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Carbon nanomaterials are endowed with novel and magnificent optical, electrical, chemical, mechanical, and thermal properties,
with a promising prospect in different advanced applications such as electronics, batteries, capacitors, wastewater treatment,
membranes, heterogeneous catalysis, and medical sciences. However, macroscopic synthesis of carbon materials for industrial
use has been a great challenge. Furthermore, structural nonhomogeneity and indefinite fabrication have hindered vigorous and
consistent implementation of these materials in extensive technologies. Nevertheless, they offer exotic physics, and as a result,
they have continued to attract great interest from the scientific community in an effort aimed to optimize their properties
through innovative synthesis techniques, ensuring macroscopic production and discovering new applications. Hence, this study
endeavours to provide a conscious review of these materials via the comprehensive discussion of the various allotropes of
carbon (fullerenes, carbon nanotubes, and graphene), synthesis techniques (arc discharge, laser ablation, and chemical vapor
deposition), and their applications in energy-related fields (batteries, capacitors, photocells, hydrogen storage, sensors, etc.) and
their impending prospects.

1. Introduction

The well-known carbon, with 6 electrons, is composed of
four external shell electron orbitals (2s, 2p,, 2py, and 2p,)
and as a result can hybridize into sp', sp”, and sp’. These
configurations present carbon as the most intriguing ele-
ment known in the universe. Owing to its allotropic charac-
teristics, it forms compounds that have varied properties
dependent on the adjacent arrangement of carbon atoms.
Naturally, diamond and graphite are considered the natural
allotropes of carbon with diamond exhibiting sp> hybridiza-
tion with a bond length of 1.56 A. Conversely, graphite

hybridizes in sp> with a hexagonal (honeycomb) lattice, with
a bond length of 1.42 A, and carbon inter-layer spacing of
3.35A [1].

In the recent past, studies have revealed new allotropes
of dimensions: zero-dimensional (0-D) fullerenes, one-
dimensional (1-D) carbon nanotubes (CNTs), and two-
dimensional (2-D) graphene nanomaterials (NMs). Gra-
phene is considered a monoplanar sheet of sp*>-bonded car-
bon atoms in a honeycomb crystal lattice, and it is a
structural element for other forms of carbon allotropes. For
example, the rolled-up graphene results in the formation of
CNTs, but when curled up, it forms fullerenes. Fullerenes
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(regularly known as molecular carbon) are an asymmetrical
sheet of sole-atom-thick sheet graphite curled up to form a
sphere consisting of pentagons and hexagons. Alternatively,
CNTs are seamless cylindrical tubes with a diameter range of
1-100 nm and can be grouped into two: single-walled CNT's
(SWCNTs) and multiwalled CNTs (MWCNTs). SWCNTSs
are perceived as a single-graphene layer of length range of
1-100um rolled up whereas MWCNTs are nested concentric
shells of SWCNTs with a spacing of 3.4 A between individual
walls [2, 3].

The characteristics of these carbon-based NMs are
dependent strappingly on their atomic structures and rela-
tions with other materials [4]. Compared with conventional
materials, carbon-based NMs possess excellent optical, elec-
trical, mechanical, and surface area to volume ratio proper-
ties [5]. Therefore, these materials have attracted great
interest from science and industries due to the novelty in
properties that are auspicious for several advanced applica-
tions in areas like electronics, batteries, capacitors, wastewa-
ter treatment, membranes, heterogeneous catalysis, tissue
reengineering, drug delivery, imaging, and biosensing [5, 6].

Imperatively, the properties and applications of NMs are
immensely influenced by the dimensions, morphologies, and
forms of carbon. Consequently, the synthesis of these mate-
rials with the anticipated properties has received substantial
consideration. Thus far, a plethora of synthesis techniques
such as chemical vapor deposition (CVD), arc discharge
and laser, electrolysis, hydrothermal, thermal decomposi-
tion, epitaxial growth on electrically insulated surfaces,
unzipping of CNTs, and Hummer’s method [2, 7] have been
explored. Arc discharge, laser ablation, and CVD have been
the predominant synthesis techniques.

Therefore, this review covers the following aspects of
carbon NMs: a discussion on the three allotropes of carbon
(fullerenes, CNTs, and  graphene), common synthesis
methods (arc discharge, laser ablation, and CVD), and the
highlight of energy-related applications (Figure 1).

2. Carbon Nanomaterials

In the foregoing section, albeit in brief, we have conversed
on carbon NMs such as fullerene, CNTs, graphene, nanofi-
bers, and nanodiamonds. Interestingly, this area has a record
of three main scientific awards, i.e., the two distinguished
Nobel Prizes for the discovery of fullerene and graphene
together with the Kalvin prize awarded in the discovery of
CNTs. The scientific interest in these materials is immense
owing to their exceptional properties which have prompted
a widespread application.

From being used in water treatment, biomedicine (drug
delivery, chemotherapy during cancer treatment, antiviral
activity, and biosensors), electronics, energy, and nanotech-
nology, these materials have in no doubt improved and
changed every industry in which they have been imple-
mented. As a result, there has been swift research develop-
ment in the science and technology of carbon NMs over
the past two decades that has culminated in the accumula-
tion of an enormous amount of knowledge on these mate-
rials in terms of properties and mechanisms. A fact that
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can be proved by ten thousand publications, academic talks,
conferences, and forum lectures. Therefore, the focus of this
chapter will be on fullerene, CNTs, and graphene as summa-
rized in Figure 2.

2.1. Fullerenes. Fullerene is a 0-D nanomaterial that consists
entirely of carbon atoms and occurs in spherical (Buckyball),
ellipsoidal, or tubular (Bucky tubes or CNTs) forms. It was
first predicted in 1970 by Osawa [8] and experimentally dis-
covered in 1985 by Kroto et al. [9] who went on to be
awarded the Nobel prize in chemistry in 1996 [10, 11]. It
was synthesized via a laser vaporization technique under
an inert atmosphere. The analysis revealed that the fullerene,
Ceo (Figure 3) formed, had 12 pentagonal and 20 hexagonal
rings facing symmetrically and reminiscent of graphite. The
Cgo which contains 60 carbon atoms is often known as
Buckyball (resembles soccer ball), a name derived from a
geodesic dome designed by Buckminster Fuller. The
nucleus-to-nucleus diameter and centre-to-centre distance
between neighbouring molecules are about 7.1 A and 104,
respectively [12].

