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Graphene oxide (GO) and reduced graphene oxide (RGO) are in greater demand in many research fields.
As a result, the synthesis of these materials on a large scale in a costeffective manner is more concerned
for numerous applications. In the present work, GO was synthesized by oxidizing natural graphite and
reduced by ascorbic acid (AA), which is a green reductant. The reduced products obtained at different
time periods were in detail characterized by UV–Visible spectroscopy, X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), attenuated total reflectance Fourier transform infrared (ATR-FT-IR) spec-
troscopy, Raman spectroscopy, thermogravimetric analysis (TGA), atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Results showed that the oxidation of graphite has given highly oxi-
dized GO with a 9.30 Å interlayer space and about 33% of oxygen atomic percentage. Until 50 min of the
reduction, both GO and RGO coexist. The reduction rate is fast within the first 30 min. In addition, the
suitability of natural graphite over synthetic graphite for the synthesis of GO is shown. The findings of
this work pave the way to select GO and RGO for applications of interest in a cheap, green and efficient
manner.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

It has been over 150 years since the British Chemist B.C. Brodie
discovered a highly oxidized form of natural graphite, named
‘‘graphon” [1] which is currently known as ‘‘graphite oxide” or
‘‘graphene oxide”. However, it has been re-emerged as a material
of interest after the groundbreaking discovery of graphene and
its diverse methods of synthesis [2]. Later on, many researchers
have performed various methods to synthesize graphite oxide from
either natural or synthetic graphite. The term GO is interchange-
ably used to abbreviate both graphite oxide and graphene oxide.
Graphite oxide can be considered as a highly oxidized form of gra-
phite with a higher inter-layer spacing due to the presence of a
large number of oxygen functionalities. On the other hand, gra-
phene oxide is the exfoliated form of graphite oxide, consisting
of one, two or few layers [3]. The GO is a non-stoichiometric
macro-molecule having controlled physical and chemical proper-
ties depending on the synthetic variables such as graphite precur-
sor, type of the oxidant and the dose, stirring or sonication
strength, oxidation temperature and duration [4,5]. The most
acceptable structural model proposed for GO is Lerf-Klinowski
model in which, basal planes of GO are decorated by hydroxyl
and epoxide groups, whereas the edges are mainly occupied by
carboxyl and carbonyl groups in a random manner resulting in
mixed sp2-sp3 carbon containing sheets [6,7]. Up to date, many
methods have been developed to synthesize GO among which
Hummers’ method [8] and its modified approaches are well
known. However, most of these methods have used synthetic gra-
phite or pre-oxidized and purified of graphite [9,10]. Use of natural
graphite over synthetic graphite possesses both advantages and
disadvantages. Synthetic graphite can be produced in purest grades
compared to natural graphite yet, the process of making synthetic
graphite is costly and much energy consuming [9]. Nevertheless, it
is worthy to mention that natural graphite in Sri Lanka is famous
for being highly crystalline and pure in the range of 95–99% of car-
bon [11,12]. As a result, Sri Lankan natural graphite can be used as
the graphite source to synthesize GO without any purification step
in a cost-effective manner [13].

Apart from being electrically insulating, GO itself has remark-
able properties such as high chemical reactivity and hydrophilicity
due to more sp3 domains accompanied by high oxygen content,
and hence GO is widely applied as an outstanding material in many
fields including industrial and medicinal [14,15]. However, the
application of GO to produce graphene in large scale is the fieriest
area in the carbon-based research field. Reduction of GO involves
not only the removal of oxygen functionalities and other atomic-
scale lattice defects but also the recovery or repair of the conju-
gated graphitic network [16,17]. Currently, numerous methods
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have been developed to prepare graphene from GO having various
properties which in turn affects the final performance of the mate-
rial [18]. Among all, chemical reduction of GO to synthesize gra-
phene (or more precisely RGO) is known to be a relatively
simple, cheap and rapid path which gives high yields of product
along with controllable properties. The RGO also has many applica-
tions, such as in sensors [19], electrode materials [20], catalysis
[21] and water remediation [22,23] where in some cases pristine
graphene is not applicable directly.

