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in the functionalization,
substitutional doping and applications of
graphene/graphene composite nanomaterials

Jyoti Narayan * and Kangkana Bezborah

Recently, graphene and graphene-based nanomaterials have emerged as advanced carbon functional

materials with specialized unique electronic, optical, mechanical, and chemical properties. These

properties have made graphene an exceptional material for a wide range of promising applications in

biological and non-biological fields. The present review illustrates the structural modifications of pristine

graphene resulting in a wide variety of derivatives. The significance of substitutional doping with alkali-

metals, alkaline earth metals, and III–VII group elements apart from the transition metals of the periodic

table is discussed. The paper reviews various chemical and physical preparation routes of graphene, its

derivatives and graphene-based nanocomposites at room and elevated temperatures in various solvents.

The difficulty in dispersing it in water and organic solvents make it essential to functionalize graphene

and its derivatives. Recent trends and advances are discussed at length. Controlled reduction reactions in

the presence of various dopants leading to nanocomposites along with suitable surfactants essential to

enhance its potential applications in the semiconductor industry and biological fields are discussed in detail.
1 Introduction

Recently, graphene (Gr) and graphene-based nanomaterials
(GNMs) have gained the attention of the scientic world as
some of the most promising carbon nanomaterials. Two
profound scientists, Andre Geim and Konstantin Novoselov,1

successfully separated graphene from graphite in 2004.1 Its
unique physico-chemical properties, such as large specic
surface area, mobility, chemical stability, easy modication
with different functional groups, better resultant solubility,
excellent thermal and electrical conductivities, simple methods
of preparation, effortless encapsulation and recyclability, have
made it a subject of curiosity in the domain of nanoscience and
nanotechnology. Due to specialties within Gr/GNMs, they reveal
potential applications ranging from high-speed radio frequency
logic devices2 to thermally and electrically reinforced compos-
ites, photocatalysis3,4 solar cells5,6 sensors7–9 and transparent
electrodes especially for liquid crystal displays,10,11 besides
having quantum potential in the elds of biotechnology,
biomedicine, bioengineering, and disease diagnosis and
therapy. However, a systematic understanding pertaining to its
physico-chemical properties and biochemical interactions is
hardly available in the literature. It has been observed that
graphene links with nanoparticles through hydrophobic, elec-
trostatic, and covalent-bond interactions and synergistic effects,
tment of Basic Sciences & Social Sciences,
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which prevent p–p stacking between graphitic sheets and thus
aggregation between the nanoparticles. A lot of work is still
needed to investigate the reasons for and origin of these inter-
actions between Gr/GNMs. This eld has not yet been addressed
and explored to a considerable extent; thus, it requires in-depth
investigation and scientic understanding as a wide variety of
derivatives of pristine graphene has recently been reported.
1.1 New carbon materials: derivatives of wonder graphene

Graphene and its derivatives are referred to as graphene-family
nanomaterials.12–16 Over the past ve years17–22 the skeleton
chemical structures of graphene and its modications have
revealed a good number of new carbon nano-materials derived
from graphene experimentally and theoretically. These are
oxidized graphene (graphene oxide), hydrogenated graphene
(graphane), uorinated graphene (uorographene), graphyne
and graphdiyne, designated as graphene with introduced acet-
ylenic chains. In case of the latter, it has been observed that the
introduction of acetylenic or di-acetylenic chains between
carbon hexagons results in a layer of single-atom thickness,
which appears at like graphene. Fig. 1 presents the chemical
structures of graphite (a), graphene (b), graphyne (c), graph-
diyne (d), uorographene (e), graphene oxide (f), reduced gra-
phene oxide (g) and graphone (h). The parallelogram drawn in
Fig. 1(b–d) represents a unit cell. Various arrangements of
acetylenic linkages, which lead to various derivatives of gra-
phene, are reported in Fig. 2. The chemical structure of gra-
phene is basically a at monolayer of two-dimensional
RSC Adv., 2024, 14, 13413–13444 | 13413
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Fig. 1 General skeleton of the chemical structure of graphite (a), graphene (b) and its derivatives, graphyne (c), graphdiyne (d), fluorographene
(e), graphene oxide (f), reduced graphene oxide, (g) graphone (h), chair and boat-like conformations of graphane i(a) and i(b). The parallelograms
drawn in these illustrations represent a unit cell.
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hexagonal carbonaceous honeycomb crystalline sheets with
a single-atom thickness derived from crystalline graphite
(Ganganboina and Doong, 2020).15,16,23 It is composed of a layer
of independent sp2-hybridized carbon atoms, mixing s, px and
py atomic orbitals. Each carbon in graphene is reported to be
bonded to three adjacent carbon atoms through a s bond. The
p-electrons undergo p-bond formation with surrounding atoms
due to being unbounded. The p-bond direction is found to be
perpendicular to the graphene plane. The structure of graphene
is highly stable, strongest and thinnest: the thickness observed
is 0.34 nm, and the C–C bond length found is to be 0.142 nm,14

and covalently bonded pure carbon atoms are interconnected
by van der Waals forces in the same plane with differences in
electrochemical characteristic between its edges and the basal
plane. No rearrangement or realignment is observed when it is
13414 | RSC Adv., 2024, 14, 13413–13444
subjected to high pressures and forces except for the deforma-
tion observed in the atomic surface. Fig. 1(c) reveals the possi-
bility of the formation of a at single atomic layer by connecting
the carbon hexagons by linear carbon chains. One-third of
carbon–carbon bonds in graphene are replaced by the acety-
lenic linkages. This structure is called graphyne, which is made
up of sp–sp2 hybrid C-atoms with a 2D layered structure in plane
porous geometries. This results in an unusual topological and
electronic structure with high charge mobility, good electronic
transport capabilities and acetylenic chains between neigh-
boring benzene rings in each graphyne unit.24 Conversely,
graphdiyne (GDY) (Fig. 1(d)), a 2D periodic carbon allotrope,
differs signicantly from graphene hybridized orbitals
(Fig. 1(b)), as the latter contain only single and double bonds.25

GDY is formed due to the presence of two acetylenic (di-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Number of linkages in between two hexagons (n = 1 to n = 2). (b) Formation of the schematic structure of graphyne (GY). (c) Different
types of graphyne conformation. (d) Lattice parameter and triangular pores of graphyne. (e) Formation of the schematic structure of graphdiyne
(GDY). (f) Types of graphdiyne.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 13413–13444 | 13415
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acetylenic) linkages. The linear carbon chains between the
carbon hexagons composed of the acetylenic linkages (–C^C–)
are more stable than cumulative linkages (]C]C]).26 Various
arrangements of patterns of the acetylenic linkages to form
a at atomic layer of carbon atoms have been reviewed theo-
retically27,28 Fig. 2(a) presents the number of linkages between
two hexagons (n = 1 to n = 4). Based on the number of ethyne
units (n) between two sp2− hybridized carbon atoms, graphene
can be classied into different categories, such as graphyne
(GY) (two adjacent sp2-hybridized carbon atoms are connected
by n “–C]C–” linkages), graphdiyne (GDY), graphtriyne (GTY),
and graph-n-ynes (GnY). Fig. 2(b) and (e) present the formation
of schematic structural representations of GY and GDY as
a result of linear acetylenic and di-acetylenic linkages to
graphene.

Depending on the combinations of sp and sp2-hybridized
carbon atoms, three types of GY (a, b, and g; Fig. 2(c)) and GDY
(a, b, and g; Fig. 2(f)) are proposed. Based on density functional
theory calculations, Kim et al.29 predicted that g-GY exhibited
a lattice parameter of a = 0.686 nm (2D hexagonal p6m
symmetry) with a periodic distribution of triangular pores with
a diameter of 0.370 nm (Fig. 2(d)). The optimized bond lengths
of Csp2–Csp (a = 1.407 Å), Csp^Csp (b = 1.2214 Å) and Csp2 = Csp2

(c = 1.4276 Å) were reported. A binding energy of 7.95 eV per
atom was estimated for the g-GY form, which was found to be
almost the same as for graphite (8.87 eV per atom), indicating
its high thermal stability.27 Conversely, a binding energy value
of 7.78 eV per atom and the lattice parameter of a = 0.944 nm
have been recorded for graphdiyne.14 Graphyne and graphdiyne
are semi-conductive materials with band gaps of about 0.5–
0.6 eV. They have considerably small effective masses for
carriers.26 One can comparatively study the structure and
properties of graphyne and graphdiyne with that of graphene,
but they cannot be prepared directly from it. Fig. 1(e) shows
a 2D stoichiometric graphene derivative called uorographene
(FG). The electrical and optical characteristics of uorinated
graphenes are signicantly affected by the ratio of uorine (F)
atoms inserted into the carbon lattice (C/F, sp2/sp3).30 It has
been observed that even a small amount of uorine atoms in the
graphene structure can give rise to band opening and adsorp-
tion spectra, exhibiting its transparency in the range of visible
light.31 The spectrum shows that FG starts the absorption of
light in the blue region (energy > 3.0 eV) indicating that FG is
a wide-gap semiconductor or an insulator with a wide band gap
of $3.0 eV. J. T. Robinson et al.32 reported that various
systematic studies of several single-sided periodic arrange-
ments of uorine atoms on graphene, for a number of different
coverages, have been taken up. They reported that the intro-
duction of uorine to graphene modies the electronic prop-
erties of graphene by reducing the charge in conducting p-
orbitals (i) by introducing scattering centers and (ii) by opening
the band gaps. These effects have been found to be consistent
with the reduction in conductivity and mobility. It was observed
that with increasing F coverage, the band gap widens, and the
Fermi level is lowered in the valence band. These effects occur
due to the interaction of the p-orbital of F with the p-orbital of
carbon producing sp3 bonds, which results in the modication
13416 | RSC Adv., 2024, 14, 13413–13444
of charge densities and introduces scattering centers for
conduction. C4F specically showed a band gap of 2.93 eV
leading to optical transparency. p bands are largely disrupted,
giving rise to p resonances surrounded by sp3-bonded C atoms.
Low-ordered coverage of F can also open an appropriate band
gap in graphene. Thus, single-site uorination of graphene can
also considerably modify the transport properties of graphene-
based materials and thereby can have potential applications in
the device-making domain. Graphene oxide (GO) (Fig. 1(f)) is an
incredible physico-chemical material with a small size, large
surface area and exceptional strength in a 2D structure.
Hydrophilicity is an excellent property of GO particles, resulting
in a wide range of concentrations. They produce stable aqueous
dispersions. Reduced graphene oxide (rGO; Fig. 1(g)), is
a captivating member of the graphene family as it is the only
type along with GO that can be scaled up and made on a kg
scale.33–35 A chemical and thermal process is used to reduce the
quantity of oxygen in the material as it makes GO more
unstable. Fig. 1(h) reveals the structure of graphone. It is a half-
hydrogenated graphene (a graphene sheet with 50% hydroge-
nation and stoichiometric C2H). The structure of graphone is
displayed as trigonal adsorption of hydrogen-atoms on gra-
phene. H-atoms are only on one side of carbon sheets, resulting
in a mixture of hybridized sp2 and sp3 C-atoms. Upon geometric
relaxation, it was found that graphone has some zigzag
shape.36,37 It has been examined in a number of studies that
investigated band gap modulation, ferromagnetism, anti-
ferromagnetism, spin–orbit coupling, and structural and
thermal stability.38 Fig. 1(ia) and (ib) reveal a fully hydrogenated
derivative of graphene, with chemical composition CH, called
graphane. It processes sp3 C–C bonds and consequently has
a carbon-atom layer which is puckered. The literature reveals
interesting properties for graphane and partially hydrogenated
graphene.39 It is predicted theoretically that thermal energy in
the case of graphane is well accommodated by in-plane bending
modes, usually C–C–C bond angles in the puckered carbon
layer, whereas in the case of graphene, it is out-of-plane
uctuation modes. The thermal properties of graphane
(up to 1500 K) and molar heat capacity (29.32 J mol−1 K−1) were
found to be a bit larger than those of graphene.40,41 Theoreti-
cally, it is predicted that there will be a gradual increase in the
band gap from 0 eV for graphene to 4.4 eV for graphane.42