Despite this outstanding discovery, physicochemical
studies on fullerene were not possible until 1990 when
Kratschmer et al. devised a simple technique to synthesize
large and usable quantities of C, [14]. They vaporized
graphite rods under helium (He) atmosphere through the
arc vaporization technique. Notably, at the cold surface of
the reactor, they witnessed the condensation of soot. Then,
soot was collected and boiled in an organic solvent (toluene,
benzene, and xylene). Finally, evaporation was conducted to
remove the solvents thus leaving behind a black condensate.
Subsequently, conventional spectroscopic procedures were
employed to study the characteristics of C, which led to
the discovery and synthesis of other fullerenes with a distinc-
tive number of faces with C ranging from 20 to hundreds
(Figure 4) which was achieved.

For example, C,, C,,, C,, and Cg, have been found in
soot and others synthesized via the flow of electricity in the
environment [13]. The Cq, is purple or violet colour with a
molar mass (g/mol) of 720.6, C,, is brick red and has a
molar mass (g/mol) of 840.7, C is light yellow-green with
a molar mass (g/mol) of 912.76, Cg, is brown and molar
mass (g/mol) of 1008.84, and Cgz, has a molar mass (g/
mol) of 1032.86 and is olive-green [15]. Some of the features
of fullerenes are as follows: (i) fullerenes such as C,,, C,
Cgp> and Cgy, are inherent chiral due to the D,-symmetry;
(ii) Cg, does not show super-aromaticity; (iii) with an excep-
tion of small ones, fullerenes are stable; (iv) they are sparing
soluble in many solvents; (v) their toxicity depends on the
type, functional group of solvent, and synthesis method
used [12].

2.1.1. Structure and Symmetry of Fullerenes. Fullerenes have
a cage-like structure and exhibit 5-fold symmetry. To avoid
localization of the strain resulting from sp” hybridization
of carbon atoms, a separation of the five-member rings is
needed. All the fullerenes discovered thus far have even
numbers of carbon atoms and are described by general for-
mula C,,,;; (H being the number of hexagonal faces)
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FIGURE 1: Graphical presentation of this study.
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FIGURE 2: Carbon NMs (fullerene, CNTs, and graphene).

[16]. As shown in Figure 3, the C,, has spherical geodesic ~ of edges, and F the number of faces. Euler’s theorem indi-
geometry with 12 pentagons and 20 hexagons rings. The  cates that irrespective of the vast number of cage hexagonal,
60 vertices are covered with 60 atoms of carbon and obey  each closed geometry must contain 12 pentagons to ensure a
Euler’s theorem suitable curvature that will lock the cage [17]. Based on this
theorem, the least fullerene that can occur is the unstable

N-E+F=2, (1)  C,q In the buckminsterfullerene molecule, each carbon par-

ticle is bonded covalently to the other three adjacent parti-

with N representing the quantity of vertices, E the quantity  cles with sp” hybridization [15]. Furthermore, the existence
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F1GURE 3: Structure of Cg, [13].

of two bond lengths is apparent in fullerene (Figure 4) which
is the C,-Cj single bond of 1.467 A in the pentagons and the
C,C, double bond of 1.355 A [13].

2.1.2. Species of Fullerene. Fullerenes can be modified chem-
ically to exhibit various auspicious properties that are funda-
mental in their applications. For instance, an introduction of
alkali metal to fullerene may result in a realization of super-
conductivity. Based on how these modifications are formed,
four classes, namely alkali-doped, endohedral, exohedral,
and heterofullerenes, are realized.

(i) Alkali-doped fullerenes: alkali-doped fullerides are
the type of fullerenes class formed through a reac-
tion of fullerene molecules and alkali metals. The
reaction is a result of the high electronegativity of
fullerene molecules which ensures the formation of
compounds with atoms that can donate electrons.
Examples are K,C,, and Rb,C, alkali-doped super-
conducting fullerenes which have onset supercon-
ducting T', of 18K and 28 K, respectively [18].

(ii) Endohedral fullerenes: these are formed when an
atom is trapped inside a hollow fullerene. If the
atom closed inside is a metal, it leads to the forma-
tion of metallofullerene. Stable endohedral com-
pounds are formed by metals such as yttrium,
scandium, and lanthanum and some noble
gases [19].

(iii) Exohedral fullerenes: these are a type of fullerene
derivatives formed as a result of the reaction of ful-
lerene and other chemical groups. Importantly, ful-
lerene consists of conjugate m—system of the
electron; it is expected that two main chemical
transformations are likely to occur on the fullerene
surface, further reaction leading to exohedral
adducts and redox reaction leading to salts [20].

(iv) Heterofullerenes: it involves heteroanalogues of Cg,
and higher fullerenes. Here, an atom or more of car-
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bon of the cage is/are replaced by heteroatoms like
nitrogen and boron [21].

2.2. Carbon Nanotubes. The history of CNTs can be traced
back to 1952 when it was first detected and theoretically
described by Radushkevich and Lukyanovich [22]. Precisely,
24 years later, SWCNTSs were reported during pyrolysis of a
mixture of benzene and hydrogen [23]. The CNT discovery
in recent times was ascribed by Iijima, who described
MWCNTs in carbon soot produced during Cg, carbon par-
ticle fabrication in an arc evaporation test [24].

The CNTs are 1-D nanomaterials with sp> hybridization
of carbon atoms. Based on structure, CNTs can be grouped
into two: SWCNTs and MWCNTs. The SWCNTs are
formed when a graphene sheet is rolled up (Figures 5(a)
and 5(b)), whereas the formation of MWCNTSs involves sev-
eral graphene coaxial tubes around the SWCNTSs thus form-
ing multiwalled CNTs. The simplest form of MWCNTs is
double-walled CNTs (DWCNTs) formed by two sheets of
graphene (Figure 5). Noteworthy, MWCNTs are either
formed through the Russian Doll model or the Parchment
model [26, 27].

The Russian Doll model explicates that MWCNTS are
formed when CNTs of small diameter are enclosed by CNT's
with a larger diameter whereas the Parchment model occurs
when single graphene is rolled up around itself several times.
Typically, the diameter of SWCNTSs ranges from 0.40 to
2nm and 1 to 3nm for MWNCTs while the aspect ratios
are higher than 1250 [5]. Other differences between
SWCNTs and MWCNTs are enumerated in Table 1.

Geometrically, CNTs could be grouped into three: zig-
zag, armchair, and chiral as shown in Figure 6. The chiral

vector a(n, m) in Figure 5(a) shows possible means of roll-
ing up the honeycomb graphene. Mathematically, the chiral
vector can be expressed as [1]

C= (C, =ma, + na,). (2)

By extension, the diameter of the tube can be determined
as

v/ m2 2
d:a ms+mn+n ) (3)
T

Here, a = 1.42 x +/3A is the lattice constant in the graph-
ite sheet. To determine whether the structure is armchair or
zigzag, the following conditions must be met:

0=0,(m,n)=(p,0), wherepisinterger (zigzag), (4)
0 = £30° (m, n) = (2p,—p) or (p, p) (airmchair), (5)

where 0 is the chiral angle formed between the chiral vector

C and the zigzag direction and can be written as

\/5111

(6)

0 =arctan |-
2m+n



Adsorption Science & Technology

. A8
@ 128 }‘ jvye
=L "\\_‘_.w ) v‘i&—;&
Ce0 C70 C76 C240 Cs40
FiGURE 4: Illustrations of fullerenes (extracted from [12]).
07
semassss N 20
e e
S S 3 S
a2 seceoaany =
(a) Graphene sheet (b) SWCNTs (c) DWCNTs: formed of two

of rolled up graphene

FIGURE 5: (a) Graphene sheet, (b) SWCNTs, and (c¢) DWCNTs [25].

