Hummer’s Method.
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been added to finish the reaction. Vacuum filtration extracts the finished product from
the solution, which is in yellowish/brown color. The GO granules are then rinsed five
times in dilute hydrochloric acid. and warm deionized water to eliminate any residual
Mn ions or acid [29]. The graphene oxide (GO) has been synthesized via filtering and
drying under the vacuum at room temperature (Figure 5).

4.4 Synthesis of graphene oxide (GO) via modified Hummer method

Modified Hummer method is used to synthesized GO. In this procedure, graph-
ite is added to concentrated sulfuric acid and phosphoric acid (relatively 9:1 ratio of
volume) [30]. Stirred for 10-20 minutes in bath ice. A double amount of potassium
permanganate has been gradually added into the mixture under stirring. Keeping
temperature of solution around 3-5°C solution. The mixture has been reacted for
2-4 hours in a cold bath. Once again mixture has been stirred, at a 38-40°C water
bath. Consequently, for one hour, the temperature of the mentioned mixture is
maintained at 98°C [31]. Deionized water is continually added. Along with hydro-
gen peroxide also has been added dropwise in the said suspension. After filtration,
mixture is washed with deionized water and Hydrochloric acid multiple times. At
last, the end product is dried to get final outcome of GO (Figure 6).

4.5 Fabrication of reduced graphene oxide (rGO) via Tour method

Tour’s group developed an improved version of Hummer’s method in 2010 at
Rice University. In the mixture of H,SO4/ H;PO, (9:1), they replaced the sodium
nitrate with orthophosphoric acid and increased the quantity of KMnO,. There
is no generation of hazardous gas such as NO,, N,O,, or ClO,are regarded as the
benefit of this method, and temperature is easily controllable in Tour’s method.
According to the author, the existence of orthophosphoric acid leads more intact
graphitic basal plane [32]. Tour’s method is most efficient for GO as, it is inexpen-
sive, non-toxic and also, environmentally benign [33].
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Figure 6.

Schematic flow chart of GO synthesis by Modified Hummer’s Method.
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5. Applications of advanced carbon materials

Advanced carbon nanomaterials are receiving a lot of attention of scientific
research in last few years owing to their unique mechanical, thermal, chemical, opti-
cal and electrical properties. Advanced carbon materials, comprising of graphene,
fullerene, carbon fibers, activated carbon and carbon nanotubes are considered as
backbone of material science and technological innovation [34]. These advanced
carbon materials also find applications in electronics, organic photovoltaic, energy
conservation technology and drug delivery as illustrated in Figure 7 [35].

5.1 Drug delivery

The advancement of drug delivery systems is appealing as it permits to improve
the therapeutic properties of already existing drugs. The main purpose of develop-
ing an improved drug delivery system (DDS) is to transport therapeutic agents to
the diseased area in a controlled way with few side-effects on other healthy tissues
[36]. In the last few years, the advancement in nanotechnology has avoided some
problems in this area by inserting nanosacled drug carriers with useful applications
in drug delivery system (DDS). Among different nano-sized drug carrier, advanced
carbon materials have been extensively discussed for delivering therapeutic mol-
ecules, owing to their advantageous physical as well as chemical characteristics [37].

Recently, graphene has been explored as novel and inexpensive DDS with the
possibility of being employed for systemic, targeting and local DDS [38]. Graphene
is considered as one of the best nanocarrier for drug delivery because of its many
reasons. Firstly, it can load more drugs than other nanocarriers owing to larger
surface provided by arrangement of atoms in two dimensions. Secondly, graphene
and GO are suitable for different delivery environments due to their high chemical
and mechanical stability. Thirdly, toxicity and side effects of graphene and GO can
be reduced by simple functionalization process such as coating with biocompatible
material [39]. As graphene has an excellent ability to deliver protein, peptide and
nucleic acid into the cell by crossing the cell membrane so it has been explored for
delivering various therapeutics drugs, including antibodies, genes, antibiotics, anti
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Figure 7.
Advanced carbon material’s applications.
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cancer medicine, RNA, DNA and insoluble drugs. Delivery of multiple drugs at once
by graphene based nanomaterials has also been investigated for chemotherapeutic
efficacy [40].

In addition to graphene, carbon nanotube (CNT) has been investigated as fast
and effective nanocarrier for delivering therapeutic molecules. It has become an
attractive task for many research groups for its excellent drug delivery applica-
tions owing to its unique biological, physical as well as chemical properties [41].
CNT also has ability to attach desired functional groups on its outer layer due to its
hollow monolithic structure, which makes the CNT a promising nanocarrier for
drug delivery. Furthermore, functionalized CNTs can easily penetrate into the cells
so they have potential to work as vehicles for drug delivery of small therapeutic
molecules [42].

In addition, fullerene is also considered a promising material for drug delivery
in the body as catalyst and as a lubricant. It is mostly used to deliver the drugs for
cancer therapy, drugs needed to enter the brain and -tumor drugs. It acts as hollow
cages to capture other molecules. That is how it delivers drug molecules to the site of
action inside the body [43]. It can also transport multiple drugs to different tumors
by combining monoclonal antibody. Fullerene is efficient for delivering the drugs
owing to its capability to pass blood through brain barrier, deliver directly to the
targeted cells, not dissolve before reaching the targeted region and carry the load of
multiple drugs [44].

5.2 Energy storage applications

In recent years the demand for highly efficient energy storage devices has
increased significantly and a lot of work has been done to develop advanced
electrode materials. In this respect, advanced carbon materials have been widely
investigated for sustainable clean-energy storage systems owing to their excellent
physicochemical and thermo-mechanical characteristics [45]. As advanced carbon
materials have controllable porous structure, high surface area, high conductivity,
high temperature stability, excellent anti-corrosion property and compatibility in
composite materials so they can be used in energy storage devices as electrocata-
lysts, electro-conductive additives, intercalation hosts and ideal substrate for active
materials [46].

Within family of advanced carbon materials, graphene is attracting a lot of
scientific attention for its remarkable characteristics including significant surface
area, mechanical stability and excellent electrical conductivity, making it suitable
to use as electrodes in energy storage systems [47]. They can used to increase the
efficiency of currently used energy storing devices for instance super-capacitor
and Lithium ion batteries as well as make next generation devices such as Sodium
ion batteries, Lithium sulfur batteries and Lithium O, batteries, more practical. In
supercapacitor, in order to form an effective electric double layer coating, graphene
is used in the carbon coatings. These supercapacitors are then utilized to store large
amount of energy. Graphene is also used as electrode material in supercapacitor and
pseudocapacitors [48].

Carbon nanoube is also another promising material to be used in different
energy storage applications. It is used as electrodes in supercapacitor and lithium
ion batteries owing to its extraordinary tensile strength, electrical conductiv-
ity as well as ultrahigh surface region. Energy storage devices employ CNTs as
additives in order to increase electrical conductivity of cathode and also as anode
components [49, 50].

Apart from graphene and CNTs, activated carbon also finds its potential as
electrode material in energy storage applications due to its wide surface region and
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excellent electronic conductivity. These properties can be increased by adding other
materials such as polymer and other carbon based materials [47].

Fullerene is also used in advanced energy storing devices as electrodes because
of their being lightweight, controllable electrochemical performance, flexibility
and excellent electrical conductivity [51].

5.3 Fuel cell applications

Electrochemical fuel cell technology is a source of continuous supply of energy
and is important for providing sustainable energy conversion system. Fuel cell
has become a unique device for energy storage applications varying from mobile
phones to power plants because of their excellent efficiency, high performance
and less pollutant’s emission [52]. For development of fuel cells, one of the crucial
components of fuel cell is catalyst support. Catalyst support determines the level of
catalyst dissemination and increases the catalyst reactivity. The main characteris-
tics of catalyst support include large surface area, excellent thermal and electrical
conductor, stable in different types of working media and good absorbent to allow
reactant movement. Catalyst support is necessary to improve fuel cell’s efficiency
[53]. All these properties are possessed by advanced carbon materials. In fuel cells,
advanced carbon materials are used as catalyst as well as catalyst support in order
to enhance cell performance. As compare to other materials, advanced carbon
materials have several advantages, such as good stability in alkaline and acidic
media, electric conductivity and wide surface region. Moreover, these advanced
nanomaterials are also used in membranes electrode assemblies (MEA) in fuel cell
applications [52, 54].

Among these advanced carbon materials, graphene is favorable for energy con-
version systems owing to its certain characteristics including high tensile strength,
ultrahigh surface area, chemically stable as well as electronic conductivity, making
it a potential candidate for fuel cell applications [55]. Due to all these extraordinary
properties, graphene is mostly employed as electro-conductive electrode, catalyst
support, bipolar plates and additives in fuel cell technology as shown in Figure 8.

Cathode Catalyst
additive support
Noble Graphene i
metal free applications -
plates
catalyst in fuel cell
Polymer Anode
Electrolyte additive

Figure 8.
Graphene’s applications in fuel cell technology.
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As an additive, graphene is used in electrodes either individually or mix with

other carbon based materials [56]. They are incorporated in electrodes (anode and
cathode) in order to enhance reactions in fuel cell. So in this way graphene offers its
potential as catalyst to enhance fuel cell performance [57].

Besides graphene, carbon nanotubes are also favorable material for fuel cell
applications. Properties of multi walled carbon nanotubes (MWCNTSs) can be
modified via functionalization process in order to produce good combination and
improve performance to be used as catalyst support. Furthermore, they can be
incorporated in the mixture of platinum/carbon catalyst at the anode to increase
the efficiency of the catalytic reactions in the fuel cell [54]. Nitrogen-doped carbon
nanotubes have been employed in fuel cells in order to decrease the oxygen level at
the cathode. Carbon nanotubes in fuel cells are also used to reduce the demand of
metals that are utilized as catalyst as well as enhance the fuel cell’s efficiency.

As a catalyst support, carbon nanotubes have efficiently improved the catalyst
performance and usage. The fuel cell employing carbon nanotubes as a catalyst
support possess larger current density and high performance as well as catalytic
activity [58].