Conversion of graphene to fully hydrogenated graphane pre-
dicted a change in magnetic and electronic properties, thus
exhibiting the potential ability to convert metals to semi-
conductors and non-magnetic materials to magnetic materials,
respectively.36 The overall owchart of various possible struc-
tural conversions from graphene to its other derivatives is re-
ported in Fig. 3.
2 Substitutional doping of graphene
and its significance

The literature reveals that chemical doping is a promising
approach for achieving effective and high-efficiency graphene
nano-lms with a larger carrier concentration as a result of an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representation of the overall flowchart of various possible structural conversions from graphene to other derivatives.
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alteration in the electronic properties. Substitutional doping of
graphene with non-magnetic elements such as N or B can be
achieved effectively during the growth process of graphene.43–46

Zhao et al.43 revealed that substitutional doping in monolayer
graphene during growth can be used to alter its electronic
properties. Single nitrogen atoms can be incorporated as
graphitic dopants, and a fragment of the extra electron in each
hydrogen atom can be delocalized into the graphene lattice.
This has resulted in enhanced modications in a few specic
sites of the nitrogen dopant within the structure of nitrogen-
doped graphene nanomaterials. Terrones et al.44 emphasized
the importance of defective graphene or graphene-like mate-
rials. At the bulk level, these defects result in a drastic degra-
dation in performance, but at the nanoscale, they are extremely
helpful for generating novel and promising nanomaterials such
as (2D) graphene and (1D) graphene nano-ribbons. Apart from
structural sp2-like defects, they also discussed topological sp2-
like and sp3-like defects, vacancy/edge type defects (non-sp2-
like), doping or functionalization sp2 and sp3. These defects
could critically affect the physico-chemical properties that could
be helpful in the engineering of new nanoscale materials in the
future. There has hardly any work in this domain been done so
far. Peralta et al.45 analyzed the electronic and transport prop-
erties of graphene with lithium (Li) and potassium (K) alkali
adatoms. The two alkali metals are of great technological
interest. They have potential applications in energy storage and
superconductivity. Both adatoms facilitate studies on the
dynamics of graphene quasi-particles and thereby minimize
conductivity. Two inequivalent metal adsorption sites, namely,
the top site (T) which is on the top of the carbon atom of one
sub-lattice of graphene and the hollow site (H), that is in the
middle of the C6 unit, were studied. An analytical tight-binding
Hamiltonian model was used to analyze two sites of adsorbate
atoms in graphene. In contrast, they used the Green's function
equation of motion to calculate the corresponding band struc-
tures and density of sites in addition to numerical calculations
of conductance with a Python quantum transport simulation
model. It was observed that the bands are downshied with
respect to pristine graphene, which indicates doping with
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrons. For the top case, the AB symmetry breaks, generating
small band gaps of around 170 meV for potassium and 220 meV
for lithium. Scardamaglia et al.46 reported the vertical distri-
bution of alkali ion (Na, K, and Cs) distribution onmulti-layered
graphene generated on SiO2 in vacuum and in the presence of
water vapour, using standing wave ambient pressure photo-
emission spectroscopy. It was found to be different from hard
graphite. They concluded that Cs, K, and Na ions do not inter-
calate into multi-layered graphene under vacuum conditions,
which was attributed to the reversibility of the process, due to
large inter-sheet spacing or lack of time for intercalation. In
contrast, when exposed to water vapour, Na ions intercalate in
so carbon, whereas Cs ions do not. This was a clear indication
of the difference in the intercalation mechanisms on hard
graphite and so graphene. In fact, intercalation of electron-
donating species oen leads to the opening of a band gap at
the Dirac point, a change in the spin–orbit coupling in graphene
induced by intercalated species47 or a shi in the Fermi level
upwards to the van Hove point.48 Careful control over the
intercalation process makes it possible to construct a p–n
junction49 or to form ferromagnetic islands.50 Recently, experi-
ments have shown that single- and few-layered graphene sheets
can be turned into superconductors by doping with Li,51 K,52 or
Ca.53 Currently, it is a well-known fact that nanoscale nonlinear
optical (NLO) materials have gained huge attention from
scientists in recent decades because of their enormous appli-
cations in optics, electronics, and telecommunications. Carbon-
based nanoscale materials are one of the most important
classes of NLO materials; they have highly delocalized p-elec-
trons, which are responsible for their NLO response.54,55 Such
materials with exceptionally high values of hyperpolarizability
have been developed by doping or structurally modifying gra-
phene, with a two-dimensional (2D), sp2-hybridized allotrope of
carbon.56 A novel way of making NLO materials has been put
forward by Sarwar et al.57 They employed density functional
theory (DFT) calculations, which helped them to explore the
effect of alkali metal (Li, Na, and K) doping on the nonlinear
optical response of tetragonal graphene quantum dots
(TGQDs). Sarwar et al.57 reported that hardly any study has been
RSC Adv., 2024, 14, 13413–13444 | 13417
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made of the role of the alkali metal (Li, Na, and K) doping
leading to the triggering of non-linear optical response of
nanomaterials by converting their centrosymmetric congura-
tion into a non-centrosymmetric conguration. They theoreti-
cally proposed four stable geometries for each Li-doped TGQD
and three for each Na- and K-doped TGQD. They evaluated
several physico-chemical properties to show the impact of the
alkali metals. The interaction distance (Dint., Å) of the alkali
metal (Li, Na, and K) in respective geometries indicated that the
interaction distance between TGQDs, and the alkali metals
showed an increase, as the atomic number of the considered
alkali metal increased. Since thermodynamic stability is an
important criterion for the synthetic usefulness of NLO mate-
rials, binding energies, charge transfer (among alkali metal and
TGQDs) and dipole moment, revealing the polarity of the
TGQDs, were calculated. Amongst these properties, the binding
energies described the stability of doped complexes (TGQDs:
Li@rp, Li@r8d, Li@r8a,Li@rc, Na@rp, Na@r8d, Na@@r8a,
K@r8d, K@r8a and K@rc). A greater binding energy value rep-
resented better interaction between two components
(M@TGQDs); as a result, greater thermal stability of the doped
complexes was observed. The binding energy values of Li-doped
TGQD isomers was found to be larger than those of the corre-
sponding Na- and K-doped TGQD isomers: the values for
Li@r8d, Na@r8d, and K@r8d are −45.58, −30.92, and
−39.50 kcal mol−1, respectively.57 Similarly, Li@r8a, Na@r8a,
and K@r8a showed binding energies of −43.58, −30.05, and
−38.83 kcal mol−1, respectively. In the case of M@rc isomers,
binding energy values were found to be −36.42, −24.58, and
−36.12 kcal mol−1 for Li@rc, Na@rc, and K@rc, respectively.
From these values, it can be concluded that Li@r8d was the
most stable among all the complexes.57 Selected alkali-metal-
doped TGQD complexes showed reasonably high negative
values of the binding energies, indicating the feasibility of the
doping process. In general, all these theoretically designed
alkali-metal-doped TGQD complexes possessed good thermo-
dynamic stability. The natural bonding orbital (NBO) charges
on the alkali metals were observed in the range 0.940–0.984 e+,
which implied sufficient ability to shi charge from the alkali
metals to the TGQDs. Charge transfer has a direct relationship
with NLO properties.58 Thus, this charge transfer would induce
large dipole moments and polarizabilities, which in turn would
aid in the improvement of the NLO properties. The dipole
moment is another parameter that reveals the polarity of the
system. It is a tool to determine the charge separation in the
system. As the charge separation between negative and positive
charges increases, the polarity of the system rises, and as
a result, the dipole moment of the system also rises. The dipole
moment of the undoped TGQDs is 0.013 D. Alkali metal doping
resulted in a signicant increase in the dipole moment of the
TGQDs. For instance, the dipole moments of Li@r8d, Na@r8d,
and K@r8d were 4.67, 6.97, and 8.93 D, respectively. As the
dipole moment is dependent on the extent of the charges and
distance between them, a high value of charge on the K atom in
the K@r8d complex was reported to be responsible for its large
dipole moment. Overall, an increase in the dipole moment was
found aer doping the TGQDs with the alkali metals, which is
13418 | RSC Adv., 2024, 14, 13413–13444
helpful in inducing adequate polarizability and hence an
improved NLO response. From the molecular electrostatic
potential (MEP) analysis, designation of the charge distribution
of a system can also be studied. MEP is very helpful in linking
the molecular structure to the physical and chemical properties
of the complexes. These properties include chemical reactivity,
partial charges, and the dipole moment.59,60 With reference to
MEP mapping, red and yellow colors indicate negative charge.
Therefore, areas showing red and yellow colors are predicted to
be electron-rich regions. However, the alkali-metal-doped
TGQD complexes showed a blue color, indicating the regions
that are electron decient and exhibited a positive charge. This
positive charge was found because of the shiing of valence
electrons of the alkali metal to the TGQDs. This transfer of
electrons thus created diffused excess electrons. The areas with
a green color indicate the mean potential, and hence green
areas are predicted to be neutral.59 The size of the blue area
increased with the increasing size of the alkali metals, which
indicated more efficient charge transfer between the alkali
metals and TGQDs. However, the TGQD complexes showed
a uniform charge distribution. Thus, MEP analysis conrmed
that the designed complex M@TGQDs contains a signicant
charge distribution of electrons, resulting in prominent varia-
tion in their dipole moments, which was found to be important
for the NLO response. Besides the molecular electrostatic
potential study, global reactivity descriptors for ionization
potential, electron affinity, chemical hardness and soness and
the chemical potential of graphene materials under discussion
were also helpful for predicting the impact of doping with
different alkali metals on the nonlinear optical response of the
TGQDs. The global reactivity descriptors are linked with the
NLO response of the materials; for example, a complex with
smaller ionization potential values exhibits a high NLO
response. Similarly, an enhanced NLO response is expected
from the complexes with higher soness or lower hardness
values. It is also known that HOMO and LUMO energies are
directly linked with ionization potential and electron affinity,
respectively. The negative of the HOMO energy is almost equal
to the ionization potential and that of the LUMO energy is
almost equal to the electron affinity (Koopmans approxima-
tion)61 According to Sarwar et al.,57 undoped TGQDs showed an
ionization potential of 4.89 eV, and the electron affinity value
was 3.24 eV. Doping of alkali metal into the TGQDs showed
decreasing data for ionization potential and electron affinity.
The ionization potential values were 4.19 eV for Li@rp, 4.22 eV
for Li@r8d, 4.33 eV for Li@r8a, and 4.08 eV for Li@rc
complexes. This decreasing trend in values of ionization
potential for the doped TGQD complexes indicated the ease of
ionization to generate diffuse excess electrons and hence
improved NLO response values. Similarly, the electron affinity,
which is related to the ability of a system to gain an electron, is
also modied aer doping with the alkali metal atom. For
example, the electron affinity ranged from 2.62 to 2.80 eV for
Li@TGQDs, from 2.47 to 2.60 eV for Na@TGQDs, and from 2.36
to 2.50 eV for K@TGQDs complexes. The electron affinity of the
undoped TGQDs was found to be 3.22 eV. The chemical hard-
ness of the M@TGQDs has also been found to be linked to the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07072g


