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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.*>*
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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.
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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
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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.

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6ra07626b

Published on 28 June 2016. Downloaded on 1/31/2026 3:22:22 PM.

Review

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™"
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.

in water or
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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.
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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 nanotubes and fullerene."*>'** Beyond
TiO,, different materials with photo catalytic activity, like BiVO,

re-

Graphene | !

Fig. 13 Photo catalyst electron acceptance by GO and change in
color from brown to black after GO reduction.®®” Reprinted (adapted)
with permission from ref. 137. Copyright (2008) American Chemical
Society.
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(ref. 128) and ZnO'"* have also been reported to achieve the
reduction of GO.

4.5. Solvothermal/hydrothermal reduction

The reduction of GO through solvothermal or hydrothermal route
generally occurs at low temperature and high pressure is also an
important series in the field of graphene synthesis and reduc-
tion."*™*” Solvothermal processes can be defined as chemical
reactions or transformations in a solvent under supercritical
conditions or near by pressure-temperature domain resulting
from heating.**® Inside the sealed container, the reduction occurs
through processes involving surface chemistry, the reactivity
being increased under high pressure conditions and at moderate
temperatures. The hydrothermal method has been applied for the
transformation of carbohydrate molecules to form homogeneous
carbon nano-spheres*® and nanotubes.*® Zhou et al.**” reported
that supercritical water plays the role of reducing agent in
hydrothermal conditions and offers green chemistry alternative to
organic solvents. This result shows that the supercritical water
removes the functional groups attached on GO and also recovers
the aromatic structures of carbon lattice. Fig. 14 shows that after
reduction the solution color changes from brown to dark black
and UV visible absorption shows the decrease in band gap after
reduction of GO.

Wang et al.*** employed N,N-dimethylformamide as solvent for
the reduction of GO using solvothermal method. After sol-
vothermal treatment (180 °C for 12 h) the C/O ratio of rGO is
higher than that produced by hydrazine reduction at normal
pressure. It reveals that more oxygen content was removed after
the solvothermal treatment. Dubin et al.*** proposed a modified
solvothermal reduction method using N-methyl-2-purrolidinone
(NMP) as solvent. This treatment was not performed in a sealed
container and the heating temperature was lower than the boiling
point of NMP. As a result, there is no additional pressure present
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Fig. 14 UV visible absorption spectra of the GO (a) before and (b) after
hydrothermal treatment at 180 °C for 6 h. Inset shows the color
change of 0.5 mg mL™! GO solution before and after hydrothermal
treatment.**” Reprinted (adapted) with permission from ref. 147.
Copyright (2009) American Chemical Society.
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Table 1 Reduction approach of GO using reducing chemical agents with different conditions

O content (at%)/C/O

Reducing chemical agents/method Temp. (°C) Time (h) Solvent atomic ratio* Ref.
N,H, + NH; solution 95 1 H,O0 — 151
N,H,/DMF 180 12 DMF 1.5 146
Ascorbic acid RT 48 H,O0 — 101
Hexamethylenetetramine RT 12 H,0 — 152
S-Containing compound 95 3 H,0/DMAc-H,0 6.48% 153
Glucose + ammonia solution 95 (RT) 1 (48) H,0 — 154
Hydrazine hydrate 100 24 H,0 10.3* 95

Fe powder RT 6 H,0 7.9% 155
Zn + H,S0, RT 2 H,0 4.5 156
Hydroquinone Refluxed 20 H,0 — 105
NaBH, 125 3 H,O — 72

Tellurium nanowire RT 36 H,0 — 157
Ascorbic acid + amino acid 80 24 H,0 — 107
Solvothermal reduction 205 24 NMP 13.8 145
Solvothermal reduction 120-200 4-48 H,O0, ethanol, 1-butanol, 6.6-16.6 158

ethelene glycol
Thermal reduction 150 8 DMAc + H,O 4.7% 159

in the reduction process. The C/O ratio of the solvothermal rGO is
very low (5.15) and this reduction method can only achieve
a moderate reduction of GO. The electrical conductivity of the rGO
films achieved by this solvothermal reduction and subsequent
vacuum filtration is 3.74 x 10> S cm ', which is one order of
magnitude smaller than that produced by hydrazine reduction
(8.28 x 10° Secm™).

