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Graphene oxide: strategies for synthesis, reduction
and frontier applications

Rajesh Kumar Singh,® Rajesh Kumar*® and Dinesh Pratap Singh*®

Till now, several innovative methods have been developed for the synthesis of graphene materials including
mechanical exfoliation, epitaxial growth by chemical vapor deposition, chemical reduction of graphite oxide,
liquid-phase exfoliation, arc discharge of graphite, in situ electron beam irradiation, epitaxial growth on SiC,
thermal fusion, laser reduction of polymers sheets and unzipping of carbon nanotubes etc. Generally large
scale graphene nanosheets are reliably synthesized utilizing other forms of graphene-based novel materials,
including graphene oxide (GO), exfoliated graphite oxide (by thermal and microwave), and reduced
graphene oxide. The degree of GO reduction and number of graphene layers are minimized mainly by
applying two approaches via chemical or thermal treatments. The promising and excellent properties
together with the ease of processability and chemical functionalization makes graphene based materials
especially GO, ideal candidates for incorporation into a variety of advanced functional materials. Chemical
functionalization of graphene can be easily achieved, by the introduction of various functional groups. These
functional groups help to control and manipulate the graphene surfaces and help to tune the properties of
the resulting hybrid materials. Importantly, graphene and its derivatives GO, have been explored in a wide
range of applications, such as energy generation/storage, optical devices, electronic and photonic devices,
drug delivery, clean energy, and chemical/bio sensors. In this review article, we have incorporated a general
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1. Introduction

Graphene is an exciting material of the 21st century, which has
a one-atom-thick 1D planar sheet of sp>-bonded carbon atoms
in a honeycomb crystal lattice with exceptionally high crystal
quality and electronic properties which has emerged as
a rapidly rising star in the field of material science.” It is also
known as the mother element of carbon allotropes, including
graphite, carbon nanotubes, and fullerenes.>® Its peculiar
properties such as high intrinsic mobility,”® thermal conduc-
tivity,® high theoretical specific surface area,' high Young's
modulus, high optical transmittance’ and good electrical
conductivity’® merit attention for various novel potential
applications. These properties were experimentally studied and
verified in last several decades'™ and various top-up and
bottom-up synthesis approach have been developed for high
quality graphene using micromechanically exfoliation of
graphite layers,* graphene grown on 6H-SiC,*' large area gra-
phene grown on copper substrates® etc.

Nowadays, graphene can be produced by micro-mechanical
exfoliation of highly ordered pyrolytic graphite,® epitaxial
growth,"**** and chemical vapor deposition (CVD).>**® These
three methods can produce graphene with a relatively perfect
structure and excellent properties. However in comparison,
graphene produced by reduction of graphene oxide (GO) has
some important characteristics as it is produced using graphite
material by cost-effective chemical methods in large scale. It is
also highly hydrophilic and forms stable aqueous colloids to
facilitate the assembly of macroscopic structures by simple and
cheap solution processes. As a result, GO and reduced GO (rGO)
are still hot topics in the research area and development of
graphene, especially in regard to mass applications.

Synthesis of graphite oxide by oxidation of graphite through
various chemical routes is the fundamental need for graphene-
based materials. GO and graphene are highly promising for
various applications due to their unusual thermal, electrical and
optical properties. GO produced from graphite using various
chemical oxidation routes,”3° has attracted considerable
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attention as a potential material for use in various industrial
applications such as photovoltaic cells, capacitors, sensors, and
transparent electrodes.*** One particular branch of graphene
research deals with GO and graphene synthesized from graphite
oxide. Graphite oxide is generally obtained by oxidation of
natural graphite powder with various oxidants in acidic media.
The presence of several groups like epoxy, hydroxyl, carboxyl
and carbonyl on GO are well recognised and accepted as major
functionalities attached to it. Several structural models of
graphite oxide comprising these groups have been reported so
far in the literature.**** GO can be considered as a precursor for
graphene synthesis by either chemical, thermal or microwave
reduction processes. GO consists of a 1D single-layer of graphite
oxide and is usually produced by the chemical treatment of
graphite through oxidation.***® The GO mainly consists of
individual sheets of graphene with attachments of oxygen
functional groups on both the basal planes and edges.** It has
different structural models and contains various oxygen func-
tional groups on its surfaces. The oxygen functional groups have
been identified as hydroxyl and epoxy groups present on the
basal plane, carboxy, carbonyl, and phenol groups at the edge of
GO sheets.”™* For the synthesis of GO, we first need to
synthesize graphite oxide by different chemical process route.