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 1
:5

1:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
stability of a system,59 and its value was found to be 0.82 eV for
undoped TGQDs, which is greater than the values for M@TGQD
complexes, indicating that undoped TGQDs are more stable
and less reactive and hence exhibit a smaller NLO response
than doped complexes. Conversely, the chemical soness value
is directly related to the NLO response; thus, an increase in
soness is usually linked with an increase in the NLO
response.62 The chemical soness of pure TGQD was 0.61 eV,
which increased aer doping, and the maximum chemical
soness among the doped complexes was 0.78 eV for Li@rc.
The chemical potential value was found to be −4.07 eV for the
undoped TGQDs, which decreased monotonically from Li- to K-
doped complexes. The chemical potential was −3.41 eV for
Li@rp, whereas it was −3.49 eV for Li@r8a, −3.31 eV for
Na@r8a, and −3.19 eV for K@r8a. A similar trend in chemical
potential was observed for M@r8d and M@rc (M = Li, Na, K)
complexes. The chemical potential values of the M@TGQD
complexes were found to be less than those of the undoped
TGQDs, indicating that the designed complexes are less stable
and more reactive, which leads to an enhanced NLO response.63

The NLO properties of a system can be improved to a greater
extent by introducing excess electrons into the system. These
excess electrons generate new HOMO orbitals, which are higher
in energy, and as a result, the HOMO–LUMO gap is decreased.
These excess electrons also result in increasing polarizability
and rst-order hyperpolarizability values of the system. For the
undoped TGQDs, the calculated polarizability was 420 au. The
alkali-metal-decorated TGQD complexes showed enhanced
polarizability values. The K-atom-doped TGQD complexes
exhibited relatively better polarizabilities. The highest polariz-
ability was computed to be 476 au for K@r8a isomers. K@r8d
and K@rc showed polarizabilities of 475 and 474 au, respec-
tively. Theoretically calculated polarizabilities for Na@r8d,
Na@r8a, and Na@rc isomers were reported to be 470, 471, and
471 au, respectively. Li@TGQDs complexes showed compara-
tively lower polarizabilities of 470, 465, 467, and 470 au for
isomers like Li@rp, Li@r8d, Li@r8a, and Li@rc, respectively.
Comparison of the hyperpolarizabilities of the alkali-metal-
doped TGQDs complexes revealed that the highest hyper-
polarizability value exhibited by Li@r8a was 5.2 × 105 au, for
Na@r8a was 3.7 × 104 au, and K@r8a revealed 2.74 × 104 au.
The Li@r8a isomer showed a greater NLO response than all
above-mentioned compounds, which suggests it is a more effi-
cient NLO material for optics and optoelectronics applications.
The NLO response of graphene quantum dots (GQDs) has also
been investigated, showing that changing the shape, size, and
edge modications with different atomic species causes a very
prominent change in the NLO response. Sharma et al.64 re-
ported the tunability via size, shape and relatively low level of
loss and high level of spatial connement in the graphene
quantum dots (GQDs) resulting in effective excitation in the
GQDs, showing high energy plasmon frequency along with
frequencies in their terahertz (THz) region, making them
a powerful material for photonic technologies. Their studies
have reported a systematic investigation of linear and non-
linear optical properties of various types of GQDs in size and
topology using the advantages of semiempirical as well as rst-
© 2024 The Author(s). Published by the Royal Society of Chemistry
principles methods. Among the circular, triangular, random
and stripe-shaped GQDs, they found that the GQDs with ineq-
uivalent sublattice atoms always possess a lower HOMO–LUMO
gap, broadband absorption and a high non-linear optical coef-
cient. The majority of these GQDs with linear and non-linear
properties revealed zigzag edges.64,65 The reported GQDs have
a near linear dependence on the number of edge atoms and
a HOMO–LUMO gap with a particular number of carbon atoms
that can be tuned from 0 to 3 eV depending on its size and edge
nature. Marchiani et al.66 reported electron doping with potas-
sium alone on free-standing nanoporous graphene. This avoids
any inuence of the substrate on the metallicity of the material.
The tracked electron transport in the p-antibonding downward-
shied conduction band. The rigid band shi and spectral
density of the p-antibonding state in the upper Dirac cone with
the associated plasmon, showed a blue shi with increasing
dose of potassium ions. This was observed from deduced elec-
tron energy loss spectroscopy. Spatially resolved photoemission
conrmed the Dirac plasmon activated by C 1s emitted elec-
trons. A signicant correlation between electronic p-antibond-
ing states in the conduction band, and the Dirac plasmon
evolution upon in situ electron doping of fully free-standing
graphene was established.

