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Technological advancements are leading to an upsurge in demand for functional materials that satisfy
several of humankind's needs. In addition to this, the current global drive is to develop materials with
high efficacy in intended applications whilst practising green chemistry principles to ensure sustainability.
Carbon-based materials, such as reduced graphene oxide (RGO), in particular, can possibly meet this
criterion because they can be derived from waste biomass (a renewable material), possibly synthesised at
low temperatures without the use of hazardous chemicals, and are biodegradable (owing to their
organic nature), among other characteristics. Additionally, RGO as a carbon-based material is gaining
momentum in several applications due to its lightweight, nontoxicity, excellent flexibility, tuneable band
gap (from reduction), higher electrical conductivity (relative to graphene oxide, GO), low cost (owing to
the natural abundance of carbon), and potentially facile and scalable synthesis protocols. Despite these
attributes, the possible structures of RGO are still numerous with notable critical variations and the
synthesis procedures have been dynamic. Herein, we summarize the highlights from the historical
breakthroughs in understanding the structure of RGO (from the perspective of GO) and the recent state-
of-the-art synthesis protocols, covering the period from 2020 to 2023. These are key aspects in the
realisation of the full potential of RGO materials through the tailoring of physicochemical properties and
reproducibility. The reviewed work highlights the merits and prospects of the physicochemical properties
of RGO toward achieving sustainable, environmentally friendly, low-cost, and high-performing materials
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DOI 10.1035/d3ra02098¢ at a large scale for use in functional devices/processes to pave the way for commercialisation. This can
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1 Introduction

Carbon is the basic building block of biomass and is a compo-
nent of the graphitic framework that constitutes most modern
synthetic nanomaterials. With the well-liked potential roles that
graphene (an individual sheet of carbon atoms in graphite)' can
play in the modern world and the associated current industrial
scale challenges (that have hindered this progression), it is
imperative to shift towards graphene derivatives as alterna-
tives.> The importance of graphene in recent materials with
high potential in modern applications is highlighted by the fact
that graphene is the basic building block of most carbon-based
nanomaterials.

1.1 Graphene as the building block

Graphene is a one atom thick 2-D allotrope of carbon
comprising of sp> hybrids of carbon in a hexagonal
morphology.®” Interestingly, graphene was first isolated in 2004
by means of a mechanical “sticky tape” method*® though it has
been around for several years as a basic building block of many
carbon-based materials.” Despite this milestone, processability
and industrial scale production of pure graphene in an appre-
ciable exfoliated form is still a challenge as it has been
a problem for the longest time, hence, research has shifted to
alternatives. The stacking (owing to weak van der Waals forces
between sheets), zero band gap and hydrophobic nature of
graphene are other essential motivations for seeking alternative
materials."® One closest alternative to graphene is reduced
graphene oxide (RGO). Interestingly, RGO is a derivative of
graphene and the scalable exfoliation pathway to this material
is graphene oxide (GO). The main structural modifications of
RGO from pristine graphene are the COOH functionalities that

Graphite

Graphene oxide

View Article Online

Review

are retained from GO, on the edges, and the topological defects
induced by the removal of oxygen moieties upon reduction
(Scheme 1).*° Therefore, the current work focused on the review
of the synthesis, properties and recent applications of RGO
through the possible scalable GO route.

2 Graphene oxide as a pathway to
understanding reduced graphene
oxide

The pathway to RGO is shown in Scheme 1 and a better
understanding of the RGO structure is possible through models
proposed for GO. The analogy here is that, since RGO is a form
of GO that has some of the oxygen moieties partially removed,
the various models that have been put forward to explain GO
structure are assumed applicable to RGO. This approach also
assumes that there are negligible structural deformations that
occurs during reduction.*

2.1 Proposed structural models

The structure of GO has been an unresolved phenomenon for
a while. Several models have been proposed, however, limita-
tions in explaining certain issues of this family of materials has
been realised over time. This is probably because the ultimate
composition of RGO is influenced by the starting material,
oxidation, and reduction conditions. This work reviews critical
examples of key models that have been reported for GO and can
be extrapolated to RGO toward future structural solutions. As
a start, Matsuo (1994, Fig. 1a)"* proposed double carbon layers
linked to each other by carbon sp*-bonds that are perpendicular
to the carbon network.

Reduced graphene oxide

Scheme 1 The illustration of colour changes during exfoliation and reduction to form reduced graphene oxide.

©

Fig. 1 Some of the early proposed models (a) Nakajima-Matsuo,* (b) H
from the Royal Society of Chemistry, copyright 2014.

H 0© 0© OH
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Fig. 2 The proposed Lerf-Klinowski model. Reprinted (adapted) with permission from ref. 15. American Chemical Society, copyright 1998.

The Hofmann (1939) model proposed that GO contained
only epoxy groups and that the moieties were distributed
throughout the basal plane with a net molecular formula of C,0
(Fig. 1b)."* The Ruess (1946) model inferred that GO consisted
of a basal plane of sp>-hybridized carbon atoms in a trans-linked
cyclohexane chair conformation (Fig. 1c).’*** The key achieve-
ment of this model was the ability to account for H atoms in the
GO structure. Despite this key breakthrough, the widely
accepted model for GO was reported by Lerf-Klinowski in
1998.** This model distinguishes two types of regions in the GO
structure, namely, the aromatic region comprising unoxidized
benzene rings and the aliphatic region containing six-
membered rings with oxygen functionalities (Fig. 2). The
model further proposed that the epoxy and hydroxyl groups are
located in the basal plane of GO, while the carboxyl, anhydride,
lactone, phenol, lactol, and pyrone groups are found in the
periphery regions of GO.

Further work in structural modelling saw Szabo et al.*® in
2006 also proposing another model consisting of two regions,
namely, translinked cyclohexane chairs and ribbons of flat
hexagons made up of C=C bonds and functional moieties,
such as 1,3-ether and tertiary hydroxyl groups (Fig. 3). The
elucidation of lattice species was a key advancement from the
model and provided a further understanding of the GO struc-
ture in terms of the observed planar acidity, and corroborated
the idea of surface functionalisation during oxidation.

In 2010, Lee et al.,* proposed a model that was supported by
the data from several physicochemical techniques (scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction spectroscopy (XRD), Fourier transform-
infra red spectroscopy (FT-IR), X-ray photoelectron spectroscopy
(XPS), Carbon-13 (**C) solid-state nuclear magnetic resonance
(NMR) and X-ray absorption near edge structure (XANES)) in
that GO consists of amorphous carbons (sp-hybridised
carbons) and crystalline carbons (sp*hybridised) (Fig. 4). The
strength of the model was in accounting for stability in GO by

Fig. 4 The model proposed by Lee et al., in 2010. Reprinted (adapted)
with permission from ref. 10 American Chemical Society, copyright
2010.

Fig. 3 The model proposed by Szabd et al., Reprinted (adapted) with permission from ref. 16. American Chemical Society, copyright 2006.
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Fig. 5 The model proposed by Aliyev et al.,*” in 2019. Reprinted
(adapted) with permission from Nanomaterials, copyright 2019.

suggesting the location of hydroxyl groups in opposite sites and
far from epoxy moieties."

Again, in 2019 Aliyev et al.,"” proposed a model that uniquely
suggested replacing C with O in GO (Fig. 5). This model
supports most of the reported structures of GO.

Brisebois and Siaj' proposed a model that accounted for
carbon vacancies, carbon radicals, C/O ratio of ~2, carbon

1996-1998 [LK 2008 C/I0O=195
Double bond (C=C) «rrrrssssrssrrnsrrsssen :
Aromatic entity :2D Connectivities
Epoxy (C-O-C: 1,2-0ther) «resssrsss od
Hydroxy (C-OH: >2 types) <€+ -
Carboxylic acid (HO-C=0 or salt) - ] Keto-enol
: Tautomerism
2005-2008 [T Y (o) L rrmmmm——— H
Organic carbonate (C-O-CO H)
H  Phenol
Quinone
2009 Lactol (5)
K Lactol (6)
L Ester carbonyl
2010 @\ Carbon vacancy (hole)
2012 Sulfate ester (C-O-SOH)
2014 @ O mn-Conjugated carbon radical
2016 1.3-Butadiene

® O Implicit carbon-hydrogen bond (C-H)

Fig. 6 The model proposed by Brisebois and Siaj. Reproduced from
ref. 18 with permission from the Royal Society of Chemistry, copyright
2020.
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esters and allylic alcohols (Fig. 6). This model would be more
applicable to RGO as well.