2. Synthesis of graphene/graphite
oxide: oxidation of bulk graphite
powder

From last several years, both theoretically and experimentally,
considerable effort has been directed toward understanding the
structure of graphite oxide. The GO is currently the most
common precursor used for the synthesis of graphene mate-
rials. The focused study of the GO structure is derived from the
structural analysis of graphite oxide itself. Its can be prepared
by the intercalation and oxidation of graphite powder. For
synthesis of GO in bulk amount, we first need to synthesize
graphite oxide applying any of the methods discussed below.
The history of GO is very interesting especially when we deal
with its synthesis. The first report on the synthesis of GO by the
intercalation of graphite sheets was given by a Schafhacutl in
1840. Schafhacutl for the very first time attempted to exfoliate
graphite, when he tried to purify the impure graphite “kish”
from iron smelters.*>*

The well known methods used for the synthesis of graphite
oxide are Brodie method,?” Staudenmaier method,* Hofmann
method**** and Hummers method®® and also their modified
and improved forms. In these methods, initially graphite
powder is chemically reacted with acids (HCI, H,SO, and HNO;
etc.) followed by the intercalation of alkali metals (alkali metal
compounds KClO;, KMnO,4, NaNO; etc.) into the graphitic
layers which further helps in the breaking of graphitic layers
into small pieces.

2.1. Brodie's oxidation method

The oxidation of graphite in the presence of potassium chlorate
(KClO3) and fuming nitric acid was developed by B.C. Brodie in
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1859. He was the pioneering one who treated graphitic powder
with KClOj; in concentrated fuming HNO; (ref. 27) and got a new
compound which later on was determined to contain carbon,
oxygen and hydrogen resulting in an increase in the overall mass
of the flake graphite. He isolated the crystals of the material, but
the interfacial angles of the crystal lattice were unable to be
measured via reflective goniometry. Successive oxidative treat-
ments resulted in a further increase in the oxygen content,
reaching a limit after several reactions. The C : H : O percentage
composition was determined to be 61.04 : 1.85 : 37.11. According
to his elemental analysis, the molecular formula for the final
product was C,;H,0s. He found that the as synthesized material
are dispersible in basic or pure water, but not in acidic media,
which prompted him to term the material as graphic acid. After
heating (220 °C), the C:H:O composition of this material
changed to 80.13 : 0.58 : 19.29, with a loss of carbonic acid and
carbonic oxide. This method has several flaws including long
reaction time as well as release of toxic gases during reaction.
Although some research groups used this method for the
production of graphite oxide and cited in their published
literature.>**->*

2.2. Staudenmaier method: fuming HNO;, concentrated
H,S0, acid and KCIO;

One of the improvements on Brodie's work happened in 1898 by
L. Staudenmaier using excess of the oxidizing agent and
concentrated sulfuric acid as extra additive.> He improves the
Brodie's KClO;-fuming HNO; preparation by (i) adding multiple
aliquots of potassium chlorate solution into the reaction
mixture over the course of reaction and adding concentrated
sulfuric acid (H,SO,) to increase the acidity of the mixture.
These changes led to a highly oxidized graphite oxide in a single
reaction vessel, thus simplified the GO synthesis process. This
slight change in the synthesis procedure resulted in an overall
extent of oxidation similar to Brodie's multiple oxidation
approach (C: O ~ 2 :1). However, this Staudenmaier’s prepa-
ration method was time consuming and hazardous: the addi-
tion of potassium chlorate typically lasted over a week, and the
chlorine dioxide evolved needed to be removed by an inert gas,
while explosion was a constant hazard. Therefore, the further
modification or development of the new process for oxidation
was still under investigation. This method and its modified
form has also been used by several other groups for the
synthesis of graphite oxide.*>™*

