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Fabrication of graphene via oxidation–reduction method is a rewarding approach in terms of scalability and cost of production. In this regard,
restoration of the lattice defects presents in graphene oxide (GO) during the thermal reduction in the presence of a carbon source is one of the
best alternatives. However, the mechanism of restoration is still unclear. This article presents the restoration in the presence of ethanol at a
moderately high temperature by using a simple chemical vapor deposition setup, mainly focusing on the contribution of ethanol in the restoration
with the increase in reduction time to postulate a possible mechanism. Raman spectroscopy, X-ray photoelectron spectroscopy, and for the first
time atomic force microscopy along with Kelvin probe force microscopy were adopted to fulfill the objective.

© 2018 The Japan Society of Applied Physics

1. Introduction

Preparation of graphene via oxidation–reduction method has
become one of the fieriest research areas in the graphene
community.1) This is due to the ability to synthesize graphene
in a large-scale in an economical manner and the capability of
tuning the physical and chemical properties of the synthe-
sized product depending on a vast range of applications.2)

Oxidation-reduction route involves graphite, an abundant and
cheap material, as a raw material which is oxidized to
graphene oxide (GO— highly decorated by many oxygen
functionalities)3) followed by reduction to synthesize graph-
ene. However, due to the lattice defects created during
oxidation and residual oxygen functionalities remained after
reduction, the obtained reduced product does not fully
resemble pristine graphene4) and hence, it is more precisely
termed as reduced graphene oxide (RGO). Figure 1 shows
the chemical structure of graphite, graphene, GO, and RGO.
Reduction of GO can be done chemically by using a reducing
agent,5) by thermally,6) hydrothermally,7) electrochemically,8)

or by UV=solar irradiation.9) However, all these reduction

methods cannot fully remove oxygen functional groups, even
by thermal annealing at temperatures as high as 1000 °C.10)

Compared to other reduction strategies, thermal annealing
results in the removal of majority of oxygen functionalities.
However, during annealing some carbon atoms from the GO
structure can be eliminated as CO and CO2 making additional
lattice vacancies or enlarging existing vacancies.4) Despite
this defective structure, RGO has shown promising applica-
tions in conductive ink,11) catalysis,12) energy storage,13)

functional composites,14) and water remediation15) in which
pristine graphene cannot be applied directly. However, low
electronic conductivity of RGO hinders its applicability in
devices, due to the lack of long-range conjugated structure
caused by lattice defects and oxygen functionalities. Hence,
the recovery of graphene structure by repairing the lattice
defects with the simultaneous removal of oxygen function-
alities in GO is vital.16) On the other hand, pristine graphene
grown on catalytic substrates is required to be transferred
on to other substrates such as, SiO2=Si, Si or glass for the
device fabrication which needs much more time and effort.
Although direct growth of graphene on dielectric substrates

Fig. 1. (Color online) Schematic representation of chemical structure of graphite, graphene, graphene oxide, and reduced graphene oxide.
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by chemical vapor deposition (CVD) method has been
reported, it is difficult to synthesize large-area graphene films
with high conductivity.17,18)

As an alternative strategy, thermal reduction of GO in the
presence of a carbon source to restore the sp2 lattice structure
is more rewarding. Restoration is performed under the
conditions as same as carbon nanotubes (CNTs) or pristine
graphene synthesis by CVD method.19) As an added
advantage, graphene fabrication can be directly done on a
dielectric substrate or thermally stable quartz where they can
be used directly for applications. The carbon sources so far
that have been studied are ethylene,19) acetylene,20) etha-
nol,21) and methane.22) Ethanol (EtOH) has proven to be a
more promising carbon source over the others due to several
reasons; it is a liquid at room temperature and safe and easy
to handle, also it is the most common source in the synthesis
of CNTs due to less formation of soot or solid carbon from
its vapour compared to hydrocarbon flame.23) It is believed
that the hydroxyl radicals (OH-radicals) formed by the
pyrolysis of EtOH act as etching species and effectively
remove amorphous carbon leaving the carbon radicals (C-
radicals) with proper energy and mobility for the growth of
CNTs.21,23) In this regard, EtOH plays a dual role in the
synthesis of CNTs which could also be applied to the
restoration of graphitic structure.