Various research groups have shown the reduction of GO
using different chemical agents with different solvent, at
different temperatures and time as summarised in Table 1.

5. Frontier applications of graphene
oxide
5.1. Lithium ion battery application

5.1.1. Anode materials. Zhu et al.'* utilized microwave
irradiation to yield rGO platelets decorated with Fe,O; nano-
particles and used it as an anode material for Li-ion batteries
which exhibited discharge and charge capacities of 1693 and
1227 mA h g~ ', respectively, normalized to the mass of Fe,O; in
the composite (and ~1355 and 982 mA h g~ '), respectively. A
three-layer-structured hybrid nanostructure consisting of tran-
sition metal oxide TiO, nanoparticles sandwiched between
carbonaceous polymer polyaniline and graphene nanosheets
enabled fast discharge and charge comparison to TiO, as re-
ported by Zhang et al.*®* Wang et al.*® reported the adaptable
silicon-carbon nanocables sandwiched between reduced GO
sheets as a anode material for lithium ion battery. This elec-
trode exhibited reversible specific capacity of 1600 mA h g™ ' at
2.1 Ag™', 80% capacity retention after 100 cycles, and superior
rate capability (500 mA h ¢~ ' at 8.4 A g~ ') on the basis of the
total electrode weight. Poly(3,4-ethylenedioxythiophene) sheath
over a SnO, hollow spheres/GO hybrid worked as a durable
anode in Li-ion batteries.**® Few-layer reduced GO synthesized
in GO solution using EDA as a reducing agent and a cross-
linker were utilized as a electrode material in lithium ion

This journal is © The Royal Society of Chemistry 2016

battery.’** CoO hollow cube/rGO composites enhances the
lithium storage capability,'®* whereas CoMoO, nanoparticles
anchored on reduced GO nanocomposites enhanced the cyclic
stability of anodes for lithium-ion batteries.'®® Germanium
nanoparticles encapsulated in nitrogen-doped reduced GO
were also utilized as an advanced anode material for lithium-
ion batteries by Yan Xu et al.'*® The Ge/rGO composite
exhibited an initial discharge capacity of 1475 mA h g~" and
a reversible capacity of 700 mA h g~' after 200 cycles at
a current density of 0.5 A g~ '. Moreover, Ge/rGO showed
a capacity of 210 mA h g~" even at a high current density of
10 A g~ '. Zhang et al.'*” proposed a facile, low-cost and scal-
able thermal annealing method for the synthesis of
phosphorus-doped graphene (PG) using graphite oxide (GO)
and triphenylphosphine (TPP) as carbon and phosphorus
sources, respectively. The resultant PG exhibited enhanced
electrochemical properties as an anode material in LIBs
comparison to undoped graphene.

Anode based on hydrogen-enriched reduced GO showed an
enhanced electrochemical performance as reported by Yoon
et al.*® A sandwiched nano-architecture of rolled-up Si/reduced
GO bilayer nano-membranes was utilized as anodes for lithium-
ion batteries, which demonstrated long cycling life of 2000
cycles at 3 A g~ " with a capacity degradation of only 3.3% per 100
cycles.'®® Zeng et al.’® presented a facile approach to fabricate
flexible spinel-type oxide/reduced GO composite aerogels as
binder-free anodes. Gao et al.*’* reported a multi-layered struc-
tural silicon-reduced GO electrode which showed a stable charge-
discharge performance with high rate, a reversible capacity of
2787 mA h g ! at a charging rate of 100 mA g ', and a stable
capacity over 1000 mA h g~ " retained at 1 A g~ after 50 cycles. The
cycling performance and columbic efficiency of the Si/rGO anode
are shown in Fig. 15a. Fig. 15b and c shows galvanostatic cycling
and the rate capability respectively.

Besides various rGO based composites like (i) crumpled rGO/

MoS, nanoflowers,'”? (ii) amorphous GeO,-coated rGO balls,'”

RSC Adv., 2016, 6, 64993-65011 | 65001
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Fig. 15 (a) Cycle performance at a constant current rate of 1000 mA
g ! after initial activation processes at 100 mA g~ for two cycles; (b)
galvanostatic discharge—charge profiles; and (c) rate performance of
Si/graphene composite electrode.” Reprinted (adapted) with
permission from ref. 171. Copyright (2015) American Chemical Society.