2.2 Concerns from the existing structural models

The consensus amongst the various models and experimental
data is that the GO-based structures consists of amorphous and
crystalline phases. Characterization techniques have also dis-
played critical common inferences. For instance, GO spectra
from the '*C solid-state (NMR) infer the existence of -OH and -
O- moieties at 60 and 70 ppm, respectively, while the FT-IR data
tend to support this deduction.'®* The FT-IR also implies the
existence of ketone functionalities which corroborate with XPS,
3¢ solid-state NMR and O K-edge XANES.'*** However, there
are several issues associated with each proposed model. From
the early models, the Hofmann model does not support exis-
tence of other moieties since the model proposed epoxy groups
only that were distributed across the basal plane with a net
molecular formula of C,0 with no account for H atoms. Addi-
tionally, the structure proposed in the Ruess model is not
supported by characterization techniques. This is because the
model suggested an sp*-hybridized basal plane structure but
several techniques, such as XPS, supports the existence of an
sp’>-hybridized system and presence of C=0 which are unac-
counted for in this model. On the other hand, later models also
have shortfalls. For instance, the Nakajima-Matsuo model
relied on the assumption of a lattice backbone similar to
poly(dicarbonmonofluoride)(C,F),, but this hypothesis is yet to
be proven and is most probably unstable since carbonyl func-
tionalities with partial negative charges are feasibly stable when
coordinated to three other carbon atoms.*®

The latest models in an attempt to address gaps from earlier
models have brought other drawbacks with them. To start with,
the Lerf-Klinowski model suggests that carboxyl groups are
located at the edges, however, this contradicts the NMR data
which do not provide evidence that supports the existence of the
moiety (absence of peak near 175 ppm).'® The Lerf-Klinowski
model also lacks an account of the dependence of GO on the
starting material, oxidant and oxidation conditions.”* Despite
the provision of a possible explanation to the obtained '*C
spectrum by Lee et al,' ie., the fact that the NMR data is
misleading due to cross-polarization induced by the fact that
carboxyl moieties contains hydrogen, issues in their proposed
model are the hydroxyl groups are located too close to each
other, hence, infers a possibility of unfavourable electrical
instability in the structure. The problems associated with the
proposals by Szabo et al.,* are linked to the existence of cyclo-
hexane chair conformations which still lacks satisfactory
experimental evidence and the model does not account for the
existence of other moieties. Furthermore, the shortfall of the
model proposed by Lee' is the exclusion of carboxyl and lactone
groups in the structure, since the solid-state **C NMR data show
the existence of both functionalities. Brisebois and Siaj®
ignored the convention that in line diagrams, carbon and
hydrogen atoms may not necessarily be drawn in estimating
and deducing the shortfalls of earlier models before presenting
their proposed structure. To sum up, the modelling for RGO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structure still needs more insights. The variations causing most
shortfalls have a foundation in precursor materials, ie., GO
materials synthesised by several methods.

2.3 Summarised synthesis methods

Readers are referred to detailed reviews by Ikram et al.,* Bri-
sebois and Siaj.”® and Dong et al.>® on GO synthesis. In brief,
synthesis methods can be classified in two broad classes. The
first category can be referred to as chlorate methods and
examples of this class include the Hofmann and Staudenmaier
methods (additionally involving the use of HNO;),>*** and the
Brodie (based on additional use of HNO; and H,SO,). The
second class is the most popular and can be referred to as
permanganate methods. This class is associated with higher
levels of oxidation. The most common examples are Hummers
(and several modified Hummers methods)*® and Offeman
methods, which are based on H,SO, and NaNO; additives.
Another recent example is known as the Tour method (and
derivatives) and these methods involve a combination of H,SO,
and H3;PO, acids as additives. The tailoring of physicochemical
properties of GO is mostly through varying the synthesis
method and several critical parameters summarised in Table 1.
For instance, zeta potential of GO was tuned to approximately
—50, —49, —48, —43 and —33 mV (with corresponding C/O ratio
of 1.47, 1.59, 1.62, 1.64 and 1.69, respectively) by adding 0, 10,
20, 30, 40 cm® of H,0, respectively.”” Despite the terminating
role through elimination of residual MnO,>~ and MnO,
(conversion to MnSO,), excessive H,O, may cause structural
transformations due to creation of substantial -conjugated
carbon radicals in GO (due to reaction of ‘OH ", from the H,0,,
with the C=C in the disrupted m-conjugated plane of GO).*”
This suggests that future modified synthesis protocols must
either use small quantities or avoid adding large arbitrary
volumes of H,0, that are not systematically determined. Also,
the surface area of GO was tuned from 2 to 8 and 185 m> g *
(with corresponding C/O ratios of 0, 1.67 and 1.48, respectively)
by varying graphite (starting material): Na,NOj; ratios in the 1:
0, 2:1 and 1:1 fashion, respectively.”® In a similar study
involving carbon nanoplates, lattice sizes of 8.72, 7.38 and
4.84 nm (with corresponding C/O ratios of 0.87, 0.95 and 0.86,
respectively) were obtained by changing carbon nanoplatelets
(CNP, starting material): Na,NO; ratio of 1:0, 2:1 and 1:1,
respectively.?® In the same study, CNP : KMnO, ratios (1:0,1: 3,
1:6,1:9,1:12) were used to tailor the ratios (4.08, 1.48, 1.16,
0.87 and 0.78, respectively). One of the common critical weak-
nesses of oxidation protocols is the associated aggressiveness,
which may introduce unrequired chemical functionalities and
contamination from residual reagents.

View Article Online
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Graphite oxidation involves an initial defect generation fol-
lowed by oxidation at defect sites. The theory has predicted that
the main oxygen moieties found at these defect sites are ketones
and quinones."” However, depending on the size of the defects
created during oxidation and impurities introduced into the
carbon framework, other chemical moieties can also be formed.
For instance, sulfur impurity from the permanganate method
can be chemically linked to the carbon backbone.'” These are
aspects that need to be considered critically in further shaping
of current models of RGO. There seems to be a consensus,
based on the widely accepted model," on the locations of the
phenolic (-OH) and epoxy (C-O-C), and acidic groups (-COOH)
in the basal plane and edges, respectively.®* Hence, the basal
planes of RGO sheets are assumed to be basic, whilst their edges
are acidic, suggesting an amphoteric characteristic.

Possible mechanism behind popular permanganate
methods:*>**

KMnO, + 3H,S0, — K" + MnOj3 + H;0" + 3HSO; (1)
MnO3 + MnO; — Mn,0, (2)
Mn207 + C(graphite) + H2S04 - C-OXy + Mn05 + H20 + SO?((S)

The intentional introduction of oxygen-containing moieties
on the surfaces of graphite often culminate in the increment of
distance between layers from the usual 0.34 nm due to exfoli-
ation initiated by repulsions between functionalised sheets
(oxygen has an electronegativity of 3.44 greater than 2.55 of
carbon).’*?® The Na”, from the added NaNO; in most versions of
the Hummers' method, has been reported to also have an
intercalation effect during oxidation (through the mechanism
in eqn (4)—(6)), thus, further increase the d-spacing by disrupt-
ing - interactions.'”*®

Cgraphitey + NaNO3 — CNaNO; @)
4KMnO, + 2H,0 — 4KOH + 4MnO, + 30, (5)
CNaNO3 + I’lOz — GO (6)

3 Reduced graphene oxide

RGO can be considered an intermediate material with few
oxygen-containing moieties than the parent GO and is obtained
during reduction towards restoration of the original conjugated
system of graphene (Scheme 1).**® RGO has captured interest of
several researchers in wide-ranging fields due to its cost-

Table 1 Critical key reaction parameters in GO synthesis towards tailoring properties of RGO

Reactions conditions®*?°

Starting materia

]12:30 Other reagents added

Time'° Size
Temperature®

Mixing rate and mode

© 2023 The Author(s). Published by the Royal Society of Chemistry

31,32

Shape®!
Surface area®

Oxidant strength'”*!
Acid concentration'”
Mixing ratio*%?®
Terminating reagent®”
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effectiveness, large-scale production, and relatively ease of
synthesis, and several other attributes discussed in the
following sections.

3.1 Properties

Future applications can be driven by the currently established
physicochemical properties that are, in turn, influenced by
defects and holes induced by missing carbon atoms, type, and
distribution of residual oxygen functionalities per RGO lattice.

3.1.1 Chemical structure. The sp>-hybridized C-C c-bond
in RGO framework has a bond length of ~0.142 nm.”” The
removal of oxygen moieties cause structural variations in the
form of lattice deformations from introduced dopants or
created vacancies, and this in turn induces chemical modifi-
cations.’® Since the most common oxygen-containing moieties
on the surface of GO are OH, C-O-C, -COOH and C=O0,
reduction minimises their content but retains surface polarity
and exfoliation in aqueous-media.>* The residual oxygen-
containing functionalities on the sheets of RGO allow interac-
tion with metal ligands, and thus allow chemical linkage of
metal oxides in most composites.*” The chemical composition
of RGO is controlled by precise synthesis protocols and the C/O
ratio in most reports is ~12.”” The combination of polarised
RGO surfaces and hydrophobic sp> hybridized graphitic basal
planes brings amphiphilic traits to the material.** Hence, both
covalent (through oxygen moieties) and noncovalent interac-
tions (via electrostatic and m-m interactions with cations and
other conjugated backbones, respectively) are possible routes to
further modify RGO.