Surface charge transfer doping (SCTD) is an emerging
doping technique that is able to provide an effective and non-
destructive doping capability on 2D semiconductors.67 SCTD
depends on the interfacial charge transfer between surface
dopants and the host semiconductor without producing
notable defects in the 2D crystal during the doping process.
Owing to the extremely large surface to volume ratio, the doping
level inside 2D semiconductors is dominated by the degree of
charge transfer occurring at the surface, indicating the strong
doping capability of SCTD. It features simple coating of dopants
on the 2D surface without sophisticated device formation or
energy consumption. Thus, it is widely used to dope not only 2D
semiconductors but is also used to tune their electrical and
optical properties that facilitate the rational design and
construction of 2D-based functional devices with optimized
performance. Ma et al.68 reported that surface charge transfer
doping is an important strategy for the modulation of the
electrical and optical properties of graphene. They said that, in
contrast to other doping methodologies, surface charge transfer
doping exhibits distinct advantages in various aspects like
minimized negative impact on the carrier mobility without
disrupting the graphene lattice, wide range and precise control
over the doping concentration and highly efficient treatment
processes without using high temperature or ion implantation.
Thus, efforts are being made to develop diverse surface charge
transfer p- and n-type dopants, which include alkali metals,
alkaline metals, transition metal acids, gases, metal chlorides,
metal oxides, organics containing electron-donating/
withdrawing groups, ferroelectric organics, and carbon-based
materials, that could serve as a wide range of pathways to
modulate the properties of graphene. Recently, remarkable
progress has been made in realizing heavy and stable doping by
surface charge transfer. The literature reveals that, if boron,
nitrogen, phosphorous and aluminium atoms are substituted
RSC Adv., 2024, 14, 13413–13444 | 13419
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for carbon atoms in graphane, conversion from a semi-
conductor to a metal can take place. About 3.2–3.8 mass%
enhancements in hydrogen storage capacity have been observed
when graphene has been doped by lithium. Recently, the idea
that hydrogen molecules (H2) as a clean energy carrier that can
replace fossil fuels in the future is gaining momentum. It can
mitigate rapidly growing demands for energy and thus slow
down global-climate changes in the future. The only challenge
is its storage. Thus, the concept of materials-based storage is
coming to the fore in a huge way. The urge to design and
prepare such materials has been explored quite extensively in
recent years. A potential H2 storage material should be able to
store a sufficient amount of hydrogen at ambient pressure and
temperature. This requires the storage material to have a large
surface area and low molecular weight and suitable interaction
between hydrogen molecules and host material, which should
lie between weak physisorption and strong chemisorption. The
H2 adsorption energy should lie in the range of 0.1–0.2 eV/H2 for
an ideal hydrogen storage system.69 Carbon-based nano-
materials are considered favorable to meet these criteria. Hus-
sain et al.70 predicted (from rst-principles density functional
calculations) that pre-hydrogenated, Li-doped graphane, LiCH,
could be a potential candidate for hydrogen storage. Their study
showed that the calculated Li-binding energy on graphane is
signicantly higher than the cohesive energy of Li bulk, thus
ruling out any possibility of cluster formation in Li-doped
graphane. They revealed that, even with a very low concentra-
tion (5.56%) of Li doping, the Li-graphane sheet achieved
a good hydrogen storage capacity of 3.23 wt%. They calculated
hydrogen adsorption energies in the desired range of 0.1–0.2 eV,
suitable for achieving H2 storage at the operating temperature
and pressure conditions in mobile applications. The lithium
binding energy in the LiCH sheet was found to be 2.94 eV, which
was reported to be much greater than the cohesive energy of Li
bulk (1.6 eV), ruling out the possibility of cluster formation in
Li-doped graphene. Similar work was also reported by Khazaei
et al.71 Using rst-principles electronic structure calculations,
they studied the stability, electronic structure and hydrogen
storage capacity of two newly designed mono-layered LiCH and
LiBNH nanomaterials. The hydrogen atoms on one of the faces
of a graphane sheet which was pre-hydrogenated graphene, was
substituted with Li atoms. The resulting monolayer was
observed to attain a good hydrogen storage capacity of around
3.8 wt%, close to the revised Department of Energy DOE target.
Within the chemical structure of the monolayer, lithium atoms
are strongly hybridized and donate their electrons to the
substrate, and as a result, their bonding energy to the surface
attains a value of 3.27 eV, which is larger than the cohesive
energy of lithium in its metallic bulk structure. The result was
attributed to the non-aggregation or reduced clusterization of
the lithium atoms on the monolayer, particularly at high
temperature and high doping concentration. Thus, carbon-
based materials have established their capability for storing
hydrogen.72–77 However, extensive work in this direction is still
warranted. A systematic and thorough density functional theory
(DFT) study on the interaction of the elements in the rst two
groups of the periodic table with a graphane (hydrogenated
13420 | RSC Adv., 2024, 14, 13413–13444
graphene) sheet was attempted by Hussain et al.78 They
proposed using the generalized gradient approximation (GGA)
to study the binding conguration, bond length, and charge
transfer and band gap of each of the adatom systems in depth.
Different doping concentrations varying from 3.125% to 50%
were considered to gain a better understanding of the adatoms–
CH interaction. They reported a certain trend in binding
strength, bond length and charge transfer in the case of both
alkali metal and alkaline-earth metal adatoms. Alkali-metal
adatoms at a low doping concentration of 3.125% exhibited
semiconductor behavior, whereas when doped at higher than
the considered concentration, the product showed metallic
behavior. In contrast, alkaline-earth metal-doped CH exhibited
metallic behavior at all doping concentrations. Substitutional
doping with magnetic elements (transition elements) is ther-
modynamically unfavorable, probably, due to their differential
chemical structure. However, it has been achieved under non-
equilibrium conditions. First, vacancies are formed by
bombardment with electrons or ions, and subsequently,
magnetic dopant atoms are deposited, lling the vacancies that
have not dynamically annealed between the two steps. Such
dual-step processes are difficult to control, especially given the
complex dynamics of vacancies in graphene, strongly limiting
their reliability, reproducibility, and scalability. Ultralow-energy
(ULE) ion implantation has the potential to overcome these
limitations and has been successfully applied to the substitu-
tional doping of graphene with N and B and P and Ge. Since
graphene, apart from its direct fermions as carriers, exhibits
a long spin lifetime and diffusion length, it has been promoted
as an excellent material for ultra-thin memory devices.79 To
enhance the magnetic functionality, exibility, reproducibility,
and scalability inherent to ion implantation, graphene has been
doped to a limited extent with manganese (Mn) atoms (with
a high magnetic moment among 3d transition metals) in
a single carbon vacancy.80 Mn retained the Dirac-like behavior
of pristine graphene.81 Substitutional doping offers high
stability attributed to the excellent covalent bonding between
the dopant atoms and surrounding carbon atoms in graphene,
indicating the versatile behaviour of graphene that can be
exploited in various elds of the semiconductor industry.
However, the synthesis of quality graphene is essential so that it
can be used as a smart baseline material for the fabrication of
stable GNMs. The literature reveals82 that, because of the small
difference in electronegativity between C and H, C–H is essen-
tially non-polar and thus non-reactive. This has largely limited
the application of graphene materials. The formation energy of
a metal atom on the graphene surface increases with an
increase in metal coverage. Mostly, the structures of absorbed
metals are at the bridged site for single metal atom absorption
and results oen in dimerized, linear, chain types or 3D tetra-
hedral clusters. As more andmore metal atoms are absorbed on
the graphene surface, strong interactions are generated that
culminate in cluster formation. Within these clusters (solid
materials), the cohesive energy consequently increases, leading
to the separation of the constituent atoms apart to convert them
to an assembly of neutral free metal atoms on the surface Thus,
doping of graphene with metallic atoms is difficult to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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demonstrate experimentally. This may be attributed to the
binding energy between metal dopants and graphene being
much lower than their cohesive energy, leading to the formation
of clusters instead of uniform doping on the graphene surface.
Lee et al.83 further reported that large-sized metal atoms can
create larger local curvature, favoring the chemisorption of
small molecules (H2O, O2, and NO) from the ambient, thereby
greatly limiting the practical application of such doped gra-
phene derivatives. They reported the effect of gas adsorption on
the change in magnetic properties of a platinum-doped gra-
phene (Pt-graphene) system using rst-principles density
functional theory (DFT). They observed the induction of
different magnetic properties due to four chemisorbed gas
molecules (N2, O2, NO2, SO2) on Pt. No spin polarization with N2

adsorption, local polarization with O2 adsorption and complete
polarization with NO2 and SO2 adsorption were revealed.
Interestingly, a difference was found in the spin direction of
gases and Pt-graphene. NO2 adsorption induced the same spin
direction on the substrate, while SO2 induced the opposite spin
direction. These differences in the magnetic properties of Pt-
graphene against the type of gas molecules adsorbed are ex-
pected to play an important role in the application of these
nanomaterials as gas sensors or spintronic devices. Dai et al.84

reported the adsorption of gas molecules (NO, NO2, and SO2)
over boron-, nitrogen-, aluminium- and sulfur-doped graphene
using density functional theory. B- and N-doped graphene
retained a planar form, while Al and S atoms protruded out of
the graphene layer. Investigation revealed that NO and NO2

bonded to B-doped graphene, while only NO2 bonded to S-
doped graphene. Al-doped graphene was much more reactive
and bound to all gases, including O2. According to their inves-
tigations, Dai et al.84 suggested that B- and S-doped graphene
could be good sensors for polluting gases (NO and NO2). Ao
et al.85 using DFT reported the theoretical enhancement of CO
adsorption through Al doping into graphene. Strong chemi-
sorption of CO molecules was observed due to the formation of
an Al–CO bond, where CO onto intrinsic graphene showed weak
physisorption. Enhancement was determined by the large
change in electrical conductivity aer adsorption, where CO
adsorption led to an increase in electrical conductivity via
introducing a large amount of shallow acceptor states, sug-
gesting a newly developed Al-doped graphene that would be an
excellent candidate for gaseous chemi-nanosensors. Extensive
studies on the subject are warranted due to the inconsistency of
ndings that have been reported so far. Amongst the IV–VII
group element doped graphene/graphene derivatives, silicon
(Si: 3s23p2)-doped graphene (SiG) has been investigated less
than nitrogen or boron. Its chemistry reveals that silicon would
obtrude out of the plane in the SiG structure as Si–C has a larger
bond length (1.76 Å) than the C–C bond (1.41 Å). Deviation from
a perfectly at sp2-hybridized carbon layer would theoretically
result in SiG composites.86 Y. Zou et al. (2011) and Y. Chen et al.
(2013) reported the increased chemical reactivity of SiG owing to
the structural change bought about by Si dopants. Ab initio
calculations in DFT indicated that Si incorporated in graphene
results in an increase in adsorption energy, for probing gas
molecules like CO, O2 or NO2.87,88 Phosphorous (P: 3s23p3)-
© 2024 The Author(s). Published by the Royal Society of Chemistry
doped graphene (PG) in comparison to nitrogen would also
obtrude out of the plane when doped in graphene, conserving
its sp3 character and bond with three neighboring C atoms in
a pyramidal-like structure.89,90 Substitutional doping with P can
increase the chemical reactivity of PG. It would effectively
reduce NO2 into NO and could chemisorb with moderate
adsorption energy. Chalcogenides, sulphur-doped graphene
(Sul-G) (S: 3s23px2py1pz1) exhibits larger chemisorption energy
compared to sulphur-doped carbon nanotubes. A Sul-G semi-
conductor material has a smaller band gap, due to structural
changes. It show signicant potential for gas sensing and
selectively binding to NO2 to trigger a change in the conductivity
properties of the system.91 Oxygen-doped graphene (Ox-G) (O:
1s22s22px2py1pz1) showed more electronegativity and larger size
compared to carbon-doped graphene, revealing that substitu-
tional doping with O atoms is impossible. However, with epoxy
(C–O–C) and carbonyl (C]O–C) groups, GO and rGO are in
general regarded as O-dopant graphene. The covalent attach-
ment of oxygen groups to graphene transforms sp2 into the sp3

hybridization state, accompanied by local distortion of the
graphene planar structure. The extensive presence of localized
sp3 domains gives rise to the opening of the band gap.92,93 This
phenomenon together with the defects results in poor
conductivity but results in excellent hydrophilicity. Halogen-
doping transforms sp2 carbon bonding to sp3 hybridization,
resulting in drastic distortions in the geometric and electronic
structures of graphene. Fluorine (F: 1s22s22p5) being one of the
most reactive elements, undergoes strong and inert bonding.
The F–C bond in F-doped graphene obtrudes from the basal
plane and stretches the C–C bond length to 1.57–1.58 Å.78

Fluorine having a high affinity for C enables negative chemi-
sorption energy in uorine-doped graphene (F-G)
semiconductors94–96 with tunable band gaps, resulting in lumi-
nescence ranging broadly from ultraviolet to visible-light
regions.97 F-doping also increases the hydrophobicity of gra-
phene.98 A chlorine-doped graphene (Cl-G) (Cl: 3s23p5) complex
has a lower binding energy and longer bond length than uo-
rine or hydrogen, so the covalent Cl–C bond is less stable than
C–F or C–H.99 Due to its long bond length, Cl-G (1.1–1.7 nm) is
thicker than F-G.100 In contrast to a similar bonding arrange-
ment like F, Cl can interact with C through the formation of
a charge-transfer complex, covalent bonding and physical
absorption.101 Unlike F and Cl, Br and I are larger sized atoms,
likely to interact with graphene only through physisorption or
the formation of a charge transfer complex, without disrupting
the sp2 carbon network.102 Brominated graphene is reported to
be an indirect gap material with an almost zero band gap.94 The
electronegative and chemically reactive properties of iodine (I)
facilitate easy aggregation to form linear poly-iodide anionic
species (I− and I−) on the graphene surface.103,104

