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Graphene oxide (GO) has recently attracted attention with its unique chemical and
physical properties and serves as a raw material for graphene-based materials. GO
has been produced for decades by the Hummers Method with the oxidation process
of graphite. The properties and structure of GO are significantly affected by the
production parameters of Hummers Method. In this study, the effect of the water
content on the oxidation level of GO structure was investigated. GO was produced
with different amounts of water in the oxidation stage of Hummers Method. The
structural characterizations of produced GO were carried out by X-ray Diffraction
Technique (XRD), Fourier Transform Infrared Spectroscopy (FTIR), X-ray
Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray Spectroscopy (EDS),
UV-Visible Spectroscopy (UV-Vis) and Raman Spectroscopy. Additionally,
morphological and thermal characterization of the produced GO samples were
performed by Scanning Electron Microscopy (SEM) and Thermogravimetric
Analysis (TGA)/Differential Thermal Analysis (DTA), respectively. According to
XRD, FTIR, XPS, and EDS results, it was determined that the oxidation degree of
GO decreased with increasing amount of water. Besides, it was revealed that the
post-oxidation step generated more defects in the basal plane of graphene according
to the results of the Raman Analysis. Also, it was observed that GO had a smoother
surface and was found to have higher thermal stability with increasing amounts of
water. The results show that the post-oxidation step reduces the oxidation degree of
GO, increases the amount of the defect, provides a less wrinkled structure, and
improves the thermal stability of GO.

1. Introduction

Graphene is a two-dimensional

[6], and biomaterials [7]. GO, a single layer of
graphene nanosheets functionalized by several

honeycomb  oxygen-containing groups has been synthesized

lattice structure consisting of sp? hybridized
carbon atoms [1, 2]. Graphene is one of the most
important candidates for high-tech applications
due to its advanced mechanical, electrical,
optical, and thermal properties [3, 4]. However,
various functional groups are required for some
special applications such as sensors [5], filters

via oxidation of graphite into graphitic oxide
followed by exfoliation [8, 9]. It has remarkable
physical and chemical properties which makes it
a sought-after material for applications in areas
that include electronics, biomedicine, energy,
and the environment.
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GO stands out in the production of chemically
modified graphene because it is easy to
functionalize with a wide variety of functional
groups [10-12]. The functional groups are placed
on the graphene planes by oxidation of the
graphite basal planes during GO production. As
these functional groups are bonded to the basal
plane, the carbon atoms perform spd
hybridization at the location of the functional
groups [13]. Thus, the conductivity of the GO
structure decreases as the oxidation degree
increases, since the excess electrons are used to
bond with the functional groups.

Under extreme oxidation conditions, these
functional groups can bind to the carbon basal
plane and the carbon basal plane is distorted.
However, these functional groups provide
hydrophilic properties for GO structures and GO
structures are dissolved in a variety of organic
and water-based solutions. Thus, GO structures
are easily used as reinforcement or matrix
material in nanocomposite production for various
applications by forming stable colloids [2]. Also,
the properties of GO structures can be changed
by adjusting the oxidation degree or various
modifications [14].

GO production with the chemical oxidation of
graphite provides large-scale productivity and
efficiency [15]. The production of GO begins
with the intercalation between graphite layers
and proceeds with the oxidation of graphite
layers in the chemical oxidation procedure. The
first known work on the oxidation of graphite
was made by Benjamin Brodie [16]. The Brodie
method was evolved by Staudenmaier in 1898 by
reducing the amount of HNO3 (oxidizing agent)
and adding sulfuric acid (H2SOs) instead of
HNO3z [10].