3.1.2 Morphology and mechanical properties. The layered
structure (with intrinsic wrinkles) and mechanical stability
(Young modulus: ~1 TPa and tensile strength: ~130 GPa) are
some of the key motivations behind the current attention on
RGO materials.**** The RGO by chemical means has
outstanding transfer capabilities.*® The zigzag
morphology on RGO edges renders the material with weak
ferromagnetic properties.*” In addition, the mechanical
strength of RGO can be rationalised by the strong C-C o-
bonds.*® Furthermore, residual oxygen-containing groups make
RGO more compatible with other organic materials in
composites than graphene through a considerable trans-
formation from van der Waals to chemical interactions.**~** This
ultimately enhances mechanical properties. For instance,
Monteserin et al.*® reported an improved glass transition
temperature and storage modulus of epoxy using RGO additives
via possible covalent linkages that enhanced crosslinking
density and rigidity. Another possibility from this report could
be that oxygen groups also facilitate high mechanical strength
by aiding dispersibility. Similarly, Yan et al.*> reported an ~62%
increase in fracture toughness of a geopolymer upon the addi-
tion of 5 wt% of RGO. In another study, Kiamahalleh et al.>*
reported RGO sheet sizes of 170 nm that showed better tensile
and compressive strengths in cement composites than when
RGO sheets with sizes of 245 nm were used. This means that
RGO traits have progressed to tune mechanical properties of
other materials through compositing and this was approached

stress
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not only on the basis of high aspect ratios, but also on the
considerations of sheet sizes and composition of oxygen func-
tionalities. A reported density functional theory simulation
concluded that hydroxyl and epoxy moieties of RGO induce
brittle and ductile characteristics, respectively.*® Practical
studies on the effect of reductants on specific oxygen species
and content, and in turn the application of reduction protocols
in tuning mechanical properties are still lacking in the current
literature, and a focus in this direction has the potential to
enable further developments of RGO-based materials.

On the other hand, other studies have pointed out the
decrease in mechanical properties owing to oxygen moieties.**
For example, oxygen functionalities were reported to have lower
mechanical attributes in cementitious composites when
compared to graphene.* Additionally, a study through molec-
ular dynamic simulations on the impact of wt% of oxygen
groups on the mechanical properties of RGO revealed that an
increase from 10 to 50% triggered severe deterioration of stress
(from 110 to 55 GPa) and elastic modulus (from 0.5 to 0.3 TPa).>*
The same work concluded that hydroxyl and epoxides induce
easy fracturing effects on sheets due to weakened C-C o-bonds
in the diamond-like structures of RGO (relative to the C=C
honeycomb structure in pristine graphene).> In a similar study,
molecular dynamic simulations showed that high coverage of
sheet surfaces with epoxides was associated with high ripple
density and longer bond lengths that were in turn detrimental
to mechanical strength.>® This common contradiction most
likely suggests that RGO composition improves mechanical
properties up to an optimum value and thereafter causes
a deteriorating effect. Another feasible rationale for the incon-
sistencies is the widespread characteristics emanating from
a wide range of synthesis methodologies and precursor mate-
rials. Therefore, as a future research direction, more focus on
practical studies can probably clarify these differences. RGO is
usually restacked and more agglomerated than GO (as often
depicted by microscopy techniques (darker micrographs) and
XRD).***” Additionally, recent studies have deduced high
surface areas as one of the key features that affect mechanical
properties through high dispersibility of other composites
components,*>*® hence, this deduction suggests that GO is
better than RGO as a mechanical reinforcement agent.

3.1.3 Electrical and thermal conductivity. The utilisation of
RGO instead of GO (bandgap ~2.2 eV)*® in electronic applica-
tions is mostly driven by the approximate four-fold enhance-
ment of conductivity (as high as 57300 S m™")® in the reduced
form. The partially restored 7-system in RGO lowers the band
gap.'*® For example, Olumurewa et al.®® lowered the band gap
from 2.4 to 1.5 eV by reducing GO with NaBH,. Although
residual oxygen moieties, structural defects and vacancies that
are generated during reduction of GO lessen conductivity of
ultimate RGO relative to graphene (84500 S cm™ '), the bulk
conductivities of some RGO falls within the useful ranges.">**%
On the other hand, defects and grain boundaries in RGO raise
phonon scattering and in turn lower thermal conductivity to
~2.96 W m~" K relative to that of graphene (~5000 W m™*
K'), consequently, RGO performs better than graphene in
thermoelectric generators.”**¢* Also, higher electron mobility in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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RGO than in GO* minimises chances of recombination of
photoinduced electron-hole pairs.*>** Additionally, RGO has an
inherited high electron mobility than spherical nanomaterials
by virtue of a 2-D morphology that is attributed to condensed
junctions and grain boundaries.*** Excessive defect intensity
may disrupt functionality in some applications, such as piezo-
electric applications, as it interferes with electron transport.
Nitrogen doping into the carbon framework of RGO has been
reported to improve interfacial electron transfer in RGO, and
therefore the conductivity increases as nitrogen atoms
contribute to the additional electron.®®*”

3.1.4 Thermal properties. Upon exposure to heat and air,
the COO™ in COOH groups on the surfaces of RGO sheets is
easily transformed to CO and CO,.'>*>*>?* Some authors have
proposed that typical graphene derivatives start decomposing
slowly above 60-80 °C' and this is probably due to the highly
disordered mixture of residual oxygen moieties.”> On the one
hand, the weight loss due to thermal decomposition in the air
within the range of 125-300 °C is attributed to pyrolysis of
oxygen-containing moieties, while that in the range of 300-700 °©
C is ascribed to the sp>-hybridised carbon backbone.?*2%5% On
the other hand, the weight losses below 100 °C and within the
150-400 °C, 400-500 °C, 650-700 °C and 100-900 °C ranges
during pyrolysis under inert conditions have been attributed to
trapped water, COOH moieties, lactones, phenols and total
oxygen-containing groups on the sheet surfaces, respec-
tively."?*% The total amount of oxygen functionalities often
decreases with increase in pyrolysis temperature in an inert
environment,” hence, pyrolysis temperature can suitably be
manipulated to tune composition in terms of oxygen moieties.
In addition, the ultimate surface area and porosity traits of RGO
were reported to increase with a rise in pyrolysis temperature,
under inert atmospheric conditions, owing to generated oxygen
vacancies that are available for nitrogen sorption.* The work by
Bargaoui et al.** has shown that OH moieties in H-bonds are
preferentially pyrolyzed in hydrazine better than the C-O
functionalities in epoxides. The same study has also hinted that
the decline in OH groups after pyrolysis is a common oversight
in most reports due to water contamination (intercalated water)
owing to the hygroscopic nature of RGO. The actual OH func-
tionalities attached to the RGO sheet surface must be carefully
distinguished from the non-bonded intercalated water by
careful drying before relevant analysis. Doping and surface
functionalisation of the carbon framework during pyrolysis in
reducing solutions under inert conditions, particularly in
hydrazine and urea,””* are unavoidable along with the reduc-
tion process.

Due to lower oxygen content and often improved crystallinity
(restoration of conjugated system), RGO is generally expected to
have a higher thermal stability than GO but lower than that of
graphene. However, this trend is dynamic since the thermal
stability of RGO-based materials depends on combination of
factors such as, number of graphitic sheets, size, residual
oxygen functionalities and associated defects.” For example, on
the one hand, thermal stability would be expected to decrease as
the lattice domain sizes of RGO declines due to the induced
tearing effect during oxygen removal and on the other hand, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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low oxygen content of RGO would be anticipated to induce
higher thermal stabilities.®***”>”* Hence, thermal analysis
through thermogravimetric analysis is a potential industrial-
scale technique for establishing RGO quality in future
developments.”