Pyrolysis of EtOH is a catalytic process which generally
occurs in the temperature range of 600–750 °C. Without a
catalyst, pyrolysis of EtOH can take place in the range
800–900 °C.24) Because the restoration is not a catalytic
process, high temperatures are necessary in order to pyrolyse
the EtOH molecules. Based on the reported works on
restoration, EtOH vapour supplied to the sample was
pyrolysed at high temperatures to form carbon radicals (C-
radicals) which were involved in repairing the defects.21) Su
et al. reported that annealing at 900–1000 °C with EtOH
could produce transparent and conductive RGO films,
although they suffer from obtaining intense D-band in Raman
spectrum.21) In order to obtain highly crystalline RGO Ishida
et al. have conducted the restoration at a temperature as high
as 1800 °C using a sophisticated equipment.25) Even so, an
apt mechanism on how the restoration takes place has not
been reported. One plausible mechanism has been explained
by Gong et al. by combining density functional theory
(DFT), ab initio molecular dynamics (MD) calculations, and
in-situ infrared absorption spectroscopy; EtOH is found to
repair lattice defects by grafting to the defects sites as the
molecule itself (without decomposition) thereby facilitating
the formation of new hexagonal carbon rings. However, their
GO films on SiO2 substrates were soaked in EtOH, dried with
dry nitrogen gas and then annealed at 800 °C.26) In the
present work, EtOH assisted restoration of graphitic structure
is performed at a moderate temperature as 800 °C in a simple
CVD setup where EtOH evaporates inside the reaction
chamber and pyrolyses at the same time (the schematic of
the setup is shown in Fig. 2). In order to understand the
restoration behaviour of the graphitic structure, annealing is
done under different durations and the characterization is
mainly done by Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS). As a step ahead, for the first
time we performed the nano-scale characterization of restored
graphene via atomic force microscopy (AFM) along with

Kelvin probe force microscopy (KPFM) to show how the
topography and the surface potential change upon annealing
with EtOH. Results indicate that annealing at 800 °C is
capable of removing majority of oxygen functionalities and
also in pyrolysing EtOH. With the increase in reduction
time, GA peak intensity has shown a gradual increase with the
gradual decrease in its width signifying the restoration of
graphitic structure.

2. Experimental methods

2.1 Sample preparation
2.1.1 Synthesis of graphene oxide. Graphene oxide
was synthesized following a modified Hummers’ method
reported elsewhere with few variations.27) Briefly, natural
graphite flakes (obtained from Bogala mines, Sri Lanka.
∼125 µm in average flake size) were dispersed in conc.
H2SO4 by ultrasonication. To this dispersion, KMnO4 was
added slowly while stirring in an ice bath. The mixture was
then ultrasonicated for 5min followed by stirring for 25min
at room temperature. This step was repeated for 10 times
and allowed to stir at 35 °C. The resulting mixture was then
slowly added to a beaker containing cold deionized (DI)
water and ultrasonicated to exfoliate the GO sheets. Later,
H2O2 was added to quench the reaction, and the obtained
bright yellow suspension was centrifuged and repeatedly
washed with HCl and DI water. The resulted GO was dried in
ambient air.
2.1.2 Ethanol assisted thermal reduction. SiO2 (300
nm)=Si wafers were used as the substrates in this experiment
which were hydrophilisized by exposing to UV=O3. A stable
aqueous dispersion of GO (0.1mgml−1) was prepared and a
thin layer of GO was deposited by spin coating on the
substrate. Ethanol assisted thermal reduction was carried out
by using a commercial CVD setup (Microphase MPCNT-
Basic). The GO deposited SiO2=Si samples were annealed at
800 °C (with and without EtOH) under flow of 3% H2=Ar at
10 kPa. After annealing, the samples were cooled to room
temperature in vacuum (below 10 kPa). The annealing time
was optimized from 5–30min by fixing the EtOH volume
to 4ml.
2.2 Sample characterization
The degree of restoration with time was characterized by

Fig. 2. (Color online) Schematic representation of the CVD setup.
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Raman spectroscopy (Renishaw InVia Raman spectroscope)
and the samples were excited by a laser with a wavelength
of 532 nm. The chemical state of functional groups was
analyzed done by XPS (ULVAC-PHI 5000 Versa Probe II)
with a monochromatic Al-Kα X-ray source. The changes in
contact potential difference (CPD) and the topography were
evaluated by peak-force frequency modulated KPFM along
with AFM (Bruker Multimode 8) in ambient conditions by
using Pt coated tips (Olympus OMCL-AC240TM).