Finding a suitable reducing agent that can be used to synthesize
RGO resembling pristine graphene to a larger extent in terms of
physical and chemical properties is of great importance. Stanko-
vich et al. have reduced GO with several reductants and their study
found that hydrazine hydrate (N2H4�H2O) is the best in producing
thin RGO sheets with good electrical conductivity [24]. Since then,
the use of hydrazine as the reducing agent for RGO synthesis has
been extended. However, due to the toxic nature of hydrazine to
the environment as well as to the living organisms, the ‘‘green
reduction” approach was introduced to the field [25]. During the
last decade, a number of such alternatives such as organic acids
[26–28], plant extracts [14,29,30], amino acids [31], microorgan-
isms [32,33], sugars [34], antioxidants [35], etc. have been origi-
nated. Among all these, the first known environmentally friendly
reducing agent for GO has been recognized as ascorbic acid (AA),
which is confirmed to be the best alternative to toxic hydrazine
and currently being studied [26]. Hitherto many works based on
AA assisted reduction has been performed, and proven that AA is
an outstanding alternative reductant to hydrazine in terms of char-
acteristic properties of RGO obtained and for large-scale synthesis
for many applications. Additionally, the physical properties such as
electrical conductivity of AA-reduced GO has confirmed to be
higher or similar to that obtained from hydrazine-reduced GO
[36]. On the other hand, some previous studies have shown that
GO reduced by AA is suitable for various applications including
sensors [19], dye-sensitized solar cells [37], and flexible graphene
fibers [38]. Removal of oxygen functional groups by AA is relatively
easy as a small amount of AA could perform the reduction in a
short time resulting in a product with high C/O ratio as 12 [39].
In some applications, the presence of these functionalities is
advantageous and hence, the control of the degree of reduction
would be a key point in this regard [40].

In the present work, we aimed to provide a comprehensive
analysis of properties of RGO reduced by AA for a limited period
of time. The graphite source used in this study is natural graphite
from Sri Lanka, hark back the pioneer work done by Brodie who
has used Sri Lankan natural graphite inventing GO [1]. However,
in this work, oxidation was performed by modified Hummers’
method and the reduction was performed using AA.
2. Experimental

2.1. Materials

Natural graphite (�125 mm) from Bogala mines - Sri Lanka, sul-
phuric acid (H2SO4 - 98%) from Wako, potassium permanganate
(KMnO4 - 99%) from Nacalai tesque, hydrogen peroxide (H2O2 -
34%), NH3 solution (28%) and hydrochloric acid (HCl – 36%) from
Chameleon reagent, ascorbic acid (C6H8O6) from Iwaki chemicals
and Synthetic graphite (>20 mm) from Sigma Aldrich.
2.2. Synthesis of graphene oxide and reduced graphene oxide

Graphene oxide was synthesized by a modified version of Hum-
mers’ method reported elsewhere with few variations [41]. A sus-
pension of GO (0.1 mg/ml) was prepared by sonicating dried GO in
distilled water. To its 100 ml, 100 mg of ascorbic acid was added.
The pH of the mediumwas adjusted to �10 by adding NH3 solution
to promote colloidal stability through the electrostatic repulsion
[39]. The mixture was allowed to stir at 65 �C and samples were
withdrawn at 10 minutes’ intervals until 1 h (here onwards
denoted as RGO1, RGO2, RGO3, RGO4, RGO5, and RGO6). The
resulting suspensions were filtered through cellulose acetate
membrane filter papers with a pore size of 0.20 mm, washed with
copious of distilled water and dried at 50 �C in a vacuum oven. In
addition, GO was synthesized by synthetic graphite following the
same procedure and the details of characterization are shown in
the supplementary document.
2.3. Material characterization

The crystalline properties were determined by an X-ray diffrac-
tometer (XRD - Rigaku-Ultima IV X-ray Diffractometer) operated at
40 kV and 200 mA with Cu-Ka1 radiation at a step size of 0.02� and
a step time of 1.0 s from 5� to 90� (for graphite 50 mA current was
used due to the higher crystallinity). The progress of reduction as a
function of time was monitored via ultraviolet–visible (UV–vis)
absorption spectra using a UV–vis spectrometer (Jasco, V-650).
Surface composition of the samples was determined by X-ray pho-
toelectron spectroscopy (XPS, ULVAC-PHI 5000) with a monochro-
matic Al-Ka X-ray source and the functional group analysis was
done by attenuated total reflectance Fourier transform infra-red
spectroscopy (ATR-FT-IR, Jasco, FT/IR-6200). The morphological
characterization was done by atomic force microscopy (AFM – Bru-
ker Nanoscope Multimode 8) and scanning electron microscopy
(SEM – Hitachi SU-3500). To monitor the structural changes such
as the degree of defects, Raman spectroscopy was conducted (Ren-
ishaw - InVia Raman Spectroscope) using a 532 nm laser. Thermo-
gravimetric analysis (TGA) was done under air flow at a heating
rate of 5 �C/min (for graphite 10 �C/min), using Pt crucibles (Shi-
madzu TA-60WS/DTG-60H). All the samples were vacuum dried
before subjecting to characterization.
3. Results and discussion