(iii) copper sulfide nanowires/rGO,"* (iv) Si/Ti,03/rGO,"* (v)
MnS hollow microspheres-rGO,"”® (vi) copper silicate hydrate
hollow spheres-tGO*”” (vii) fluorine-doped tin oxide nano-
crystal/rGO,"”® (viii) hollow nanobarrels of «-Fe,O; on rGO'”
and (ix) hierarchical rGO-Co,V,0; nanosheets**® etc. shows an
improved performance and stability as anode material for the
lithium-ion batteries.

5.1.2. Cathode materials. Ha et al.'® reported the fabrica-
tion and electrochemical activity of free-standing reduced GO
films as cathode materials for lithium ion batteries. The con-
ducting additive and binder-free rGO electrodes with different
oxygen contents were assembled by a simple vacuum filtration
process from aqueous rGO colloids prepared with the aid of
cationic surfactants. The gravimetric capacity of rGO film
cathodes showed clear dependence on the oxygen contents
controlled by the thermal reduction process. The capacity
increased with the increase of the amount of oxygen functional
groups. Guo et al.*® prepared a GO/LiFeSO,F composite which
served as a cathode material for improved cycle stability and
rate capability of for lithium-ion batteries. This unique struc-
ture constructs an effective electronic conductive network, thus
reducing the inner resistance of the battery, facilitating the
charge transfer reactions at the electrode/electrolyte interface,
and improving the lithium diffusion in the electrode bulk.

5.1.3. Lithium-sulfur battery. Lithium-sulfur batteries
hold great promise for serving as next generation high energy
density batteries. However, the shuttle of polysulfide induces
rapid capacity degradation and poor cycling stability of lithium-
sulfur cells. Since the loss of sulfur cathode material as a result
of polysulfide dissolution causes significant capacity fading in
rechargeable lithium/sulfur cells. Ji et al.*** used a chemical
approach to immobilize sulfur and lithium polysulfides via the
reactive functional groups on GO. Strong interaction between
GO and sulfur or polysulfides enabled lithium/sulfur cells with
a high reversible capacity of 950-1400 mA h g™, and stable
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cycling for more than 50 deep cycles at 0.1C (1C = 1675 mA g ).
An amylopectin wrapped GO-sulfur composite was prepared by
W. Zhou et al. to construct a 3-dimensionally cross-linked
structure through the interaction between amylopectin and
GO, for stabilizing lithium sulfur batteries.'®* With the help of
this cross-linked structure, the sulfur particles get confined
among the layers of GO and exhibited significantly improved
cyclability, compared with the unwrapped GO-sulfur
composite.

A generic method of coating GO on particles by engineering
the ionic strength of solutions was developed by Rong et al.'®
Uniform coating of GO on various particles with a wide range of
sizes, geometries, and compositions were achieved. GO on
sulfur particles to form sulfur/GO core-shell particles as Li-S
battery cathode materials was investigated, and found that the
sulfur/GO composite material exhibits significant improve-
ments in electrochemical performance over sulfur particles
without coating. The optical images and charge discharge
curves of the sulfur/GO are shown in the Fig. 16.

Since lithium sulfide (Li,S) is a promising cathode material
for Li-S batteries with high capacity (theoretically 1166 mA h
g ') and can be paired with non lithium-metal anodes to avoid
potential safety issues. However, the cycle life of coarse Li,S
particles suffers from poor electronic conductivity and poly-
sulfide shuttling. Wang et al.**® developed a flexible slurryless
nano-Li,S/reduced GO cathode paper which was directly used as
a free-standing and binder-free cathode without metal
substrate. It showed an excellent rate capability and cycle life.
Hwa et al.'® also reported the lithium sulfide/GO nanospheres
with conformal carbon coating as a high-rate, long-life cathode
for Li/S cells. Huang et al.'®® proposed a unique lithium sulfur
battery configuration with an ultrathin GO membrane for high
stability.