3.1.5 Optical and textural properties. Reduction of GO
culminates in the red-shifting of the T — =* peak at ~230 nm
(Tables 3-5) ascribed to the C=C bond.” Hence, UV-vis spec-
trophotometry is a suitable technique to determine effective
reduction. Also, RGO is attractive due to its strong NIR
absorption””® and optical attributes (excellent optical trans-
parency of ~98%)”*” that enable use in optics,””” electronics,®
photovoltaics® and photocatalytic reactions® (Table 2). The
transmittance of RGO decreases with an increase in number of
layers,”®* hence, reduction optimisation must be pursued as
a future research direction for optical needs since reduction
may induce agglomeration of layers and different structural
parameters. This is imperative because ultimate structural
characteristics and film thickness of RGO influence optical
band gap values.* In addition, the rich oxygen located on
surfaces and edges (hydroxyl, carboxyl and epoxy), delocalized
-t electrons (due to restored aromaticity) and large surface of
RGO enhance intercalation/adsorption of aromatic organic
pollutants that can be photocatalytically degraded, particularly
in composites with semiconductors.'>®*®* Since oxidation is
known to enhance the optical band gap energy (in GO relative to
graphene), reduction towards a more graphene-like material (in
RGO) infers a lower optical band gap energy. This may be
rationalised to mean that RGO would be more appropriate for
photocatalysis than GO despite a lower content of oxygen
functionalities. However, RGO may not reach its maximum
adsorption capacity due to possible shrinkage of surface area
induced by aggregation from the closer interplanar interaction
of graphene sheets after reduction.*® Also, carbon vacancies
generated during reduction of GO form carbon nanoclusters
that transform the material towards semiconducting and
luminescence (via promotion of percolation pathways among
clusters) traits that are inclined to chain/cluster sizes/frac-
tions.** In this regard, the tuneable textural characteristics and
large surface areas offered by RGO are critical in photo-
degradation, since organic pollutants principally degrade on
semiconductor surfaces.®*®” RGO can be applied as catalyst
supports and the 2-D m-m system on its surface facilitates
activity of anchored nanoparticles by serving as electron
acceptors.” Quantum dot form of RGO (RGO-quantum dots) are
0-D materials that display unique characteristics, which
emanate from the quantum confinement effect and
pronounced edge effects that are inclusive of tuneable band
gaps and photoluminescence (PL) with size variations.®**

3.2 Recent applications

RGO as a material has wide-ranging applications® and Table 2
highlights some interesting but yet to achieve commercial
value. The purpose of the reviewed works in this section is to
point out potential areas toward which the material can be
fostered. Interestingly, ‘certain defects’ from the reduction
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Table 2 Potential RGO application examples (2020 to 2023)

View Article Online

Review

Application

Example

Ref.

Smart containers

Nanofluids

Anticorrosive coatings

Electrochemical capacitor electrodes

Sodium ion battery electrodes

Thermoelectric materials

Piezoelectric energy harvesting

Sensors

Nano-carrier for cancer treatments

Antibacterial agents

Nanofiltration membranes

Fuel cells

Lithium-ion batteries

Lithium-sulfur batteries

Polymer-RGO composites were used to build smart containers that
controlled the desorption of inhibitors and acted as dual passive and active
anticorrosive agents

The Al,03;-RGO composite achieved a thermal conductivity of 2.076 W m
K" at 45 °C and a heat transfer coefficient of 5462 W m~> °C™" at the exit of
the test section that used 0.05 vol% of nanofluid at Reynolds number of
7510

The polydopamine nanoparticles—RGO composite improved the
anticorrosion performance of a waterborne epoxy coating by triggering pH-
sensitive activities upon acidic exposure. The composite also displayed self-
repairing traits that improved corrosion resistance during long-term
exposure by producing an impermeable barrier that delay the electrolyte
penetration

Polyaniline-N-RGO composite improved specific capacitance by 14 032% (at
50 mV s~ ') and 4749% (at 5 mV s~ ') compared to performance of pristine N-
RGO and PANI in K,SO,, respectively

The Ni3S,-N-RGO composite showed stable reversible capacity

(299.2 mA h g~ for up to 100 cycles at 0.1 A g~ ') and coulombic efficiency of
~77%

WO;-RGO nanocomposite attained ~9-, 14- and 2-fold improvement in
figure of merit at 313 K, electrical conductivity and lowering of thermal
conductivity relative to pristine WO,

A 2% wt% RGO in a room temperature vulcanised silicone rubber-RGO
composite lowers the tensile strength to 0.1 MP and increases the fracture
strain by 100 times and electrical conductivity

Polypyrrole-RGO materials were able to quickly and selectively sense NH;
linearly at room temperature

The chitosan-Fe;0,~RGO nanocomposite was applied in the targeted
delivery of anticancer drug (curcumin) for the suppression of MCF-7 breast
cancer cells using the facile water-in-oil emulsification protocol

The covalently conjugated peptide-RGO composite displayed improved
antibacterial activity against E. coli and also achieved a decreased in
hemolysis

The RGO-based membranes achieved a water permeability of 225 Lm > h™*
bar " and a selectivity of 98% in size-exclusion during separation of methyl
blue separation. Size and charge are central to this technique
MoS,-Ni;S,-RGO displayed catalytic efficiency and stability of 106 and
104% after 200 uninterrupted cyclic voltammetry cycles for CH;OH/
CH;3;CH,OH electro-oxidation, respectively. The RGO enhanced the specific
surface area and electrical conductivity of the electrocatalyst
Ni-a-MnO,-RGO anode achieved excellent rate capability (from 0.2 to 10 C),
a coulombic efficiency of ~99% and capacity retention of 615 mA h g " at
830 mA g~ " after 200 cycles. The small sizes of &-MnO, improved dispersion
in the RGO matrix and consequently improved electrical-ionic conductivity,
low charge transfer resistance and alleviates volume expansion
Sulfur-RGO cathode attained a specific capacity of 1265 and 903 mA h g™*
after the first and hundredth cycles at 0.2 A g, respectively owing to
improved electronic conductivity from ~107° to ~0.039 S cm "

90

98

99

62

100

80

46

101

102

103

104

105

106

107

effect and doping, as well as composites tune the material for
certain applications that could not have been possible with GO
and graphene. For instance, the induced hydrophobic nature is
advantageous when used as an anti-corrosion material.”® Also,
raised conductivity and N-doping in RGO enhances the appli-
cability in electrochemical capacitors.”* Additionally, the
restored -7 restacking structure in RGO aids high loading of
hydrophobic drugs in drug carrier applications (Table 2).°* In
addition to the induced properties of RGO through derivatisa-
tion,” inherited attributes are also motivations of the recent

17640 | RSC Adv, 2023, 13, 17633-17655

usage of RGO. To illustrate this point, the nontoxicity and
biocompatibility attributes, emanating from the main
elemental component, carbon, allow the application of RGO in
brain tumour treatments.”® Also, the semiconducting nature
has given RGO promising prospects in sensors.”* In addition,
the conductive nature of RGO and related surface roughness
hinder bacterial growth, hence, can be applied for antibacterial
activities.”

Most of the recent applications reported with potential to
achieve commercial value involve the use of RGO in composites

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Chemical synthesis methods for RGO

Reduction conditions

GO:H,0 GO:reductant Mixing Reaction
Reductant ratio ratio time (h) Temp (°C) time (h) Comment Ref.
Aatriplex halimus 1:5 1:2 0.5 80 8 Reduction introduced wrinkles and XRD 117
leaves extract broad peak at ~22°
Azadirachta indica — 2:1 1.33 90 2 NaOH adjusted pH to 10 and has reducing 116
leaf extract effects. Colour change from dark brown to
dark black, raised C/O ratio from 2.2 to 5.9,
the (002) plane peak at 26 ~ 24° with
corresponding d-spacing of ~0.37 nm
(decline from ~0.77 nm)
Clinacanthus nutans ~ 1:1 1:1 1 100 — Heating in an oil bath and alsoat 60 and 80° 118
leaf extract C. The OH™ removal and XRD peak 26 ~ 22°
with a d-spacing of 0.40 nm were the
signatures
Eclipta prostrata 14 5:2 2 Room — Surface roughness was an indicator of 56

reduction, GO (14.29 nm) > RGO (2.051 nm)
> graphite (1.784 nm)
Green tea extract — 2:1 0.75 60 6 The UV-vis peak shifted from 240 nm to 125
~270 nm. Phytomolecules in green tea
extract also functionalised the RGO surface

Green tea extract 12:5 6:5 2 95 24 Reflux with extract at 95 °C for 24 h produced 114
RGO with a high surface area of 973 m”> g~*
Green tea extract 1:2 1:100 — 80 8 Reduction was done at a lower temperature 124

and in a conical flask different from the
sealed autoclave in most reports

Chenopodium album  1:1 1:10 — 100 12 Reductant also acts as a stabilising agent. 120
Reflux for 12 h at 100 °C was facile and cost-
effective

A. Cruentus extract — 10:1 — 80 0.75 The freshly prepared aqueous extract was 132

mixed by stirring at 300 rpm. The XRD peak
at 26 ~ 24° was ascribed to the plane (002) of
the RGO in the composite

H,CO; (from the — 4:25 — 90 2 Red-shifting of UV-vis peak for m-t* electron 133
coca-cola classic transition indicates restoration -system

drink) when the soft drink was added

Terpenoids and — 10:1 — 70 1 After evaporation of the solvent, the product 35
polyphenols was separated from the reductant by adding

H,0,. Reducing and capping agents
extracted from Vernonia amygdalina, hence,
“greener” and sustainable

Tecoma stans 1:1 1:1 1 70 12 The C/O ratio decreased with increase in 134
extract concentration

Olea europaea (olive 2:1 0.17 — 2 After refluxing for 2 h, UV-vis absorption 121

extract) peak shift from 235 to 276 nm signalling
restoration of conjugation upon reduction

Na,0,S, — — — 90 1.5 The sheet d-spacing was 0.38 and 0.36 nm 76

after treatment with Na,0,S, and further
with H,SO,, respectively
NaBH, 2:1 — 1 100 1 The lower FTIR peak intensities resulting 38
from oxygen groups were used to confirm
their removal

NaBH,, CH;CH,OH, 10:1 50:3 1.5 150 18 NH; (25%) slowly added for pH adjustment 135
NH; to ~10. Red-shifting of UV-vis peak from 300
to 260 nm indicated electronic conjugation
recovery
NaBH,, NaOH 2:1 — 7 30 0.67 Reaction was kept at 50 °C till NaBH, step 96

and under a N, atmosphere up to NaOH
addition followed by the addition of H,0,.
Long method, involving a mild heating
NaBH, 1:1 1:1 1.5 Room — UV-vis absorption maxima at 303 nm were 136
ascribed to -7t* transitions due to
restoration and redecorating of the
aromaticity after reduction

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 17633-17655 | 17641
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Table 3

(Contd.)