In fuel cell technology, fullerene also finds its potential applications as elec-
trocatalyst support at the anode for fuel oxidation reaction, for oxygen reduction
reactions occurring at cathode and as proton conducting membrane [59].

5.4 Organic photovoltaic applications

Recently, organic photovoltaic (OPVs) have gain the interest of many research
groups because of their usage as conformal, flexible, lightweight and inexpensive
power supplies for different commercial applications. OPVs are most effective
transformative solar technology made of earth abundant and nontoxic materials
on larger scale. Their performance for commercial applications can be improved
despite their high capability in large scale development [60]. In order to meet
these performance goals, advanced carbon based materials are extensively used
as transparent flexible electrodes, hole transporters and electron acceptor in OPV
devices. Advanced carbon-based photovoltaic devices have attracted much atten-
tion for both scientific research and commercial applications. Advanced carbon
nanomaterials namely fullerenes, graphene, activated carbon and carbon nanotubes
possess attractive properties to be employed as active materials for the development
of OPV devices [61].

In OPV devices, organic solar cell is most extensively used device for potential
applications. The aim of organic solar cell is to provide effective and low cost energy
production photovoltaic device as compared to already present solar technolo-
gies. Generally, organic solar cell is a very simple device made up of small organic
molecules, polymers, or mixture of both materials with or without other nanoma-
terials added into whole device [62]. These cells are not only flexible but also their
fabrication cost is just one third of the price of silicon cell. They can be inserted in
infrastructures including walls, windows, car windshields and many others [60].

Although graphene has single atom thick sheet structure but due to high hole
transport movement and larger surface region, graphene finds its applications in
organic solar cells [30]. In organic solar cells, graphene thin films are extensively
utilized as window electrodes. There are many advantages of using graphene in
these cells. Firstly, it generates a window for inducing photon energy in a wide
range of wavelengths (from UV to far infrared) inside solar cells. Secondly, it builds
a flexible transparent device with robust architecture. Thirdly, it possesses high
charge transfer mobility at the interface of electrochemical cells and allows for more
heat dissipation [63].
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In addition to graphene, Carbon nanotubes (CNTs) have unique characteristics,
such as excellent electrical conductivity, that make them ideal for combining with
conducting polymers to create composites being used in organic solar cell. These
cells have been made by incorporating carbon nanotubes into conjugated polymers.
In principle, carbon nanotubes and their composites can replace all parts of a solar
cell, including the light sensitive component, carrier selective contacts, passiv-
ation layers, and transparent conducting films [64]. Over the last decade, carbon
nanotube has been employed in organic solar cell as additives, carrier transporters,
transparent electrodes and light absorbers. Single walled carbon nanotube has
been widely utilized as an electron donor with fullerene-derivates as an acceptor in
organic solar cell using carbon nanotubes in photoactive layer to produce a type II
heterojunction [65].

With the discovery of photo-induced electrons transfer from conducting
polymers to fullerene, fullerene has been the most favored electron accepting and
transferring material for organic solar cell. Importantly, to improve the organic solar
cell’s efficiency, the thickness of photoactive layer can be decreased by utilizing
single-crystal fullerene [66].

5.5 Electronics applications

Advanced carbon materials are well recognized for their usage in electronics
because of their distinctive properties. Among advanced carbon materials, gra-
phene is the outstanding material with its attractive characteristics which make it
preferable choice for advanced electronics applications. Graphene finds its potential
to bring revolution in electronics due to its remarkable strength, thermal and
electrical conductivity and electron mobility [67]. In electronics graphene is mostly
used as transistor, interconnect, sensor and thermal management. It’s one of the
most efficient electrical conductors on the Earth.

In electronics and integrated circuits, the characteristics of graphene have
made it a viable alternative to silicon and the basis for developing superconductors
which permit to generate higher voltage lines that will effectively transfer energy
to our houses [68]. Microchips and transistors, both fundamental components in
almost all electrical devices, can be made from graphene. Graphene is used to build
circuitry of computer resulting in the development of significantly faster comput-
ers with low power consumption than existing silicon. It is used to build circuitry
Touch screens for cell phones and tablets can be improved by using graphene as a
coating [69].

Besides graphene, carbon nanotubes for electronic applications are also interest-
ing topic for research and printable carbon nanotube inks are making their way to
the market. Carbon nanotubes are utilized in the manufacture of transistors and
are used as conductive layers in the rapidly expanding touch screen sector. In some
applications, carbon nanotubes are thought to be a good substitute for Indium tin
oxide (ITO) transparent conductors [70]. For instance, carbon nanotubes, when
fabricated as transparent conductive films (TCF), might be utilized as transpar-
ent, highly conductive and inexpensive alternative in flexible displays and touch
panels. Significant development has been achieved on carbon nanotubes field effect
transistor (FET). Carbon nanotube-based field effect transistors (FETs) exhibit
operating characteristics that are almost comparable to those of silicon-based
components [71].

Single-wall carbon nanotube (SWCNTs) is promising candidate for the channel
material of flexible thin film transistor (TFT). Thermal management of electrical
circuits is achieved using large structure of carbon nanotubes. Random networks
of SWCNTs have also been used to fabricate integrated logical circuits. Carbon
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nanotubes also act as a rectifying diode [72]. In molecular electronics carbon nano-
tube is good candidate for connection because of their structure, electronic con-
ductivity as well as capability to be precisely generated. It is also recently revealed
that SWNTs, when employed as interconnects on semiconductor devices, they can
transmit electrical signals at high speed [73]. Fullerene is also used in electronics in
a variety of ways, including as a diode, transistor, and photocell. Moreover, fuller-
ene also behaves as device interconnects [74].

5.6 Lightweight mechanical applications

One of the most intriguing properties of graphene is that it is the lightest and
strongest substance known. It is lighter than aluminum and more elastic than
rubber. The reason that graphene stands out as a reinforce ingredient in composite
material is its outstanding intrinsic mechanical characteristics, such as stiffness,
strength, and toughness [75]. Currently, graphene is expected to be used (possibly
incorporated with plastic) to make a material that would substitute steel in airplane
structures, improving its performance, range, and weight. Because of its electric
conductivity, it is utilized to cover airplane outer surface to protect it from electrical
damage. This covering is also utilized to determine strain rate, alerting the pilots
to any variations in the stress levels on the airplane’s wings. The advancement in
high strength demanding potential applications just like body armor for armed
persons is possible with the help of useful properties of graphene [76]. Graphene is
a promising material for the development of speakers as well as electrostatic audio
microphones because of its lightweight property, which in turns show fairly good
frequency response. For applications considering strength and weight as limiting
factors such as in aerospace industry, graphene can be added into a variety of com-
posites. It is incorporated in different materials in order to make existing materials
more stronger and lightweight. So a composite material that is more lighter and
stronger than steel, gives the necessary strength required for the aviation industry
and save more money on fuel consumption. This is the main reason of incorporat-
ing graphene into these materials [77, 78].

Carbon nanotubes also possess extraordinary mechanical properties. The Young’s
modulus of carbon nanotubes is about 1TPa and their tensile strength is about
11-63 GPa. Due to these unique properties, carbon nanotubes have gained much
attention for many mechanical applications such as rotational actuators, nano-
meter cargoes, high frequency oscillators and nanometer tweezers. Extraordinary
mechanical properties of carbon nanotubes make it preferable material for load-
bearing reinforcement in composite materials as well as also for structural applica-
tions [79]. Moreover, low specific weight and high young modulus of SWCNT enable
them to employ as ultimate mechanical resonators for analyzing mechanical motion
in quantum field. Tip used in scanning probe microscopy can be made of carbon
nanotubes due to its high elasticity property that avoids the mechanical destruction
of tip when in contact with the substrate. Carbon nanotubes are also widely used in
various sensor applications such as in mechanical sensors [80].

6. Conclusions and future directions

Advanced carbon nanomaterials are receiving a lot of attention of scientific
research in last few years owing to their unique mechanical, thermal, chemical,
optical and electrical properties. Advanced carbon nanomaterials, comprising of
graphene, fullerene, carbon fibers, activated carbon and carbon nanotubes are
considered as backbone of material science and technological innovation. These
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nanomaterials are fabricated by using different physical and chemical methods to
get high materials with excellent characteristics. Advanced carbon materials also
find applications in electronics, organic photovoltaic, energy conservation technol-
ogy and drug delivery etc. In future these advanced materials can be used to develop
several materials with different applications. A lot of research is taking place for
producing these materials on industrial level. These advanced materials are the
future of sustainable energy production and storage devices owing to its capability
to store energy on large scale. Fuel cells also in the near future are thought to replace
battery based energy systems. Graphene sheets may have the potential to be a game-
changing use in microelectronics. The demand for advanced carbon materials will
be further growing for technological innovation.
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Abstract

Advanced 2D carbon materials such as graphene and derivatives are basic
building blocks for future nanostructured generation in electronics and energy
horizons owing to their remarkable physical and chemical properties. In this con-
text, production scalability of 2D materials having high purity with distinctive and
multi-functionalities, that facilitate in fundamental research and advanced studies
as well as in industrial applications. A variety of techniques have been employed
to develop 2D advanced carbon materials, amongst state-of-the-art synthetic
protocols, electrochemical is deliberated as a promising approach that provides
high yield, great performance, low cost, and excellent up-scalability. Notably, play-
ing with electrochemical parameters not only allows tunable properties but also
enhances the content variety from graphene to a wide spectrum of 2D semicon-
ductors. In this chapter, a succinct and comprehensive survey of recent progress in
electrochemical exfoliation routes and presents the processing techniques, strate-
gic design for exfoliations, mechanisms, and electrochemistry of graphene.