5.1.4. Lithium oxygen battery. Lithium-oxygen batteries as
electrical energy storage are attractive with exceptionally high-
energy density but endure from small rate capability, poor
cyclic stability and a scarcity of steady electrolytes. Ruthenium-
based nanomaterials supported on rGO were tested as a cata-
lysts for the oxygen reduction (ORR, Li,O, formation) and
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Fig. 16 Digital images of GO dispersed in different solutions at the
beginning, after 12 h and after adding sulfur particles to GO dispersion.
Galvanic charge—discharge performance and coulombic efficiency of
sulfur/GO at 1 A g~* for 1000 cycles. Discharge specific capacity
calculated based on weight of sulfur only (green dotted line) and total
weight of sulfur/GO are plotted.’®® Reprinted (adapted) with permis-
sion from ref. 185. Copyright (2014) American Chemical Society.
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oxidation (OER, Li,O, reconversion) in the Li/O, cells using
a TEGDME-LiCF;SO; electrolyte by Jung et al**®. Sun et al.**
reported the synthesis of porous graphene with different pore
size architectures as cathode catalysts for Li-O, batteries. The
addition of ruthenium (Ru) nanocrystals to porous graphene
promotes the oxygen evolution reaction. The Ru nanocrystal-
decorated porous graphene exhibited an excellent catalytic
activity as cathodes in Li-O, batteries with a high reversible
capacity of 17700 mA h g™ ', a low charge/discharge over-
potential (about 0.355 V), and a long cycle life up to 200 cycles
(under the curtaining capacity of 1000 mA h g ').°* Nano-
crystalline Coz0,4, grown on reduced graphene oxide (Coz;0,/
RGO) was employed as part of a carbon-based oxygen electrode
membrane which results in significant reduction of over-
potentials for OER (up to 350 mV), and improved cycling
performance in the Li-O, cell.**® Li et al.***"** employed pure,
nitrogen and sulphur doped graphene nano sheets derived
from the thermal reduction of GO in lithium-oxygen batteries
and found that they show excellent electrocatalytic activity for
oxygen reduction.

5.2. Solar cell applications

Organic photovoltaic (OPV) materials have recently garnered
significant attention as enablers of high power conversion
efficiency (PCE), low-cost, mechanically flexible solar cells.
Nevertheless, further understanding-based materials develop-
ments will be required to achieve full commercial viability. In
particular, the performance and durability of many current
generation OPVs are limited by poorly understood interfacial
phenomena.

The utilization of GO thin films as the hole transport and
electron blocking layer in organic photovoltaics was demon-
strated by Li et al™* The incorporation of GO deposited from
neutral solutions between the photoactive poly(3-hexylthiophene)
(P3HT):phenyl-Cg;-butyric acid methyl ester (PCBM) layer and the
transparent and conducting indium tin oxide led to a decrease in
recombination of electrons-holes and leakage currents. This
resulted in a dramatic increase in the OPV efficiencies to values
that are comparable to devices fabricated with PEDOT:PSS as the
hole transport layer. Liu et al.**® utilized sulfated GO as a hole-
extraction layer for high-performance polymer solar cells. Rad-
ich et al*™ reported Cu,S reduced GO composite for high-
efficiency quantum dot solar cells.

Murray et al.*” applied electronically tuned GO as an effec-
tive interfacial layer (IFL) for templating the optimum donor
polymer m-stacking orientation for high efficiency OPVs. In
addition to functioning as a solution-processable PEDOT:PSS
alternative, GO significantly enhances the durability of fully
fabricated devices by increasing the active layer-IFL interfacial
stability under thermal and environmental stress.