Co-doping of multiple species of foreign atoms into gra-
phene can generate new properties or create synergistic effects.
The similar sizes of B and N atoms produce opposite doping
effects on graphene. When B and N are doped into graphene
simultaneously, phase separation between boron nitride and
carbon takes place,105–109 attributed to the larger binding ener-
gies of (B/N) and (C/C) than those of (B/C) and (N/C)
RSC Adv., 2024, 14, 13413–13444 | 13421
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bonds, respectively. Boron–nitrogen co-doping leads to four
binding congurations: (C/C), (B/N) (dominant form), (C/
B) and (C/N), with bond lengths of 1.42 Å, 1.45 Å, 1.49 Å and
1.35 Å, respectively. This enhances strong charge polarization
between B and N, producing active surface chemistry.110 The
thermal stability of B/N co-doped graphene has been found to
be lower than that of N-doped graphene, but higher than that of
B-doped graphene.111 Co-doping of graphene with a controlled B
and N compositional ratio strengthens parameters like charge
polarization, spin density and the conductivity of fuel cells,
supercapacitors and batteries.112 N/B, N/S and transition metal
(Ni2+/Ni3+, Co2+/Co3+ and Fe2+/Fe3+) co-doped reduced graphene
oxide (CD-rGO) nanocomposites were successfully synthesized
by a simple one-step hydrothermal approach and showed
signicant promotion of the catalytic oxidation of glucose for
application in a direct glucose alkaline fuel cell (DGAFC). It was
speculated that the boosted performance was due to the
synergistic effects of N, S-doped rGO and metallic redox couples
responsible for creating active sites and accelerating the elec-
tron transfer, respectively.113 They reported the doping of N/S
heteroatoms in rGO in addition to the Ni2+/Ni3+ redox couple,
which can play an important role in changing the electronic
properties and chemical reactivity of reduced graphene oxide.
C]C–N (graphite nitrogen) in a nickel-decorated N/S co-doped
reduced graphene oxide nanocomposite (rGO-NS-Ni) can create
more edges and defects on rGO-N/S covalently bonded rGO with
pyrrol nitrogen and thiophene sulfur. These structures provided
a larger electrolyte/electrode interface, resulting in smaller
interface resistance, resulting in a high conductivity perfor-
mance in rGO-NS-Ni, which can create more active sites in rGO
by doping with N/S-decorated Ni transition metal compared to
other redox couples Co2+/Co3+ and Fe2+/Fe3+, respectively. The
major problem in the glucose oxidation process at the DGAFC
anode was the suppressed electron transfer process. Doping
with a designed nanocomposite (rGO-NS-Ni2+) was found to
accelerate the electron transfer process, thus creating more
active sites for electrochemical analysis. The addressed nano-
composite is considered to be an excellent system with better
catalytic ability having maximum power density of 48.0 W m−2,
that was found 2.08 times higher than that of B having AC =

23.12Wm−2 respectively. In the case of asymmetric B/N doping,
Fig. 4 Synthesis approaches adopted for the preparation of graphene a

13422 | RSC Adv., 2024, 14, 13413–13444
this could moderately increase the band gap (0.49 eV) because
of symmetry breaking. This showed that at an appropriate B/N
ratio, a reduced HUMO–LUMO energy gap can be created in
graphene that can enhance the chemical reactivity114 of the
designed nanocomposite (G@B/N), thus creating a band gap at
the Dirac point. Shis in the Fermi level in the opposite direc-
tion are generated, providing uniform co-doping. In contrast,
a scattered distribution of foreign atoms was also observed in
the case of S/N co-doping that was predicted to show better
catalytic activity compared to N/B co-doping.115,116 Since the
literature showing catalytic activity in the DGAFC anode via the
designed transition-metal-decorated N/B co-doped reduced
graphene oxide (rGO-N/B-M) nanocomposite is currently scanty;
catalytic activities for such nanocomposites were reported for
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER). This has widespread implementation in the
eld of new energy storage technologies. The insertion of N/B
moieties can create active sites for transition metals that can
exhibit high ORR in the whole system. Y. Irmawati et al.117 re-
ported a typically designed nanocomposite of iron-decorated N/
B co-doped reduced graphene oxide (rGO-NB/Fe) as an electro-
catalyst for ORR and OER systems, acting as alkaline and
neutral electrolytes, respectively and creating active sites that
can modify the electronic structure of rGO in the system. Thus,
its applicability (3D porous structure) as graphene aerogels with
N/B moieties, with Fe-decorated nanocomposite, for a highly
stable Zn–Air battery (34 mW cm−2 in power density and
remaining stable for 284 h; ∼852 cycles) was acclaimed.
3 Synthetic methodology for the
functionalization of graphene and its
derivatives

The synthetic approach for the effective preparation of gra-
phene and its derivatives depends on the requisite size, purity
and efflorescence of individual graphene materials required for
target applications. Various recommended synthetic
approaches that have revealed modied stable structural
formation of graphene and its derivatives are reported in Fig. 4.
Most of these routes are either top-down or bottom-up
nd its derivatives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Modified chemical reaction involved in the synthesis of
colloidal graphene oxide.
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approaches. The top-down approaches involve delaminating of
graphitic materials, whereas the bottom-up approaches involve
graphene assembly from smaller building units. In general, the
top-down approach involves exfoliation and reductionmethods.
Fig. 6 Schematic illustration of synthetic strategies for graphene and G

© 2024 The Author(s). Published by the Royal Society of Chemistry
These methods require precursors in gaseous form to allow
deposition onto the metal surface. Mechanical exfoliation
includes techniques such as micro-mechanical cleavage,
continuous mechanical cleavage, shear exfoliation, and explo-
sive exfoliation, which are oen proffered. Chemical exfoliation
includes liquid phase exfoliation (LPE) and supercritical uid
exfoliation. Conversely, electrochemical exfoliation, thermal
exfoliation reduction and chemical/electrochemical reduction
techniques are also in use. Colloidal graphene oxide (GO) is
prepared by a modied Hummer's method, which is a signi-
cant top-down method. It is used for the large-scale synthesis of
graphene-based composites. Its principal steps are: (i) oxidation
of graphite in concentrated H2SO4 with H3PO4 and KMnO4, (ii)
the exclusion of excess KMnO4 by reducing it to water-soluble
MnSO4 with H2O2 and (iii) lastly, washing with methanol.
Various modications and improvements have recently been
extensively discussed by dedicated scientists in this niche
area.118 The modied chemical reaction involved in the
synthesis of colloidal graphene oxide is illustrated in Fig. 5. A
colloidal solution of nanoparticles of GO was synthesized rst
and was then reduced to graphene-nanocomposites (GNCs).
The dispersion of GNCs with different surfactants/polymers and
reducing agents, mainly hydrazine, sodium borohydride,
ascorbic acid, ethylene glycol, ammonia, or alkali solution, has
recently been investigated. The reaction has been subjected to
various optimizations with respect to temperature and reaction
kinetics. Metal ions or pre-functionalized metal nanoparticles
react with GO surfaces through electrostatic interactions,
covalent interactions or by weak interaction to form target
nanocomposites. A schematic illustration of synthetic strategies
for graphene (G)- and graphene oxide (GO)-based nano-
composites with different nanoparticles is reported in Fig. 6.
Some recent studies on the chemical synthesis of graphene
O-based composites with different nanoparticles.

RSC Adv., 2024, 14, 13413–13444 | 13423
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Table 1 Recent studies on the chemical synthesis of graphene oxide reported in the literature

Materials used Duration Temperature Specications Reference

K2FeO4, H2SO4, and
graphite akes

1 h Room
temperature

Used strng green oxidant, K2FeO4, avoided the use of polluting
heavy metal like manganese and toxic gases in the preparation,
enables the recycling of H2SO4 and elimination of the pollutants.

119

KMnO4, NaNO3, and
H2SO4

16 h 10 °C Formation of high quality r(GO) was formed reorganizing the
carbon framework efficiently by controlling the reaction
temperature upto 10 °C during successive oxidation steps;
thereby preventing over-oxidation of graphene layers. reduction
of graphene oxide to graphene at higher temperature than
1500 °C would cause the complete degradation of GO.

120

KMnO4, NaNO3, and
H2SO4

<2 h 35 °C Reaction time was found short, purication procedure reported
in the work eliminated oxidative impurities, thereby, decreasing
the thickness of nanoplatelets, similar oxidation degree of
graphite oxide was observed as reported by chemical reduction
technique.

121

H2SO4, KMnO4, and
H3PO4

12 h 50 °C Exclusion of NaNO3, resulted in the reduction of toxicity,
improved efficiency of oxidation process was observed by
increasing the concentration of KMnO4 and 9 : 1 mixture of
H2SO4/H3PO4, current modied method provided a greater
amount of hydrophilic oxidized graphene material as compared
to Hummer's method or Hummer's method with additional
KMnO4.

122

HNO3 2 h Room
temperature

Oxidation of graphite to graphitic oxide was accomplished by
treating graphite with essentially a water-free mixture of
concentrated sulfuric acid, sodium nitrate and potassium
permanganate, entire process required less than two hours for
completion at temperatures below 45 °C. Temperature
limitations and safely was successfully maintained.