2.3. Hofmann method: concentrated HNO; acid,
concentrated H,SO, acid and KCIO;

In 1937, Hofmann et al.***® used concentrated sulfuric acid in
combination with concentrated nitric acid and KCIO; for the
oxidation of graphite for the preparation of graphite oxide. The
KCIO; is a highly strong oxidizing agent and it oxidizes the
graphite powder in acids solution and typically also is an in situ
source of dioxygen, which acts as the reactive species. Several
research groups have synthesized GO for different application
purpose using Hofmann method.*>*

This journal is © The Royal Society of Chemistry 2016
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2.4. Hummers method: concentrated H,SO, acid in the
presence of KMnO, and NaNO;

In 1958, Hummers and Offeman shows an alternate method for
the oxidation of graphite by reacting graphite powder with
a mixture of concentrated H,SO,, NaNO; and KMnO,.?® First
graphite powder (100 g) and sodium nitrate (50 g) were stirred
in sulfuric acid (2.3 liters) and cooled to 0 °C in ice bath. After
that potassium permanganate (300 g) was added to the
suspension. During the stirring, the suspension becomes thick
and was then further diluted using hot water and treated with
H,0, (3%) to reduce the residual permanganate and manganese
dioxide to colorless soluble manganese sulfate. Finally, the
diluted suspension was filtered and washed several time with
warm water to remove the soluble salt of mellitic acid. The dry
form of graphitic oxide was obtained by centrifugation followed
by dehydration at 40 °C over phosphorus pentoxide in vacuum.
In recent time, several research groups have used Hummers
improved method for the synthesis of graphite oxide.'***"* All
the well known synthesis methods for graphite oxidation using
chemical routes have been summarized in Fig. 1.

2.5. Other methods

An improved method for the preparation of graphite oxide was
reported by Marcano et al.* in 2010 (schematic shown in Fig. 2).
In this new procedure, the oxidation process was improved by
excluding NaNOj;, increasing the amount of KMnO,, and per-
forming the reaction in a 9:1 mixture of H,SO,/H;PO,. This
improved oxidation method significantly increases the efficiency
of graphite oxidation to graphite oxide and also provides a larger
amount of graphite oxide as compared to Hummers' method.
This oxidation technique also prevented the formation of toxic
gases (such as NO, and N,0,). Another improved synthesis
method for large-scale production of graphite oxide involves
oxidation of graphite by benzoyl peroxide (strong oxidizer) at 110
°C for 10 min in an opened system.” This technique provides
a fast and efficient route to GO. Some other oxidizing agents have
also been used for the preparation of GO. In this regard, Jone's
reagent (H,CrO,/H,SO,) is also used for the preparation of
expanded graphite, which moderately oxidizes graphite.** The
recent review by Wissler is an excellent, succinct source of further
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Fig. 1 Methods for synthesis of graphite oxide using graphite, acids
and oxidizing chemicals.
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Fig. 2 Representation of the procedures used to form GO starting
with graphite flakes. Under-oxidized hydrophobic carbon material
recovered during the purification of IGO, HGO, and HGO+. The
increased efficiency of the IGO method is indicated by the very small
amount of under-oxidized material produced.®* Reprinted (adapted)
with permission from ref. 64. Copyright (2010) American Chemical
Society.

information on commonly used graphite and carbons, as well as
the terminology used to describe these materials.”