TasBLE 1: Differences between SWCNTs and MWCNTs [28].

SWCNTs

MWCNTs

Contain a monolayer of graphene
Requires catalyst during synthesis

Bulk synthesis is cambersome

A lot of defects during functionalization
Poor purity

Accumulates less in body

It is easy to characterize and analyse

Twisting is easy

At least two layers of graphene
Production could be done in the absence of a catalyst
Easy bulk synthesis

Slighter defects occur during functionalization but are difficult to recover

High purity
Accumulates more in the body
Difficult to characterize and analyse
Twisting is difficult

Chirality is the most fundamental intrinsic property of
the CNTs that have the greatest influence on optical and
electronic properties. Most importantly, a small change of
0 might transform a bandgap of CNT material resulting in
a conductor or semiconductor (small or large bandgap semi-
conductor). There are two scenarios experienced in elec-
tronic -applications; when n—m=3j (j is an integer),
SWCNTs are metallic, whereas when n—m=3j+ or n—
m=3j+ 2, the SWCNTs are semiconductors. Metallic and
semiconducting SWCNTSs can be used as conducting wires
and as channel materials in transistors, respectively [29].
Furthermore, CNTs could be utilized in quite several appli-
cations thanks to their excellent chemical and physical prop-
erties shown in Table 2

2.3. Graphene. Graphene is a single-atom-thick planar sheet
of sp® covalently bonded carbon atoms in a honeycomb
crystal lattice and the neighbouring atoms of carbon hexa-
gons separated by a bond length of 1.42 A and layer thick-
ness of 3.3 A (Figure 7) [30, 31].

Basically, three of the four valence electrons are allowed
to bond to their next neighbours (o-bonds), and the fourth
electron (7-electron) is free (delocalized) and oriented per-
pendicularly to the sheet as shown in Figure 8(a). Again, gra-

phene has crystal symmetry emanating from two sublattices
that are equivalent. The energy bands of the sublattices
intersect at zero energy, E=0 (Figure 8(b)) thus leading to
semimetal material [31].

Graphene acts as a building block for other carbon
materials such as fullerene, CNTs and graphite. In addi-
tion to the excellent electrical conductivity, the great opti-
cal transmittance of about 97.7%, and the capability to
withstand a current density of 108 A/cm?, graphene mate-
rial exhibits other exceptional properties as highlighted in
Table 3. Due to the exciting properties, the study of gra-
phene and its derivatives has attracted great attention in
the recent past with numerous applications such as nanoe-
lectronics, drug-agent delivery, electrodes, batteries, sen-
sors, and supercapacitors [32].

2.3.1. Graphene Derivatives

(1) Graphene Oxide (GO). GO exhibits a hexagonal carbon
structure that is comparable to that of graphene. However,
it encompasses oxygen functionalities like carbonyl (C=0O
), hydroxyl (~OH), carboxylic acid (—-COOH), and alkoxy
(C-0-C) among other groups [39]. The oxygenated
groups are responsible for the expansion of separation
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FIGURE 6: (a) Unrolled sole-layer graphene sheet showing the geometry of SWCNT, and (b-d) examples of the three categories of CNT

sidewall, zigzag, armchair, and chiral version [29].

between the layers, increase of solubility, and provide the
possibility for surface functionalization thus making it possi-
ble for use in nanocomposite (NC) materials.

High yields of GO can be synthesized/produced from
graphite (Figure 9) as a raw material via chemical techniques
that are less cost-effective. Also, its hydrophilic characteristic
implies it can form aqueous colloids resulting in easy and
cheap chemical processes. The GO sheets are composed of
partly carbon atoms that are arranged tetrahedrally with
sp> hybridization and displaced slightly on either side of
the graphene plane [40]. These sheets are atomically rough
because of the covalently bonded functional groups and
the deformed structure [41].

(2) Reduced Graphene Oxide (rGO). Treatment of GO by
various reducing synthesis methods results in the formation

of reduced graphene oxide (rGO). In the literature, rGO is
often known as functionalized graphene, chemically improved
graphene, chemically transformed graphene, or condensed
graphene [42]. The reduction of GO is aimed at improving
the honeycomb hexagonal lattice which is otherwise distorted
during oxidation from graphene to GO. Again, reduction
ensures the minimization of oxygen groups and enhancement
of properties that mirror pristine graphene [39].

(3) Graphene Quantum Dots (GQDs). On the other hand,
GQDs are zero-dimensional (0-D), nanometer-sized carbon
materials displaying features that are gotten from both gra-
phene and carbon dots (CD). A conversion of 2-D graphene
into 0-D GQD leads to an exhibition of innovative phenom-
ena owing to the quantum incarceration and edge effects.
These materials portray excellent photostability, biocompat-
ibility, and low toxicity [43].
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TaBLE 2: Comparison of chemical and physical properties of SWCNTs and MWCNTs [5].

Chemical and physical properties SWCNTs MWCNTs
Strength 50.00-5.00 x 10°GPa 10.00-60.00 GPa
Specific gravity 0.80 gcm™ 1.80 g/cm™

Thermal conductivity

Specific surface area
Thermal stability

Resistivity
Elastic modulus

3.00 x 10°Wm'K!
4.00 x 10%-9.00 x 10*’m?g™*
2.80 x 10*°C (in vacuum)
>7.00 x 10*°C (in air)
5.00-50.00 uQ2cm
~1.00 TPa

3.00 x 10°Wm 'K!
~2.00 x10%-4.00 x 10°m’g™
2.80 x 10*°C (in vacuum)
>7.00 x 10%°C (in air)
5.00-50.00 uQcm
~0.30-1.00 TPa

(b)

FIGURE 7: Representation of (a) graphite with layer separation of 0.33 nm and (b) graphene layer of thickness 0.142 nm [32].

m
Ep
Sp? J
(a) (b)

FIGURE 8: (a) Bonding of carbon atoms in graphene (b) schematic band structure at =0 [31].