The progress of reduction was monitored by UV–vis spec-
troscopy. The typical maximum absorption peak (kmax) ascribed
to GO was observed at 230 nm, due to p-p⁄ transitions from C@C
double bonds, which is typical for GO. In addition to that, a shoul-
der peak at 300 nm, which is associated with n-p⁄ transitions from
C@Owas obtained [42] (see Fig. 1A). With the increase of reduction
time, the red-shift of the kmax peak and the disappearance of the
shoulder peak was observed, which indicates the restoration of
double bond conjugation in RGO sheets and the simultaneous
removal of oxygen functionalities respectively [26]. Fig. 1B shows
the peak shift with the increase of reduction time. The rate of
red-shifting of the peak is high until about 30 min of reduction
and slow forth giving a maximum absorption at 263 nm for
RGO6. AA itself has a kmax value of 266 nm in aqueous media
[43] and hence, the removal of excess AA before UV–vis measure-
ments is vital. Therefore, each sample, before UV–vis measure-
ments, was washed with excess distilled water. The results
clearly show a gradual shifting of the peak from 230 nm to 263
nm with time.

Fig. 2 shows XRD patterns for raw graphite, GO and RGO syn-
thesized at different times. The intense graphitic peak positioned
at 26.6� with an interlayer spacing of 3.35 Å has blue-shifted to
9.50� upon oxidation resulting in an interlayer spacing of 9.30 Å
due to the intercalation of oxygen functional groups (such as epoxy
and hydroxyl), especially on the basal planes of either side of the
GO sheets. This peak is not sharp as the main peak in graphite,



Fig. 1. UV–vis spectrum of GO (A) and C@C peak shifting of RGO synthesized at different times (B).

Fig. 2. XRD patterns of graphite and GO (A) and RGO synthesized at different times (B), RGO1-6 (a–f).
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caused by the deterioration of the crystal structure. The position of
the GO peak mainly depends on the degree of oxidation of gra-
phite. Higher inter-layer spacing for GO indicates higher order of
oxidation and exfoliation [41]. With increase time of reduction,
the up-shifting of the GO peak simultaneously giving a broad peak
centering at about 25.0 �C can be observed clearly due to the
removal of the oxygen functionalities and the consequent restora-
tion of the C@C bonds (Table 1). From RGO1-RGO4, both GO and
RGO peaks coexist resulting in mixtures of GO and RGO with differ-
ent interlayer spacing and finally giving an average value of 3.58 Å
for the broad RGO peak. A possible reason for this peak broadening
could be the lack of long-range order of RGO sheets and the pres-
ence of residual oxygen functionalities.

SEM images in Fig. 3 show the morphological changes of gra-
phite, GO and RGO that have been taken place during the oxidation
and reduction processes, which further clarified the results
obtained by XRD. Graphite (Fig. 3A and B) shows well developed
Table 1
Peak assignment for graphite, GO and RGO.

Sample Graphite GO RGO1 RGO

2h/o 26.56 9.50 10.97
23.84

11.5
24.1

d/Å 3.35 9.30 8.06
3.73

7.68
3.68
layered structure with sharp edges. On the other hand, GO
(Fig. 3C and D) shows re-stacked exfoliated sheets with wavy
edges. The stacking nature of GO has occurred after drying [52].
This layered nature present in GO has been disappeared with the
increase in time of reduction (Fig. 3E and F). It can also be observed
that the sheets have torn resulting in veil-like sheets with scrolling
edges but well-exfoliated morphology and more porous nature
[14]. The reduction accompanied by vigorous stirring may have
caused the increase in porous nature in RGO with time. The broad
peak for RGO obtained in XRD is as a result of the disordered sack-
ing of RGO sheets as can be seen in the SEM images.