View Article Online

Review

Reductant

Reduction conditions

GO:H,0
ratio

GO : reductant
ratio

Mixing
time (h)

Temp (°C)

Reaction

time (h) Comment Ref.

NaBH,

CgH;;,NO,-HCl

CeHgOp

CeHgOg

CeHgOp

CeHgOg

CeHgO6

CeHgOg

CeHgOp

CeHgOs, NH3

CeHgOg

NHj(aq)y NH,NH,

NHj(aq), NH,NH,

NH,NH,, KOH

NH,NH, - H,0,

NaOH

NH,NH, - H,0,
Al(OH),

~5:1

15:4

50:1

200:1

500:1

17642 | RSC Adv, 2023, 13, 177633-17655

0.17

1.67

0.5

0.5

1.15

Room

95

95

80

95

50

90

80

85

90

90

100

60

90

— Reduction induced in a controlled N, 137
atmosphere at 20 Pa. The chamber was
vacuumed to ~10-2 Pa before filling with N,

24 Vigorous stirring at room temperature for 138
24 h induced reduction without heating,
hence an energy-saving approach

— Ascorbic was added dropwise under 25
magnetic stirring and reaction time not
specified

3.5 The assumption of the C,O as the chemical 139

formula used to deduce the molar mass of
GO as 40 g mol ™" in this report may not be
true according to the proposed models. The
XPS C/O ratio increased from 1.98 to 4.47
upon reduction

1 The broad peak at 20 ~ 22° was attributed to 69

the diffraction peak of RGO

1 The broadened XRD peak at 20 = 24° and d- 103

spacing of ~0.37 nm (greater than 0.34 nm
of graphite) indicated RGO. Water contact
angle of 44° (<90°) for the RGO inferred
hydrophilicity

12 Reductant amount nor provided and 140
reduction was verified optically with a dark
brown/light yellow to black colour change

2.5 Sonication was at 600 W for 0.17 h. XRD 5

broad peak at 26 ~ 25° and C/O ratio of 2.22
(increase from 1.34) signalled RGO
formation with a surface area of 176 m”> g *

24 Chemical and reflux treatments led to 141
disappearance of the XRD signature peak for
GO at 26 ~12° and decline of d-spacing to
0.35 nm (from 0.73 nm)

1.5 NH; (25%) was added dropwise to adjust pH = 44

to 12. Ascorbic acid is a green reductant and,
the disappearance of IR peaks due to oxygen-
containing moieties occurred after reduction

48 Irradiation done after adding reductant at 112
405 nm. Radiation time effect was studied,
increase in time led to increased elimination
of OH™ (48 h raised C/O ratio from 3.44 to
4.35)

— NHj(aq) Was added as an exfoliating agent 142
though it also has reducing effect. The
NH,NH, amount was not given

— Broad (002) plane at 26 = 24° and d-spacing 74
of 0.44 nm were indicators of reduction

24 Chemical and reflux reduction signalled by =~ 43
the © — m* UV-vis peak shift from 230 to the
260 nm due to reduction and restoration of
the conjugated structure (increased -
electron concentration)

4 pH adjustment to 10 by adding either HCI 83
(0.1 N) or NaOH (0.1 M). Highly wrinkled and
irregular structured sheets with corrugated
surfaces was ascribed to reduction
Heating was by means of a water bath. 143
Darkened dispersions with a strong-sharp
UV-vis peak at ~258 nm signalled
completion of reduction and restoration of
the conjugated structure of C=C

0.75

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Reduction conditions

GO:H,0 GO:reductant Mixing Reaction
Reductant ratio ratio time (h) Temp (°C) time (h) Comment Ref.
[CH,CH(OH)],, 5:1 50:7 0.75 90 4 NaOH (0.1 M) was slowly added to adjust pH 63
NaBH,, NaOH to 11. Combination of 3 reductants and

to develop novel materials. An example of useful class
composites is those in which RGO is applied as a metal catalyst
support owing to the large surface area, chemical stability and
thermal stability of RGO, and effect of
components.®>*’

The GO reduction protocol with respect to the RGO is critical
to potential applications of the material. For example, Lee
et al.'® established that the microwave assisted reduction
(resulting in d-spacing of 0.39 nm) was more appropriate in
accelerating the transport of lithium ions relative to the
NH,NH, reduced GO (culminating in d-spacing of 0.37 nm) for
their lithium-ion battery application work (Table 4). The inves-
tigation of reduction protocols against specific applications is
scarce in the recent literature (Tables 3-5) despite the lucrative
potential in this research direction.

synergistic

3.3 Review of recent reduction methods

The initial requirement was to achieve the most reductive state,
closer to that of graphene but well exfoliated. However, this has
evolved to the need to achieve reduction alongside physico-
chemical property tailoring for specific needs. This means the
current thrust is not just achieve a material with characteristics
closer to those of graphene, but also to develop functional
materials and establish a better understanding of the nano-
structural parameters. This shift is crucial towards reproduc-
ibility of the RGO-based materials and the upscaling goals. Both
the parent GO (synthesis method) and reduction conditions are
key in tailoring the properties of RGO.*'* The wide-ranging
precursors for GO and reduction protocols have generated
vast amounts of variations between the RGO materials reported
to date and this is a current challenge in standardisation. The
oxygen-containing functionalities of GO are removed by three
main approaches to RGO, namely, thermal**'* electro-
chemical'® and chemical methods, and a combination of
methods."*"* For illustration, Regis et al' employed
a combination of ascorbic acid and near-ultraviolet light to
enhance the reduction rate of GO (Table 3). An extremely high
C/O ratio (>246) was reported from a combination of NaBH, and
thermal treatment at 1100 °C procedures.® The reduction
driving force for the thermal, electrochemical and chemical
methodologies is temperature, electrical current and chemical
potential, respectively, therefore, RGO materials of different

© 2023 The Author(s). Published by the Royal Society of Chemistry

thermal treatment. Transmission electron
micrographs showed darker regions and
wrinkles (induced folding and re-stacking of
layers at the edges)

characteristics are obtained.” Distinct physicochemical proper-
ties of RGO are generated by the synthesis protocols followed.***
For example, reflux of GO in 2% aqueous green tea extract
produced RGO with a large surface area (Table 3)."**

3.3.1 Biologically derived chemical approach. Among these
methodologies, the simplicity (also using simple equipment)
and cost-effectiveness have placed the biologically derived
chemical approach in good standing for large-scale production.
In a drive for furthering the advantages of this method, several
reductants derived from renewable biological sources, such as,
ascorbic acid,*>'"® Azadirachta indica extract,"*® atriplex halimus
leaves extract,"” clinacanthus nutans (leaf extract),"® Cetraria
islandica ach. extract,® eclipta prostrata (phytoextract),>® Leucas
aspera (Thumbe, a leaves extract)," terpenoids and poly-
phenols (vernonia amygdalina extract),* Chenopodium album
(vegetable extract),’ olea europaea (olive extract),"* Murraya
koenigii (leaf extract),"”* and green tea extract,"'**>*"'>* have been
reported for RGO synthesis (Table 3).

The reducing and stabilizing effect of most plant extracts are
due to their OH™ and C=0 moieties." Ascorbic acid (C¢HgOg)
is mild, non-flammable, functions as a reductant in acidic as
well as alkaline pH and has nontoxicity advantageous (no
gaseous by-products) over other chemical reductants.>'**'2¢
CeH3Og is a competing alternative to hydrazine hydrate due to
ability to attain similar C/O ratios, its abundance and anti-
oxidative traits. Whilst reduction is possible at room tempera-
ture, the reviewed recent articles suggest that the use of C¢HgOg
as a reductant requires a mild heating of ~95 °C (Table 3). The
mild heating is necessary for achieving appreciable reduction in
a short time and despite this, the low temperature requirements
still qualify the use of CsHgOg reductants as a green approach.
Other reduction conditions in combination with ascorbic acid,
such as stirring (rate and mode), high GO:reductant ratio,
sonication, and alkaline pH, also shorten the reaction time
from 48 to ~1 h."*?