3. Carbon Nanomaterial Synthesis

It is no doubt that carbon NMs have exciting properties
which have guaranteed their usage in several applications.
However, the implementation of these materials in wide-
ranging applications has faced serious challenges due to
structural inhomogeneity and imprecise fabrication emanat-
ing from the synthesis process. Nonetheless, many synthesis
techniques have been developed together with continuous
improvements of the existing methods which have not only
seen the large quantity and high-quality production of
carbon-based NMs but also saving of time and energy. For

example, fullerenes have been synthesized via CVD [45],
arc discharge, and laser ablation [5]. Equally, CNTs have
been produced through arc discharge [46], laser ablation
[47], CVD [48], solid-state pyrolysis [49] plasma torch,
and liquid electrolysis [5]. In the synthesis of graphene, tech-
niques such as exfoliation [50], chemical vapor deposition
(CVD) [51], arc discharge [52], laser ablation (pulsed laser
deposition) [53], unzipping of CNTs [54], Hummer’s
method [55], and chemical-based techniques [56] have been
used. This section provides a detailed account of the three
commonly used synthesis techniques: the arc discharge, laser
ablation, and CVD.



TaBLE 3: Physical and chemical properties of graphene.

Chemical & physical properties of

Values References
graphene
3 _
High thermal conductivity >:00 X111<91W m [33]
. - 2.00 x 10

Carrier mobility 5em?V-l ! [34]
Electrical conductivity (o) 2.00 x 10°S.m™ [35]
Transparency 97.70% [36]
Young modulus 1.00 TPa [37]
Specific surface area 2.63 X 103m2g'1 [38]

3.1. Arc Discharge. There has been extensive use of the arc
discharge technique to synthesize carbon NMs since its
invention [14]. Importantly, the technique has undergone
various modifications aimed at achieving specified objec-
tives. The modifications include the usage of DC power in
place of AC power, use of relatively low AC current com-
pared to high AC current, the high practice of demineralized
coal electrodes, and tapered apparatus for carbon soot col-
lection [57]. As shown in Figure 10, the technique is an easy
assembly with the possibility of giving relatively high yields
and uses high purity graphite electrodes (anode and cath-
ode). In a nutshell, depending on the nature of NMs desired,
graphite anode is coated with a metal catalyst. The opening
between the anode and cathode is regulated/controlled by
regulating the anode position. During synthesis, high tem-
peratures (above 17000°C) coupled with low pressures of
30-130 Torr and an inert gas-atmosphere are maintained
with reaction time ranging from 0.50-1.00 minutes to 2.00-
10.00 minutes [58]. It is worth noting that physical and
chemical factors like reactor temperature, catalyst composi-
tion, the pressure of the gas (hydrogen), and carbon vapor
concentration affect the arc discharge process.

During the synthesis of CNTs, several products are wit-
nessed [58] in various sections of the reactor which include
the following:

(i) Large quantities of soot are deposited at the reactor
walls

(ii) Between the cathode and chamber walls, web-like
structures are formed

(iii) At the end of the cathode, there is grey hard deposit

(iv) Around the cathodic deposit is a formation of
spongy collaret

In the absence of catalysts, soot and deposit are the only
products formed. It is imperative to note that the soot con-
tains fullerene, whereas the carbon deposit comprises of
MWNTs and graphite carbon NMs. The specifications of
MWNTs formed are as follows: an inner diameter in the
range 1.00-3.00nm, an outer diameter between 2.00 and
25.00nm, tube diameter < 1 ym, and all having closed tips
[58]. On the production of SWNTSs, a catalyst of metals like
Gd, Co, Nij, Fe, Ag, Pt, Pd, or mixtures of Co, Ni, and Fe with
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other elements like Co-Pt, Co-Ru, Ni-Y, Fe-Ni, Co-Ni, Co-
Cu, Ni-Cu, Fe-No, Ni-Ti, and Ni-Y is used [59]. The out-
come of this synthesis process includes the deposited core
which is comprised of MWNTs, metal-filled FMWNTs, gra-
phitic carbon nanoparticles (GNP), metal-filled graphite car-
bon nanoparticles (FGNP), and metal nanoparticles (NNP)
and the spongy soot which includes MWNTS, FMWNTs,
and SWNTs. This method produces relatively large quanti-
ties of CNTs, but chirality is compromised due to little con-
trol of alignment and requires purification to essentially
remove traces of metallic catalyst [58].

Fullerenes were first synthesized using the arc method
whereby carbon soot was produced through heating resistive
graphite rods at a temperature of about 2.00 x 10°C and
pressure of 100-200 Torr of either helium or argon gas
[60]. More recently, a comparison of resistive heating of
graphite and direct heating arc technique using a current
of 150.00 A, pressure of 2.00 x 10% Torr, and 2 min arc dis-
charge run produced a higher yield of about 67% of fullerene
was obtained via resistive method compared to direct heat-
ing arc method [57].

Similarly, arc discharge has been used to fabricate gra-
phene as attested by the SEM images of graphene
(Figure 11) produced under 150 A and 200 Torr conditions
[57]. Note that the nature/type of graphene produced is
largely dependent on the environmental synthesis condi-
tions. For example, Rao et al. produced a graphene sheet that
consisted of 2-4 layers under the helium-hydrogen mixture.
Also, the discharge atmosphere dictates the kind of bonds
formed in as-produced graphene which ultimately influ-
ences the properties they exhibit. For instance, an atmo-
sphere of H, and NH,;-B,H, mixture resulted in the
formation of B-doped graphene [61], whereas when H,
and NH,; atmosphere was used, N-doped graphene is
achieved [62].

3.2. The Laser Ablation. The laser ablation technique
(Figure 12) was first used by Guo et al. [63] and later devel-
oped and improved by other researchers [64, 65]. Unlike arc
discharge, laser ablation works at significantly lower temper-
atures and uses solid carbon sources. Based on Geo et al.’s
study [63], the set-up involves metal-graphite placed in a
furnace which is heated to 1.20 x 10*C and bombarded by
a laser beam of 532 nm. Under computer control, a smooth
laser beam scanning is performed to ensure uniformity in
vaporization. Subsequently, through laser vaporization, a
production of soot is produced and then swept by argon
gas from high temperature to a lower cooling collector
(water-cooled copper) placed outside the furnace. The tech-
nique offers an easy one-step process in the production of
carbon NMs such as graphene [66], diamond [67], carbon
quantum dots [68], and carbon nanoparticles [69].