Changes of functional groups in GO and RGOs were studied by
FT-IR and XPS. Fig. S4 shows the ATR-FT-IR spectra of GO and
RGO). According to FT-IR spectra, GO shows a broad peak centered
at 3400 cm�1 attributed to OAH vibration in hydrogen bonded
hydroxyl groups and adsorbed water molecules, a peak at 2925
cm�1 assigned to asymmetric vibrations of ACH2 groups, a peak
2 RGO3 RGO4 RGO5 RGO6

2
5

11.72
24.86

13.30
24.86

24.86 24.86

7.55
3.58

6.70
3.58

3.58 3.58



Fig. 3. SEM images of graphite (A, B), GO (C, D) and RGO6 (E, F).
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for C@O stretching at 1718 cm�1, two peaks at 1200 cm�1 and
1050 cm�1 for CAO stretching, an OAH deformation peak at
1400 cm�1, and at 1632 cm�1 a peak assigned for C@C stretching.
After 30 min of reduction (RGO3), the intensity of most of the oxy-
gen functionalities has been diminished, but still traces of C@O
groups could be observed. However, in RGO4 and RGO6 intensity
of these peaks was observed to be further declined. This variation
of oxygen functional groups was further analyzed by XPS. The oxy-
gen content of samples is expressed as carbon to oxygen ratio (C/O)
by analyzing XPS survey spectra. Natural graphite shows 98.3% of
carbon and 1.7% of oxygen atomic percentage and no other ele-
ments could be detected. Upon oxidation of graphite, the atomic
percentage of oxygen has increased up to 33% indicating a higher
degree of oxidation of natural graphite flakes (Table 2). On the
other hand, with the reduction, the atomic percentage of oxygen
has gradually decreased resulting a value of 17.5% after 60-min
of reduction which signifies that most of the oxygen functionalities
have been removed, (Fig. S4 in supplementary) In order to deter-
mine how these oxygen functional groups would change during
Table 2
C/O ratio variation of graphite, GO and RGO.

Sample ID Graphite GO RGO1

Atomic% C1s 98.3 77.1 74.6
O1s 1.7 32.9 25.4

C/O ratio 57.8 2.0 2.9
reduction, deconvolution of the C1s core level spectra of GO and
RGO samples was carried out (see Fig. 4). The GO shows four major
peaks centered at 284.6, 286.5, 288.5 and 290 eV corresponding to
sp2/sp3 carbon (C@C and CAC), CAO bond in epoxy/alkoxy/hydro-
xyl groups, carbonyl (C@O) and carboxyl (OAC@O) groups respec-
tively [41,44]. The highest intensity shown by the CAO bonds
attributes to epoxy and hydroxyl groups compared to other func-
tional groups signifying that GO is mainly occupied by epoxy and
hydroxyl groups upon oxidation, which are the dominant function-
alities on the basal planes of GO sheets [14]. However, the intensity
of C@O and COOH groups that are largely located at the sheet
edges is much lower. Chemical reduction protocols, which are usu-
ally carried out from room temperature to moderate temperatures,
do not eliminate the edge functionalities [45]. On the other hand, it
has been shown by Gao et al. by using density functional theory
(DFT) calculations that the hydroxyl and epoxy groups located at
interior of aromatic domains of GO sheets are less stable than those
located at the edges or defected domains and easily dissociate even
at room temperature [46].
RGO2 RGO3 RGO4 RGO5 RGO6

75.2 77.4 78.8 79.9 82.5
24.8 22.6 21.2 20.1 17.5
3.0 3.4 3.7 4.0 4.7



Fig. 4. XPS spectra of GO (A) and RGO after 60 min (B).

Fig. 6. Change in area percentage of functionalities of RGO with reduction time.
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Fig. 5 shows the types of oxygen functionalities present in GO
and RGO after reduction by AA. With the reduction, the intensity
of the peaks responsible for oxygen functionalities in GO has been
decreased (especially epoxy and hydroxyl groups). On the other
hand, the intensity of the peak for C@C bond has increased in
agreement with the results obtained from XRD, where the inter-
layer space has declined due to the removal of oxygen functional-
ities and the restoration has been taken place. However, as repre-
sented in Fig. 6 the variation of these groups with reduction does
not show a gradual variation. The peak at 284.6 eV is attributed
to both CAC and C@C bonds. The fluctuation of these peaks could
be due to the change in the individual component during the
reduction. The first drop in the peak area% of CAO groups in
RGO1 maybe due to the elimination of less stable hydroxyl and
epoxy groups by AA which has carried out at a moderate temper-
ature. The change in the peak area% is not gradual but decreased.
Reduction of epoxy groups by AA, which is a ring opening reaction,
results in CAOH moieties at an intermediate stage of the reduction
mechanism and as mentioned earlier, these groups if present at the
interior domains will be eliminated easily. Also, at 10 min reduc-
tion the peak area% of C@O group shows somewhat drastic drop
and has decreased slowly at almost the same value.