Keywords: 2D materials, electrochemistry, exfoliation, anodic exfoliation,
cathodic exfoliation

1. Introduction

Two-dimensional (2D) materials motivated scientific society owing to inspired
decisive passion in electrical, mechanical, and optical disciplines, showing extra-
ordinary properties comparatively layered bulky counterpart. 2D pioneer carbon
material, graphene, previously presented advanced studies in the fields, particu-
larly, [1] membranes, [2] bio-sensors, [3] energy storage technologies, [4, 5] and
topographic spintronics devices, [6] despite last decade advancement in graphene
literature approach, still alarming goal from its targets, as is the condensed mat-
ter physics, [7, 8] towards the aforesaid trend, a series of ultrathin materials were
isolated via exfoliation process, as synthesized incorporating metal chalcogenides,
[9, 10] double-layered-hydroxide, [11] boron nitride, [12] preliminary investigation
regarding 2D nano-materials was attractively oriented by fundamental research
approaches inheriting novelty properties, new channels have certainly opened and
encouraged recently towards high application inspired studies [13, 14]. Evidently,
2D materials frequently contributed active counterpart as a promising one in
functional devices and versatile electronics. Eventually, they prove themselves as
attracting candidates, revolutionizing the current technologies, further as, seawater
desalination, quantum computing, and renewable energy resources [15-17].
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Harvesting applications regarding 2D materials are expected to realize high
efficiency with low-cost industrial-scale technologies should be appreciated in the
development of high-quality 2D materials. Updates now reveal various top-down
adopted methods, likewise, scotch-tape. Chemical and liquid-based exfoliation was
followed, fabricating layered 2D materials successfully [18]. Recent investigations
have shown remarkable information about top-down approach, regarding time-con-
suming, hazardous chemical nature, and more defects generation. Comparatively,
epitaxial growth, and chemical vapor deposition (CVD), bottom-up approaches
have considerable capability of fabricating ultrathin 2D materials containing large
surface- area [19]. Nevertheless, aforesaid bottom-up methods are so complex that
they show costly high temperature and pressure, rather, more need to transfer the
2D materials fabricated products from metal surface to targeted substrate, making
difficult for controlling the synthesis process, and may incorporation of defects and
impurities into the products. Electrochemical technologies are usually carried out
under mild conditions, in comparison with, other synthesis technologies, as they
proven convenient and controllable conditions [20, 21]. Electrochemical exfoliation,
for the layered bulk-material, likewise, anodic-oxidation cationic-intercalation and
cathodic-exfoliation, using liquid-electrolyte, applying potential driven structural
expansion, is a potential method, exfoliating 2D materials in a remarkable novelty
fashion [22, 23]. The electrochemical technique is also employed as a quick and con-
trollable tool for lithium/non-lithium intercalations [15, 16, 24-31] and considered
as an effective technique for exfoliating and/or intercalates layered carbon materials
to single or multi-layered 2D nanosheets [32-35].

Electrochemical reactions occur on electrode with layered structure will yield
as intercalation and/or exfoliation of electrode [36-38]. There are some desirable
features for electrochemical exfoliation such as simplicity, fast cycle time, ease of
activity, control, and potential for scaling up. The applied potential and electrolyte
quality highly influenced on consistency of exfoliated nanosheets [39]. For this
purpose, a set-up similar to the battery test system in a galvanostatic discharge mode
with a constant current is used. In this context, a metallic lithium foil is used as
anode and bulk Graphite powder is serves as cathode with LiPF¢ in a combination of
ethylene carbonate and diethyl carbonate acting as electrolyte [16, 40]. Li" ions are
introduced into graphene interlayer van der Waals gap during intercalation cycle and
reduced by incoming electrons from the external circuit to Li atoms during insertion
(Figure 1) [42]. Strongly in-plane covalently bonded bulk materials with weakly
out-of-plane bonds, coupled by weak intermolecular forces, may easily be exfoliated
in the form of thin-atomic layered structure of the 2D materials, by breaking weak
van der Waals interactions under ultra-high cationic or anionic media [41, 43].

I.oad

1 Li foil
—_ \

Layered bulk
material

'\
-

Isolated 2D nanosheets Li-intercalated
compound

Anode '-' ions Cathnde

Figure 1.
Schematic illustration of electrochemical exfoliation [41].
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Figure 2.
Illustration of cathodic and anodic exfoliations.

The desired oxygen content, defect density, electrical conductivity, and thick-
ness associated with exfoliated 2D materials, to be tuned, may be adjusted through
voltage/current electrochemical parameters. Both cationic and anionic exfoliation,
also intercalations, have been applied schematically in the exfoliation process of
the graphite itself [44, 45], phosphorous black [46, 47] iv A and VA group metals
[48, 49], transition-metal-dichalcogenides [32, 50, 51], graphitic-carbon-nitride,
transition-metal-oxide [52], metal-organic-framework sheets [53] and MXene [54].
Based upon the type of potential used; electrochemical processes are mainly divided
into two forms one is (i) cathodic exfoliation, performed in organic solvents such
as Dimethyl sulfoxide (DMSO) and propylene carbonate comprising alkylammo-
nium/lithium salts as electrolyte [16, 44, 55-59]. Other is (ii) anodic exfoliation,
processed in ionic liquid or water mixtures or acids aqueous solutions such as H,SOy,
HCIO,, H3PO4, and H,C,04; both exfoliations are described in Figure 2 [22, 60-62].

2. History prospective of graphite intercalation chemistry

Graphite intercalation chemistry [63, 64] paves historical background path for
the graphene, produced by electrochemically roots, the first step involves, typi-
cally, intercalation of ions in this respect. Scientists and engineers studied graphite
intercalation compounds (GICs) over many decades, but exfoliation study of GIC
was intensively increased to produce graphene/graphene-derivatives via charac-
terization of graphene, employed by Geim and Novoselov [65]. A briefly reviewed
of pre-graphene era work has been described here, included with the latest
electrochemically produced graphene. GICs are identified, as numerous graphitic
molecules resided between basic graphene sheets.. The intercalating molecules may
play donor role in the graphitic network, otherwise, accept electrons (acting as
accepters) to form chemically ionic-bond with graphite. Contrarily, a ternary GIC
possibility prevails in the form of co-intercalated, acceptors and donors as well.
GICs have interestingly presented considerable research study, owing to improved
charming (electrical and electronic) properties relative to pure graphite. The very
first reported literature on GIC was presented by Schafhiutl, in 1841 [66]. While,
Various GICs methods have been promoted, producing the material under study,
likewise, chemical photochemical and electrochemical synthetic approaches.
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In addition, a homogeneous series of intercalating molecules were involved
in various graphitic nature host materials [67], fabricating various GICs. GICs
(amongst many species), including halogens, metal halides, alkali metals, and
various acidic nature compounds are successfully incorporated into graphite.
Electrochemical-intercalation-approaches have been studied since 1938, as Riidorff
and Hoffman employed electro-intercalation, to prepare acidic nature GICs
[68]. However, until 1970s and 1980s, no interest has been taken in intensified
electrochemically produced GICs. Moreover, in 1974, the Lithium/(CF) primary
battery has been introduced by Fukuda while the 1970s presented the first lithium/
graphite/fluoride battery-system on commercial basis, successfully [69, 70]. While
electrochemical-intercalation approach was employed, here, a voltage is applied to
graphitic working-electrode. In case the potential becomes positive, the graphite is
identified as positively-charged anode, attracting anionic intercalating-species. In
contrast, if the potential is opposite, then graphite acts as a negatively-charged cath-
ode, which attracts cationic nature species. As a result, accordingly, both anionic-
cationic intercalating-agents may be involved in the desired GICs. An anionic
intercalating-species, which have been successfully incorporated, contained obvi-
ously sulfate- anions, fluoride-anions [71-73], and metal-halides respectively [74].

Cationic intercalating-species, including metals such as magnesium [34] and
lithium have been reported [75, 76]. Lithium-ion GICs successfully exemplify the
application of GICs towards the production of batteries, an area, where maximum
research has been reproduced. GICs proved to be a successful battery cathode, or
anode, or both alternatively. In the 1980s, lithium-ion GICs were progressed as
anode-materials in secondary-batteries, associated with metal-oxide cathodes.
Research into lithium-ion batteries progressively continues, currently, with due
widespread commercial use this economical system. Furthermore, alternative
GICs battery systems, such as metal-hydroxide-based systems [77], have also been
adopted advanced steps and exhibited commercial based success. Various early
electrochemically synthesized GICs products, based on the contemporary electro-
chemical-products of exfoliated-graphene and functionalized-graphene, i.e. early
work on lithium/GICs advanced materials, which would be exfoliated to graphene,
later on, were also appreciated [78]. Stage-I, earlier GIC literature on GICs, is
considered the most relevant current-work on graphene exfoliation approach. As
far as Stage I is concerned, compound is formed during the process of one layer of
graphene resided between every layer of intercalating-molecules, whereas Stage-II
GIC shows two-layers of graphene intercalated between each layer of guest-
molecules. Stage-IIT GIC contains three-layered groups of graphene residing guest
molecules, and continue simultaneously. Since Stage-I GICs, the guest species,
enlarge the inter-layer spacing between graphene layers, following basic principle,
each layer may easily be separated from its neighbor one, so becoming able to be
exfoliated into single-layered graphitic nature. Much electrochemical-graphene
work, decisively first creates Stage-I GICs, which are, later on, exfoliated in the
form of monolayers. Earlier study reveals that electrochemically produced Stage-I
GICs have been announced more informative in many studies, clearly described
in the forthcoming sections. It is very likely, and innovatively, that this literature
study will continue to be made a foundation for future work, successfully [79].

3. Electrochemical setup and exfoliation mechanisms
3.1 Experimental setup

The electrochemical setup, used for graphene exfoliation, usually incor-
porates the elements such as graphite working-electrode, counter-electrode,
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reference-electrode, electrolyte, and voltage-supply. Systematically, highly-orien-
tated pyrolytic-graphite (HOPG), graphite-powders, graphite-rods, graphite-foil,
or graphite-flakes has been used as the working-electrode [22, 44, 80]. To provide
the conducting surface, graphite flakes were choosed as the best, amongst available
electrodes, that may be adhered to conductive carbon-tapes, forming the working-
electrode [22, 45], and they may also adhere to tungsten-wire via silver-pad [81] or
to be formed into graphite-plates through compression directly [82]. Being counter
electrodes mesh, platinum-wire, plates or rods, and graphite were more frequently
used. The arranged experimental setup is often illustrated as depicted in Figure 3a.
Keeping a certain distance between working and counter electrodes respectively,
they are simultaneously immersed into electrolyte. A voltage (positive or negative)
is applied to the graphite (a working electrode), depending upon adopted desired
exfoliation mechanism.