To synthesize the aforementioned carbon NMs, impor-
tant laser ablation parameters like the wavelength of the
beam, duration of the pulse, laser intensity, pressure flow
type, between target and substrate, target and carrier-gas
temperature are paramount. The technique guarantees
potentially high yields and significantly low metallic impuri-
ties. Conversely, nanotubes produced by this method are not
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FIGURE 9: General chemical variation paths for exfoliated graphene sheets. (a) [3 +2] 1,3-dipolar cycloaddition of in situ generated
azomethine ylides. (b) [1 + 2] Bingel cycloaddition, (c) aryl diazonium, and (d) azide addition [44].
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FIGURE 10: Arc discharge synthesis method.

essentially straight but have a degree of branching. Equally,
their diameter is dependent on laser power. For example, in
the absence of additional heating and by use of a continuous
wave CO, laser ablation, an increase in the CO, laser power
resulted in the production of SWCNTs with enhanced average
diameter [25]. Also, the production is dependent on the wave-
length and laser radiation fluence. It has been reported that
with the use of 355nm laser wavelength at fluence F=3]c

m~2 produced good quality SWCNTs (Figure 13) were pro-
duced whereas for 1064nm, good quality SWCNTs were
obtained in the fluence range of 1< F<6Jcm™ but with
lower yields for F >3] cm™ [70].

A successful application of commercial MWCNTSs and
MWNTs-polystyrene targets (PSNTs) for the deposition of
multifaceted thin films onto silicon substrates utilizing
pulsed laser deposition (PLD) with pulsed, diode-pumped,
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FiGure 11: SEM images of graphene produced by arc discharge operating at 150.00 A and 200.00 Torr. (a) No resistive heating. (b) 4.50 V.
(c) 7.50 V. (d) 11.00 V [57].
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FIGURE 12: Schematic representation of laser ablation.

Tm:Ho:Lulf laser has been reported by Stramel et al. [71].  pared to PSNTs. Furthermore, using Nd: YAg laser, Bonac-
It has been observed that a thin film consisting of much  corso et al. [72] prepared thin films of MWCNTs
higher quality is realized when using MWCNTs targets com-  deposited by pulsed laser deposition on alumina substrates.
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FiGure 13: BF-STEM images of SWCNTSs bundles. The metal NPs
which act as a catalyst are shown by black dots [70].

Russo et al. [73] used an exceedingly oriented pyrolytic
graphite (HOPG) as a carbon source in the synthesis of gra-
phene. By employing this powerful technique, graphene is
produced in a one-step process of exfoliating graphite sheets.
The production process is conducted in a vacuum environ-
ment and under an inert gas atmosphere. Similarly, few-
layered graphene (FLG) has been produced using
femtosecond laser ablation of graphite powder suspended in
ethanol. Interestingly, the setup does not require a controlled
environment. The graphite powder used here was of an aver-
age size of less than 20.00 um. Using a femtosecond laser of
a wavelength of around 8.00 x 10°’nm and a beam diameter
of around 8 nm, the powder was ablated and ultrasonication
resulted in a formation of FLG of ~ 1.00 ym in lateral size [74].

3.3..Chemical Vapor Deposition. CVD involves the disinte-
gration of hydrocarbon or carbon monoxide feedstock with
metal-catalytic help. Noteworthy, methane, ethylene, poly-
cyclic aromatic hydrocarbons, and benzene are the main
source of carbon used in CVD. This technique is performed
in two configurations: horizontal furnace configuration and
vertical furnace configuration. Being the most popular, we
will discuss the horizontal configuration (Figure 14) as
applied in CNT synthesis and which is typically similar to
other allotropies of carbon NMs. The synthesis process
begins with the placing of catalyst on ceramic or quartz
boat/crucibles and then inserted into the quartz tube. At
temperatures of between 5.00 x 10°°C and 1.10 x 10*C, the
reaction mixture comprised of inert gas and hydrocarbon
which passed through the catalyst bed. This is followed by
cooling of the system to room temperature [58]. Impor-
tantly, many different types of CVD have been developed
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that include hot filament (HFCVD), radio-frequency CVD
(RF-CVD), microwave plasma (MPECVD), water-assisted
CVD, oxygen-assisted CVD, and thermal or plasma (PE)
oxygen assisted-catalytic chemical deposition (CCVD) [59].

Likened with the arc discharge and laser ablation, CVD is
the most suitable technique for large scale production of CNT's
given that it involves a simpler device and needs slighter situ-
ations in terms of temperature and pressure. Additionally, it is
advantageous since control over diameter, wall number,
length, and diameter are achievable thus capable of producing
CNTs with desired morphology and structure. Imperatively,
unless metal-catalyst is required to be removed, no purifica-
tion is needed in this process. The role of catalysts in the pro-
duction of CNTs is critical. Often, CVD system uses transition
metal-based nanoparticle (NP) catalysts such as Co, Ni, Fe,
Mo, ferrocene, and iron pentacarbonyl whose size correlates
with the diameter of CNTs produced, i.e., a diameter of 0.5-
5nm for SWCNTs and 8-10 for MWCNTSs [30].

Lehman et al. synthesized MWCNTs by employing hot-
wire CVD (HWCVD) technique. The MWCNTs were
grown on a lithium niobite (LiNiO,) pyroelectric detector,
heated at 600°C of temperature, with a pressure of 150 Torr
and using nickel film as a catalyst [75]. Also, Dikonimos
et al. [76] used H, and CH, as gas precursors to grow CNT's
on nickel catalyst by a hot filament CVD (HFCVD) method
with a temperature of about 1.80 x 10°°C use of SiO, as sub-
strate. Alternatively, CNTs were grown on Ni-coated Si sub-
strates via MWCVD with H, and CH, gas and temperature
between 5.20 x 10> and 7.00 x 10>°C. The study showed a
correlation between the size of Ni grains and Si substrates
on the diameter of CNTs [77]. Likewise, using oxygen-
assisted CVD, Byon et al. [78] synthesized SWCNTs using
cobalt (Co) nanoparticles. The quartz tube was heated to a
temperature of 9.00 x 10*C, and gases like H,, CH,, and
C,H, were introduced into the chamber. Oxygen flow was
used at high temperatures to eliminate unreacted catalysts
and amorphous carbon from the substrate. It was revealed
that using the oxygen-assisted CVD method, high purity
SWCNTs devoid of severe defects can be produced.

Kleckley et al. [79] designed an HFCVD and microwave
improved CVD (MWCVD) technique to synthesize fuller-
ene. In the case of HF-CVD, it was designed to have a fil-
ament current range of 50 A to 60 A and a temperature
range of 2000-2200°C with stainless steel used as a sub-
strate to hold thin film deposition. Essentially, for the
development of CVD diamond thin films, the substrate
temperature was between 9.50 x 10*°Cand 1.00 x 10*°C
feed H, of 99.99% purity and NH, of 99.80% purity with
a controlled chamber pressure of between 30-100 Torr. On
the other hand, the MWCVD method used a 100 W and
2.45G generator as the excitation source and a quartz tube
as the reaction chamber. They used Ar, H,, and C,H,
gases and a pressure range of 1-10Torr. The following
observation was outlined: when p>25 Torr, conducting
film was formed inside a quartz tube with deposition tak-
ing a few minutes while at p < 10 Torr; a film deposition
which was yellow in colour was observed inside the walls
of the quartz tube. This colour was transformed to dark
brown on exposure to plasm for 30 min.
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FIGURE 14: Sketch of CVD synthesis technique.