Raman spectroscopy is a versatile tool for the structural charac-
terization of carbon materials [47]. Graphite has a prominent peak
at 1578 cm�1 (G-band) corresponding to sp2 carbon domains, a
Fig. 5. Schematic representation of the oxygen
weak peak at 1345 cm�1 (D-band) corresponding to sp3 carbons,
structural defects or edge planes and another peak at 2713 cm�1

(G0-peak with two components) [48]. In GO, the G band has up-
shifted to 1585 cm�1 and the D band has intensified due to the for-
mation of oxygen functionalities, which corresponds to defect sites
created in graphite during oxidation (see Fig. 7A). In addition to
that, a flat G0 region can be observed. The intensity ratio of D and
functionalities presents in GO and RGO.



Fig. 7. Raman spectra of graphite, GO and RGO6 (A) and the variation of ID/IG ratio with the reduction time (B).
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G bands (ID/IG) is an estimation of the level of disorder in the gra-
phitic structure. This ratio has increased from 0.92 (for GO) to 1.12
(for RGO6) upon reduction and the peaks have become sharper. It
could be due to the formation of smaller sized sp2 domains/RGO in
larger quantities or the increased fraction of graphene edges [49].
However, the D peak is sharper in RGO6 compared to GO as a result
of the removal of amorphous moieties during reduction. Also, in
RGO6, at the G0 region, a less intense additional peak observed at
around 2925 cm�1 which is denoted as the D+G mode. This is a
Fig. 8. TGA plots of graphite (A), GO (B), RG
defect activated band and will present only when there are suffi-
cient defects [50]. Fig. 7B shows the variation of the Raman ID/IG
ratio with the increase in time of reduction. Except for the slight
drop in the ratio in RGO5, overall the value has increased with
the increase in time of reduction. As shown in TGA plots in
Fig. 8, graphite is stable up to 650 �C. On the other hand, GO shows
a stepwise weight loss. First is about 10% of loss below 100 �C
attributed to the removal of adsorbed water. The most significant
weight loss has occurred at about 200 �C due to the decomposition
O at 40 min (C) and RGO at 60 min (D).



1.0 nm

3.3 nm

-1.4 nm
500 nm

A 

1.1 nm

1.1 nm

H

E

0.75 µm

4.8 nm 

-3.7 

7.0 nm

1.1 nm 

1.0 nm 

I 

1.1 nm

K

2.8 nm

-3.7 nm
1.5 µµm

B 

1.9 nm

500 nm 
-1.7 nm

D 

C

7.2 nm

250 nm

6.0 nm 

-2.4 nm 

J 

L

Fig. 9. AFM images of GO (A), RGO1 (B, C), RGO4 (D, E) and RGO6 (F, G) and their corresponding height profiles (HAN).

344 K. Kanishka H. De Silva et al. / Applied Surface Science 447 (2018) 338–346
of the most labile oxygen functional groups. Another drop can be
observed at around 500 �C for the decomposition of stable oxygen
functionalities and finally a steady drop above 500 �C attributed to
the decomposition of the carbon skeleton in GO. In the plot of
RGO4 (Fig. 8C), same step-wise weight loss as in GO can be
observed but the steepness of the steps has been declined due to
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the prior removal of oxygen functionalities during the chemical
reduction, especially the less stable hydroxyl and epoxy groups
as shown in the XPS results. The plot for RGO6 (Fig. 8D) confirms
the results obtained from XPS indicating the presence of residual
oxygen functionalities.