In addition to the aforesaid common setup, Liu et al. employed two pencil
cores, as graphitic anode and cathode sources alternatively [80]. An alternating
bias-voltage (between +7 V and — 7 V) was applied across the ends of pencil-
electrodes, exfoliating them properly. Though the setup was highly efficient with
higher exfoliation rate than graphite electrode, yet the product so obtained may be
expected more inhomogeneous, with wide thickness and suitable size distribution.
Abdelkader et al. reported, recently, a versatile setup in Figure 3b, showing contin-
uous electrochemical-exfoliation-process, producing 0.5-2 g (few-layer graphene)
per hour [83]. Moreover, in the setup, the graphitic electrode was injected steadily
from the bottom of the electrolytic cell with graphitic contact with the electrolyte,
being so exfoliated. Well- immersed-exfoliated (few-layer graphene sheets) was
located on upper surface of the electrolyte, thereby, flowed out of the cell, while
the partially-exfoliated-graphite retained at the bottom, so that further exfoliation
may be carried out [83]. In another study, Motta and coworkers have presented
ultra-sonication, assisting the electrochemical-exfoliation process, and placing the
graphite electrode in a sonicated-exfoliated process [84].

Sorokina et al. introduced a patent experimental setup, comparatively, produc-
ing GICs in the past of the graphene era indicating a load (20 kPa) was applied
across graphite-flakes over a platinum-disk (electrode), so to achieve fine electrical-
contacts between the graphite-flakes as well [85]. Recently, the main challenging
issue lies between (the effective and uninterrupted) electrical-delivery, to each
graphene layer, in the graphite, presenting the immense need for the development
of commercially scalable, and further controllable-setup.

3.2 Electrode preparation

Various bulk-layered materials exhibit strong in-plane bonds while electrostatic
interactions with weak interlayer bonding i.e., interlayer-cohesive-energies (less
than 200 meV/atom) [18]. So, exfoliation or delamination occurred in the form
of atomically thin-layered nanosheets, thereby, van der Waals forces amongst 2D
binding layers reduce to a minimum level. Mechanical exfoliation/chemical exfolia-
tion as compared with ultrasonic treated exfoliation was extensively carried out
fallowed by two-electrode or three-electrode electrolysis of electrochemical exfolia-
tion (using bulk-material as working-electrode). Plasma state as well as cations
or anions accumulated between layers owing to a strong electric field, resulting
in layered-structure electrodes expansion with the interlayer-bonding cleavage
simultaneously. Hence, bulk-layered-structured material may prove to be a good
conductor of electricity, thereby, could be made electrode. It has been reported
that bulk layered materials are semiconductive as well as non-conductive in nature
[86] caused by difficult to be electrochemically exfoliated, as in this case, the
most applied potential causes overwhelming large resistance. To overcome issue, a
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Figure 3.
(a) Schematic illustration of a typical setup for electrochemical exfoliation of graphite [81], (b) schematic of
the electrochemical cell for continuous process [83].

conductive additive is suggested to be more appropriate strategy [61], resulting in
exfoliation of 2D layered materials in an extensive range of possibility while ignor-
ing conductivity of the bulked layered materials.

During the exfoliation mechanism, expansion of bulk material electrode occurs
under the intercalation of ions, leading to disintegration of bulk material electrodes.
Resultantly, some disintegrated sheets were still not exfoliated, reducing the yield
strength and preventing electrochemical exfoliation process from the possibility of
feasible production route. During the intercalation process, chances of breaking of
bulk material electrodes, they are wrapped up in confined space with plastic tube
and platinum gauze or carbon cloth, suggesting reasonable method for laboratory
preparation method [87, 88]. Currently, Achee et al. framed a new route, yielding
highly scalable 2D graphene by employing graphite flakes, without binder as the
working electrode [89]. Graphite flakes remained in electrical contact under the
compressed expandable electrode system, expanded by gas evolution. Therefore,
graphene powders accumulated continuously expanded largely, and exfoliated
extensively to produce carbon materials (graphene), 2D in nature.

3.3 Electrochemistry of exfoliated graphene and mechanism

The electrochemical exfoliation Mechanism depends on the type of applied
potentials (anodic or Cathodic, Figure 4). Amongst the going mechanisms,
anodic-exfoliation contains an anionic-intercalation with any co-intercalating-
species (in the reaction mixture) into graphitic nature material. A positive current
extracts electrons from the graphite (a working anode), thereby producing a posi-
tive charge. The charge, so produced, proceeds of bulky negative ion’s intercalation
like sulfate anions, that have increased the interlayer-spacing between graphene-
sheets, and further supported during the exfoliation of the sheets, subsequently.
A negative biased graphitic working-electrode in cathodic exfoliation attracts
positively-charged-ions (e.g. Li*) in the electrolytic solution, involving any co-
intercalating molecules. Furthermore, the intercalating species create a location
where they open the graphene sheets, depending upon expansion and exfoliation
processes [16, 90, 91].

After completion of electrochemical intercalation along with expansion of
graphite, further need is required to some form of exfoliation. In some cases, where
exfoliation-process may occur during which intercalates (more typically), or the
co-intercalating species, such as water, that was rapidly transformed to expanded-
species (e.g. oxygen gas) [81]. On the other hand, electrochemically expanded
graphitic sheets requires, to be mechanically-exfoliated likewise sonication pro-
cess [78]. The exact mechanism related to electrochemical-graphene-exfoliation
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Figure 4.
Proposed mechanism for exfoliation process at both anode and cathode.

depends upon the potential polarity, along with other experimental conditions,
caused by the electrolyte as well as co-intercalating agents already incorporated in
the mechanism, to be further discussable (vide infra) [15].

An anodic exfoliation mechanism in ammonium sulfate ((NH,),SO4) aqueous
solution, outlined by Parvez et al. [22]. In (Figure 5a), Hydroxyl ions (OH"), firstly
produced from the water electrolysis, and this strong nucleophile may interact the
sp’ carbons graphitic- edges with grain boundaries, thus producing two vicinal
hydroxyls (OH) groups. Subsequently, they interact with each other, exploring
epoxide group rings. Alternatively, dissociating them forming of two carbonyl-
groups via further additional oxidation, as illustrated in Figure 5b, reaction (3).
Resultantly, this leads to depolarization with an expansion of graphitic-layers at the
corners, which in turn opened up the lattice, for intercalation, by sulfate ions SO},
providing opportunity towards possibly more water molecules. In addition, along
with the oxidation of graphite, further reactions are certainly expected to occur,
such as involvement of evolution of (CO, and O, gases respectively) by performing
reactions 4 and 5 in Figure 5. CO, and O, gases also assisted reasonably during the
exfoliation of the graphitic layers [22].

Similarly, anodic process was also described by Rao et al. [92]. Hydroxyl ions
(i.e. OH" ions) from aqueous NaOH electrolytic solution reacted with more added
H,0, to form O; ions that have proved to be more nucleophile than OH™ ions. That
is why, they may be easily intercalated into graphene-sheets, with the aid of (a
positive) electrochemical-potential. As an example of a cathodic exfoliation mecha-
nism, Li* (positive ions) in organic solvent PC (propylene carbonate) may be
systematically used as intercalating-agents [44, 78]. Electrochemical process was
achieved by the co-intercalation of PC and Li" ions in the form of negatively
charged graphitic layers, as illustrated in Figure 6.

By supplying sufficiently high voltage, the organic solvent will be decomposed,
producing propylene gas which added the graphitic expansion [44].

Alkaline situations along with 1 M of sodium hydroxide (NaOH) and father
explore the impact of adding hydrogen peroxide (H,0,) on exfoliation efficacy,
experimental setup with mechanism as shown in Figure 7a, bi-ii. The existence of
H,0; considerably improves the exfoliation due to formation of extremely nucleo-
philicions (O3 ) that causes to intercalate and magnify graphene layers. This
corresponds to the extremely reactive radicals (i.e. O and OH) produced by firstly,
anodic oxidation of water and secondly, opened and oxidized the edge sheets
assisting intercalations of the peroxide ions (Figure 7f-g). The exfoliation route
happens tremendously fast and obtained graphene sheets attaining a low density of
defects and low oxygen group content (Figure 7c-e). Further, exfoliation
approaches for graphite using anodic mechanism were projected using phosphate,
nitrate, carboxylate, and perchloride [16, 93]. Likewise, Abdelkader et al. used Li*
and alkylammonium ions (Et;NH"), in dimethyl sulfoxide (DMSO), intercalating
into graphitic-layers, while weakening the van der Waals interactions between the
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Figure 6.
Exfoliation of graphite into few-layer graphene flakes via intercalation of Li* complexes [44].

layers [83]. Simultaneously, Et;NH" was likely reduced electrochemically to Et;N
gas, supported by graphitic exfoliation successfully.