In the Staudenmaier method, the release of toxic
gases has decreased compared to the Brodie
method thanks to the lower amount of HNOs.
However, the Staudenmaier method was still a
dangerous process due to the release of toxic
gases. Therefore, a safer chemical oxidation
method was found by Hummers and Offeman in
1958 [17] and it became the most widely used
method for GO production. Hummers method
has advantages in terms of reaction time than
previous methods. However, there are emissions

of nitrogen-based toxic gases (NO2 and N2Os)
due to NaNOs. The Hummers Method was
developed by Marcano et al [18] in 2010 and
named as Improved Hummers Method. This
method has a higher degree of oxidation and a
better-quality structure with fewer defects for
GO compared to previous methods. Various
modifications have been made to Hummers
method in the literature for optimization and
adjusting controllable structure for GO
production [14, 19].

According to the literature, the first oxidation
stage is started by adding KMnOQ, after graphite
IS mixed with a mixture of H2SO4 and H3PO4
acid. After the solution is mixed at a certain time
and temperature, the post-oxidation stage is
initiated by adding water. However, many
studies apply different processes in the post-
oxidation stage. Hummers and Offeman used 4.6
liters of water for 100 g graphite and mixed it to
the graphite-acid solution at 98°C for only 15
minutes [17]. Eigler et al. [11], 60 ml water was
mixed with 1 g graphite for 2 hours at 10°C.

Cote et al. [20], mixed 80 ml water for 2 g
graphite at 90°C for 1 hour. In 2015, Kang J. H.
et al. [21] examined different times and
temperatures in the post-oxidation stage.
Accordingly, as the temperature increases, the
hydroxyl, carbonyl, and carboxyl functional
groups ratios of GO are increased. Also,
conversion of epoxy groups to hydroxyl-
containing groups in GO structure has been
found. However, no study has been found in the
literature on the effect of the amount of water in
the post-oxidation stage on the GO structure.

In this study, GO structures were successfully
synthesized by carefully controlling the amount
of water in the post-oxidation stage and the effect
of the water content during the production stage
on the oxidation level of GO has been
systematically investigated.

2. Materials and Method

Graphite powder (average powder size <20 um)
was purchased from Sigma Aldrich. H2SO4 (95-
97%), H3POa4 (85%), KMnOs (99%), and H.0O:
(35%) were obtained from Isolab Chemicals. All
chemicals were used as received without further
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purification. GO was produced by using
Improved Hummers Method from pure graphite
powder. Briefly, 1 g graphite was stirred in 100
ml H2S0O4:H3PO4 acid solution at a ratio of 9:1 to
provide pre-oxidation. The first oxidation step
was initiated by adding 6 g KMnOs as the
oxidizing agent. (H2S04:H3PO,)/Distilled water
volume ratio was then determined as 1:0.5, 1:1
and 1:1.5 ml to determine the effect of water
content in the forthcoming oxidation step, and
the samples were designated as W1, W2, and
W3, respectively. Sample without water content
was also prepared as WO for comparison the
effect of water content in the post-oxidation
stage. H.O> was used to stop oxidation reaction.

The resulting product was left to precipitate
overnight, and the supernatant was discarded.
The obtained product was washed three times
with HCI solution to remove impurities. The GO
was then washed with distilled water until the pH
of the solution was neutral. Centrifugation was
performed to separate the supernatant at each
wash step (NF1200R, Nuve). Finally, the
remaining product was dried overnight to obtain
GO sample. Structural, morphological, and
thermal characterizations were performed to
determine the structure and the effect of different
water contents during oxidation stages on the
properties of GO. For this purpose, X-ray
diffraction (XRD) analysis with Cu-K,, radiation
(A=0.154 nm) was performed to determine the
oxidation degree and interlayer distance of the
GO.