3. Results and discussion

Reduction and the removal of oxygen functionalities were
determined by XPS. Figure 3(a) shows the XPS C 1s
deconvoluted spectrum of GO that can be assigned to four
major peaks; peak at 284.6 eV, assigned to sp2 C=C bonds
and three peaks for oxygen functionalities at 286.6, 288.3,

and 290.5 eV assigned to C–O bond in hydroxyl (C–OH) and
epoxy (C–O–C), carbonyl (C=O), and carboxylic (HO–
C=O) groups, respectively.28) As shown in Fig. 3(b), after
annealing, the intensity of peaks corresponding to oxygen
functionalities, especially the peak for C–O groups, has been
greatly suppressed. Additionally, after reduction an addi-
tional peak was observed at 285.5 eV. It has been reported
that the peak at 284.6 eV is composed of both sp2 hybridized
and sp3 hybridized carbon bonds with slightly different
binding energies.28,29) Hence, this peak can be ascribed to sp3

C–C or C–H moieties formed by the recombination of carbon
radicals that may have not been properly aligned on the
lattice.30) At the same time, the major peak at 284.4 eV has
become sharper after reduction (1.35 eV in GO and 0.84 eV
in RGO 20min sample), which implies the recovery of sp2

C=C bonds. Figure 3(c) shows the XPS spectrum of the
sample treated without EtOH. Accordingly, the peaks
ascribed to oxygen groups has been declined though the
width of the major peak is higher than that of the one treated
with EtOH at the same duration (1.00 eV), suggesting that the
restoration of C=C bonds is more favourable in the EtOH
medium.28)

Figure 4(a) shows the Raman spectra of GO and RGO
synthesized at different annealing times. Raman spectrum of
GO shows a broad D band at 1334 cm−1 corresponding to sp3

carbons and structural defects, a broad G band at 1604 cm−1

corresponding to sp2 carbon domains and a flat GA region
(∼2700 cm−1) accompanied with a broad D+G band (∼2900
cm−1).31) On the contrary, upon annealing in the presence of
EtOH both D and G bands have become sharper and GA band
has appeared, even for the sample annealed for 5min.
Figure 4(b) displays the changes in the intensity ratio
between D=G (ID=IG) bands and GA=G (IGA=IG) bands, and
the full width at half maximum of the GA band (FWHMGA),
as a function of reduction time. The ID=IG ratio of GO was
found to be 0.961 ± 0.006. The 5min sample shows the
highest ID=IG ratio (3.19 ± 0.06) and lowest IGA=IG ratio
(0.304 ± 0.009). With increasing reduction time, both ID=IG
ratio and FWHMGA were decreased and IGA=IG ratio was
increased until 20min treatment, while the results show an
opposite trend from 20 to 30min. Appearance of a low
intense D band (ID) and a high intense GA band (IGA) with a
low width (FWHMGA) corroborate the removal of oxygen
groups with simultaneous sp2 C=C bond recovery or
restoration.21,31) Hence, the increase in IGA and the decrease
in FWHMGA with the increasing annealing time can be
claimed for the recovery or restoration of lattice vacancies by
the C-radicals formed from EtOH. Sharp D and G bands
indicates the removal of oxygen moieties during annealing.
Figure 4(c) shows the Raman spectrum of a sample treated
without EtOH. It shows a flat GA region in contrast to the
Raman spectra of the samples annealed with EtOH. Also, the
D and G bands are not as sharp as for the samples treated
with EtOH and the ID=IG ratio has slightly increased to
1.20 ± 0.02. The absence of GA band maybe indicates that the
C=C bond recovery has not been taken place, except for the
reduction, as also shown in XPS results. EtOH performs a
dual function; as the supplier of C-radicals to repair the lattice
defects and as a reducing agent where the OH-radicals can
remove the oxygen groups and amorphous carbons without
the expense of carbon on the GO structure. Therefore, when
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Fig. 3. (Color online) XPS C 1s deconvoluted spectra of GO (a), RGO
20min with EtOH (b), and RGO 20min without EtOH (c).
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annealed without EtOH only the removal of oxygen groups
would take place and some of the carbons from the GO lattice
can be eliminated as CO and=or CO2, which accounts for the
broad D and G bands and high ID=IG ratio compared to GO.
The following paragraph describes the possible reasons for
these Raman results in combination with the CVD setup we
used in order to build up a conceivable mechanism.