Kang et al. [80] synthesized fullerene-intercalated
pCNFs utilizing a Fe/Y catalyst on a Cu substrate. Fullerenes
were inserted in the graphitic interlayer spacing as an alter-
native to attaching them to the surface of the CNFs. The
incorporation of yttrium oxide in the composite is supposed
to play a critical role in the formation of fullerene by CVD.
Also, nanoonion-like fullerene (NOLFs) has been synthe-
sized by catalytic deposition of acetylene. The temperature
of 4.20 x 10*°C was used, and Fe supported on NaCl acted
as a catalyst. The catalyst consisted of 0.30, 1.60, 3.30, and
5.20wt.% of Fe. The NOLFs formed had a structure of
slanted graphitic fragments whose diameter ranged between
15.00 and 50.00 nm. Imperative to note that at a temperature
of 1.10 x 10*°C in the vacuum, a clear concentric graphitic
NOFLs was produced [81].

For the synthesis of graphene, precursors are characteris-
tically adsorbed on the crystalline substrate surface which is
then decomposed at relatively high temperatures and inert
atmosphere. This generates sites of adsorption on the sub-
strate which results in the generation/development of uni-
form thin films. Production of graphene on a clean surface
improves graphene quality since this minimizes structural
defects and ensures uniform nucleation. Based on various
industrial applications, the CVD synthesis of graphene has
been proved to be cost-effective, reliable, and feasible [7].
Similar to CNTs, catalysts such as Pt, Ni, Ru, Co, and Cu
play a vital role during graphene synthesis. For instance,
reports show a synthesis of sole-layer graphene to few-
layer graphene films using Ni substrate when hydrocarbons
such as methane, ethylene, and camphor are heated at tem-
peratures of about 7.00 x 10? - 8.50 x 10>°C and argon used
as a carrier gas [82, 83].

Similarly, the CVD process has been employed in the
synthesis of large-scale graphene films. High growth temper-
ature of the range 900-1000°C was used in the self-heat cat-
alytic metal layers of the SiO,/Si. It was shown that the
method produced high-quality films whose electrical and
structural properties are compared well with those produced
via hot-wall CVD [84]. In addition, radiofrequency plasm-

enhanced CVD (RF-PECVD), which is a very cost-effective
technique in the synthesis of high-quality graphene, was
reported by [85]. Here, SiO, substrates covered with Ni thin
film are used together with low temperatures of 650°C. Then,
an introduction of CH, into the chamber is done which cul-
minates in the deposition of sole-layer or few-layer of gra-
phene on Ni film.

4. Applications of Carbon Nanomaterials

The advancement of nanotechnology in recent years has
been nearly felt in all industrial sectors thanks to the discov-
ery of novel NMs which possess exceptional properties. As
NMs, carbon-based NMs have found exciting applications
in the medical field (biosensing, drug delivery, tissue
engineering, and therapy), energy (hydrogen storage, elec-
trodes, photocatalysis, and photocells), environmental mon-
itoring and remediation (sensing and removal of heavy
metal and toxic gases), and electronics (thin films and tran-
sistors etc.) among many more (Figure 15). Ideally, the huge
potential in these materials continues to attract attention in
research, and any implementation in the new technology is
expected to revolutionize human life. Here, we highlight,
albeit briefly, energy-related research and applications of
carbon-based NMs.

4.1. Applications of Fullerenes

4.1.1. Hydrogen Storage. The noble characteristic that pre-
sents fullerenes as the perfect storage system for hydrogen
is the fact that C-C bonds can be hydrogenated resulting in
the formation of C-H bonds. Worth noting, the C-H bonds
have lower bond energies, and when subjected to heat, they
are bound to break thus reverting to their distinctive fuller-
ene structure. Ab initio approximations within density func-
tional theory (DFT) have been broadly used to study carbon
and boron fullerenes as possible hydrogen storage media
[86-88]. For instance, Yoon et al. [86] conducted DFT stud-
ies in charged carbon fullerenes C, (20 < n < 82) systems. It
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was established that the binding strength of molecular
hydrogen was greatly enhanced to 0.18-0.32eV which is
potentially suitable for room temperature-ambient applica-
tions with results revealing that up to ~ 8.00 wt.% of storage
capacity can be achieved by the charged fullerene. Similarly,
functionalizing Cg, fullerene through coating with light
alkaline-earth metals showed that Ca and Sr will strappingly
bind to the Cg, surface. Importantly, the binding is attrib-
uted to charge transfer mechanisms that involve the empty
d levels of Ca and Sr metals. The charge redistribution pro-
duces electric fields which act as ideal hydrogen attractors,
and the studies revealed that Ca,,Cg, had superior hydrogen
uptake of >8.4wt.% [87]. Also, the binding capability and
hydrogen storage efficiency of Ti-decorated B,, fullerene
have been investigated, and results show excellent binding
ability compared to other transition metals. Also, 34 H, mol-
ecules can be stored by B,, fullerene layered with 6Ti atoms
(TigB,,) which corresponds to 8.70 wt.% [88].

4.1.2. Energy Materials. The usage of fullerene materials in
energy-related materials and applications has considerably
optimized material properties and enhanced operations.
For example, they have been used in capacitors, lithium bat-
teries, and the production of superconductivity.

(1) Capacitors. In supercapacitors, the capacitance of surface
electrode is mostly influenced by pore size distribution, surface
area, and accessibility of electrolyte and conductivity [89].

Research has shown that the use of hybrid NMs can provide
excellent materials [90]. A composite system of fullerene and
graphene (Cg/graphene) has been found to have a specific
capacitance of about 1.35 x 10°Fg™" at the current density of
1.00 Ag™. This value is high when compared to 101.88 Fg™
for pure graphene. Also, for the 1.00 x 10° charge/discharge
cycle, the composite exhibited an amazing retention rate of
92.35% [91]. Also, a high specific capacitance of 8.13 x 10?
Fg' at a current density of 1.00 Ag” for a composite of Cy,
whisker (FW)/polyaniline emeraldine base (PANI-EB)
compound has been reported. The composite exhibited low
electrical resistance, and for 1.50 x 103 cycles, a rendition of
85.20% was witnessed which affirms the influence of the use
of fullerene Cg,[92].