3.4 Anodic exfoliation

Amongst many electrochemical exfoliation methods, anodic graphite exfolia-
tion is that one, showing high exfoliation efficiency. Various diversified graphene
production approaches were adopted, based on anodic exfoliation, which has
already been reported [22, 60, 94-96]. Su et al. presented the best one approach
(as the first reported) of anodic exfoliation, via adopting the most simple and fast
method, while preparing electrolyte solution containing H,SO4 + KOH [81]. An
optimized procedure that was followed here, for the exfoliated graphene produc-
tion was the setup, similar to what is shown in Figure 3a, using the electrolyte with
value (pH = 1.2). A low-biased +2.5 V has been first applied for 1 min, yet with
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( a§ Schematics of proposed mechanism of anodic exfoliation (bi, ii) experimental setup and exfoliation
efficiency against H,0, molarity with photograph of dispersed nanosheets in C;H,NO. (c, and d) low
magnification (0.5 pm) and HR-TEM images of exfoliated nanosheets, vespectively, () image reveals some
defects in nanosheets (f) SAED image (g) HR-TEM image, exposing tri-layer formation, (h) distribution of
exfoliated nanosheets before centrifugation [92].

subsequent alternating-voltage between +10 V and — 10 V. In first step, low-voltage,
aided for forming the wetting electrode surface, helping intercalation of anions into
the graphite. Subsequently, the +10 V potential was used, for activating and oxidiz-
ing the graphitic sheets, which caused the graphite to become quickly in the form
of dissociated small pieces. The ensuing (—10 V) potential was used as reductants
towards functional groups. Very impressively, the so produced graphene sheets
show a lateral size of several to 30 pm. Above 60% of the sheets were observed as
bilayer-graphene with A-B stacking as illustrated in (Figure 8). Oxygen functional
groups along with some decisive defects have been detected in the graphene sheets
attributing to unavoidable oxidation. Moreover, the concentration level of graphitic
defects produced in graphene sheets was less than reduced graphene oxide, which
was produced by traditional chemical methods.

A similar study was presented by Su and colleagues [81], showing optimized
multiple parameters, involving pH as well as applied voltage. While at extremely
low pH, with high oxidation levels including H,SO4, produced a maximum level of
defects on the graphene sheets. Consequently, KOH was added along with H,SO, to
increasing the pH value of the electrolyte, exhibiting the exfoliation at lower rate.
Resultantly, it was observed that higher concentrated pH showed large percentage
of bilayer-sheets, but the non-uniform defect level was still maintained between the
graphene sheets. Subsequently, at less than 10 V potential (in terms of the working
biased potential), the exfoliation process was slowed down and more inefficient,
whereas voltages (greater than 10 V) accelerated the exfoliation rate very fast so
that density of graphitic-particles, as well as, thickest graphene sheets were clearly
observed and largely produced. Obviously, the effects of various electrolytic
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Figure 8.
STM image of bilayer graphene produced by Su et al. hexagons represent atom configuration of two layers [81].

solutions were greatly explored, involving some acids, such as HBr, HNO;, HCl, and
H,SO,, however, amongst the aforesaid solutions, H,SO, was found only to be more
effective in the performed experiments.

In 2013, Parvez et al. contributed and demonstrated their work in the form of
exfoliation process of graphite in H,SO, aqueous solution, further proceeding and
elucidating, the exfoliation mechanism as well [45]. In this respected end, they have
been explored the influence of H,SO, concentration more clearly on exfoliation
performance, by using (+10 V voltage), for 2 minutes subsequently. It was, more
certainly, found that 1 M and 5 M H,SO, explored slow exfoliation efficiency and
yielded 0.1 M H,SO,, presumably, because of (more concentrated H,SO, solutions),
generated larger fragments of graphitic-particles. Likewise, in case of sulfuric acid,
was too low, the exfoliation efficiency was more frequently reduced, caused by a
reduced number of anions. The worthy authors have deeply studied while examin-
ing pure H,SO, with 1:1 H,SO4/CH;COOH reaction mixture, however, in these cases,
slight expansion with almost no exfoliation was prominently observed so far. This
scheme has suggested the durability of water in the electrochemical process, as it
clearly may produce (oxygen and hydroxyl radicals), which arises as aiding agents
in intercalation and exfoliation processes. High-quality graphene was exfoliated via
0.1 M sulfuric acid solution, with a large sheet, containing a size of ~10 pm, with low
oxygen concentration 7.5 wt.% along with low sheet-resistance (of 4.8 kQ/square),
for a single sheet as in Figure 9a-f.

Liu et al. presented electrochemically exfoliation of two graphitic-electrodes,
through applied alternating potentials (+7 V and — 7 V) in aqueous electrolytes,
containing H,SO, or H3POy,, thereby, resulting in anodic-exfoliation using both
electrodes alternately [80]. Depending upon Characterization results, graphene
flakes with thick multilayered structure (3-9 nm), lateral size (1-5 pm) with
comparatively low oxidation level, were produced (see Figure 10).

Xia et al. keenly observed, the swallowed and expanded graphitic surface,
caused by the intercalation along with gas formation at early stage level [74].
Apparently, opening of graphitic edges is caused by a key-step towards the subse-
quent exfoliation. Furthermore, the radical attack was observed as nonselective,
in this case, occurring randomly at the exposed graphitic surfaces, necessarily
leading to increased oxidation level of the graphene sheets. Partial removal of the
radicals indicates a sound solution, preventing the side reaction, so occurred.
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0-110

Figure 9.

(a) AFM image of electrochemically exfoliated graphene on substrate (SiO,), (b) statistical thickness analysis
of the graphene sheets by AFM, (c, d, and e) HR-TEM images of single-, bi-, and four-layer graphene; inset in
(c) is the low magnification image of exfoliated graphene, and (f) SAED pattern of bilayer graphene [45].

Yang et al. [97] have examined an antioxidants group, based on a standard ammo-
nium sulfate (NH,4),SOy, electrolyte, and with radical scavengers containing sodium
borohydrides, ascorbic acid, (2,2,6,6,tetramethyl-piperidinyl)oxyl (TEMPO) acting
as additives candidates during the exfoliation process. Consequently, the more addi-
tion of TEMPO causes greatly suppressed oxidation state, yet not compromised the
exfoliation efficiency, with production of 15 g h — ! showing high quality graphene,
exploring large dimensions (5-10 pm), but only few defects were observed in the
form of C/O ratio equal to 25.3. Figure 11 showed that TEMPO initially reacted with
the (HO radicals) at anodic end, generating metastable TEMPOOH along with oxo-
ammonijum cations. At the Cathodic end, the aforesaid intermediates (compounds)
were largely reduced to TEMPO radicals in again turn. In the system discussed here,
single graphene sheets appeared to be an ultrahigh hole-mobility upto 405 cm” V' s™*
owing to be still an excellent processibility in N,Ndimethylformamide (DMF)

(6.0 mg mL™"), preparing graphene ink as well (Table 1).

b

3.5 Cathodic exfoliation

For decades, a graphitic negative electrode has been extensively used in lithium-
ion battery-technology, owing to its high electrical conductivity and ability,

83



215t Century Advanced Carbon Materials for Engineering Applications - A Comprehensive...

]
{
{

T A

]
200 1600 000 2800

Raman Shift (cm")

(F) [=swwwso

N=39
~%
2
<
&0 .
E = Raw Poncil 25
2
& 10
[
0
4 38 69 912 i

Thickness (nm)

Figure 10.

(a) TEM image and (b) SEM image of exfoliated GO flakes, (c) AFM image of exfoliated GO flakes. The
thickness is 5.45 nm with lateval size around 2 wm, (d) thickness distribution histograms for exfoliated GO
sheets, as estimated from corresponding AFM analysis. The graphene flakes are mainly distributed in the range
of 3-9 nm thickness (69%) with lateral size about 1 to few pm, (e) Raman spectva, and (f) XRD patterns for
both pencil core and exfoliated GO flakes, respectively [80].
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Figure 11.
Anodic exfoliation of graphite in an aqueous electrolyte with sulfate anions and TEMPO. TEMPO is a radical
scavenger that partially eliminates the hydroxyl radicals from water oxidation [97].

for hosting lithium between the graphitic layers (Figure 12). In this way, the
lithium-graphitic intercalation-compounds decomposed into water at a very fast
rate, giving rise to lithium hydroxide along with free-standing graphene sheets.
The aforesaid principle has been recently introduced, as a durable route towards
scalable production of graphene [107]. However, depending on slow kinetics of

the intercalation-process, the lithium was bounded to those areas closed to the
edges. Upon exfoliation into water, graphitic expanded edges were clearly produced
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and further intercalation also occurred positively, thereby, also water decomposi-
tion and sonication steps were necessarily taken, achieving complete exfoliation
(Figure 13) [44]. Liu et al. and Huang et al. [108, 109] have presented much
effort, for accelerating the intercalation kinetics, by using molten (LiOH or LiCl)
at 600°C. However, the intercalation was considered there so insufficient to be
achieved perfect graphitic exfoliation, but sonication steps thus fallowed were still
required to achieve remarkable production of graphene-based materials.

Swager and Zhong [78] suggested a synergetic method to be intercalated the
graphite primarily with Li*, by following tetra-alkyl-ammonium cations into two
steps separately. Moreover, due to expanded nature of the cathode, the distance
between electrodes was kept initially very large, exploring the high potential differ-
ence required to apply, to dominate the high Ohmic-drop, created by the electro-
lytic cell configuration. Resultantly, the organic electrolytic solvent was dissociated
in that state, occurring later on, at all the stages of the procedure by disappearing
slowly during intercalation process. That is why, additional steps were rendered
through sonication mechanism again, need to be sufficient for achieving reasonable
exfoliation proceedings.

Dimethylsulfoxide (DMSO) has shown a wide electrochemical window that is
highly efficient solvent during the graphene solvent dispersion, reflecting typical
dispersive qualities, by comparing those of NMP [110]. As a result; DMSO forms
various solvated ions, containing both lithium and alkylammonium ions reason-
ably. The observed solvated ions are expected to be able to intercalate with graphite,
via decomposition between the graphene layers making SO, and/or along with
amine-based apparent gases. The stress applied properly on the graphene sheets
through the gaseous expulsion so occurred is evaluated enough to overcome the
forces (van der Waals) that attracting the neighboring sheets, allowing separation
of graphene sheets formed by the graphitic cathode, thereby, allowing dispersal
occurring in the electrolytic solution. The authors of the literature [83] have
applied the said principle to make many flakes, showing lateral dimension (upto
20 pm) of few-layer graphene towards DMSO-based electrolytic solution, con-
taining triethylammonium and Lithium ions. Authors have adopted fashioned of
electrochemical program, by applying a controlled Cathodic-potential towards the
graphitic electrode, which presents complete intercalation prior to flakes formation
spontaneously, so that exfoliation from the Cathodic end because of partial expan-
sion occur consequently. It was greatly suggested that the triethylammonium ions,
dissociated between the layers, give rise to triethylamine along with hydrogen gases,
highly encouraging the exfoliation of flakes more prominently.