Fourier Transform Infrared Spectroscopy (FTIR)
analysis was performed using the Thermo
Scientific FTIR Spectrometer with an attenuated
total reflection (ATR) module to identify
functional groups on the GO basal planes. Also,
absorbance of functional groups was determined
according to water amount to define the effect of
oxidation stage. Thermo Scientific K-Alpha XPS
was performed to determine the types and
amounts of elemental bonds of the GO structure.
In XPS analysis, Al-K, radiation was measured
with 0.1 eV energy step size. The obtained peaks
were deconvoluted with Gaussian fitting after
Shirley background subtraction. SEM analysis
(Zeiss GeminiSem 500) was performed to
determine the effect of oxidation step on the
morphological structure of GO. UV-Vis analysis

(Thermo Scientific Evolution 260 BIO UV
Spectrophotometer) was carried out to specify
the sp?-conjugation on the GO basal plane.
DTA/TGA analysis was carried out to determine
the thermal properties of the produced GO
structures. Analysis was carried out in a
Shimadzu DTG 60-H instrument up to 900°C
with a heating rate of 2°C/min under nitrogen
atmosphere.  Micro-Raman  analysis  was
performed with Renishaw In Via Confocal
Raman Microscope to investigate defects in the
GO samples (532 nm laser and 2400 I/mm).

3. Results and Discussion

The oxidation stage begins with the addition of
KMnO;4 to graphite-acid solutions. Dimanganese
heptoxide (Mn20O7) and permanganate cation
(MnOs") are formed with H* ions in the solution
(Equation 1) [22]. With the decomposition of
Mn,O7, O3 is produced as a by-product (Equation
2). Oz also oxidizes graphite like Mn2O7. This
stage is the first oxidation stage in Hummers
method. Since the oxidation process is
exothermic, homogenous mixing is necessary to
avoid local overheating in the container. After
this stage, post-oxidation stage begins with
addition of water.

2MnOs + 2H* > Mn,O7 + H20 (1)

4Mn,07 - 8Mn0Oz + 2n O3 + (6-3n)O2
(0<n<2) (T>-10°C) @)
It is generally recommended to keep the
temperature below 60°C to control the
temperature and prevent foaming [23]. Adding
water to the medium quenches Mn2O7 and
permanganate acid is formed (HMnOa)
(Equation 3) [23]. During this step, oxidation is
carried out by permanganate (MnOy) in acidic
aqueous solution with various manganese (V1)
containing  oxo-species.  The  proposed
mechanism was shown in equations 4 and 5 [24].

Mn2O7 + H20 = 2 HMnO4 3)

20s+H0 M50, + 04200 @

Graphite+ Oz + 'O + 2HO' — Graphite (5)
oxide
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However, when H,O; is added without any water
addition, second oxidation step is skipped. [21].
In the last step, manganese compounds present in
the solution converted to manganese ions by
H>0> (Equation 6 and 7) [23]:

MnO; + H20;, + 2HY - Mn?* + O, + (6)
2H.0
2MnQy4 + 5H,02 —» 2Mn?* + 5 0, + (7)
8H20

The XRD results of graphite and GO samples are
given in Figure 1. According to the XRD analysis
of graphite, the characteristic peak belonging to
the (002) plane was detected at 26.60° [25]. The
peak belonging to the (004) plane of graphite was
also found at 54.40°. Besides, the other peaks
(42.3, 44.4, 54.4, 77.5 and 83.5) are generally
located in the graphite phase. The whole
structure was determined to consist of graphite
phase with high crystallinity [26]. The 26 values
of WO, WI, W2 and W3 samples are 10.2°,
11.56°, 11.96° and 12.24°, respectively. The peak
around 20=11° is the characteristic peak of the
GO structure associated with (001) plane [25].

According to the results, the 20 angle of the
characteristic (001) plane shifts to a higher angle
with the increasing water content. The interlayer
distance values (d) of GO was calculated
according to the Bragg’s Law [27] and listed in
Table 1. The interlayer distance of graphite, WO,
W1, W2 and W3 samples are 3.348, 8.665, 7.648,
7.393 and 7.225 A, respectively. The functional
groups are formed during oxidation process and
so it increases the interlayer distance of graphite
layers. All samples produced with different water
content has higher interlayer distance than the
graphite interlayer distance (3.34 A), which
demonstrates the successful oxidation process. In
addition, it was found that the oxidation degree
decreases with the increasing water amount due
to the increase in the interlayer distances. In a
study, it was noted that adding more than 4 ml of
water reduces the interlayer distance of GO
layers [24].