3. Functional groups on graphene
oxide and its analysis

The structure of GO is described as graphene sheet bonded with
several oxygen in the form of hydroxyl, carboxyl, epoxy and
others etc. groups as shown in Fig. 3.3’ Also, the structure of GO
depends significantly on the purification procedures, rather
than, as is commonly thought, on the type of graphite used or
oxidation protocol.” The exact identity and distribution of oxide
functional groups depend strongly on the extent of oxidation.
The appearance of chemical composition inside GO and the
oxygen containing functional groups in GO can be identified
using various techniques, including X-ray photoelectron spec-
troscopy (XPS),*”7>7° X-ray absorption near-edge spectroscopy
(XANES),”t7e788081  Fourier transform infrared spectroscopy
(FTIR),”®®%* Raman spectroscopy’®*"®* and solid-state nuclear
magnetic resonance.’”****#” Mkhoyan et al.** studied the elec-
tronic and atomic structure of GO using dark field imaging of
single and multilayer sheets. The results of electron energy loss
spectroscopy used for measuring the structure of carbon and
oxygen K-edges in a scanning transmission electron microscope
indicate the high ratio of sp®> C-O bonds induces structural
distortions. This suggests that the atomic structure of GO sheets
should resemble a mostly amorphous 2D sheet of carbon atoms

Fig. 3 Structure of GO.*” Reprinted by permission from Macmillan
Publishers Ltd: [Nature chemistry] (ref. 37), copyright (2009).
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with some of them bonded to oxygen, rather than an ideal sheet
of graphene with surface oxidation.

Functional groups attached on GO surface can also be deter-
mined by XPS and it reveals the nature of the carbon and oxygen
bonds in their various states as unoxidized carbons (sp® carbon),
C-0, C=0, and COOH. Several XPS investigation on GO”>7%%%%
confirms the peaks positions related with different functional
groups. The deconvoluted C1s signal of GO, as seen in Fig. 4,
composed of mainly five peaks (at room temperature) at different
positions corresponding to sp® carbons in aromatic rings
(284.5 eV) and C atoms bonded to hydroxyl (C-OH, 285.86 eV),
epoxide (C-O-C, 286.55 eV), carbonyl (}C=O, 287.5 eV), and
carboxyl groups (COOH, 289.2 eV). The increase in temperature
of GO shows the diminishing of the oxygen containing functional
peaks and a very small fraction of C=O peak remains at
1000 °C.*® The other XPS analysis,***' considered the deconvo-
lution of the C1s spectra using four components, namely, sp?,
C-OH, C-0-C, and COOH, while ignoring the presence of the
)C=O0 groups. In similar way, the deconvolution of the O1s
spectra contains the main peaks around 531.08, 532.03, and
533.43 eV and these peaks are assigned to C=0 (oxygen doubly
bonded to aromatic carbon),”** C-O (oxygen singly bonded to
aliphatic carbon), and phenolic (oxygen singly bonded to
aromatic carbon)*®* groups, respectively. Also pristine GO shows
an additional peak at a higher binding energy (534.7 eV).*

The XANES is the other powerful characterization tool for the
analysis of GO materials. It provides valuable information on the
degree of bond hybridization in mixed sp*/sp® bonded carbon,
specific bonding configurations of functional atoms, and degree
of alignment of the graphitic crystal structures within GO.”***

Raman spectroscopy is an experimental technique that is
commonly used to characterize all sp> carbons from three to
zero dimensions, such as 3D graphite, 2D graphene, 1D carbon
nanotubes, and 0D fullerenes.> The Raman spectra of GO
displays two major D band (1340 cm™ ") and a broad G-band at
(1580 cm ').** The G-band, which is characteristic of all sp*-
hybridized carbon networks, originates from the first-order
scattering from the doubly degenerate E,, phonon modes of
graphite in the Brillouin zone center, while the prominent D
peak comes from the structural imperfections created by the
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Fig. 4 XPS spectra of GO and oxygen functionalities removal at

different temperature.”® Reprinted (adapted) with permission from ref.