(2) Lithium-Ion Anode and Cathode. The use of fullerene in
lithium-based batteries guarantees safety and a longer life
cycle. Studies have shown that an application of hydroge-
nated fullerenes as a high-performance anode results in a
significant reduction of the irreversible capacity and
improved the reversible capacity [93]. Density functional
theory (DFT) studies of fluorine encapsulated B,,N;,-fuller-
ene as anode for the lithium-ion battery showed that the
pristine cluster has low electrochemical cell voltage Vo of
1.09V, but with encapsulation with fluorine, a significant
increase of V , to 3.07V was established [94]. Based on
their high electron affinity, fullerenes can as well be used as
cathodes. DFT studies on electrochemical properties of
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boron-doped fullerene derivatives revealed a considerable
rise in the redox potential from about 2.46 V to 3.71 V when
boron-doped Cg, was used as a cathode [95].

(3) Superconductivity. An emergence of superconductivity
involving fullerene has been observed when an alkali metal
is entrenched within the holes of the fullerene Cg,. For
example, cesium (CS), rubidium (Rb), and potassium (K)
doping have resulted in the formation of superconductors
CS,Rb,Cyqp, RbxCg, K, Cqy, and K, Cq superconductors with
T, of 33K, 29K, and 18K, respectively [96, 97]. Further-
more, a discovery of a hole-doped fullerene C,,/CHBr; with
the highest T. = 117 K among fullerene-based superconduc-
tor has been prepared under ambient pressure [98]. It is
imperative to note that superconductors are well character-
ized by two phenomena, namely, the Meissner effect (exclu-
sion of magnetic flux) and zero/negligible resistance.
Therefore, the fact that superconductors can be formed from
fullerenes is of great interest in the electronics industry.

4.2. Applications of CNTs

4.2.1. Photocatalysis. Photocatalysis is a catalytic acceleration
of a photo-induced chemical process [99]. Semiconducting
materials such as TiO,, CdS, ZnO, CuO, and GaP play a crit-
ical and unmatched role in photocatalysis owing to their
exceptional electronic band structure which is comprised of
an empty conduction band and filled valence band. A combi-
nation of TiO, and CNTs has attracted considerable attention
in photocatalysis where the functional mixtures and compos-
ites have been used for the photodegradation of acetone, ben-
zene, azo dyes, phenol, and oxynitride [100]. The CNT-
enhanced photocatalysis can be ascribed to the auspicious
electronic features of CNTs with a report showing large
electron-storage capacity [101]. For example, Shaban et al.
synthesized TiO, nanoribbons (TiO, NRs) loaded with
FeCo-Al O, catalyst and utilized it as a precursor for the fab-
rication of TiO, nanoribbons/CNTs (TiO, NRs/CNTs). Load-
ing TiO, NRs by FeCO-AL O, catalysts under the CVD
synthesis method produced TiO,-B nanoribbons with a
shifted band gap of 3.09eV [102]. Similarly, Kamili et al.
[103] synthesized various MWCNTs/titanium oxide NCs
employing a low-temperature sol-gel technique and simple
evaporation and drying procedure. They observed that the
maximum ratio of BBR photodegradation was achieved with
a composite having an MWCNT/TiO, ratio of 0.5% (w/w).
Furthermore, MWCNT enhanced the photocatalytic activity
of TiO,. Also, the presence of MWCNT (0.50 wt.%) caused a
decrease in the TiO, bandgap from 3.25 to 2.8 eV.

4.2.2. Photoelectrochemical Cells. A PEC, a photocurrent-
generated component, is formed by an electrolyte and
photoactive semiconductor electrode. Imperatively, the gen-
eration of electron-hole pairs is realized when the
electrolyte-semiconductor interface is irradiated by an
energy that is greater than the semiconductor bandgap. After
it was discovered in 1970, the Honda-Fujishima effect of
PEC water splitting on semiconductor constituents has
gained immense attention in solar energy study. The PEC
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provides an effective and environmental-sustainable/friendly
way of generating hydrogen from water utilizing solar
energy [100]. The working principle of the PEC involves a
working photoanode that engrosses light to oxidize water
thus producing photo-excited electrons, oxygen gas, and
protons. This is followed by a collection and transportation
of the photo-induced electrons to a counter-cathodes that
are achieved through the external circuit [100].

Kim et al. [104] fabricated PEC cells employing n-type
TiO, as the anode- and metal-coated CNTs as a cathode.
They observed that the PEC metal decorated CNTs cathode
yielded a large photo-voltage compared to the Pt cathode
owing to the p-type semiconducting possessions of CNTs.
Also, the PEC produced a photo-voltage of approximately
1.35V which is greater than the 1.23V that is needed for
water splitting.

Kim et al. [105] modified the Fe,O, photoanode by
graphene-CNTs compound conducting framework for the
effective transfer of Fe,O, constituent parts to transport con-
ducting oxide substrate in PEC water splitting cells
(Figure 16). Likened to the bare Fe,O, photoanode at
1.23V vs RHE, the Fe,O; compound anode exhibited a
photo-current rise of 530%. Similarly, a photo-current
increase of 200% and 240% was observed in Fe,O,-CNT
and Fe,O;-graphene photoanodes, respectively. They attrib-
uted the performance improvement by the composite frame-
work to synergistic effects induced by the development of
3D-like structures from 1 D CNT and 2D graphene [105].
Furthermore, the gel-centrifugation method was used to pre-
pare SWCNTs thin films containing a high density of semi-
conducting CNTs meant for PEC application. Importantly,
results showed that photocurrent produced by semiconduct-
ing SWNTs film was higher compared to conventional
unsorted SWNCTs films. This was a consequence of con-
densed recombination channels made possible by the elimi-
nation of metallic nanotubes [106].

4.2.3. Electrocatalysis. This is a study involving the relation-
ship between electrode materials’ physiochemical properties
and the rate of the chemical process. Fundamentally, electro-
catalysis is aimed at improving the reaction rate. In that
regard, the production of efficient and cost-effective electro-
catalysts has momentously improved technologies like batte-
ries, fuel cells, artificial photosynthesis, biosensors, and CO,
reductions [100].

The superior chemical and electrical properties of CNTs
have guaranteed their use in these technologies. Lee et al.
synthesized a variety of MWCNT-supported Pt NC by both
the aqueous solution reduction of Pt salt and the decrease of
Pt ion salt in ethylene glycol (EG) solution. For purposes of
comparison, Pt/XC-72 NC too was synthesized through the
EG method. It was established that all MWNCT-supported
Pt catalysts exhibited enhanced oxygen reduction reaction
(ORR) and greater cell performance compared to XC-72
supported catalysts [107]. Also, Yang et al. synthesized
boron-doped CNTs (BCNTs) with tunable boron content
of 0-2.24 atom % meant for fuel cell application. It was
observed that the ORR inception and highest potentials pos-
itively shifted, and the current density was amplified with an
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FIGURE 16: Iron oxide photoanodes improved with conducting frameworks of unadulterated graphene (A), CNT (B), and graphene-CNT

compound (C) [105].

increase in boron content. This is an indication of a robust
dependence of the ORR on boron content [108]. Further-
more, a replacement of noble metals by utilization of modi-
fied CNTs in fuel cells has increased momentum in the
recent past. A breakthrough on this was realized when verti-
cally aligned nitrogen-containing CNTs (VA-NCNTs) were
fabricated. The study noted that VA-NCNTs possessed high
electrolytic activity for ORR [109].