Kavan et al.*® used optically transparent cathode for Co(/u)
mediated dye-sensitized solar cells (DSSC) based on GO.
Various other counter electrodes like (i) rGO-TaON composite
for Co(bpy),>"? mediated DSSC,"® (ii) multiwalled carbon
nanotube@rGO nanoribbon,*® (iii) TiO, photo-anodes with
nitrogen-rGO,*”" (iv) rapid atmospheric pressure plasma jet
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processed rGO,>* (v) nanocomposite of tin sulfide nanoparticles
with rGO,** and (vi) GO assisted anatase TiO, nanosheets**
were utilized to improve the overall performance and efficien-
cies of the solar cells. Han et al.*® reported rGO/mesoporous-
TiO, nanocomposite based meso-structured perovskite solar
cells that showed an improved electron transport property
owing to the reduced interfacial resistance. This effect signifi-
cantly increased the short circuit current density and open
circuit voltage. The rGO/mesoporous-TiO, nanocomposite film
with an optimal rGO content of 0.4 vol% shows 18% higher
photon conversion efficiency compared with the TiO, nano-
particles based perovskite solar cells.

5.3. Supercapacitor applications

An alternative and effective route to prepare conducting
polyaniline-grafted rGO composite with highly enhanced
properties was reported by Kumar and co-workers.>*® The
composite showed more pronounced electrochemical perfor-
mances than the pristine GO as supercapacitor electrodes,
exhibiting a capacitance value of 250 F g~ . Xu et al.>”” prepared
GO (GO)/polyaniline nanocomposite by in situ polymerization
with the assistance of supercritical carbon dioxide (SC CO,)
which exhibited high specific capacitance (425 F g ') at
a current density of 0.2 A g~ . A hierarchical high-performance
electrode with nanoacanthine-style polyaniline deposited onto
a carbon nanofiber/GO template was successfully prepared by
Xu et al.**® via in situ polymerization process. The hierarchical
free-standing electrodes showed a significant specific capaci-
tance of 450.2 F g~ at the voltage scan rate of 10 mV s~ .

Zhang et al.** developed a highly conductive, free-standing,
and flexible porous carbon film by simple KOH activation of
reduced G-O films. The supercapacitors constructed with these
films as electrodes yielded outstanding power and frequency
performance, simultaneously maintaining excellent energy
densities. Li et al.®* prepared hierarchical flowerlike NiO/
reduced GO composites which showed a maximum specific
capacitance ~428 F g~' at a discharge current density of
0.38 A g 'in a 6.0 M KOH electrolyte.

Hsieh et al.>** reported high specific capacitance, superior
rate capability, and excellent cyclic stability of reduced GO
nanosheets decorated with SnO, nanocrystals as electrode
materials for electrochemical capacitors. Xing et al.*'* reported
a facile photochemical reduction method for producing the
photoreduced graphene hydrogels with 3D porous structures
from GO suspension. The supercapacitor based on this
structure performed a high specific capacitance of 254 F g~ ' at
1 A g7 ' in KOH electrolyte. Sahu et al>?® synthesized high
performance lacey rGO nanoribbons (LrGONR). Holes created
during the LrGONR synthesis not only enhanced the electrolytic
accessibility but destacked all the graphene layers through
protrusion at edge planes and corrugation in individual gra-
phene. The supercapacitor exhibited exceptionally high energy/
power density, typically 15.06 W h kg~ '/807 W kg~ * in aqueous
at1.7Ag ', 90 W h kg™ '/2046.8 W kg ' in non aqueous at 1.8 A
¢, and 181.5 W h kg™ '/2316.8 W kg ' in ionic electrolyte at
~1.6 Ag "
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A ternary nanocomposite system, composed of poly(-
vinylidene fluoride) (PVDF), NH,-treated graphene nanodots
(GND), and rGO, was synthesized by Sunghun Cho et al.*** The
resulting PVDF/NH, treated GND/rGO nanocomposite exhibited
higher dielectric constant (¢© = 60.6) and larger energy density
(Ue = 14.1 ] ecm®) compared with the pristine PVDF (¢’ = 11.6
and U, = 1.8 ] ecm®).

Kumar et al.>>***%%215 gynthesized different graphene-metal
oxide based hybrid materials as electrodes for supercapacitor
applications. The reported work shows that the electrochemical
performance of a interesting three-dimensional structures
comprised of zero-dimensional cobalt oxide nanobeads, one-
dimensional carbon nanotubes and two-dimensional gra-
phene, stacked hierarchically.””® The electrode based on this
hierarchical structure showed an electrochemical performance
with a maximum specific capacitance of 600 F g~ * at the charge/
discharge current density of 0.7 A g " in KOH electrolyte. An
ultrathin supercapacitor electrode was fabricated by solution-
processable assembly of rGO nanosheets with a photo-cross-
linkable polymer by Jo et al.**® UV treatment triggered cross-
linking of DR with PEDOT:PSS, causing pure electrostatic
interactions to convert to covalent bonds. This film exhibited
a large volumetric capacitance value of 354 F cm .