76. Copyright (2011) American Chemical Society.
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Fig. 5 Raman spectra of the GO and rGO powder.®* Reprinted
(adapted) with permission from ref. 81. Copyright (2009) American
Chemical Society.

1004

Graphite oxide

o

[}
NaOH-Graphite oxide C=0

transmittance (arb.units)

— [
N C-OH co

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cni’)

Fig. 6 FTIR spectra of graphite oxide and NaOH-graphite oxide.”®
Reprinted (adapted) with permission from ref. 78. Copyright (2010)
American Chemical Society.

attachment of oxygenated groups on the carbon basal plane.**
Thus, the integrated intensity ratio of the D- and G-bands (I/Is)
indicates the oxidation degree and the size of sp” ring clusters
in a network of sp® and sp? bonded carbon.”>*> For example,
Mattevi et al.,”® calculated the average graphitic domain size to
be ~2.5 nm in pristine GO. Lee et al.®* reported that after
thermal reduction of GO, the intensity ration I/l significantly
decreases and this indicates the considerable recovery of the
conjugated graphitic framework upon removal of epoxy and
hydroxyl groups. Raman spectra in Fig. 5 clearly show that the
intensity of G band of rGO is high and sharp as compared to GO.

FTIR spectroscopy is an important tool for characterization
of functional groups attached on GO surface. Fig. 6 shows the
position of absorption peaks of GO in FTIR and it indicates that
different functional groups have different bond energy.” In the
case of GO, it have different peaks as hydroxyl (broad peak at
3050-3800 cm '), carbonyl (1750-1850 cm %), carboxyl (1650~
1750 ecm ™), C=C (1500-1600 cm '), and ether or epoxide
(1000-1280 cm ™) groups.”®*>%

4. Reduction of graphene oxide
4.1. Chemical reduction

Chemical reduction of graphite oxide is one of the excellent
procedures to synthesized rGO and graphene in large quanti-
ties.”®**** It includes ultrasonication of graphite oxide in water

This journal is © The Royal Society of Chemistry 2016
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forming a homogeneous dispersion of predominantly soluble
GO in water. The GO is reduced by a suitable chemical process;
the reduced GO formed resembles graphene but contains
residual oxygen and other hetero atoms, as well as structural
defects. During the reduction processes, most oxygen-
containing functional groups of GO are eliminated and the
m-electron conjugation within the aromatic system of graphite
is partially restored. Finally the rGO gets precipitated from the
reaction medium because of the recovered graphite domains of
chemically converted graphene sheets with increased hydro-
phobicity and m-stacking interaction.”® The properties of rGO
are nearly similar to that of graphene prepared through
different chemical, thermal, photo, electrochemical or micro-
wave reduction pathways.*® The most widely applied technique
used for preparing chemically converted reduced GO is the
chemical reduction of GO as shown in Fig. 7.

Shin et al.®” used NaBH, for the reduction of graphite oxide.
The different molar concentrations of NaBH, shows different
order of reduction confirmed by XRD patterns and it also shows
enhanced electrical properties after reduction. Fig. 8 shows the
XRD pattern of graphite oxide after reduction by NaBH, which
clearly shows the shifting and broadening of peaks at different
molar concentrations of NaBH,. At higher NaBH, molar
concentrations (150 mM), the peak of the large interlayer
distance disappeared and shifted into a broad peak near 26 =
23.98. This implied that functional groups were removed.

Fan et al.®® reported that the exfoliated graphite oxide can
undergo quick deoxygenation in strong alkali solutions like
NaOH and KOH at moderate temperatures (50-90 °C) resulting
in stable aqueous graphene suspensions. Fig. 9 shows that the
addition of NaOH to the graphite oxide suspension led to the
change in color (yellow-brown to dark black).