ILiclo, in PC{2(?

+ TBA*
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Figure 12.
Schematic and images of cathodic electrochemical expansion of graphite.
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Figure 13.

(a§ TEM images and electron diffraction pattern of cathodic exfoliated graphene, (b) electron diffraction
patterns of (i) single and (ii) bilayer sheets, (c) AFM image of exfoliated graphene spin-coated onto a Si
substrate. The thickness is ~1.5 nm, corresponding to a bilayer. (d) (left) Raman spectra (532 nm laser) on
Si substrates compared with the spectrum of graphite; (right) Lorentzian peak fitting of the 2D bands of the
bilayer and trilayer [44].

Figure 14.

(a) SEM image, (b) AFM image of graphene flakes deposited on Si substvate, (c) TEM image, and (d)
HR-TEM image of a graphene flake. The inset is an electron diffraction pattern and magnified portion of the
edge of the graphene flake [111].
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Figure 15.

( 45 Photographs of as prepared HOPG, (b) HOPG expansion after 1000 s tetraethylammonium cation
intercalation, (c) HOPG expansion after 1000 s tetrabutylammonium cation (TBA®) intercalation, (a—c scale
in mm) (d) HOPG expansion after 10,000 s TBA" intercalation, (e) SEM image of HOPG expansion after
6000 s TBA" intercalation, (f) SEM image showing micron-sized pores in HOPG after TBA" intercalation,
(g) SEM image showing selective exfoliation of HOPG electrode: The point on a HOPG electrode that was held
by tweezers (left-hand side) whilst the rest of the electrode (vight-hand side) was submerged [57].

Zhou et al. [111] have efficiently presented, so far, the only familiar method
followed to exfoliate graphitic cathodes into aqueous medium deliberately, using
an electrolyte containing NaCl, DMSO, and thionin acetate salt. Sodium ions were
chemically combined with (four or five) DMSO molecules, readily forming Na*/
DMSO complex-composite. Complexes so obtained were still intercalated in the
form of graphene-galleries owing to graphite, clearly forming ternary graphitic-
intercalation compounds (Na*(DMSO),Cn"). Further, interlayer spacing was sys-
tematically reported to be 1.246 nm, accordingly. However, perfect exfoliation was
rather not achieved through only electrochemical-treatment, therefore the sample
was necessarily subjected to sonication process in order to achieve more stable
graphene dispersions (Figure 14). In addition, however, samples were observed as
heavily contaminated (with sulfur, oxygen, and nitrogen impurities).

Cooper et al. have deliberately shown tetraalkylammonium salts to be cathodic
intercalation into HOPG by using relatively low potentials (ca. —2 V) [112] and
maybe systematically employed to produce purely cathodic-exfoliated materials,
consisting clearly (2 or 5 layers) of graphenes (see Figure 15) [57]. More signifi-
cantly, the materials were certainly found containing (no functionality or oxida-
tion), rather inclusion of slightly 1% in atomic form oxygen, probably induced from
the atmospheric exposure of the so obtained isolated materials.
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Further, Yang et al. [113] employed a pure ionic-liquid, N-butyl, methylpyrro-
lidinium bis (trifluoromethylsulfonyl)-imide (BMP TF,N) towards cathodic-graphitic
intercalation/exfoliation mechanism. In authors’ view, [BMP]" cations chemically
intercalated between the highly negatively charged (graphene layers), causing the
expanded interlayer spacing. The aforesaid expansion facilitates the bigger molecules
insertion, such as the BMPTEF,N ion-pair, subsequently, caused by higher expansion
in graphite as well. The authors have certainly claimed that formation of graphene
sheets was consisted of between (two and five layers), with 2.5% atomic-oxygen yet
free defected materials. However, the authors, not suggested a reasonable explana-
tion for the gel-like-phase, probably formed from the ionic- liquid during which (the
cations or anions) are expected to be consumed in all irreversible reactions [114, 115].

4, Conclusions

The process of electrochemical exfoliation has been confirmed to operate in a
wide variety of layered materials; the majority of studies are conducted on large-
sized bulk single-crystals, which are costly and inefficient for industrial applica-
tions. Small-sized powders or flakes are readily produced from natural materials
or industrial synthesis should be considered as an alternative for efficient and
successive exfoliation. Both aqueous and non-aqueous electrolytes are employed
to exfoliate layered materials, but the procedure is more often used in aqueous
solutions and under anodic conditions for the exfoliation of graphite owing to
better performance relative to cathodic scheme, in this technique most reliable and
effective way is Li-ion insertion. Around the same time, a deeper understanding of
process/mechanism of intercalation and exfoliation of powered by application of
current is desperately required, which may encourage the use of electrochemical
means to exfoliate more effectively a large number of layered materials.
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Abstract

Carbon nanotubes (CNTs) are referred to as carbon nano-architecture allotropes,
with wrapped graphene sheets forming a cylindrical structure. CNTs are either
developed by metals or narrow-band semiconductors with rolling graphene sheets
in various ways. Researchers have dedicated a great deal of attention to understand-
ing the fascinating properties of CNTs over the years, and possess certain peculiar
properties, such as a high degree of stiffness, a wide ratio of length to diameter, and
remarkable toughness, and are employed in a number of applications. These proper-
ties can be enhanced by scheming the diameter, nature of walls, chirality, length
of CNTs which is rolled up, and depending on the synthesis process. This chapter
extensively covers the various properties of CNTs and how it influences to desired
applications and also explains numerous methods of synthesis and processing of
CNTs with advantages and some drawbacks.

Keywords: 2D materials, graphene oxide, carbon nanotube, arc discharge, laser
ablation

1. Introduction

In recent decades, formation of nanowires and nanotubes has an attractive
literature which emphasizes towards material growth. Amongst numerous
materials containing organic and inorganic, nanotubes show versatile properties
due to promising candidates such like carbon nanotubes, contributing a great
part in potential applications relevant to disciplinary medicinal chemistry [1, 2].
Foundation of fullerenes [3] was extracted from carbon nanotubes (CNTs) that
explore fabrication on a macroscopic level, thereby exhibiting continuous evolution
[4]. The cylindrical shape of CNT is caused by rolling up of graphitic sheets; length
is measured in micrometer scale while maximum diameter is taken as 100 nm. CNT
also appears in bundle shape to form prominently complex nature structure [5].
Hexagon rings are in arranged form on which metallic nature or semiconducting
behavior of CNT is evaluated. CNT belongs to the properties towards robust appli-
cations like fillers; bio-sensors are amongst nanotechnological pillars in exciting
fields [6, 7]. However, some limitations such as insolubility and non-manipulation
in solvents play role for creating hindrance to CNT use as solute in organic solvents
as well as aqueous media. Dispersion of CNT may be carried out through sonica-
tion; however, precipitation is also occurred caused by the interruption of the
process followed by the mechanism. Moreover, numerous studies also showed that
CNT might react with a variety of chemical compounds [8-17].
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Innovative nanodevices are greatly desired in research work and it may be
met only by CNT best fabricating processing that is obtained by the synthesis of
complex nature composites [18-20]. Furthermore, CNTs become highly reliable
when chemical reactions are carried out to incorporate them in soluble activities
into different systems such as organic or inorganic and biological accordingly.
Thus, CNTs solubility approach in chemical reactions opens new routes for
introducing promising materials [21, 22]. Unidirectional CNT structures may be
prepared by modified approaches and their structural study is done by following
group study containing three categories, first is that various chemical groups are
incorporated on the surface of CNTs via covalent bonding, secondly non-cova-
lent wrapping of functional groups and thirdly endohedral fulfillment of cavity.
Many citations in this study have been appreciated due to which it is rapidly
increasing by worth in literature, while this review presents a limited approach
providing useful information in all citations followed in this study [23-26]. It has
been systematically studied that CNTs may be prepared by employing synthesis
methods containing arc discharge approach or chemical-vapor-deposition and
laser-ablation technique [27, 28].

In arc discharge approach temperature is kept greater than 3000°C. This temper-
ature is indispensable to evaporate carbon atoms to form a plasma state, in this way
CNTs are shaped as single-walled as well as multi-walled structures. In this process,
catalytic agent may or may not be involved during the formation of multi-walled
carbon nanotubes (MWCNTs). However, inclusion of catalytic agent is manda-
tory to create individual single-walled carbon nanotubes (SWCNTs). The catalytic
agents like Cobalt, Nickel, and Iron may be used as mandatory steps to complete
the reactions reasonably [29-32]. In chemical-vapor-deposition (CVD) approach
methane, ethylene, etc. are incorporated as hydrocarbon sources necessary to carry
out reactions successfully. As far as laser-ablation approach is concerned, evapora-
tion process of graphite occurs in a furnace at a temperature of 1200°C. Moreover,
graphite appears as dominant material to produce species with converting ratio at
maximum level. Moreover, biomaterial targets are achieved depending on degree
of purity level, that is why macroscopic approach is carried out for the improved
quality of carbon materials owing to achieve some characteristics like length and
alignment [33]. It has been reported that MWCNTSs were collected first time by
lijima (by employing arc-discharge approach), and this approach is too old that
was adopted for carbon fibers synthesis [34, 35]. Subsequently, an in-situ emulsion
of polymerization was presented by Khan et al. [36] in 2016 to synthesize carbon
nanotubes (CNTs) in the form of composites, which was completed by employing a
colloidal system to fabricate nanostructured brush.

2. Classification of carbon nanotubes

Nanotubes may be categorized into SWCNTs as well as MWCNTs (see Figure1). A
comparison between both SWCNT and MWCNT is demonstrated in Table1 [38, 41].