123
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oxide are reported in Table 1.119–123 Other derivatives of gra-
phene like uorographene have been synthesized by reacting
graphene with either XeF2 (ref. 31, 97 and 124) or CF4 (ref. 125)
at room temperature by mechanical or chemical exfoliation of
graphite uoride.94,96 A sonochemical exfoliation process of
graphite uoride in N-methyl-2-pyrrolidone (NMP) at ambient
temperature126 has been carried out in addition to the reaction
of graphene oxide with HF, under hydrothermal conditions
using an ultrasonication process.127 The synthesis of graphyne
is done using modern acetylene chemistry, which has been
advanced by powerful new organometallic synthetic methodol-
ogies, proposed by Diederich in 1994. Being receptive to
unusual methods produced by other disciplines is also to be
encouraged.128 In 2008, Haley presented the synthetic strategies
and optoelectronic properties of the substructures of the non-
natural, planar carbon networks of graphyne, which is based
on the dehydrobenzoannulene framework.27,129 He pointed out
the necessity of extensively developing and utilizing metal-
catalyzed cross-coupling, homo-coupling, and metathesis reac-
tions to synthesize targeted products. The future synthesis of
graphyne materials may involve the use of surfaces as supports
and templates. Graphdiyne represents a promising material
due to its attractive electronic, optical and electrochemical
properties deriving from its unique molecular structure.
Graphdiyne is synthesized as a nanotube array using an anodic
aluminum oxide lm template with a channel diameter of
200 nm and a Cu catalyst. Graphdiyne nanotubes with length
40 mm and wall thickness of 40 nm have been reported.130 In
bottom-up techniques, chemical vapour deposition (CVD),
13424 | RSC Adv., 2024, 14, 13413–13444
epitaxial growth and pyrolysis are quite common.131,132 For the
CVD method, a vacuum is specically required, ensuring that
reactants reach the substrate without any interference. The
substrates for each method differ with CVD, requiring speci-
cally a transition metal substrate. Chemical vapor deposition is
a non-wet-chemical method used for the production of gra-
phene. Pyrolysis and epitaxial growth do not require vacuum
conditions, thereby indicating lower fabrication cost. Spray
pyrolysis utilizes a glass substrate, and the epitaxial growth, on
the other side, uses silicon carbide. Generally, quality graphene
is synthesized by a micro-mechanical exfoliation technique on
a silicon substrate or by a chemical vapour deposition method
on transition metal surfaces; however, these methods have low
production efficiency. The literature reveals that graphene
akes can also be obtained by mechanical cleavage using
adhesive tape.53 These akes have to be placed on an Si wafer
with a 300 nm thick layer of SiO2, which are visible with a high-
resolution optical microscope.133 Graphene from SiC (epitaxial
growth) can also be produced. However, the isolation of gra-
phene remains a complex procedure.134,135 In 2009, cold
hydrogen plasma using argon was mixed with 10% hydroge-
nation at a low pressure of 10 Pa and a temperature of 4–160 K.42

The hydrogenation transformed highly conductive semi-
metallic graphene (zero overlap) into insulating graphene. The
reaction was observed to be reversible by plasma irradiation and
annealing. Hydrogenated graphene is also formed by electro-
lytic hydrogenation of thin graphene akes in the presence of
water at room temperature, by applying 10 V and a current of 2
× 10−3 A.136 It was observed that even exfoliation of graphite
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Various approaches for the production and extraction of graphene that depend on the requisite size, purity and efflorescence

Methodology Specication/advantages/disadvantages References

Bottom up methods
Epitaxial treatment Possibility of epitaxial growth of graphene on silica carbide, thermally used for silicon

fabrication technologies, electrochemical detection of heavy metal salts in sea water, reduced
cost, allowing seamless integration/bulk production of SiC substrates, reects limitations in
terms of costs, sizes, and difficulty in conduct.

139 and 140

Thermal treatment Production of thermally reduced graphene from graphene oxide, remarkable source for polymer
electrolyte membrane for fuel cells applications, reduction causes signicant weight loss and
volume expansion of the materials. Reduction of GO is mainly concerned with the elimination of
hydroxyl and epoxy groups; other groups like carbonyl, carboxylic and ester groups exhibit no
signicant role in conductivity.

141 and 142

Plasma treatment Used in cleaning the surface material, etching, deposition and modication of the surface
properties of the material, potential hinge in hydrophilicity, adhesion, conductivity,
functionalization, reduction, and doping of GO, necessary for the correct selection of promising
parameters in order to reduce the negative impacts.

143 and 144

Pyrolysis treatment Used for the formation of thermally induced chemical decomposition of organic materials in the
absence of oxygen, resulting in the production of carbon materials, however, presence of oxygen
within the paralyzing precursor leads to partial combustion of the material.

145

Chemical vapor
deposition

Involves the process of depositingmaterial as a thin lm onto the substrates from vapour species
through chemical reactions, the method is suitable for the growth of graphene for the solid,
liquid and gaseous carbon sources, helps monitoring various factors affecting the quality of
graphene lm, however, the growth process is a tedious process due to the requiredmaintanance
of system total pressure, partial pressure of hydrogen, presence of hydrocarbon species, growth
temperature and source of power respectively.

146

Topdown method
Liquid-phase
exfoliation

Method helped in obtaining a stable dispersion of monolayer or few-layer defect-free graphene,
direct exfoliation prevented the agglomeration of the nano sheets, however, the method only
involves the exfoliation of natural graphite via high-shear mixing or sonication, suffers from high
energy extensive consumption and low efficiency.

147 and 148

Modied unzipping of
carbon nanosheets

Method is used in the production of graphene nano-ribbons, reects the reduction of the oxygen-
functional groups at the ends of graphene basal planes, reduction in electrical conductivity,
adjustment achieved in the reduction step is observed, reduced consumption of chemicals make
the overall process more economic and eco-friendly, however, harmful effect of the oxygen-
functional groups take place at the edges of the graphene sheets and on the properties of the
prepared material.

149

Arc discharge method Anode and cathode are submerged in a gas or liquid medium of a reaction chamber, use of
asphalt a carbon rich source is used, makes the method cost effective due to vacuum usage.

150

Oxidation reduction Method is usally used in the synthesis of graphene from graphite, oxidation of graphene
increases the interlayer spacing of graphite layer due to incorporation of intercalation
compounds, graphene is found devoid of any functional groups and thus is found insoluble in
water and organic solvents.

150

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 1
:5

1:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
oxide (6 to 15 MPa) at high hydrogen pressure and between 200
and 500 °C resulted in partially hydrogenated graphenes.137

Even at high temperature and pressure (400 to 500 °C, 5 MPa),
hydrogenation resulted in the partial hydrogenation of single-
volt carbon nanotubes, where unzipped graphene nanoribbon
formation has been observed.138However, recent approaches for
the production of graphene depending on the requisite size,
purity and efflorescence are reported in Table 2.139–150

4 Functionalization of graphene
leading to its enhanced structural
versatility

Extensive valuable research is presently under progress, in the
elds of synthesis, property identication and characterization
for graphene and graphene oxide. Due to the addition of oxygen
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms bound with a few carbons (Fig. 7), G/GO reects different
physico-chemical and thermo-physical properties. Graphene
oxide being hydrophilic is easily dispersed in water. It contains
aromatic (sp2) and aliphatic (sp3) domains, which leads to an
increase in specic interactions occurring on its surface. Gra-
phene oxide can be reduced to graphene in a reverse manner by
a moderate reducing agent. However, the produced graphene is
not suitable for electronic applications and mechanical rein-
forcement with polymers due to structural defects created
during the synthesis of graphene oxide. Thus, proper func-
tionalization of graphene and graphene oxide is essential to
prevent their aggregation and inherent physico-chemical
properties during the reduction process. Methods for the
functionalization of graphenes and graphene oxide include: (a)
covalent functionalization, (b) non-covalent functionalization
and (c) elemental doping.
RSC Adv., 2024, 14, 13413–13444 | 13425
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Fig. 7 Oxidation reaction of graphene sheet to synthesize graphene oxide.
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4.1 Covalent bond functionalization

Covalent bond functionalization of graphene with newly intro-
duced groups in the form of covalent bonds can be used to
improve and enhance its chemical performance. O-containing
Fig. 8 Mechanism of the top formation of halide derivatives of enolate

13426 | RSC Adv., 2024, 14, 13413–13444
groups on the surface of GO make covalent bond functionali-
zation easier than that on graphene. The surface of graphene
oxide contains a large amount of epoxy groups (Fig. 8),151

hydroxyl groups (Fig. 11),152 and carboxyl groups (Fig. 12).153

These groups can be used for chemical reaction such as
(bottom) addition of halide derivative of enolate onto graphene.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Illustration of the isocyanation reaction of EDC-N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride on graphene oxide
sheets.
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isocyanation (Fig. 9),154 diazotization and addition (Fig. 10),155

carboxylic acylation (Fig. 12),153 and epoxy ring opening
(Fig. 8).151 Three types of covalent bond functionalization are:

4.1.1 Carbon skeleton functionalization. Graphene can
also undergo functional modication of the carbon skeleton.
This is carried out using carbon–carbon double bond (C]C)
sites involved in the aromatic ring of graphene or graphene
oxide. The concept can best be illustrated by the diazotization
reaction and Diels–Alder reaction (Fig. 10).155 Solution-phase
graphene as a raw material is dispersed in an aqueous
Fig. 10 Diazonium reaction and subsequent click chemistry functionaliz

© 2024 The Author(s). Published by the Royal Society of Chemistry
solution of surfactant, 2% sodium cholate followed by stirring
with 4-proparglyoxydiazobenzenetetrauoroborate at 45 °C to
obtain functional graphene, 4-propargyloxyphenyl graphene
(GC^CH). This may be a perfect example of functionalization
of graphene exhibited by a click chemistry reaction with the
help of azido polyethylene glycol carboxylic acid, to illustrate the
addition reaction to the skeleton carbon structure of graphene,
reecting advanced functionalization of a graphene sheet. The
nal product can be used to make efficient and robust
biosensors.
ation of graphene sheets.

RSC Adv., 2024, 14, 13413–13444 | 13427
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Fig. 11 Synthetic route of polystyrene graft graphite oxide (GO/PS).
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4.1.2 Hydroxyl functionalization. Covalent linkage of
hydroxyl groups over the surface of graphene oxide sheets
results in the removal of H-groups from the surface. Subsequent
chemical combination of polystyrene and graphene under
weakly basic conditions and covalent linkage within polystyrene
modied graphene oxide is illustrated in Fig. 11.152 Here, an SN2
nucleophilic substitution mechanism is taking place. This
represents an interesting potential alternative method for the
synthesis of novel composite materials with interfacial inter-
action, leading to the formation of smart carbon-based nano-
composites and their applications152

4.1.3 Carboxyl functionalization. The carboxyl functionali-
zation step is regarded as the activation step of the reaction. The
carboxyl groups on the edges of graphene oxide are in fact
highly reactive groups. As a result, the moiety containing
a hydroxyl group or an amino group is dehydrated to form
amide and ester bonds. A few of the commonly used activation
groups are 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexauorophosphate156 thionyl chloride,
N,N-dicyclohexylcarbodiimide (DCC),157 and 1-ethyl-3(3-
dimethylaminopropyl)-carbodiimide (EDC).158 Fig. 12 reveals
a simple and quick GO functionalization group interconversion,
followed by two sequential copper acetoacetate (CuAAC) clicks
for double GO functionalization.153
4.2 Non-covalent functionalization

The non-covalent bond functionalization of graphene and gra-
phene oxide results in the formation of a composite material
with interaction between hydrogen bonds and electrostatic
forces between graphene and functional molecules. This results
in an improvement in dispersibility and stability of graphene
13428 | RSC Adv., 2024, 14, 13413–13444
and graphene oxide in the reaction medium. Under mild
conditions, the non-covalent bond functionalization process is
quite simple as it maintains the structure and properties of
graphene. The process is carried out using specic surfactants.
The functional modication of the surface of non-covalent
bonds primarily involves: (i) p–p bond interaction, (ii) ionic
bonding, (iii) electrostatic interaction, and (iv) hydrogen
bonding modication.