The use of biologically derived reductants is an interesting
progress towards the sustainability of graphene-based mate-
rials, since both GO and RGO can also be biologically
derived." "> This is a step near the elimination of expensive,
explosive, toxic and carcinogenic chemicals;**'** such as
hydrazine (and its derivatives),**®* and sodium borohydride;***
that harm the environment. This is a highlight of the tremen-
dous potential of biologically derived reductants not only due to

RSC Adv, 2023, 13, 17633-17655 | 17643
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Table 4 Thermal synthesis methods for RGO

View Article Online

Review

Reduction conditions

Reduction GO : reductant
method/reductant Gas ratio

Mixing time

(h)

Temp (°C)

Reaction time

(h)

Comment

Ref.

Thermal Ar —
Thermal Ar —

Thermal Ar —

Thermal Air —

Thermal Air/He —

Thermal N,-H, —

Thermal/CH4N,S N, 15:38

Thermal/CH;CH,OH, — —
NH,

Thermal/CH;CH,OH — —

Reflux/L-Methionine — —

Spray pyrolysis Air —

Pulsed laser N, —

Ultraviolet laser — —

17644 | RSC Adv, 2023, 13, 17633-17655

~12

24

24

300

350

400

50

500

400

800

1200

1000

80

150

50
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168

0.03

12

96

The d-spacing decreased from
0.79 to 0.43 nm after reduction
The method used a tube furnace
and an inert atmosphere

The Ar flow rate was 0.1 L min~
and the heating rate was 10 °©

C min~'. Temperatures of 250,
300 and 400 °C attained increased
C/O ratios of 6.13, 6.16 and 6.46
from 2.41 of GO

The notable significance of this
work was the ability to thermally
reduce GO at a low temperature of
50 °C. The XRD peak 26 ~ 24° was
a signal of reduction

Air flow rate at 300 °C (ramped at
30 °C min ') then He at 10 °©

C min " between 300 and 500 °C.
A large surface area of 439 m”> g~ "
attained

N,-H, flow rate was 80/40 sccm
and heating rate was 10 °C min ™.
No direct determination of
reduction effect

Ramping rate of 5 °C min~ " and
reduction simultaneously done
with N-doping (~10 at%)

The drying was carried out at 100 °©
C for 24 h before thermal
reduction, T-1t* peak shifted from
229 nm to 254 nm

CH;CH,OH (70%) was mixed by
ultrasonic treatment before and
after thermal treatment for 24 and
3 h, respectively, to aid exfoliation
and minimise the often-
enumerated agglomeration of
RGO sheets

L-methionine has a reducing
effect on GO

Spraying setup: airbrush nozzle
(aperture size - 0.4 mm) and air
compressor at 4 bars. The method
is based on the thermal
decomposition, which facilitates
reduction

Nd:YAG laser source (1 = 266 nm,
v = 10 Hz), evacuated to 10-2 Pa
before filling reaction chamber
with N, at 20 Pa. The w-7t* peak
indicated restoration aromaticity
Sample put in an ultraviolet
chamber then irradiated with

a Phillips F5-40 lamp at an
intensity of 12.4 W m > and
wavelength range of 300-320 nm.
Resistance decreased from 7.05 x
10 (for GO) to 4.45 x 10° and 1.27
x 10% Q after treatment for 48 and
96 h, respectively

1

1

57

146

33

144

147

148

100

98

68

149

36

150

151
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Reduction conditions

GO : reductant
ratio

Reduction

method/reductant Gas

Mixing time

(h)

Temp (°C)

Reaction time

(h)

Comment Ref.

Hydrothermal and Ar —
thermal

Hydrothermal and — 3:20
thermal/2-

chloroethylamine

hydrochloride

Thermal and Ar 1:20
hydrothermal/H;BO;,
CH,N,S, C,HN,

4

900°

500

900

2

GO was initially treated at 100 °C 152
for 1 h, then kept at 180 °C for 3 h
before cooling to room

temperature, filtering,

terminating with H,O,,

neutralisation to pH 7 and final
treatment. The approach was

different from the usual protocol

of oxidation, termination,

purification, and reduction,

allowed H,SO, recycling and

simplified purification via

filtration

Hydrothermal treatment 153
performed before the thermal step

for 12 h at 180 °C (rate: 10 °©

C min ). Thermal treatment was

in two steps: at 200 °C for 1 h (5 °

C min~") then at 500 °C for 3 h.

XRD peaks at 20 ~ 26° (002) and

~44° (100) ascribed to graphite

and hexagonal structure of

graphite planes

CH4N,S (4 mol) and C,H;gN, (4 154
mL) were added prior to

hydrothermal treatment at 200 °C

for 12 h. Method was sequential
doping to avoid formation of B-N
bonds that may cause lowered

activity of the target catalyst

Reduction conditions

GO:
H,O
ratio

GO : reductant
ratio

Reduction
method/reductant

Mixing
time (h)

Temp (°C)

Reaction
time (h)

Comment Ref.

Hydrothermal 1:2 —

Hydrothermal 1:

Hydrothermal — —

Hydrothermal — —

Hydrothermal/NaOH 2:1 —

0.5

1.67

© 2023 The Author(s). Published by the Royal Society of Chemistry

160

180

120

150

200

3

27

24

Broad XRD peaks at 26 ~ 24° (002) 155
and 43° (102), and UV-vis

absorption maxima shift from 232

to 275 nm were signature peaks

for RGO

Stirring was at 500 rpm and unlike 60
most hydrothermal treatments,

beaker with silicon oil was use for
heating. Reaction time was long

and reduction was signalled by the
disappearance of the sharp C-O

peak at 1067 cm ™

Method lacked direct assessment 106
of reduction effect. Decrease in

defect intensity upon reduction is

a possibility, but not always, and
implication of effective reduction

The amount of water added was 156
not provided

The NaOH was used to adjust pH 157
to ~10. Reduction confirmed by

FTIR spectrum that showed two

unique peaks at 1565 and

1193 cm™*
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Reduction conditions

GO:
H,0
ratio

GO : reductant
ratio

Reduction
method/reductant

Mixing
time (h)

Temp (°C)

Reaction
time (h)

Comment

Ref.

Hydrothermal/ 1:1
CH,4N,S

15:28

Hydrothermal/ — 12:1
(CH,);CH,0

16 000: —
7
2:1 —

Hydrothermal/NaOH

Hydrothermal

Hydrothermal — —

Hydrothermal/ 1:2
H,NCH,CH,NH,

Hydrothermal/NaOH  — 20:1

Hydrothermal — —

Hydrothermal 10:

Hydrothermal/ — —
NH,NH,

1.67

0.3

0.5

0.33

180

130

180

180

180

120

200

300

200

200

12

12

12

12

24

24

0.33

Mixing was done by means of
ultrasonic treatment at 750 W and
20 kHz after dispersing GO in H,O
by stirring for 0.5 h

Ultrasonic treatment was
attributed to both GO exfoliation
and the carboxylic acid-
carboxylate ion moiety
transformations. The C/O ratio
decreased from 2.39 to 1.63
Uncoordinated oxygen moieties
were removed

Reduction generated the most
stable composites with F-carbon
nanofiber (the highest negative
zeta potential of —45 mV)

The reduction reaction induced
T-T stacking

Details of the amount of
H,NCH,CH,NH, were not
provided

The disappearance of the C-H
bonding, and declined intensities
of the O-H (at 3324 cm™ ') and
C=0 bending peaks (at

1812 cm™ ') were the signatures of
the formation of RGO
Fluorination was done after
reduction by introducing F,-N,
(1:5) and removal unbound
fluorine was carried out by
washing with dilute Na,CO; and
H,0

The m-7* transition of the
conjugated C=C bonding was
redshifted to 270 nm

The first treatment was at 95 °C for
2 h and then the second at 200 °C
in NH,NH, (0.2 M). RGO floated
on the H,O surface and the
Raman Ip/I; increased from 1.05
to 1.33 after reduction due to the
elimination of oxygen moieties
and the formation of defects along
with the recovery -system

159

160

161

162

163

84

164

64

165

Reduction conditions

GO:
solvent
ratio

GO : reductant
ratio

Reduction method/
reductant

Mixing time

(h)

Reaction time

Temp (°C) ~ (h)

Comment

Ref.