It is worthy to mention that the temperature inside the
CVD chamber is not uniformly distributed. For instance,
800 °C is the temperature detected from the sample, which is

kept on a carbon heater. It means that, the surrounding
temperature can be lower than 800 °C. Hence, depending
on the time of restoration, inside the reaction chamber there
can be a blend of different entities of EtOH such as, carbon
radicals formed by the complete pyrolysis, partially pyro-
lysed EtOH and non-pyrolysed EtOH. Accordingly, carbon
radicals released by the pyrolysis of EtOH involve in
repairing the defects which can be confirmed by the
appearance of the GA-band. On the other hand, partially
pyrolysed and non-pyrolysed entities can be deposited on
GO through dangling bond formation either with remaining
functional groups at the defect sites or on the basal plane, or
can be removed while cooling.26)

When we compare the Raman spectra of 5min sample and
GO [Fig. 4(a)], the appearance of an intense D-band in 5min
sample can be ascribed for the beginning of the structural
changes in the graphitic structure occur due to the high
temperature annealing in EtOH. Such structural changes are
the removal of oxygen-groups, enlargement of defect sites
or the interaction with different fragments of EtOH. High
temperature annealing may cause the removal of oxygen
groups as CO2 or CO to some extent with the expense of
carbon atoms from the graphitic structure. As a result of such
structural changes, a high ID=IG ratio was obtained for the
5min sample. With the increase in annealing time, EtOH in
the vapour phase continue to pyrolyse into C-radicals and
involve in restoration. These postulations can be assigned to
the observed decrease in ID=IG ratio and increase in IGA=IG
ratio with smaller FWHMGA until 20min. For the 30min
sample, a high ID=IG ratio and a low IGA=IG ratio were
obtained. According to the setup we used, EtOH supply is not
continuous throughout the process. EtOH completely evap-
orates from the cup within about 9min. If there is enough
EtOH remaining in the vicinity, restoration would have been
continued. Therefore, we can conclude that by 30min neither
EtOH nor its radicals are present in the vicinity which brings
the restoration to an end. As a result, the IGA=IG ratio has
decreased. On the other hand, in the absence of EtOH, long
time reduction is same as the conventional thermal annealing
which can remove some of the carbons from the graphitic
structure as CO or CO2 with remaining functional groups.
This could be a reason for obtaining a high ID=IG ratio for the
30min sample. As a result, the sample treated for 20min was
found to be the best treated sample under these conditions.

To further confirm these results, AFM along with KPFM
was conducted. Figures 5(a) and 5(b) show the AFM
topographic image of GO before and after annealing for
20min (in EtOH) taken at the same place. The corresponding
height profiles are illustrated in Figs. 5(c)–5(e). Typically, a
single sheet of GO has a thickness of ∼1.0 nm due to the
attached functionalities on either sides.4) Both the first
layer (L1) and the second layer (L2) showed a thickness of
∼1.0 nm as shown in Fig. 5(c). Upon reduction the thickness
has decreased with the removal of oxygen groups as
confirmed by XPS. However, this value is different for L1
and L2 as indicated in Figs. 5(d) and 5(e), where L2 with
respect to L1 showed thickness of ∼0.4 nm and L1 with
respect to the substrate (S) showed a thickness of ∼0.25 nm.
Additionally, the RMS roughness of L1, and L2 before and
after treatment was measured. Before treatment L1 and L2
has a roughness of 186 ± 4 and 177 ± 5 pm, respectively.