4.3. Applications of Graphene

4.3.1. Battery. Owing to the outstanding specific capacity
and reversibility, graphite has been utilized in Li-ion batteries
as an anode. However, demand for Li-ion batteries is on the
rise and there is an urgent need for more production. The
graphene-based anode has been touted as the most ideal car-
bonaceous candidate due to its superior electrical conductivity,
0, chemical tolerance and outstanding surface area [82].
Figure 17 shows a structure of SnO,/GNs fabricated using
SnO nanoparticles, graphene nanosheets and ethylene glycol.
Measurements carried on the SnO,/graphene showed an
adjustable capacity of 8.10 x 10°’mAh/g and an enhanced
cycling performance [110]. Also, a self-assembled TiO,-gra-
phene hybrid nanostructure was fabricated by Wang et al.
[111] and graphene stabilization in an aqueous solution which
was made possible by the use of anionic surfactants was
ensured during the fabrication. This also facilitated the self-
assembly growth of TiO, with graphene. Importantly, a signif-
icant increase of specific capacity from 35.00 mAh/g in rutile
TiO, to 87.00 mAh/g was detected.

Furthermore, it has been noted that the use of graphene
enhances battery charging rate by allowing faster electron
and ion transport in the electrodes. For example, Li et al.
[112] fabricated a fast-charging lithium-ion battery by load-
ing nanoscale Li,Ti;O,, and LiFePO, cathode materials on
graphene foam. The hybrid electrodes ensured the battery
was fully charged in only 18 seconds.

4.3.2. Photovoltaic Cells. Graphene-based NMs have been
extensively examined in photovoltaic technology owing to
their excellent properties such as high carrier mobility, high

mechanical strength, high optical transparency, and zero
bandgaps. For instance, 0-D graphene quantum dots are
exceptional fluorescent NMs with novel properties originat-
ing from their unusual quantum confinement and edge
effects which play a significant role in the photolumines-
cence of GQDs [113].

Importantly, graphene and graphene derivatives are func-
tionalized either during synthesis or during treatment to con-
trol and optimize surface properties. Quite several graphene-
related photovoltaic cells such as dye-sensitized cells, organic
bulk-heterojunction, hybrid ZnO/poly(3-hexylthiophene)
(P,HT), Si-based, and InGaN p-i-n have been reported [114].

For an application as conductive electrodes in organic
photovoltaic cells, multilayer graphene (MLG) films were syn-
thesized at diverse growth temperatures via the CVD method.
Power conversion efficiency (PCE) of 1.3% was recorded in
MLG films with 1000 C which was deemed the best. An
enhancement of the PCE to 2.6% was made possible with an
insertion of a hole-blocking TiO, layer in the structure [115].

Liu et al. fabricated an organic photovoltaic cell founded
on an acceptor of solution-processable functionalized gra-
phene (P;HT/graphene based solar cell). The structure was
comprised of ITO/PEDOT:PSS/P3HT:graphene (indium
tin oxide/poly(ethylene dioxythiophene)) doped with polysty-
rene sulfonic acid/poly(3-hexaylthiopene-1-3-diyl) : graphene.
The device recorded a short current density (Jgo) of
4.0mAcm™, PCE of 1.1%, and open-circuit voltage (V) of
0.72V [116]. Likewise, functionalized graphene devices with
structural formation ITO/PEDOT : PSS/P,HT : functionalized
graphene/LiF/Al was designed. The best performance was
observed in a device containing 10% of graphene with PCE
of 0.88%, V. of 0.77V, and Jg of 3.72 mAcm™*[117].

4.3.3. Sensors and Biosensors. The use of graphene-based sen-
sors and biosensors in the detection of gases, chemical com-
pounds, and biomolecules is well known [118-120]. For
instance, the detection of gases (H,0,, H,S, NO, NH;, and
CO,), toxic hydrocarbons, heavy metals, and pharmaceutical
pollutants have been made possible via these sensors as
depicted in the schematic of Figure 18 [121]. The change of
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o of graphene due to the adsorption of particles on graphene
surface forms the basis of operational principles biosensors
fabricated by graphene. Here, the change in o is ascribed to
carrier concentration change emanating from adsorbed gas
molecules acting as donors or acceptors [37, 82].

Studies by Schedin et al. [122] reported excellent detec-
tion of NO,, NH,, H,0, and CO, by graphene. The research
study also demonstrated that holes and electron doping in
high concentrations could hardly affect the movement of
graphene. Also, studies by Fowler et al. [123] showed sensing
of NO,, NH,, and dinitrotoluene (DNT). The mechanisms
of sensing in NO, and NH; were attributed to hole-
induced conduction and electron-induced conduction,
respectively. The former happens when an electron is with-
drawn from graphene while the latter is a result of the dona-
tion of an electron to graphene. The mechanisms of DNT
detection were found to be similar to NO, sensing. On the
other hand, research on glucose properties of graphene-
biosensing using glucose oxidase (GOD) has been reported
[124]. Here, a fabrication of polyvinylpyrrolidone protected
graphene/polyethyleneimine functionalized ionic liquid/
GOD electrochemical biosensor was developed. An electron
transfer that was observed affirms the suitability of graphene
in glucose sensor construction. A comparison of graphene
based-glucose sensors to CNT-based sensor reveals that gra-
phene sensors are more effective in the detection of catechol-
amine neurotransmitters (dopamine and serotonin) thus
demonstrating the superiority of graphene [125, 126].

5. Conclusion and Future Perspectives

Presently, carbon NMs and their derivatives have received spe-
cial attention. This can be attested by voluminous research work
that covers this particular scintillating area. Their excellent
properties such as optical, mechanical, chemical, and electrical
are unmatched by any conventional material. However, there
is a lack of macroscopic quantity production of these materials
to match the industrial needs. Furthermore, structural nonho-
mogeneity and vague fabrication have hindered vigorous and
consistent implementation of these materials in extensive tech-
nologies. That notwithstanding, we have highlighted some of
their energy-related applications and the critical role they play
in nanotechnology. We recommend that the future work per-
spectives ought to be anchored on the optimization of their
properties, improvement of existing, and invention of synthesis
techniques. Hence, more advanced research that will enhance
the development of carbon NMs and their derivatives for vari-
ous applications such as the ones reviewed in this study should
be given the necessary attention.
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