4.2.1 p–p bond interaction. Depending on the available
orientation of p-systems and geometry (planarity) of interacting
species between targeted aromatic molecules, p–p interactions
can be introduced during exfoliation of graphite alone.
Electron-donating groups,159–161 dopant concentration161 and
type of substituent of the graphene sheets162 greatly inuence
the p–p interactions. Additionally, the number of sheet
layers,158 withdrawing ability, and size, besides the planarity of
the aromatic molecules greatly inuence the p–p

interactions.163–166 Chia et al.167 reported the functionalization
process of a graphene surface via the p–p bond interaction.
Fig. 13 illustrates such interactions occurring over screen-
printed electrodes on exfoliated graphene sheets. This
involves the binding of a succinimidyl ester moiety with amine
groups in the enzyme glucose oxidase. Fig. 13 illustrates the
schematic representation of the functionalization of pristine
graphene sheets with 1-pyrenebutyric acid N-hydrox-
ysuccinimide ester on its surface. A well-established mediation
between graphene and avine adenine di-nucleotide sites of the
glucose oxidase enzyme is observed. Zhang et al.168 reported that
a dispersion of graphene-based material, with characteristic
aggregation-induced emission (ALE) (the photoemission prop-
erty of uorescent dyes) can be synthesized by wet-chemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Sequential functionalization of GO using two CuAAC click reactions.
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reduction of GO. During the reduction interval, a conjugate
molecule containing tetraphenylethylene and pyrene (TPE-P)
was used as a stabilizer to establish the p–p interaction and
thereby the wrapping effect. The resultant synthesized reduced
graphene oxide-tetraphenylethylene and pyrene (rGO-TPE-P)
products not only have good dispersibility in solution but also
show photo-luminance characteristics. This enables rGO-TPE-P
to be used as a chemical sensor for highly sensitive explosive
detection. Zhang et al. applied the product as a chemical sensor
for detecting trace 2,4-dinitrotoluene (DNT) at concentrations
lower than 0.91 ppm with a quenching constant as high as 2.47
× 10−4 M−1 in the aggregated state (Fig. 14).168

4.2.2 Ionic and electrostatic interactions. These interac-
tions play a signicant role in the functionalization of gra-
phene. They play a vital role in establishing a bond between
a surfactant and pristine graphene nanosheets. Several
researchers, particularly, Choi et al.169 and Ge et al.,170 revealed
an improvement in the stable dispersion of reduced graphene
via various organic solvents, as a result of non-covalent ionic
interaction functionalization with amine terminals and
© 2024 The Author(s). Published by the Royal Society of Chemistry
polymers of sodium dodecyl benzene sulfonate (SDBS). The
protonated amine of the terminal groups of polystyrene
undergoes non-covalent functionalization with the carboxylate
group on the graphene surface, resulting in high dispersibility
in various organic media. The mechanism is illustrated in
Fig. 15. Conversely, the hydrophilicity of SDBS-functionalized
reduced graphene resulted in good dispersion in an oxidized
starch matrix. It revealed better mechanical and barrier prop-
erties for the fabricated starch lm. The tensile strength of
reduced graphene oxide/oxidized starch (r-RGO-4/OS) lm was
found to increase to 58.5 MPa, which was three times higher
than that of the oxidized starch lm (17.2 MPa). The modied
lms of rGO/OS have wide applications in optoelectronics.
These lms can effectively protect against UV light due to their
light-proof performance. These composite modied lms also
have great potential in packing industries. Besides ionic inter-
actions, electrostatic interactions also play a vital role in the
dispersion of graphene. Graphene oxide and reduced graphene
oxide, when dispersed in aqueous solution, also behave like
a 2D conjugated polyethylene. This is because the surfaces
RSC Adv., 2024, 14, 13413–13444 | 13429
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Fig. 13 Schematic representation of exfoliated graphene sheets with 1-pyrenebutyric acid N-hydroxyl succinimide ester mediating between
graphene and redox sites of glucose oxidase enzymes.

Fig. 14 Mechanism of detection of explosive DNT via rGO–TPEP.

13430 | RSC Adv., 2024, 14, 13413–13444 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Illustration of the mechanism of modified starch film with reduced graphene oxide by SDBS surfactant.

Fig. 16 Illustration of the mechanism involved in chemically modified graphene oxide as partially reduced covalently bonded graphene oxide
(PrGO).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 13413–13444 | 13431
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Fig. 17 Schematic diagram for the synthesis of GQDs with surface functionalities.
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carrying negative charges on which cationic aromatic deriva-
tives can assemble through electrostatic repulsion (which can
only take place between same charges), helping to improve the
dispersion of graphene.171,172 The literature reveals that Bhunia
et al.173 reported chemically modied graphene oxide as
Fig. 18 Mechanism of functionalization of graphene sheet with pyrene

13432 | RSC Adv., 2024, 14, 13413–13444
partially reduced graphene oxide (PrGO), which is covalently
bonded with an ionic liquid (iL) for homogeneous dispersion, in
polar aprotic organic solvents like N-methyl-2-pyrrolidone
(NMP) and N,N-dimethylformamide (DMF). 1-(3-Aminopropyl)-
3-methyl imidazolium bromide was used as a reducing agent
derivative of cellulose.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Modified method to disperse graphite in surfactant-water solutions (SDBS in water) through sonication.
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to control the reduction while removing functional groups such
as hydroxyl groups and epoxy bonds of graphene oxide. The
carboxylic functional groups of PrGO at the edges through
Fig. 20 Crystalline graphite powder with an aqueous solution of PVP
graphene single layer. (a) CH–p bonding under polyethylene (PE), poly
pullulan treatment, (b) p–p stacking (under poly(3,4-ethylenedioxythiop
(dye-PVA), cytosine-polypropylene glycol (cytosine-PPG) and pyrene-po

© 2024 The Author(s). Published by the Royal Society of Chemistry
amide coupling were retained. In general, GO is an insulator,
but chemically modied and partially reduced GO, more accu-
rately PrGO–(iL), is capable of showing a charging effect, leading
under sonication which resulted in water-soluble polymer-protected
vinylpyrrolidone (PVP) polyvinylchloride (PVC), cellulose, chitosan and
hene (PSS), polyhexahydrotriazine (PHT), lignin, dye-polyvinyl alcohol
lyethylene (pyrene-PE) treatment and (c) cation–p interaction.

RSC Adv., 2024, 14, 13413–13444 | 13433
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to switching and memory properties according to the move-
ments of counter anions. The mechanism of this reaction is
illustrated in Fig. 16.

4.2.3 Hydrogen bonding modication. Apart from the
aromaticity of G involved in the p–p interaction, as discussed
above, it is also characterized by its hydrophobic or partially
hydrophobic behavior. As a result, G can undergo reaction with
hydrophobic or partially hydrophobic organic molecules, such
as the surfactants, ionic liquids and macromolecules. These
interactions are mostly used to promote the dispersion of G-
sheets in aqueous as well as organic media or even in identi-
ed polymers. The hydrophobic interaction of G/rGO with
aliphatic sites of the surfactants enhances their stability in
water. The hydrophilic parts of the surfactant responsible for
the interaction are mostly anionic macro-molecules, highly
polar groups or zwitterions.174 Hu et al.175 reported the favorable
Fig. 21 Illustration of tetrephenylporphyrin (TPP) organic-solution-pro
presence of SOCl2 over 24 hours.

13434 | RSC Adv., 2024, 14, 13413–13444
inuence of solvent proticity on the optical properties of gra-
phene quantum dots, ascribed to the presence of –NH2, –OH,
and –COOH on the graphene quantum dot (GQD) surface,
which undergo hydrogen bonding interaction that may lead to
the rigidity or xation of these surface groups (Fig. 17). Apart
from above detailed functionalization methodologies, it has
been identied that cellulose derivatives, lignin, albumin,176–178

sodium dodecyl benzenesulfonate (SDBS),179 sodium cholate180

and polyvinylpyrrolidone (PVP) are some of the few amphiphilic
organic molecules/macromolecules, which can act as potential
graphene dispersants and stabilizers. Sodium carboxymethyl
cellulose, a natural polysaccharide, when bonded to graphene,
helps it to achieve stability and thus enhances its stable water
dispersion. No doubt, in this case p–p stacking is not involved,
since cellulose is totally aliphatic. It is hydroxyl propyl cellulose
that is able to disperse reduced GO, resulting in a unstable
cessable as the functionalization agent from graphene oxide in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Illustration of multi-functionalized product from exfoliated sheets of graphene through various cycloaddition reactions.
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graphene composite in water. This makes it essential to func-
tionalize cellulose with pyrene groups.181 The polysaccharide is
better at attaching onto graphene surfaces due to the p–p

interactions, as illustrated in Fig. 18. Lotya et al.179 reported
a modied method to disperse graphite in surfactant–water
Fig. 23 Click reaction for the grafting of a porphyrin onto reduced grap

© 2024 The Author(s). Published by the Royal Society of Chemistry
solutions (SDBS/H2O) through sonication, resulting in large-
scale exfoliation, yielding large quantities of multilayered gra-
phene. The exfoliated akes are stabilized against re-
aggregation by a relatively large potential barrier of the
Coulomb's repulsion between surfactant-coated sheets (Fig. 19).
hene oxide sheets that were pre-modified by phenylacetylene units.