Three dimensional rGO/Ni foam composites were prepared
by Yang et al.>"” by reduction of GO by Ni foam directly in its
aqueous suspension at pH 2 at room temperature. When the
reduction time increased from 3 to 15 days, the areal capaci-
tance of the composite increases from 26.0 to 136.8 mF cm ™2 at
0.5 mA cm™ 2. The 5 h rGO/Ni foam composite shows an areal

Fig. 17 (a) Digital image of pristine Ni foam and the Ni foams after
immersion in GO suspensions with different pH values for 7 days of
reduction at room temperature. SEM images of (b) pristine Ni foam, (c,
d) freeze-dried 7 day rGO/Ni foam composite, and (e) freeze-dried 3
day rGO/Ni foam composite.?” Reprinted (adapted) with permission
from ref. 217. Copyright (2016) American Chemical Society.
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capacitance of 206.7 mF cm™ > at 0.5 mA cm > and good rate
performance and cycling stability with areal capacitance reten-
tion of 97.4% after 10000 cycles at 3 mA cm > Further
extending the reduction time to 9 h at 70 °C, the composite
shows a high areal capacitance of 323 mF cm™ > at 0.5 mA cm ™.
Fig. 17a shows the digital image of Ni foams before and after 7
day immersion in the GO aqueous suspension with different pH
values. The microstructures of pristine Ni foam and the rGO/Ni
foam composite prepared at pH-2 for 7 days are shown in
Fig. 17b-d.

5.4. Bio applications

Being the newest member of the carbon materials family, gra-
phene possesses many unique physical properties resulting is
awide range of applications. Recently, it was discovered that GO
can effectively adsorb DNA, and at the same time, it can
completely quench adsorbed fluorophores. These properties
make it possible to prepare DNA-based graphene materials for
various bio applications in detection and cure of the diseases.

Wu et al.**® described fluorescent-labeled oligonucleo-tides
on GO surface. The binding between DNA and GO is strongly
affected by both electrostatic repulsion and hydrophobic
interactions. Cations, pH, and organic solvent can all be used to
modulate DNA binding. Shorter DNA binds to the surface with
faster kinetics and higher adsorption efficiency. Desorption can
occur by adding the c-DNA to form ds-DNA, adding the same
DNA to exchange, and increasing temperature. The
temperature-induced desorption, however, was quite ineffec-
tive, suggesting a high binding affinity. Overall, the DNA
binding to GO is very stable and reversible. These basic
understandings of the surface interaction between DNA and GO
are described in the Fig. 18. The mechanism of DNA adsorption
and desorption on GO was explained by Park et al.**’

Zhang et al.** demonstrated that uniform ultrasmall GO
nanosheets has very low cytotoxicity and high cellular uptake.
Therefore, the as-prepared uniform ultrasmall GO nanosheets

(@ 12:36 mer b (1] \/\.
\ [ IAVAN

© High temperature

——— FAM labeled DNA
——— +G0

<
Fluorescence (a.u.)

Fig. 18 (a) Schematic presentation of FAM-labeled DNA adsorption
and desorption on GO. Fluorescence is quenched upon adsorption.
Desorption can be achieved by adding the c-DNA (reaction 1), DNA
exchange with the same DNA (reaction 2), or increasing temperature
(reaction 3). (b) An AFM image showing GO sheets deposited on
a silicon wafer. (c) The height profile of the line in (b) shows the sheets
to be ~1.5 nmin thickness. (d) Fluorescence spectra of 100 nM 18-mer
DNAin 25 mM HEPES, 100 mM NaCl, and 5 mM MgCl; in the presence
and absence of 50 pg mL™' of GO.28 Reprinted (adapted) with
permission from ref. 218. Copyright (2011) American Chemical Society.
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could be explored as the ideal nanocarriers for drug delivery and
intracellular fluorescent nanoprobe. Liu et al*** reported
transferrin modified GO for glioma-targeted drug delivery and
was evaluated in vitro and in vivo also. Zhang et al.>** developed
a GO-DTPA-Gd/DOX-based theranostic nanoplatform with dual
modality T; MRI/fluorescence imaging and drug delivery func-
tionalities. Weaver et al.** reported electrically controlled drug
delivery nanocomposite composed of GO deposited inside
a conducting polymer scaffold.