3. Structure and morphology

SWCNT comprised of carbon atoms from graphene sheet containing benzene
rings in hexagonal shape as illustrated in Figure 2a. Cylindrical graphene sheets
comprising honeycomb lattice are visualized in single-atomic graphitic-layer
of crystalline nature, while MWCNT is in stacked form of graphene sheets that
are rolled up into cylinders having same centers. The composition of nanotube
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Figure 1.
Molecular representations of SWCNT (top left) and MWCNT (top right) with typical transmission electron
micrographs below [37].

SWCNT

MWCNT

Single-layer of graphene.

Multiple layers of graphene

Catalyst is required for synthesis.

Can be produced without catalyst.

Bulk synthesis is difficult as it requires proper control
over growth and atmospheric condition.

Bulk synthesis is easy.

Not fully dispersed, and form bundled bundled
formation.

Homogeneously dispersed with no apparent
structures.

Resistivity usually in the range of 107%-10°Q.m

Resistivity usually in the range of
18x10°-61x 107°Qm

Purity is poor. Typical SWCNT content in as-prepared
samples by chemical vapor deposition (CVD) method is
about 30-50 wt%. However high purity up to 80% has
been reported by using arc discharge synthesis method.

Purity is high. Typical MWCNT content in
as-prepared samples by CVD method is about
35-90 wt%.

A chance of defect is more during functionalization.

A chance of defect is less especially when
synthesized by an arc-discharged method.

Characterization and evaluation are easy.

It has a very complex structure

It can be easily twisted and are more pliable.

It cannot be easily twisted.

Table 1.
Comparison between SWCNT and MWCNT [38-40].

molecules contains a million atoms having length of tens micrometers and diameters
are comparable with 0.7 nm value [41]. SWCNTs containing 10 atoms often lie along
the circumference of tube-like structure with one-atom-thick thickness. A length
to diameter ratio of carbon nanotubes is measured about 1000 (large aspect ratio),
giving rise to be considered as unidirectional structures [43]. MWCNTs structure
is formed by various single-walled tubes that are stacked in concentric cylinders
inside each other. The MWCNTs are identified as nanostructures showing the outer
diameter is (15 nm or less) while structures having a diameter more than 15 nm are
considered as nanofibers, not nanotubes. CNTs are different from carbon-fibers
owing to not a single (molecule) yet strand layers sheets of graphitic nature [43-46].
Depending upon the two aforesaid basic structures, carbon nanotubes may be
categorized into three varieties as an armchair, zigzag, and chiral carbon nanotubes.
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Figure 2.

(a) Unrolled single-layer graphene sheet showing the geometry of the SWCNT, (b-d) Examples of the
three types of nanotube sidewall; zigzag, armchair, and chival (A color version of this figure can be viewed
online) [42].

The structure of a variety of carbon nanotubes depends on the formation of rolled
up graphitic cylinders during synthesis process. The main focus is selection of
rolling-axis relative to hexagonal graphitic network of sheets as well as radius

of closing cylindrical network of nanotubes that are raised in various types of
SWCNTs. In this structure, chiral vector contains » and m indices corresponding

to two unit vectors directing along two-axis in graphene crystal lattice structure.

In case of m = 0 zigzag-type nanotube, but when n = m the armchair nanotube is
obtained while other configurations are attributed to chiral type nanotubes accord-
ingly. In addition, SWCNTs with armchair structure, zigzag, and chiral structures
have been illustrated in Figure 2b—d. Moreover, a further detailed structure may be
visualized in literature reviews [7, 43, 47, 48].

4. Properties

Mechanical properties may drastically be raised, caused by the electrostatic
forces between sp” carbon—carbon-bonds. Previously no material has been yet
found to display the collective mechanical, electronic, and thermal properties up
till now. Densities of materials have been observed below 1.3 g/cm” value (one-sixth
stainless steel). Young’s moduli measured material stiffness that was greater than 1
TPa and is considered approximately 5x higher than that of stainless steel [49, 50].
However, uniqueness of materials still depends upon strength that makes them
apart from others. Furthermore, carbon nanotubes are those materials that showed
the strongest stiffness in the history of mankind. The tensile strength of carbon
nanotubes measured so far is up to 63 GPa that is considered about 50 times greater
than that of stainless steel [51]. However, carbon nanotubes that are identified as
the weakest one show only several GPa strength [52]. As far as chemical, environ-
mental stability, thermal conductivity etc. are compared to diamond. Owing to such
attractive properties along with lightness of carbon nanotubes opens new routes
towards variety of applications particularly in the field of aerospace [40, 53-55].

Carbon nanotubes highly exhibit electronic properties as compared to other
materials. On comparing with copper carbon nanotubes show an extraordinary
electrical conductivity. The most notable fact here is metallic as well as semicon-
ducting nature of carbon nanotubes. The rolled-up structure comes forward to
break up symmetric shape of the planar system. In this way, different directions
are observed attributing to hexagonal lattice of carbon material and also axial
direction is disturbed. Axial direction and unit vectors describe hexagonal lattice,
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therefore, depending on electrical properties carbon nanotubes may have nature

of metal or semiconducting material. Amongst other nanotubes, semiconducting
nanotubes may have band gap inversely with diameter. Band gap range was found
between (1.8-0.18 eV) relative to small diameter tubes as well as very wide SWCNT
respectively [56, 57]. Consequently, various nanotubes may belong to higher
conductivity as compared to copper metal, while some others relative to silicon
have a more conducting nature. There is a still promising interest in fabrication of
nanoscale electronic devices by active use of nanotubes. Various areas of technology
need carbon nanotubes to prepare advanced materials. Thus carbon nanotubes are
already frequently used in those areas of research. Some outcomes of nanotubes are
flat-panel displays, fuel cells, scanning probe microscopes, and sensing fabricated
devices [58].

4.1 Optical properties

Electronic properties owing to SWNTs have been theoretically studied in early
decades. SWNTs may be predicted metallic or semiconductors based on parameters
that are followed in structure formation of the nanotubes [35]. As far as metallic
and semiconducting nature of nanotubes is concerned, one third belongs to metallic
whereas two-third relates to semiconducting nanotubes concerning selected indices
(n, m). The aforesaid model is identified as x tight-binding model related to zone-
folding scheme. Tight-binding data is based on (¢ and ) bands that produce the
curvature of 6 and = bands. This bending behavior indicates a very small gap lying
between metallic and semiconducting nanotubes [59, 60].

4.2 Electrical properties

Electrical properties of carbon nanotubes show electrical transport impact that
becomes an interesting area of various possible applications attributing to fabricate
electronic devices at nanoscale basis. Nanotubes are classified as one-dimensional
conductor owing to which attractive microscopic phenomena are observed at low
temperatures. Phenomena are likewise single-electron charging, superconductiv-
ity, and resonant tunneling. On the other hand, high temperature based tunneling
conductance expresses power-law suppression that is evaluated as a function of
(temperature and bias voltage) consistent with one-dimensional Luttinger liquid.
Scattering mechanism is raised by optical or zone-boundary-phonons in metal-like
nanotubes. Scattering along with coherent-backscattering phenomena has resulted
in the form of low-temperature phenomena. Probe measurements were two-type as
well as four-type in transport experiments performed with respect to MWNTs [61],
isolated SWNTs, and SWNT bundles respectively [62, 63].

Initially, electrical resistance was measured towards unique MWNT below
T = 20 mK, Langer et al. determined [61], whereas magnetic field shows a loga-
rithmic conductance trend at declining temperature whereas saturation level was
identified at the temperature below T ~ 0.3 K. However, when magnetic field
impact was measured and found perpendicular towards tube axis, at that time
magneto-resistance measurements were also observed. Furthermore, temperature
effect on conductance in magnetic field was also observed that was found inconsis-
tent with two-dimensional weak-localization.

4.3 Vibrational properties

Atomic-vibrations into carbon nanotubes were successfully evaluated by
employing force-constant models (zone-folding-approximation) [64], also for
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concrete structure of nanotubes [65], ranging (tight-binding-models) [66-69] and
finally, ab-initio models were also observed [70]. To measure vibrational eigenfre-
quencies, experiments were performed by using light resonant Raman scattering
in case of laser-light-energy when energy measurements are very close to available
electronic transitions. Resonance limitations are entirely different for all types

of nanotubes; therefore Raman spectroscopy presents results to display various
nanotubes structures that exist in the nanotube specimen. Currently, Raman
spectroscopy measured parallel polarized light relevant to MWNTs [71], SWNTs
[72, 73] and cross-polarized-light on isolated SWNTs [74].

4.4 Thermal properties

Phonons were used to measure specific heat as well as thermal conductivity
of carbon nanotube systems. When temperature was kept low enough, acoustic
phonons were observed indicating dominant role of phonon contribution in the
nanotube systems. Linear specific heat measurements and thermal conductivity
yield at or above 1 K but below room-temperature [75, 76], whereas 0.62 T specific
heat identifies temperature at or below 1 K [77]. Linear temperature was evaluated
depending on linear k-vector and modes of vibration of acoustic phonons such as
longitudinal and twist like vibrations [78]. Transverse acoustic phonons are relative
to specific heat exhibits dependence behavior attributing to specific heat at or below
1K along with quadratic k-vector trend [79]. Thermoelectric measurement power
(TEMP) for nanotube systems presents active and direct information about carrier
types along with conductivity mechanisms [80-83].

5. Synthesis of CNTs

High-quality carbon nanotubes are considered to be superior quality materials
and proved to be main pillar towards promising and versatile applications, various
synthesis routes are employed to achieve feasible application of CNTs as described
in Figure 3. Superior quality indicates that density of structural defects is sig-
nificantly less over length scale between 1 to 10 microns along tube-axes. Carbon
nanotubes synthesis is rapidly increasing in research field but still, challenges are
prevailing. Those challenges are required to resolve with respect to synthesis of
CNT. The main challenges are of four types regarding nanotube synthesis [84].
First is mass-production scale, containing low-cost based synthesis with large-scale
synthetic routes to produce high-quality SWCNTs nanotubes. Second is a selective
production scale that raises control over structural defects and changes electronic
properties relevant to produced nanotubes. Third is Organization level regarding
control over location along with specific orientation towards produced nanotubes
on specific substrate. Fourth is mechanism level that presents all procedures fol-
lowed during growth of nanotubes in synthetic processes. But growth mechanism
is considered still controversial because alternative mechanisms may be employed
during fabrication of CNTs [27, 85, 86].