Various inorganic and organic reducing agents such as
phenyl hydrazine,” hydrazine hydrate,”” sodium borohy-
dride,’”**® ascorbic acid,'***** glucose,'® hydroxylamine,***
hydroquinone,'* pyrrole,'°® amino acids,'*”'* strongly alkaline
solutions®® and urea'® have been explored for the chemical

,;%EP Oxidation
—

Graphite
Graphite oxide
(GO)
1 Exfoliation
o 1 B D I Reduction
i i ey
‘-‘.’ -
TGP OB

Chemical converted
graphene (CCG)

Graphene oxide

Fig. 7 Preparation of chemically converted graphene (CCG) by
reduction of GO.°® Reprinted (adapted) with permission from ref. 96.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 8 XRD patterns of GO, graphite (G), and rGO obtained using
various molar concentrations of NaBH4.>” Reprinted (adapted) with
permission from ref. 97. Copyright © 2009 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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Fig. 9 (a) Illustration for the deoxygenation of exfoliated graphite
oxide under alkaline conditions and (b) images of the exfoliated-
graphite oxide suspension (~0.5 mg mL™Y) before and after reaction.
The control experiment in (b) carried out by heating the pristine
exfoliated-graphite oxide suspension without NaOH and KOH at 90 °C
for 5 h with the aid of sonication.®® Reprinted (adapted) with permis-
sion from ref. 98. Copyright © 2008 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

GO control

reduction of GO. Wang et al. reported that high-temperature
alcohol vapor can also be used as an effective reducing agent
of GO and the resulting chemically converted reduced graphene
exhibits a highly graphitic structure and excellent electrical
conductivity.'®®

4.2. Thermal reduction

Thermal reduction of GO or graphite oxide is an important
processing step in the synthesis of many graphene-based
materials and devices. The GO reduced by heating is known

64998 | RSC Adv., 2016, 6, 64993-65011
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as thermal reduction by annealing. Annealing atmosphere is
also important for the reduction of GO. Annealing reduction is
usually carried out in vacuum,® or in inert'™ or reducing
atmosphere.”**** Thermal reduction of GO comprised of the
thermal-energy-induced multistep removal of intercalated H,O
molecules and oxide groups of carboxyl, hydroxyl, and epoxy. It
should be noted that in chemical reduction, individual GO
sheets in the solution phase are chemically reduced by the
strong chemical base."** The rapid heating of graphite oxide at
high temperature, exfoliates in the form of porous carbon
materials and get converted into graphene with fewer amounts
of oxygen functionalities. The exfoliation occurs by the sudden
expansion of CO or CO, gases evolved from the spaces between
graphene sheets during rapid heating of the graphite oxide. The
rapid heating makes the oxygen containing functional groups
attached on carbon plane to decompose into gases that create
huge pressure between the stacked carbon layers. Based on
state equation, a pressure of 40 MPa is generated at 300 °C,
while 130 MPa is generated at 1000 °C.** The evaluation of the
Hamaker constant predicts that a pressure of only 2.5 MPa is
enough to separate two stacked GO platelets."”® Rapid heat
treatment at elevated temperature, not only exfoliate graphite
oxide but also reduce the functionalities by decomposing
oxygen containing groups. The notable effect found during the
thermal exfoliation is the structural defect and damage of gra-
phene sheets caused by the release of carbon dioxide.*® These
structural defects and damage inevitably affect the electronic
properties by decreasing the ballistic transport path length and
introducing scattering centers.

The heating temperature severely affects the removal of
oxygen from GO surfaces and consequently effect the reduction
of GO.*%"*"! Lj et al.'*> monitored the variation of chemical
structure with annealing temperature, and concludes that the
high temperature is needed to achieve the better reduction of
GO. Schniepp et al*® reported the C/O ratio less than 7 for
heating temperature less than 500 °C, and its ratio increases to
higher than 13 as the heating temperature reaches to 750 °C.
The reduction of GO usually enhances the electrical conduc-
tivity due to the removal of oxygen containing groups. Wang