Tour M. et. al. [28] specified that too much dilute
acid solution reduces oxidation of graphite. In
another study [10], it was stated that with the
addition of water in the second oxidation step,

Mn,0Oy is quenched and transformed into MnOy'.
It was pointed out that the Mn,O; was more
oxidizing than MnOg4. Therefore, as the
oxidation degree reduced with the increasing
amount of water, functional groups were
decreased at interlayer distances of GO.
Accordingly, the characteristic peak of GO was
shifted to the higher angle. Also, it was
interpreted that the characteristic peak of the
graphite (002) plane, which is around 26.6°, is
observed in the XRD result of the W3 sample
[29]. It was determined that the unexfoliated
graphite structure was still present in the W3
sample and the oxidation conditions were not
sufficient to oxidize all the graphite for W3
sample. Therefore, it was figured out that there
was not enough oxidizing condition in W3.

L
12.24

-1/ ‘ 26.62 w3 L
3 “11.96 . .
]
> A — W2
B
A w
£

A2 ——Wo

Graphite

1|O 2'0 SID 4ID 56 GID T‘O 8'0 90
20(°)
Figure 1. XRD analysis of GO samples produced
with different water content

Table 1. Interlayer distance of produced GO with
different water content

Sample 20 (°) d(A)
Graphite 26.60 3.348
W0 10.2 8.665
W1 11.56 7.648
W2 11.96 7.393
W3 12.24 7.225

FTIR analysis was performed to evaluate the
functional groups of GO samples. The FTIR
results of GO samples with different water
content were given in Figure 2. All samples have
characteristic absorbance bands indicating
functional groups of GO structure [15]. FTIR
results indicated that there were hydroxyl groups
(OH) between 3600-2400 cm™, carbonyl (C=0)
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group at 1720 cm, stretch mode of C-C bond
and absorbed OH groups at 1620 cm™ [30]. Also,
1417 cm™ and 1260 cm™ show symmetrical O-H
bending and C-OH stretching in carboxylic acid
[31], respectively while 1221 cm™, 1047 cm
and 971 cm?® demonstrate O-H bending
vibrations in carboxylic acid, C-O-C stretching
and axial C-O stretching vibrations, respectively
[2, 32, 33].

Also, the absorbance band around 1160 cm™
demonstrates the carboxyl or carbonyl groups in
the graphene oxide structures [34]. According to
the results, the absorbance of 1620 cm™ and 1260
cm™ absorbance bands slightly increased in the
W1, W2 and W3 samples due to the formation of
hydroxyl groups originating from the post-
oxidation stage (indicated by the arrow) [21].
Therefore, it was determined that the absorbance
band associated with the OH functional groups
increased with increasing amount of water. In
addition, the absorbance of the 1047 cm™ and
1160 cm™ bands increased in the WO sample and
indicates the high oxidation degree of GO
(indicated by the arrow) [35].

Moreover, the intensity of 1720 cm™/1620 cm™
absorbance bands show an increase of oxidation
degree for graphene oxide structures [24].
Accordingly, the intensity of 1720 cm™/1620 cm
! was found highest in the WO sample by the
FTIR results and so these results are consistent
with the XRD results.

Hydroxyls (O-H)
N AN

—>=c=0
—==-C.C&OH

—=-C-0C

= ¢c-0

"\, =-1260 (C-OH)
¢ ~OoH

— — N—— V | —ws

. d

/ W VAN
/ / )

1047\

1 J \J
{ 4
_M —— WO

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelength (cm'1)

Figure 2. FTIR analysis of GO produced with
different water content

Absorbance (a.u.)