AFM is typically used to characterize the sheet thickness and
surface topography of GO and RGO. Fig. 9 shows the change in
topography and thickness during reduction of GO measured by
peak-force tapping mode. For AFM analysis, the samples were pre-
pared by dispersing dry GO and RGOs in water by sonication. Large
amount of oxygen functionalities formed during the oxidation
make hydrogen bonds with water permitting easy dispersibility
of GO and give highly exfoliated GO sheets. In contrast, the dis-
persibility of RGO becomes difficult with the increase in time of
reduction due to the removal of oxygen functional groups. As a
result, longer times of sonication is necessary. The GO and RGO
suspensions were drop-casted on a freshly cleaved mica and air
dried before taking measurements. The thickness of a single layer
of GO is about 1 nm (Fig. 9A), which is consistent with the data
reported in the literature [26]. Also, the flakes show a wide range
of lateral size distribution (3–10 lm) with smooth surfaces with
some wrinkles. These wrinkles or folding may have been formed
upon drying of GO on the substrate after deposition [51]. With
the increase in reduction time, GO sheets have been torn apart
and small crumpled structures could be observed. In the AFM
image of RGO1, sheets with smooth surfaces resembling GO with
a thickness of �1 nm, and a few crumpled RGO structures with a
large height of �7 nm and a smaller lateral size (�250 nm) were
observed (Fig. 9C). The latter structures are crumpled RGO sheets,
appearing as bright spots due to the large height. Even though the
majority of the basal plane functionalities has been eliminated (the
first drastic drop of the oxygen content in GO seen in XPS results),
the remaining edge functionalities can make physical interactions
such as hydrogen bonding, among each other resulting in aggre-
gated structures. AFM images of RGO4 show (Fig. 9D and E) that
both GO and RGO sheets and small crumpled RGO structures coex-
ist in this partially reduced product. Though the GO and RGO
sheets have the same height of �1 nm, the topography shows a dif-
ference; GO sheets are smoother whereas the RGO sheets look
rough. This rough nature may have arisen as a result of the removal
of functional groups present on the basal plane. After 60 min of
reduction, complete absence of GO like sheets but sheets with a
rough topography can be observed. However, the thickness of a
single RGO sheet is also about 1 nm, though theoretically, it should
be lower than that. In addition to that, many small crumpled struc-
tures were observed with a height of �2 nm (Fig. 9G). The smaller
sheet size for RGO may be caused during the reduction process and
also due to the sonication treatment carried out in order to dis-
perse RGO in water for AFM analysis.
4. Conclusion

The progress of reduction of GO by ascorbic acid was performed
by controlling the reduction time for 1 h. GO was synthesized by
natural graphite, without any purification or pre-oxidation step,
following a recently proposed method with few modifications.
Reduction of GO was done by ascorbic acid, which is the first
known and the most efficient green reductant to date. Results
showed that graphite has been successfully oxidized to highly oxy-
genated and exfoliated GO sheets. Reduction of GO was monitored
in 10 minutes’ intervals up to 1 h to study how the structural and
morphological changes would take place. Though XRD results dis-
play a complete removal of the GO peak by 50 min, other charac-
terization techniques indicated the presence of residual oxygen
functionalities. XPS results show that the decline of oxygen atomic
percentage is mainly due to the removal of hydroxyl and epoxy
groups located at the basal planes of GO sheets and to a small
extent due to edge carbonyl groups. AFM characterization indi-
cated that at the intermediate stages of reduction, both GO and
RGO coexist in the material as confirmed by XRD results (peaks
for both GO and RGO coexist from RGO1-RGO4). This tunable layer
spacing and oxygen functionalities would determine the point of
application of RGO reduced at different degrees such as in water
purification. Also, the degree of oxidation of high purity grade Sri
Lankan natural graphite and synthetic graphite was determined.
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As a whole, this work has opened a much cheaper and scalable way
of synthesizing graphene oxide with good qualities from natural
graphite along with a green and controllable way of synthesizing
reduced graphene oxide from ascorbic acid.
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[40] L.A. Dobrzański, P.M. Vel Prokopowicz, K. Lukaszkowicz, A. Drygała, M.
Szindler, Graphene oxide film as semi-transparent counter electrode for dye-
sensitized solar cell, J. Achiev. Mater. Manuf. Eng. 73 (2016) 13–20.

[41] S. Abdolhosseinzadeh, H. Asgharzadeh, H. Seop Kim, Fast and fully-scalable
synthesis of reduced graphene oxide, Sci. Rep. 5 (2015) 10160.