D+G

D G
G’

a

b

G
D

c

Fig. 4. (Color online) Raman spectra of GO and samples annealed for
different durations in the presence of EtOH (a), the variation of the Raman
spectroscopic parameters of the samples annealed for different duration (b),
and the Raman spectrum of sample annealed in the absence of EtOH (c).
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After treatment the roughness of both L1 and L2 has
decreased to 163 ± 1 and 168 ± 3 pm, respectively. From
the RMS roughness values we can see that the roughness of
GO sheets is higher than that of RGO sheets. This higher
roughness of GO is as a consequence of abundant lattice
vacancies and oxygen functionalities present on the surface
and with the removal of these functionalities and repairing
of vacancies resulted a lower surface roughness value for
RGO.32) It is noted that the RGO flakes appear very much
clear in potential image [Fig. 5(g)] and the phase image (not
shown here). This implies that neither structural damages nor
etching occurred after annealing.

Figures 5(f) and 5(g) show the potential images of GO and
RGO, respectively, where the GO and RGO sheets appear
darker and the substrate appears brighter. In the potential
map of GO there is no clear color contrast among the sheets
(L1 and L2) indicating that the potential among sheets is
independent of the number of layers. On the contrary, layer-
to-layer contrast is sharply outlined and better defined after
reduction [the overlapped region of L2 on L1 is outlined in
white-color dashed line in Fig. 5(g)]. Such observation can
be seen in multilayers of pristine graphene as presented in
literature.33) These differences can be ascribed to (i) the
change in the electronic properties of GO and RGO, where
the former is an insulator while the latter is a conductor; (ii)
the decrease of oxygen content after reduction. In GO, there
is no difference in the electronic states among the stacked

sheets due to the non-conductive nature caused by lattice
defects and oxygen groups. Also, the hydrophilic nature of
GO that promotes adsorption of moisture on the surface
could be another reason since the measurements were carried
out in ambient.34,35) After annealing, the removal of oxygen
functionalities (as demonstrated in XPS) and restoration of
the defective structure (as shown in Raman spectra) result in
the electron charge redistribution, giving the abrupt contact
between the stacked RGO layers with a noticeable CPD
change among layers after reduction. The CPD between L1
and L2 is 195mV for the RGO sample. However, there is a
disparity in the value we obtained with the published values
for CPD of pristine graphene. For example, Panchal et al.33)

reported a CPD of 150mV in ambient (at a controlled tem-
perature and humidity) for epitaxial graphene on SiC and Yu
et al.36) reported a CPD of 120mV in ambient for exfoliated
graphene on SiO2. Such variations can be attributed to the
graphene synthesis method, the type of substrates, environ-
mental conditions and the measurement methodology.33)

4. Conclusions

In this work, EtOH assisted thermal reduction of GO was
performed to restore the graphitic structure at a moderately
high temperature by using a simple CVD setup. The
restoration behavior was studied by varying the duration of
annealing to understand the involvement of EtOH at different
reduction times. Raman spectroscopic results along with XPS
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Fig. 5. (Color online) AFM topographic images of GO (a) and RGO 20-min (b), the corresponding height profiles of GO L1-L2 (c), RGO L1-L2 (d), and
RGO S-L1 (e), and the potential images of GO (f) and RGO 20-min (g). (S, L1, and L2 are assigned to the substrate, first layer, and second layer, respectively.)
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studies confirmed that majority of oxygen functionalities has
been removed and defects are repaired to a great extent
compared to the previous studies that have been done under
similar conditions (increased IGA and decreased FWHMGA).
Additionally, we showed by KPFM analysis how the surface
potential changed upon restoration resulting in a CPD of
195mV between L1 and L2 after reduction. Annealing at
800 °C is capable of removing majority of oxygen function-
alities and also in pyrolysing EtOH. However, to some
extent, the defects may also be healed by EtOH molecules
itself by forming dangling bonds with the active edges in the
vacancies. Based on the results for the first time we proposed
a simple yet possible mechanism for the restoration under
current conditions. This may put forward new ways to tailor
the graphitic structure to obtain RGO with excellent proper-
ties as same as for pristine graphene.
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