Solvothermal/Green — 1:1
tea extract

Solvothermal/Murraya — —
koenigii

17646 | RSC Adv, 2023, 13, 17633-17655

0.67

90

100

8

12

The stirring was continuous at
200 rpm during the reaction.
Absence of the GO typical peak at
26 ~ 10° confirmed complete
reduction

The extract was rich in polyphenol
and reduction was also ascribed to
this chemical

123

122

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Reduction conditions

GO:
Reduction method/ solvent ~ GO:reductant  Mixing time Reaction time
reductant ratio ratio (h) Temp (°C) (h) Comment Ref.
Solvothermal/ 5:3 20:1 2.5 200 8 The UV-vis T — 7* peak at 75
CH,OHCH,OH ~270 nm was used to confirm
reduction and restoration of
aromatic C=C bonds
Solvothermal/ 15:1 ~1:1 0.5 180 10 Thermal treatment in two 59
C,H,(NH,),/ reductants achieved reduction.
CH,OHCH,OH The peak at 26 ~ 26° (002) plane
was a signal for GO reduction
Solvothermal/H,/ 1:6 5:6 1 180 8 The dropwise addition of NH,OH 166
(CH3),NC(O)H/ adjusted the pH to >10.
HOCH,(CH,),0 Hydrothermal treatment done in
N, (at 0, 5, and 10 bar) and Ar
(85%)-H, (15%) atmosphere. The
injection of H, improved
crystallinity of RGO.
Solvothermal/C,HgN, — — 120 12 C,HgN, was a source of N, as well 167
as an additional reductant
Solvothermal 2:5 — 1 140 12 Nitrates are well known as 168
oxidants; hence, minimal
reduction despite thermal
treatment
Solvothermal/NHj(aq) 1:10 — 160 8 Reduction and N-doping achieved 71
with low temperature and
indicator was increase in the XPS
C/O ratio from 2.48 (GO) to 11.36
Solvothermal/ — 15:1 1 180 10 NaOH (0.1 M) adjusted pH to 10. 169
CH,(C¢H,NH,)/ Disappearing of FTIR oxygen
CH;CH,0OH/NaOH peaks and observed weak C-H
stretching vibration (2915-
2935 cm ') of the aliphatic CH,
moiety
Solvothermal/ 3:25 1.5 180 12 H[OCH,CH,],OH was the solvent. 170
N,H,-H,0/NH; N,H,-H,0 and H,0 was used to
keep pH at 11. Combination-
treatment induced pyrrolic-,
pyridinic-, oxidized- and graphitic-
N
Solvothermal- — — 2 120 0.5 Solvent: C4HoNO (DMF). The 3
microwave irradiation reduction was signalled by UV-vis
absorption maxima at 265 nm (-
T* transitions of aromatic C=C)
and an increase in C/O ratio from
0.61 to 2.52
Microwave-assisted 413: — 0.5 — 0.19 Solvent: C;HgNO 2
solvothermal 180 Treatment was in an Anton-Paar
Microwave (power/time ratios: 600
W/0.19 h) (most effective), 800 W/
0.14 h, and 1000 W/0.117 h
(fastest)
Microwave-assisted — — — 180 0.1 XRD spectrum (002) plane was an 171
solvothermal/C,H¢O, indicator of reduction
Microwave-assisted — — 8 150 0.08 NH; used to adjust pH to 10. 172
hydrothermal/NH; Simultaneous microwave rapid
reduction and N-doping (NH; was
N, source)
Microwave-assisted — 150 0.25 Microwave irradiation was at 26

hydrothermal

© 2023 The Author(s). Published by the Royal Society of Chemistry

400 W. Raised intensity peaks of
the C-C and C=C signalled the

reduction process
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Table 4 (Contd.)
Reduction conditions
GO:
Reduction method/ solvent GO:reductant  Mixing time Reaction time
reductant ratio ratio (h) Temp (°C) (h) Comment Ref.
Microwave-assisted — — 2 180 0.33 NH; (6%) was added dropwise to 173
hydrothermal/NHj (o) achieve a pH of 10. The NHj(,q)
support the reduction of GO.
Reduction condition
Reduction method/ GO: GO:reductant  Mixing time Power Reaction time
reductant H,0 ratio (h) W) (h) Comment Ref.
Microwave — — — 700 0.08 Quick method 174
Microwave/NH; 5:1 500:1 0.67 500 0.025 The peak of the XRD spectrum at 24
260 = 26.4° was broad and a signal
for reduction
Microwave/CH,N,S — — 700 0.17 Microwave frequency was 2.45 175

Microwave — — — —
Microwave and ~1:1 — 2 —
thermal/NHj(oq)

Gamma irradiation/ — 1:1 0.5 —
CH,CH,O0H

Gamma irradiation/ — — — _
CHSCH(OH)CH3

Plasma-assisted/ — 2:25 12 200
CO(NH,),

their biocompatibility nature, but also because the approach is
a suitable standardisation step in future research.

3.3.2 Inorganic chemical approach. Despite these envi-
ronmental limitations and also the introduction of impurities
such as N moieties, hydrazine monohydrate (NH,NH,-H,0) is
still commonly used as a reductant for aqua GO due to its high
efficacy and weak reactivity with water unlike most chemical
reductants (Table 3).'>''2

17648 | RSC Adv, 2023, 13, 17633-17655

GHz. The 20 peak ~26° (002) plane
was a reduction indicator

0.17 The first treatment for 0.17 h was 108
in DMF and then in toluene for
0.083 h to complete the reduction.
The wider (002) XRD peak (26 =
23°) with a d-spacing 0.39 nm was
reduction indicator

0.17 Freshly prepared NH;(,q) was 176
added to maintain pH at 7.
Reduction was confirmed by
a broad XRD peak at 26 = 24°
assigned to the (002) plane

— Irradiation was done with 100 kGy 177
of y-ray at 2 kGy h™" from a *°Co
source. The y-rays generates
reductive radical (H") that reduces
GO and d-spacing of 38.6 nm

— N, was bubbled prior to 178
irradiation with an absorbed dose
of 75 kGy at 4.5 kGy h™" from
a *°Co source under the ambient
conditions. CH;CH(OH)CH; was
an "OH" scavenger and forms
reactive radicals that were
excellent reductants

0.25 Radio frequency inductively 66
coupled plasma (13.56 MHz,
pressure: 15 Pa, H, flow rate: 15
scem) was used to simultaneously
reduce and N-dope (N, source:
(CO(NH,),))

In general, most chemical reduction methodologies initially
involve the dispersion of GO in water through ultrasonic treat-
ment (Table 3). A common feature of the recent chemical
reduction methodologies is the use of mild heating in the 80-
100 °C range. This could be a decent basis for developing
standardised reduction protocols that will ease comparison
between methods in terms of efficacy and reproducibility. For
uniformity, the GO : reductant ratios presented in Table 3 were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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calculated using the main reductant (where more than one
possible reductant was used) assuming the density of water was
1 g em >, According to the reviewed works, the calculated GO :
reductant ratios are arbitrary; hence, the recent chemical
reduction protocols are difficult to compare in terms of efficacy
(Table 3). Economic and environmental sustainability consid-
erations are a conceivable fair stimulation to focusing more on
lower GO : reductant ratios, particularly in the case of inorganic
reductants, in future research.

A few of these reports presented further issues with the
missing pertinent details about the amount of reductant that
was used. However, satisfactory qualitative tests for RGO
formation were present in most reports. More insights towards
a standardised GO : reductant ratio is needed in future research
to aid the progression to commercialisation of products.

Future research directions must seek a better understanding
of chemical reduction mechanisms, eliminate the use of toxic
chemicals, and shift towards green chemistry principles via the
use of biologically derived reductants with comparable reduc-
tion efficacies and avoid inorganic reducing agents. This
approach has positive prospects as a strategic value-addition
exercise for agricultural waste, since high tonnage is produced
globally each year. Most chemical reduction protocols involve
purification steps that are not only monotonous, but also add
substantial costs to material development at large-scale. The
purification procedures often involve washing and neutralisa-
tion steps with deionised/ultra-pure water to remove excess
chemical reductants, centrifuging and drying for
~24 hB>uraseLeensst careful and cost-effective removal of
residual reductants must be sought in future research to avoid
chemical contaminants that may negatively affect RGO quality
and intended applications. Another drawback of chemical
reductants is their selective elimination of oxygen moieties.***"
Despite the shortfalls, chemical reduction methods have the
advantage of short purification times and low energy require-
ments when compared to other methods; therefore, they are
better suited for the principles of green chemistry and
sustainability.

3.3.3 Thermal approach. Thermal
according to the heat sources, setups and conditions, such as
gas atmospheres, solvent systems, temperatures, and duration.
The recent reduction examples are inclusive of laser, gamma
rays, microwave, hydrothermal, solvothermal, plasma, reflux
and simple heating setups (ordinarily referred to as thermal)
(Table 4). This is another feasible source of discrepancies in the
physicochemical characteristics of the reported RGO materials.

Thermal reduction of GO has been reported at temperatures
as low as 50 °C, however, the reaction time was one of the
longest reported, that is, 1 week (Table 4).*** This suggests that
a potential setback to progression can be avoided in future
works through careful calculations that balance reaction time
and temperature inputs, since the random lowering of one
parameter could sum up to the same energy requirements.
Despite achievable reduction at low temperatures that mostly
remove labile oxygen groups, Coros et al.** established that
reduction increases with temperature (Table 4). This is possibly
needed to meet the energy requirements for breaking

reduction varies

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemically stable bonds in oxygen moieties under an inert
environment.