s00] : : : : : —
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7 400 i
£ 300 1
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=
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O T T T T T T
500 600 700 800 900 1000 1100
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Fig. 10 Increase of the average conductivity of graphene films with
temperature.™ Reprinted (adapted) with permission from ref. 111.
Copyright (2008) American Chemical Society.
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et al."™ found the conductivity of GO thin films to increases with
annealing temperature as shown in Fig. 10. Electrical conduc-
tivity of the reduced GO film obtained at 550, 700, 900 and
1100 °C were 49, 93, 383 and 550 S cm™*, respectively. Wu
et al.'*® reported the hydrogen arc-discharge exfoliation tech-
nique for exfoliation of graphite oxide to prepare graphene.
Since the arc-discharge could provide temperatures above
2000 °C in a short time and the electrical conductivity of gra-
phene sheets was found to be 2000 S ecm ™.

4.3. Microwave and photo reduction

Microwave heating is widely used for the exfoliation and
reduction of graphitic precursor materials. With microwave
treatments, the preparation of graphene can be performed by
solid-state reduction of dry graphite oxide, the reduction of
graphite oxide in suspension, or by heating graphite interca-
lated compounds (GICs). Furthermore, the simultaneous
reduction and doping of GO and the preparation of hybrid
materials is also possible. The GO synthesis and reduction
using unconventional heating like microwave-irradiation
(MwrI)**e**® and photo-irradiation'**** is a fast and energy-
efficient method. MWI induced heating has been used as
a rapid way to synthesize graphene sheets.

Microwave assisted heating can provide significant enhance-
ment in the transfer of energy directly to the reactants which
causes instantaneous rise in internal temperature.”*'*! The rise in
instantaneous internal temperature can shorten the reaction time
significantly, and improves the reaction efficiency. Also, owing to
the difference in the solvent and reactant dielectric constants,
selective dielectric heating provides significant enhancement in
the direct energy transfer to the reactants, which causes an
instantaneous internal temperature rise and thereby reduction of
GO.™® Dry GO absorbs MWI strongly with a sudden increase in
surface temperature up to ~400 °C, of the GO, within just 2 s,
leading to an ultrafast reduction of GO to rGO.'” Several research
groups have used MWI for the synthesis as well as reduction of
GO."7?>126 Zhu et al. ' reported a simple and versatile method to
simultaneously achieve the exfoliation and reduction of graphite
oxide within 1 min by treating graphite oxide powders in
a commercial microwave oven. Yan et al' described a new
approach for the reduction of GO using glucose in an alkaline
environment by microwave heating. Chen et al.**® reduces GO in
a mixed solution of N,N-dimethylacetamide and water (DMAc/
H,0). The mixed solution works both as a solvent for the
production of graphene and as a medium to control the temper-
ature of the reactive system up to 165 °C. Here the reduction of GO
can be accomplished in time scale of minutes, and the degree of
reduction depends on the duration of microwave treatment and
given power (800 W). Fig. 11 shows the optical image of GO
suspension with concentration of 0.56 mg mL™" in water or
DMAc/water mixture before and after microwave heating for
different times. At first, an aqueous suspension of GO is yellow-
brown in color and after microwave irradiation for different
time duration its color starts to change and finally changes to
black. The GO suspension exhibited long-term stability at room
temperature without precipitation.
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Fig.11 Photographs of GO suspension with concentration of 0.56 mg
mL~! (a—f) under different conditions. (a) GO aqueous suspension after
microwave treatment for 1 min, (b) GO suspension in DMAc/H,O
(6:1), (c—f) GO suspension in DMAc/H,O (6 :1) after microwave
treatment for 1, 2, 3, and 10 min (2 min x 5 times), respectively, (g) re-
dispersed of the dried graphene into pure DMAc with concentration of
1.0 mg mL™1128 Reprinted (adapted) with permission from ref. 128.
Copyright © 2010 Elsevier B. V. All rights reserved.