Different techniques have been systematically employed to develop and produce
SWNTs as well as MWNTs showing various structural and morphological char-
acters in laboratory quantities. Methods commonly followed are three in number
to synthesize CNTs, first is arc discharge [87, 88], second is laser ablation [66, 89]
and third is chemical vapor deposition [67-69, 90, 91]. Catalysts are considered
basic elements that are selected as source of carbon towards nanotubes formation,
having sufficient energy. A significant feature of all methods followed for CNTs
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Figure 3.
Currently used methods for CNTS synthesis [84].

fabrication is to enhance energy for carbon source producing fragments of carbon
atoms that may recombine to yield SWNTs or MWNTs. The main goal is source of
energy that is electricity and heat from an arc discharge and CVD respectively or
high-intensity-light for laser ablation.

5.1 Arc discharge and laser vaporization

Amongst various methods that were allowed regarding SWNTs synthesis,
arc-discharge or laser-ablation methods contributed relatively on large-scale basis
(Figure 4). Subsequently, carbons atoms in a gaseous state are condensed caused by
evaporation process of solid-state carbon atoms [92]. While growing single-wall-
nanotubes (SWCNTs) in arc-discharge system, metallic catalyst is mandatorily
required to incorporate for speed-up desired chemical reactions [93]. On the other
hand, superior-quality (SWCNTs) are successfully fabricated (1-10 g scale) by
using a laser oven approach [94]. Besides aforementioned method wave, CO,-laser
system was also employed regarding industrial-scale production of SWCNTs [95].
However, costly equipment as well as high energy consumption requirement makes
them unfavorable approaches towards production of nanotube materials. Through
employing arc ablation or laser methods only powder type specimens of carbon
materials into bundle-shape form are controllably produced. The most common
characteristic relevant to arc-discharge and laser-ablation approaches indicates
higher energy need to induce carbon atoms to rearrange forming CNTs. Favorable
temperature is prominently 3000 °C (or higher value) that is considered more
beneficial for fine crystallization growth of CNTs at this level since products are
obtained with attractive graphite-alignment. Moreover basic needs of the systems
such as vacuum-conditions, repeated graphite-target substitution create barriers
towards production of CNTs on an industrial scale [96].
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Top Flange

Electrode connection

Figure 4.
Schematic diagram showing the Arc discharge method [40].

5.2 Chemical vapor deposition (CVD)

CVD approach presents carbon compounds decomposition in gaseous state
where metallic nanoparticles are used as catalysts resulting in nucleation sites
available for initial growth of carbon nanotubes (CNTs). Main drawback found
in previous both methods was lack of large-scale fabrication of carbon materi-
als, but CVD approach has presented preferred route towards carbon nanotubes
production at large scale [97-99]. In this work, carbon is extracted from hydro-
carbon source or some other carbon generating source. These chemical reactions
are only successfully performed by using catalysts at or below 1200 °C tempera-
ture. Resultantly, CNT structure involved parameters like wall number, length,
alignment, and diameter that have proven controllable CVD process. In addition,
CVD approach has greater scope and advantages over other methods showing
mild operation with low cost and selective process. The previous twelve years
period describe that various approaches have presented promising industrial-
scale synthesis of carbon nanotubes. All approaches indicate that CVD methods
are main pillars of large scale production of nanotubes. Among various methods,
main approaches are five in numbers that have proven to be successful large-scale
yield [100].

i.Methane(CH,4) chemical vapor deposition (CVD) approach has been
reported in 1998 showing bulky synthesis of SWCNTs by employing CVD
method directly from CH, at temperature level (900 °C) [101, 102]. But Su
et al. [103] successfully enhanced yield efficiency of CVD method by using
aluminum oxide (Al,O3) aerogels. These aerogels were impregnated with a
catalyst containing Fe/Mo nanoparticles.

ii. High-Pressure carbon monooxide (HPCO) approach presented catalytic-
decomposition of CO through CO (a carbon source) at high pressure towards
SWCNTs fabrication [104]. Aforesaid catalysts were used in decomposition
process in the form of a gas phase state collected from organometallic-
catalyst that was used as a precursor.

—

iii. In CO-CVD approach CO gas plays role to feed gas. On comparing with
previously prepared samples with same methane catalyst, amorphous

carbon rate was drastically reduced. In addition, the use of Co-Mo catalyst
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was considered an additional advancement in previously employed CO-CVD
approach [105]. This approach incorporates Co/Mo bimetallic catalyst along
with fluidized CVD-reactor during production of SWCNTs at large scale.
The main benefit that arises from controllable use of fluidized CVD reac-
tors was that they stop continuous addition as well as removal of solid-like
particles during operation without stopping reactor work.

iv. Alcoholic CVD approach has been presented by Maruyama et al. in 2002
report [106] by producing superior quality SWCNTSs with aless amount of
amorphous carbon. Alcohols were used in methanol or ethanol from carbon
source. Resultantly, formation of OH radical during synthesis process played
a vital role for maximum removal of amorphous carbon from efficient
growth of pure SWCNTs leaving them advanced material in a research field.

v. Currently Plasma Enhanced Chemical Vapor Deposition (PECVD) approach
has been used widely towards fabrication of MWCNTs and SWCNTs
carboneous compounds [107-109]. Moreover reactive species present in
plasma-system may seriously affect growth of carbon nanotubes with small
diameter, thereby creating implications for diameter control along with
selective etching attributing to metallic SWCNTs growth.

5.3 Laser ablation method

Both laser ablation and arc discharge approaches have the same principles
with similar mechanisms. However, they are not similar with respect to energy
sources that are adopted to complete reactions. A laser is main source of desired
energy for laser ablation method and Figure 5 is showing schematic experimen-
tal setup. The schematic structure contains quartz tube with graphitic block.
Graphite block is heated at 1200°C temperature by using high-power-laser
whereas metal particles are incorporated catalysts [110]. Argon gas is controllably
used in stream form during reaction process. Graphite lying in quartz is system-
atically vaporized by functioning of laser. Argon present in chamber removes
vapors of carbon by condensation process towards downstream cooler quartz-
walls. Condensation process is completed in the presence of both SWCNTs and
metallic nanoparticles (see Figure 5). Literature reveals that laser power may

Graphite target
Inert gas 4 = e Nanotubes deposited

S Y at collector
\ P
\\\\ ‘ .‘}/.
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N
"

+ I Copper collector
Laser Furnace

Figure 5.
Schematic structure showing the laser ablation method.
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strongly affect CNTs diameter. On increasing laser pulse power rate a very thin
diameter carbon nanotube is collected [40]. On other hand, some other reports
give more information in favor of laser pulses that they behave like great poten-
tial, owing to be capable to provide SWCNTs in large amount [89, 111]. Reports
indicate pure and superior quality production of SWCNTs in this case. Curved
graphene sheets are observed showing position of carbon atoms in condense
phase state caused by set up created by metal-catalyst to fabricate condensed
carbon nanotubes.

In this case, carbon atoms rearrange them for formation of ring shape and in
this way, electronegative properties become dominant to play role in preventing
open edge from sealing [110]. Furthermore, there are main benefits relative to this
method that indicate metallic impurities less in amount but high in yield owing to
vaporization tendency creating at tube end of metallic atoms at closing position.
However main drawback of technique is observed with respect to synthesis aspect
of nanotubes that they are not regularly straight rather indicate degree of branch-
ing to some extent. In addition this technique involves high-quality graphitic rods
with high-power laser rate. However, in this case, CNTs are produced but not
greater than arc-discharge technique. Carbon-2019 for “PEER REVIEW” describes
high-power-laser when metal particles are incorporated as mandatory catalysts in
reaction process [110]. Argon gaseous stream is continuously used during reac-
tion mechanism. Graphitic quartz is passed through vaporization process using a
laser, argon media captures carbon vapors that result in condensed downstream
towards cooler-walls of quartz but still SWCNTs with metallic-particles are located
in condensation process. Laser power may also clearly affect CNTs diameter.
Furthermore, diameter becomes comparatively narrowed on increasing laser pulse
rate [30]. Other studies reported that ultrafast laser pulses are of great potential,
and are capable to produce larger quantities of SWCNTs [112]. SWCNTs collected
by this technique are observed owing to high-purity and superior-quality in nature.
Location sites where carbons atoms initiate condensation process may set up
curved shape graphene sheet along with metal-catalyst atoms. In this way con-
densed nanotubes are properly obtained showing peculiar properties. Moreover,
carbon atoms merge to form specific rings, thereby raising electronegative prop-
erties relative to metallic atoms that become capable to prevent open-edge from
closing [113].

The main benefit belongs to followed method, in this case, metallic impurities
are observed relatively less in amount but with high yield that is caused by vapors
formation tendency belonging to metallic atoms from tube end when closed once
in a time. However main drawback relative to this technique indicates irregularity
in straight shape for synthesized nanotubes whereas degree of branching occurs to
some extent. Furthermore, pure graphitic rods are involved in this procedure along
with high laser power rate. Resultantly production of CNTs was not in great amount
as compared to arc- discharge method.

6. Conclusions

Carbon nanotubes have the ability to be more investigated, and it is possible
to drive further advancements by using CNTs in different fields. The findings
obtained in the synthesis, functionalization, and structure of CNTs have contrib-
uted significantly to promising developments in various fields. However, further
perfections in synthesis protocols are needed to obtain highly durable CNTs for
preferred applications. For an instant, catalyst size is directly influenced on diam-
eter of CNT during CVD reaction. So, further analysis should also be undertaken
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to discover more effective methods of processing precisely uniform-sized catalyst
particles in order to ensure the production desired diameter of SWCNTs; but CNTs
are costly than other carbon nanomaterials. Efforts should be proceeded to look for
modern, cost-effective, and plentiful carbon sources, so that cost of CNTs can be
lowered to an acceptable amount.
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