However, high thermal temperatures can generate extremely
toxic volatile organic hydrocarbons.”® Exfoliation through
thermal means is facilitated by the evolution of gases (such as
CO, from the decomposition of oxygen moieties and H,0) and
weight loss (~30%) creates and topological
defects.’>*"%® Despite the minimal contamination issues, rela-
tive to chemical means, the drawbacks that may be associated
with thermal methods include the requirement of higher
temperatures (mainly 400-1000 °C)* for effective reductions
and the possible build-up of explosive gas evolutions (Table 4).

Hydrothermal and solvothermal reduction of GO refers to
chemical transformations that result in the removal of oxygen
moieties in a supercritical environment of water and specified
solvents, respectively, triggered by heating."*® Hydrothermal
and solvothermal treatments can be viewed as stratagems that
lower the temperature required for the reduction of GO by uti-
lising high pressures and surface chemistry. Therefore, the
hydrothermal and solvothermal reduction temperatures and
durations in the recent reviewed reports were mostly in the 160-
200 °C and 8-12 h ranges, respectively (Table 4). This is
a direction towards ease comparison between methods and
reproducibility of RGO. However, lack of ratio details in most
studies may hinder this advancement. The GO : H,O ratio was
commonly 1:2 or 2:1 for hydrothermal methods, while in
solvothermal methods, the GO:solvent ratio was random
(density of H,O was assumed to be 1 g cm for the calculation
of GO : H,O ratio in the Table 4).

The GO:solvent ratio in hydrothermal and solvothermal
protocols still needs more work to enable comparison between
solvents at given temperatures and to establish if the water/
solvent should be in excess. Similarly, to the general thermal
protocols, common products of both solvothermal and hydro-
thermal approach are CO, and CO gases. However, the use of
lower temperatures in both solvothermal and hydrothermal
methods has a lower reduction efficacy compared to thermal
means. The use of organic solvents in solvothermal reduction
reduces energy requirements and has better capabilities to self-
generate pressure relative to hydrothermal needs.** Hence,
future research could prudently use solvothermal methods,
however, water as a solvent still offers affordability and safe
handling advantages.

Microwave reduction of GO is possible on an industrial scale
and achieves reduction at lower energy costs relative to thermal
treatment (Table 4); however, reduction efficacy is low.>* Hence,
microwave-assisted thermal reduction of GO is a strategy to
accelerate thermal reduction since energy is transferred directly
to reagents.>**>'”? In this method, reduction is triggered by both
heating effect, and differences in the dielectric constants of GO
and the solvent, which induces an instant increase in internal
temperature, consequently, causing reduction.>**>'”® Hence,
selection of an appropriate solvent system for the microwave
reduction of GO is critical in this regard. An ideal solvent is one
that facilitates stable GO dispersions without functionalisation
of the ultimate RGO, with a high boiling point and high
dielectric properties (better ability to absorb and convert

vacancies
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microwaves into heat energy), as well as surface tension values
between 40 and 50 mJ m™ 2317182

In addition, a study by Martins et al.”> has hinted at the need
of establishing a suitable compromise between high reduction
rate and efficacy, since they are often achievable through high-
and low-power inputs, respectively (Table 4). The microwave
technique can also be combined with other reduction protocols.
For illustration, microwave-assisted hydrothermal methods are
advantageous than either microwave or hydrothermal
approaches in that the combination accelerates heating, effects
a more sensitive reaction, and facilitates uniform heating.'”

The y-irradiation has also been reported recently as a facile,
green, cost-effective method for RGO production (Table 4)."”” In
the presence of water or alcohol, y-rays create H (reductive) and
OH species (oxidative) due to water radiolysis. The role of
alcohol is scavenging for oxidative radicals in order to stop
additional oxidation of GO. The advantages of reduction by
means of vy-irradiation over chemical means are the lower
agglomeration in the RGO produced”” and the absence of
contamination issues. The combination of thermal treatment
with chemical reductants has gained momentum in recent
times towards achieving RGO with characteristics closer to that
of graphene (Table 4). Despite the general calls to utilise clean
chemicals in order to preserve the environment, catastrophic
toxic chemicals, such as NH,NH,, are still being used in
combination with thermal treatment (Table 4). Therefore, as
a future research direction, chemical selection should be
inclined to only “greener” chemicals.

The reviewed literature has also shown the combinations of
methods such as chemical reduction and thermal reduction in
one step (solvothermal protocols that use a solvent with
reducing effects, Table 4). For example, reduction was achieved
through a combination of microwave irradiation and the sol-
vothermal protocol without the use of a chemical reductant
(Table 4).> Thermal treatment can also be used in combination
with alcohol to enhance reduction of GO (Table 4). Alcohols are

Table 5 Electrochemical and ball milling synthesis methods for RGO
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relatively mild reductants due to the preservation of edge
morphology.*

3.3.4 Electrochemical and ball milling methods. Other less
popular protocols include ball milling and electrochemical
reduction methods (Table 5). For illustration, a one-step elec-
trochemical reduction of an aqueous colloidal GO suspension
was done by means of linear sweep voltammetry, cyclic vol-
tammetry and constant potential mode in the presence of
a buffer electrolyte."™ One of the acceptable proposals is that
reduction occurs when GO which is located adjacent to the
electrode accepts electrons and gets deposited on the electrode
surface."’

On the other hand, in the two-step electrochemical reduc-
tion, GO 1is first deposited onto the electrode surface (and
attachments are possibly through van der Waals forces), then
dried before electrochemical reduction. When compared to
chemical means, the electrochemical reduction is faster,
greener, and economically more advantageous as a future
research realisation.

4 Challenges and prospects

From the reviewed works it is critical to realise that RGO is
a nonstoichiometric derivative of GO since numerous ratios of
carbon, hydrogen, and oxygen have been reported to date.***
This poses some fundamental issues in determining repro-
ducibility of RGO by comparing atomic ratios on the basis of
mass ratios per sample. The atomic ratios in RGO are influ-
enced by synthesis methodologies which are currently wide-
ranging. In addition, the precise chemical structure of GO
and RGO remains obscure and still requires further modelling.
The gaps in understanding RGO are due to numerous variables
in oxidation methods (precursors) that lead to sample-to-
sample physicochemical variations, nonstoichiometric atomic
composition and unavailability of specific physicochemical
characterization techniques.' The other drawbacks associated
with full utilisation of RGO are emanating from lack of

Reagents other than GO Reduction conditions Remark Ref.
H, (reductant) Ball milling: H, environment for The C/O ratio of the RGO was 17.51 183
8 h, with purging every 2 h, during and the method was eco-friendly
dual-drive ball milling of 30 Hz and versatile
H,S0, Electrochemical: graphite foils Partial oxidation of graphene is 184
(1 cm apart) were electrodes in formed through formation of
H,SO, (0.5 M). A +4 V was the radicals such as, OH™ radicals
applied anodic potential at room
temperature
PTFE, KOH (reductant) Electrochemical: GO (50 mg) was Reduction was confirmed by 185

added to the paraffin oil to form
a paste, then ultrasonicated at
100 W and room temperature for

a diffraction peak at 26 ~ 25° and
weak peak at about 42°

0.5 h. Subsequently, this was filled

into a PTFE tube prior to
electrochemical treatment of —1.2
to 0 V with a scan rate of 100 mV s
in a cell with KOH (0.1 M, pH =
12.0)
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standardised methodologies for reducing GO, ie., lack of
pertinent details such as reduction time, GO : reductant ratios,
and use of arbitrary ratios is challenging reproducibility and
adoption of methods at industrial scale.

The common use of X-ray diffraction and ultra-violet visible
spectroscopies as signature techniques for confirming the
formation of RGO in most recent reports is a step in the
standardisation direction. Future research may also utilise the
scarcely used C/O ratio from X-ray photoelectron spectroscopy,
since this can enable easy comparison between methods and
determination of reproducibility. With what has been reported
to date, RGO may be referred to as a family of materials and not
as a single composition since current proposed structures differ
according to varied oxidation conditions (in each of the re-
ported methods) and properties of starting materials.'®** The
limited understanding of the chemical structure of GO could be
a major setback in understanding RGO (which is simply
a derivative of GO). In addition, lack of large-scale and cost-
effective production of RGO at the present time is a drawback
to progression towards commercialisation despite the high-
lighted potentials through physicochemical properties and
recent applications. Hence, this in turn is limiting break-
throughs in various potential large-scale industrial applica-
tions. In-depth understanding of reduction mechanisms,
elimination of toxic reductants and the use of low temperatures
(for energy-saving purposes), design of simple reduction
procedures, and more studies of biologically derived reductants
are critical and potentially sustainable steps as future research
directions. This trajectory is promising in driving RGO towards
its full potential in order to broaden and/or further advance
related properties. The reviewed work highlights RGO as
a potential and strategic material for achieving sustainable,
environmentally friendly, low-cost, high-performing, and large-
scale production and use in functional devices and/or processes
to pave the way for commercialisation. This can drive future
commercial viability aspects of RGO as a material.
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