[42] A. Abulizi, K. Okitsu, J.J. Zhu, Ultrasound assisted reduction of graphene oxide
to graphene in l-ascorbic acid aqueous solutions: kinetics and effects of
various factors on the rate of graphene formation, Ultrason. Sonochem. 21
(2014) 1174–1181.

[43] M.B. Davies, J. Austin, D.A. Partridge, Vitamin C : Its Chemistry and
Biochemistry, Royal Society of Chemistry, London, 1991.

[44] Z. Sui, X. Zhang, Y. Lei, Y. Luo, Easy and green synthesis of reduced graphite
oxide-based hydrogels, Carbon 49 (2011) 4314–4321.

[45] R. Rozada, J.I. Paredes, M.J. Lopez, S. Villar-Rodil, I. Cabria, J.A. Alonso, A.
Marinez-Alonso, J.M.D. Tascon, From graphene oxide to pristine graphene:
revealing the inner working of the full structural restoration, Nanoscale 7
(2015) 2374–2390.

[46] X. Gao, J. Jang, S. Nagase, Hydrazine and thermal reduction of graphene oxide:
reduction mechanisms, product structures, and reaction design, J. Phys. Chem.
114 (2010) 832–842.

[47] A.C. Ferrari, J. Robertson, Raman spectroscopy of amorphous, nanostructured,
diamond-like carbon, and nanodiamond, Philos. Trans. A. Math. Phys. Eng. Sci.
362 (2004) 2477–2512.

[48] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S.
Piscanec, D. Jiang, K.S. Novoselov, S. Roth, A.K. Geim, Raman spectrum of
graphene and graphene layers, Phys. Rev. Lett. 97 (2006) 187401.

[49] M. Fathy, A. Gomaa, F.A. Taher, M.M. El-Fass, A.E.H.B. Kashyout, Optimizing the
preparation parameters of GO and rGO for large-scale production, J. Mater. Sci.
51 (2016) 5664–5675.

[50] A. Kaniyoor, S. Ramaprabhu, A Raman spectroscopic investigation of graphite
oxide derived graphene, AIP Adv. 2 (2012) 032183.

[51] D.K. Pandey, T. Fung, G. Prakash, R. Piner, Y.P. Chen, R. Reifenberger, Surface
science folding and cracking of graphene oxide sheets upon deposition, Surf.
Sci. 605 (2011) 1669–1675.

[52] M.A. Velasco-Soto, S.A. Pérez-García, J. Alvarez-Quintana, Y. Cao, L. Nyborg, L.
Licea-Jiménez, Selective band gap manipulation of graphene oxide by its
reduction with mild reagents, Carbon 93 (2015) 967–973.

https://doi.org/10.1016/j.apsusc.2018.03.243
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0005
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0005
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0010
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0010
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0010
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0015
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0015
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0025
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0025
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0025
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0030
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0030
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0030
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0035
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0035
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0040
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0040
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0045
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0045
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0045
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0050
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0050
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0050
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0060
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0060
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0060
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0065
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0065
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0065
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0065
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0070
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0070
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0070
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0070
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0080
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0080
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0080
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0080
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0085
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0085
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0085
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0085
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0090
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0090
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0095
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0095
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0095
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0100
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0100
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0100
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0100
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0105
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0105
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0105
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0110
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0115
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0115
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0120
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0120
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0120
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0130
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0130
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0135
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0135
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0135
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0140
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0140
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0140
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0145
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0145
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0145
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0150
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0150
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0155
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0155
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0155
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0160
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0160
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0165
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0165
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0165
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0170
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0170
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0175
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0175
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0180
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0180
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0185
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0185
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0185
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0190
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0190
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0190
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0195
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0195
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0195
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0195
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0200
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0200
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0200
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0210
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0210
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0210
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0210
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0215
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0215
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0215
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0220
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0220
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0225
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0225
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0225
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0225
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0230
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0230
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0230
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0235
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0235
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0235
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0240
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0240
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0240
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0245
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0245
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0245
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0250
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0250
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0255
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0255
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0255
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0260
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0260
http://refhub.elsevier.com/S0169-4332(18)30940-1/h0260

	Progress of reduction of graphene oxide by ascorbic acid
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of graphene oxide and reduced graphene oxide
	2.3 Material characterization

	3 Results and discussion
	4 Conclusion
	Acknowledgement
	Appendix A Supplementary material
	References