Photo reduction like photo-thermal and photo-chemical
reduction of GO is a additive free, facile, clean, and versatile
approach to reduce GO. High-quality rGO has been prepared by
irradiating GO with sunlight, ultraviolet light, and KrF excimer
laser.” Ding et al.*** reduced GO using UV irradiation to obtain
single to few-layered graphene sheets without the use of any
photocatalyst. Cote et al.*** prepared rGO by photothermal
reduction of GO using xenon flash at ambient conditions and
patterned GO or GO/polymer films using photomask. Nano-
second laser pulses of KrF eximer laser of 335 and 532 nm
effectively reduces dispersed GO to thermally and chemically
stable graphene.*** Photochemical reduction of GO to graphene
has also been exploited for patterning. The photo-reduction and
patterned film fabrication was carried out with femto-second
laser irradiation.’® The focused laser beam (laser pulse of
790 nm central wavelength, 120 fs pulse width, 80 MHz repeti-
tion rate, focused by a x100 objective lens) was used to heat the
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Fig. 12 (a) AFM image of comb-like microcircuit and height profile
along the white line (L1), inset is the optical micrograph of the
microcircuit; (b) magnified image of the local pattern (blue square of a)
and height profile along the white line (L2); (c) 3D image of (b); (d)
illustration for the profile of GO film before and after femto second
laser reduction and (e) dependence of resistivity and conductivity of
reduced and pattern GO micro-belts on laser power.**® Reprinted
(adapted) with permission from ref. 119. Copyright © 2005 Elsevier B.
V. All rights reserved.

RSC Adv., 2016, 6, 64993-65011 | 64999


https://doi.org/10.1039/c6ra07626b

Published on 28 2016. Downloaded on 24-02-2026 20:57:10.

RSC Advances

localized GO film with a line width in the range of 1.5 um. As
a result, the laser reduction can produce rGO films with a much
higher conductivity with laser incident power by laser writing as
shown in Fig. 12.

Supported GO films on different substrates were also irra-
diated by excimer laser for its reduction. GO film deposited on
Si substrates were subjected to excimer laser radiation (Lambda
Physik KrF excimer laser, 248 nm wavelength, 30 ns lifetime,
300 mJ laser energy, 5 Hz repetition rate, 200 shots), for
reduction and patterning.'*»'** The high energy direct electron-
beam is also capable for the reduction of GO."™** The GO can be
reversibly reduced and oxidized using electrical stimulus.
Controlled reduction and oxidation in two-terminal devices
containing multilayer GO films was demonstrated by Ekiz
et al.*® and Yao et al.**

4.4. Photo catalyst reduction

The review article published by Pei et al. gives a detailed over-
view and description about the reduction of GO by photo-
catalysis method.” The attached functional groups on GO
surfaces can be removed by the help of photocatalyst like TiO,
which turns it into reduced GO. Kamat research group®’
ported the reduction of GO in a colloidal state with the help of
TiO, nanoparticles under ultraviolet irradiation. The GO sus-
pended in ethanol undergoes reduction as it accepts electrons
from UV-irradiated TiO, nanoparticles suspensions. After
reduction through TiO, photo catalyst, the color of the GO
suspension changes from brown to black as shown in Fig. 13.
Also the photocatalytic properties of semiconducting TiO,
particles have been thoroughly investigated."*® In the presence
of ethanol the holes are scavenged to produce ethoxy radicals,
thus leaving the electrons to accumulate within the TiO, parti-
cles. The accumulated electrons interact with GO sheets to
reduce functional groups and before reduction, the carboxyl
groups in GO surface can interact with the hydroxyl groups on
the TiO, surface by charge transfer mechanism, producing
a hybrid connection between TiO, and the GO, and this struc-
ture can be retained after reduction. The rGO sheets can work as
a current collector to facilitate the separation of electron/hole
pairs in some photovoltaic devices like photocatalysis
device and in dye-sensitized solar cell.™*'*' The similar
reduction mechanism has also been found in other carbon
materials such as carbon