Various graphene based composites like (i) patterned
substrates of nano-GO** (ii) GO/hydrogel-based angiogenic?*®
(iii) hyaluronic acid-decorated GO nanohybrids®*® (iv) func-
tionalized GO nanoparticles,” and (v) fluorescent GO via
polymer grafting®”” etc. were utilized for efficient drug delivery.
GO could be fabricated by modifying its functional groups to
impart specific functional or structural attributes. This study
demonstrated the development of a GO-based efficient gene
delivery carrier through installation of polyethylenimine,
a cationic polymer, which has been widely used as a non viral
gene delivery vector. Kim et al.**® demonstrated the successful
fabrication of GO through covalent linkage with LMW BPEI,
which acted as a cationic gene carrier. The BPEI-GO possessed
high gene delivery efficiency and exhibited high cell viability.
Furthermore, the PL properties of GO were enhanced through
conjugation of BPEI to GO, which advocated the immense
potential of BPEI-GO as a fluorescence reagent. Gold encapsu-
lated nanoparticles or nanorods in GO shells showed a great
response as a novel gene vector.**®

Zhang et al.**° grew porous platinum nanoparticles on GO
which was proven to function as peroxidase mimetics that can
catalyze the reaction of peroxidase substrate in the presence of
hydrogen peroxide. On the basis of the peroxidase-like activity,
this composite was utilized as a signal transducer to develop
a colorimetric assay for the direct detection of cancer cells as
described in the Fig. 19.

Fluorogenic resveratrol-confined GO were utilized for the
detection of Alzheimer's disease by He et al**' MicroRNA in
tumor cells were detected by using exonuclease III and GO-
regulated signal amplification by Huang et al.>** GO-capped
mesoporous silica based drug could be released by remote
control to cancer cells by photoinduced pH-jump activation as
reported by He et al.>**. Multifunctional hybrid nanopatches of

FA-PINPs/GO

=

Cancer Cell Cancer Cell

J! 1,0,#TMB

(1

H,0+oxTMB

Graphene Oxide X Folic Acid 9 ® rFolate Receptor

Fig. 19 Schematic representation of colorimetric direction of cancer
cells by using folic acid functionalized PtNPs/GO.%° Reprinted
(adapted) with permission from ref. 230. Copyright (2011) American
Chemical Society.
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GO and gold nanostars can be utilized for ultraefficient photo-
thermal cancer therapy.®* The photothermal therapeutic
response of cancer cells to aptamer-gold nanoparticle-
hybridized GO under NIR illumination was studied by Yang
et al**® Multifunctional biocompatible GO quantum dots
decorated magnetic nanoplatform were utilized for efficient
capture and two-photon imaging of rare tumor cells.?*

Demeritte et al.>®*® reported hybrid GO based plasmonic-
magnetic multifunctional nanoplatform for selective separa-
tion and label-free identification of Alzheimer's disease
biomarkers biotin containing rGO based nano system was
proved as a multi-effect anticancer agent by Mauro et al.>*” The
hybrid based on rGO with ultrasmall gold nanorod were utilized
for a sequential drug release and enhanced photothermal and
photoacoustic effect for cancer therapy.*® Zirconia/GO hybrid
micromotors can selectively capture the nerve agents as re-
ported by Singh et al.>*® Kenry et al.>*® investigated the cellular
interactions between the breast cancer cells and the
two-dimensional planar graphene material films. They observed
the selective accelerated proliferation and increased cellular
spreading areas coupled with minimal cytotoxicity of both
malignant breast cancer cells induced by the planar GO film.