RSC Adv., 2024, 14, 13413–13444 | 13435
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Bourlinos et al.176 reported the treatment of crystalline graphite
powder with an aqueous solution of PVP under sonication
(Fig. 20), which resulted in a water-soluble polymer, protecting
single-layer graphene without oxidation or destruction of the
sp2 character of the carbon core in graphene (2D; sp2-hybridized
crystal of carbon atom). The delocalized p-electrons can be
formed with unpaired p-electrons, resulting in non-covalent
interfacial interaction, established between graphene and
polymer. This mainly involves a delocalized p-bond.182 The
exfoliation mechanism in such a type of polymer-assisted liquid
Table 3 Applications of graphene and graphene-based materials in vari

Graphene/derivatives/
graphene based nanomaterials Applications in various elds

Graphene � Used as adsorbent in analytical s
electron rich surface and good ther
extractor also.
� Used as matrix in matrix-assisted
� Used for the encapsulation of me
signicantly the cycling performan
batteries (RLBs).
� Graphene-modied electrode is a
eliminating ascorbic acid, its used

Graphene oxide � Used as super capacitors.
� Used as membranes, adsorbents,
ultra-sensitive sensor for environm
� Used as microwave absorbers for
protection.
� Used for the detection of nucleic a
ssDNA.

Reduced graphene oxide � Used as conductive transport coa
� Used as electric interconnects on
(OLEDs), and active elements (eld
� Used in dye sensitized solar cells
binders, catalyst, and lithium batte

Graphyne � Used as nanolers, transistors, se
conductors, and desalinators.

Graphdiyne � Used as eld effect transistors an
Graphone � Used in inorganic ferroelectronic
Graphane � Hydrogen storage, biosensing, an
Fluorogaphene � Graphite uoride (GrF) batteries,

� Fabrication of sensor for ascorbic
dopamine.
� Used for solar cell production.
� Used as metal free catalyst for ox
� Utilized as metal free contrast ag
� Utilized for cellular imaging to d
values against singlet oxygen evolvi

Graphene based
nanomaterials

� Used as receptors (antibody, sing
ions, molecules, nucleic acid, phot
� Used in bone tissue engineering.
� Graphene based platinum is mos
catalyst for fuel cells.
� Hetero atom doped graphene pre
of Ostwald ripening.
� Helping to strengthen the bond b
� Nitrogen doped graphene potent
alkaline condition thereby, improv
formed in the two-electron pathwa
� Boron doped graphene using spin
source for semiconductor junction
� Used for water splitting.
� Used as photocatalyst, CdS/GO is

13436 | RSC Adv., 2024, 14, 13413–13444
exfoliation is discussed for different types of interfacial inter-
action, such as CH–p (Fig. 20(a)), p–p stacking (Fig. 20(b)) and
cation–p (Fig. 20(c)).183 This mechanism can be directly applied
for the yield of high-quality graphenes coated with cellulose
derivatives, chitosan, PVP, polyvinyl chloride (PVC), poly-
ethylene (PE) and certain proteins like lignin, which can be
directly applied for a high yield of graphene-coated
nanomaterials.

4.2.4 Donor–acceptor hybrid materials. The use of donor–
acceptor hybrid materials bonded onto a graphene structure
ous fields

References

ample preparation due to large surface area, p-
mal and chemical stability, used as solid phase

189–192

laser desorption/ionization mass spectrometry. 193
tal or metal oxide nanoparticles, improving
ce of particles as anode in rechargeable Li metal

194

pplied in selective determination of dopamine,
as ink for 3D printing.

195

196
medicines, biology sensors for hydrogen, nitrogen,
ental monitoring.

197 and 198

electromagnetic interference for environmental 199

cid, is done by tagging GO with uorescent-labeled 200

tings. 201
exible substrates, organic light emitting devices
effect transistors).

202

based on liquid electrolytes, photo-catalyst as
ries.

203 and 204

nsors, semiconductor metal hybrids, anisotropic 37

d sensors. 205 and 206
s and molecular packing. 37
d spintronics. 207
metal free catalyst for oxygen reduction reaction 30
acid and uric acid, biosensor for NaDH and 208

209
ygen reduction reactions. 210
ent in magnetic resonance imaging. 211
isplay enhances in photostability at different pH
ng during excitation.

30

le-stranded DNA,enzyme) combined with target
o-thermal therapy.

212

213
t widely used in oxygen reduction reaction as 214

vent the loss of active sites by reducing dissolution 215

etween doped graphene and metal catalyst. 216
ial substitute is used as catalyst for metals in
ing the kinetics which is limited by intermediates
ys.

217

-dopant method is used to provide an impurity
fabrication.

218

219
used as visible-light-absorbing photocatalyst. 220

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07072g


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 1
:5

1:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
facilitates the charge-transfer phenomenon. This is illustrated
in Fig. 21, where porphyrins have been incorporated onto the
graphene sheets.184 Tetraphenylporphyrin (TPP) light-
harvesting antennae have high excitation coefficients and
show remarkable redox properties, making them promising
electron donors when associated with graphene. Organic-
solution-processable functionalized graphene (OSPF-
Graphene), a hybrid material, was the rst organic-solution-
synthesized graphene. This material showed better optical
limiting properties than benchmark materials. The process of
chemical functionalization toward the formation of donor–
acceptor hybrids performs the exfoliation of graphite with
various cyclo-addition (CA) reactions. Fig. 22 reveals the (3 + 2)
1,3 dipolar CA of in-situ-generated azomethinylides to intro-
duce fused pyrrolidine rings into the skeleton of graphene.185,186

These organic 1,3 dipoles possess a carbanion which is next to
an iminium ion. The product formed shows the addition of
azomethinylides, fused pyrrolidine rings formed at the junction
between two six-membered rings of the graphene lattice at site
(a). This helps in the preparation of numerous custom-
synthesized graphene-based materials. (1 + 2) CA of malonate
derivatives, known as the Bingel reaction, yields cyclopropane
rings on graphene. Carbon nucleophiles from alpha-halo esters
and their subsequent region-selective addition to the graphene
sheet are generated. The addition takes place on the double
bonds between two six-membered rings present on graphene.
This yields methano-modied graphene-based composites at
site (b) in Fig. 22. Conversely, aryl diazonium salts proceeding
via the release of dinitrogen, promote chemical functionaliza-
tion towards the formation of donor–acceptor hybrids.187 Here,
an electron transfer from graphene to the diazonium salt results
in the formation of an aryl unit, which gets added to the sp2-
carbon lattice of graphene at site (c). In addition to above-cited
examples, the addition of azides results in the formation of
azirdine adducts on hexagonal sheets, occurring via nitrines as
a result of thermal decomposition of azides and thus, the
release of dinitrogen takes place at site (d). In a nutshell, it has
been observed that functionalization of graphene increases its
solubility and enhances the processability of the material,
which otherwise is insoluble, and so inapplicable for techno-
logical applications when stacked in the form of graphite.
Furthermore, the preparation of novel nano-hybrid graphene
materials is showing strong potential as they have promising
applications in solar and photochemical cells. Such nano-
composites were formed using reduced graphene oxide that was
initially modied by phenylacetylene units, used to mediate the
graing of ruthenium-phenanthroline (RuP) chromophores
through a copper-catalyzed “click chemistry” reaction
(Fig. 23).188
5 Potential applications of graphene
and its derivatives

Graphene is a wondermaterial on Earth. Due to its high electric/
thermal conductivity, mechanical strength and corrosion
resistance, its potential application in high-power energy
© 2024 The Author(s). Published by the Royal Society of Chemistry
transmission has been well recognized. In future, it may replace
the use of copper. Sensors, transparent electrodes, energy
storage, coatings, electronics, biopolymer composites and
biomedical device fabrications are some promising elds where
graphene has a tremendous market. Industries based on energy
storage and composites are going to make up most of the gra-
phene market in the future. Graphene coatings are of tremen-
dous signicance in batteries, generators and conductors,
leading to an improvement in energy efficiency and output. It
might be a suitable replacement for indium-tin-oxide polymer-
based solar cells in the near future. Its high surface area and
biocompatibility make it one of the most attractive nano-
materials nowadays for drug/gene delivery, medical imaging,
tissue engineering, photo-thermal therapy, biosensing and
immunotherapy. Graphene, being lightweight, chemically inert
and exible, is one of the most sustainable materials. Currently,
it has signicant sustainable use in cellular imaging and cancer
treatment in nano-biotechnological elds. Since bonding in
graphene allows faster electron mobility, the development of
transistors based on graphene has been a tremendous break-
through. Thus, the replacement of the development of transis-
tors built on silicon wafers is expected in a broad way in the near
future. Smart solar panels in hydrogen fuel cell engineering is
also a promising upcoming research eld. However, recent
signicant applications of graphene, its derivatives and
graphene-based nanocomposites are reported in detail in
Table 3.189–220
6 Future perspectives and
conclusions

Graphene, its derivatives and graphene-based nanocomposites
are wonder nanomaterials of the future world. Graphene is the
rst ever articial 2D carbon-based material that has potential
affinity to transform energy-based industries to electronics.
They have a wide variety of applications that will change the
entire world in the future. Future graphene-material-based
sensors will be designed to mimic human perception.
Biocompatible devices, biomedicine, drug delivery, energy
storage capacity, smart fuel cells/batteries and supercapacitors
are some of its major promising applications. The biggest
challenge in fact is the synthesis of pure graphene and its
quantum yield. It denitely plays a crucial role in the target
applications. The challenge lies in the defects, imperfections in
the alignment of atoms, impurities, grain boundaries, multiple
domains, structural disorders and wrinkles which are oen
observed in a graphene sheet that have an adverse effect on its
optical, electrical, thermal and electronic properties. In elec-
tronic applications, the major bottleneck is the requirement for
large-sized samples, which is possible to meet to a large extent
by using a CVD process for its fabrication. However, it is difficult
to produce high-quality and single-crystalline graphene and its
subsequent thin lms possessing very high electrical and
thermal conductivities, along with excellent optical trans-
parency. There is a considerable disadvantage and an issue of
concern in the synthesis of graphene and its derivatives by
RSC Adv., 2024, 14, 13413–13444 | 13437
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conventional methods, as it involves the usage of toxic chem-
icals. These methods usually result in the generation of
hazardous waste and poisonous gases, leading to non-
environmentally friendly issues. Therefore, Greener Tech-
nology being sustainable is coming up in a broad way. In fact,
there is a need to develop a proper, sustainable green meth-
odology to produce graphene and its various nano-derivatives
and composites by following environmentally friendly
approaches. Nevertheless, the controlled synthesis of doped
graphene and its derivatives and controlled reduction and
proper functionalization of graphene and its derivatives are
highly warranted. The mechanisms involved in the reactions in
many electrochemical and thermodynamic systems are still
complicated. Additionally, thorough investigations must be
made in the domain of doped graphene materials, which will
have a tremendous impact on the green energy and semi-
conductor technology revolution in the future.
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