GO-silver nanocomposite were reported as a highly effective
antibacterial agent with species-specific mechanisms.*** This
composite was also reported as a antibacterial against Xantho-
monas perforans which causes a major disease of tomatoes,
leading to reduction in production by 10-50%.%*> GO wrapped
SERS tags can also be utilized as a multifunctional platforms
toward optical labeling, photothermal ablation of bacteria, and
the monitoring of killing effect.>** Wang et al.>** synthesized the
ZnO/GO composites of varying contents of ZnO in high quality
and these composites own superior antibacterial properties
against E. coli with low cytotoxicity. Besides GO utilized as anti-
bacterial agent as a killing dental pathogens.>**

5.5. Biosensors applications

Sensors/biosensors allow an electronic device to become
a gateway between the digital and physical worlds. Sensor
materials with unprecedented performance can create new
applications and new avenues for user interaction. Graphene
and its related materials have attracted much interest in
sensing applications because of their optimized ratio between
active surface and bulk volume. In particular, several forms of
oxidized graphene have been studied to optimize the sensing
efficiency, sometimes moving away from practical solutions to
boost performance.**®

Biocompatible GO/functionalized GOs have been widely
exploited for the sensing of biomolecules like (i) glucose,*” (ii)
amplified DNA** (iii) p-glucosamine,** (iv) microRNA,>*° (v) DNA/
RNA aptamers,® (vi) multiplexed microRNA,*> (vii) optical
aptamer,** (viii) arbitrary DNA mutations,** and (ix) luminescent
iridium(m) complex labeled DNA.*** GO based CuO nanoparticles
composite electrode highly enhanced the nonenzymatic glucose
detection.”® A novel enzyme like activity of GO integrated with
chitosan was demonstrated by Wang et al. and used as an efficient
bio sensing system for glucose detection.>”
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5.6. Sensors applications

Ren et al.>*® prepared GO/AgNP hybrids as SERS substrates for
ultrasensitive and label-free SERS detection of folic acid in water
and serum according to the inherent SERS spectra of folic acid.
GO is also reported by various researchers as a ultrafast
humidity sensors.”**** Paek et al.>**> developed a versatile plat-
form for a highly stable, colorimetric, wide-range pH sensor.
This pH sensor consisted of responsive polymer and QD hybrids
integrated onto the surface of GO. The distances between the
two color-emitting QDs and the GO were controlled indepen-
dently via two linkers of pH-responsive poly(acrylic acid) (PAA)
and poly(2-vinylpyridine) (P2VP), resulting in colorimetric
responses over a wide range of pH values. Pt-decorated GO
nanostructures were utilized by Wang et al. as a hydrogen gas
sensor.>*

6. Conclusions and outlook

In this review we have intended to address the continued
developments and challenges with a wide scope of interest,
highlighting fundamental understanding of the synthesis,
characterization, reduction of GO and its potential applications
in various research fields. Graphene oxide and reduced gra-
phene oxide (incomplete reduction into graphene due to the
limited capacity of reducing agents), because of various con-
taining functional groups like epoxy, hydroxyl, carboxyl and
carbonyl, and various defects/disordered caused during reduc-
tion provide an efficient tool and a broad scope to scientific
community for its widespread applications in emerging
research areas of interest like energy sector and biomedicine.
The GO is also a useful platform for the fabrication of func-
tionalized graphene that can potentially confer improved
mechanical, thermal and electronic properties etc. Readily
available functional groups set up to bind with various other
nanostructures, drugs and biological molecules like DNA,
peptide, aptamer, protein, lipids etc. make graphene oxide as
one of the most suitable candidate for energy storage, electro-
chemical devices, biosensors, catalysis, imaging/mapping of the
cancer cells, photo-thermal therapy, targeted drug delivery,
contamination purification and extraction devices for chemical,
biological, and environmental samples. Various simple, large
scale and cost effective methods discussed in the review have
not only opened its application in the areas where we require
large amount of materials but with reduced cost specially for
drug design and delivery, the treatment/cure of life-threatening
diseases like cancer and AIDS. Huge number of published
research and works being done have not only proved its
supremacy over other nanomaterials used so far but also
continuously surprising researcher's mind with its new hope
and possibilities day by day.
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