XPS is an important analysis method to examine
the elemental bonds and chemical states of
functional groups in the GO structure. WO and
W3 samples were selected for XPS analysis in
order to compare the effect of the water on post-

oxidation process. C1s and O1s spectrum results
of WO and W3 samples were shown in Figures
3(a) and 3(b) in XPS analysis. According to the
obtained results, it is obvious that the carbon
bond depicted by C1s intensity of the WO
decreased compared to the W3. In addition, the
intensity of the O1s spectrum is dominant for WO
compared to W3 sample. The ratios of C1s and
O1s spectra from survey analysis were given in
Table 2 for W0 and W3 samples. The C/O ratio
was calculated to determine the oxidation degree
of GO [29].

According to the results, the C/O ratio is 1.45 for
W0 sample and 159 for W3 sample,
respectively. Therefore, it was observed that the
W0 sample had a higher oxidation degree due to
its low C/O ratio [29]. Besides, C1s spectrum
was deconvoluted to examine in detail for WO
and W3 samples and the results were shown in
Figures 3c and 3d. In the deconvolution process,
three different functional groups peaks around
284.8, 286.6, 287.8 and 289 indicate C-C/C=C,
C-O-C, C=0 and O-C=0 functional groups,
respectively [12, 14, 18]. The ratio of C-C/C=C
spectra obtained from deconvolution is 51.98%
for the W3 sample and 50.32% for the WO
sample.

Besides, the ratio of spectrums associated with
oxygenated functional groups were 49.68% and
48.02% for samples WO and W3, respectively.
The C-C/C=C regions of the WO sample
decreased due to more oxidation [36]. Therefore,
the areas of functional groups in the WO sample
increased even more. Moreover, the intensity of
the C-O-C epoxy bond is higher in the WO
sample. As the amount of epoxy group increases,
the distance between the layers also increases.
This situation explains the fact that the interlayer
distance is the highest in the WO sample as a
result of XRD. As the temperature of the first
oxidation stage is raised, the degree of oxidation
increases.

The Mn (VII) compound shows extreme
oxidizing properties at high temperatures [24],
and so it is understood that the carbon basal plane
of the WO sample is more oxidized. The obtained
results are compatible with XRD results due to
the lower 20 values. At the same time, XPS
analysis supports the results of FTIR analysis,
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since the absorbance of the 1047 cm™ peak is
higher for the WO sample in the FTIR analysis.
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Figure 3. XPS analysis of GO produced with
different water ratios. (a) C1s and (b) O1s spectrum
of WO and W3 samples. Deconvoluted C1s XPS
spectrum of (c) WO and (d) W3 samples

Table 2. Ratio of C1s and O1s results from XPS

analyses
Samples Cl1s O1s S2p Ci1s/Ols
WO 5741 3949 31 1.45
W3 61.40 38.60 - 1.59

SEM analysis is performed to determine the
effect of water on the morphology of the samples
in the second oxidation step. EDS analysis was
carried out to determine the elemental
distribution in the produced GO structure. The
results of SEM and EDS analysis are shown in
Figure 4. According to the results of SEM
analysis, all GO structures have folded and
crumpled structures. The wrinkled GO surface is
due to the addition of functional groups to the
graphene basal plane during oxidation [25].

However, a smoother surface is formed as the
amount of water increases. As the oxidation
conditions increase, the formation of a wrinkled
structure is expected. The fluctuation of the GO
structure increases with the increasing number of
functional groups in the GO structure [37].
Therefore, the WO sample was observed to
undergo high oxidation due to its wrinkled
surface structure. In the EDS results, the carbon
(C), oxygen (O) and sulfur (S) elements were
detected. Graphene oxide structures consist of
the C, O, and hydrogen (H) elements. However,
H element cannot be detected in the EDS
analysis. The element S is included in the
structure due to the use of H2SO4 in production
[38].

Therefore, C and O elements are seen in the EDS
analysis. The atomic C/O ratio was calculated to
compare the oxidation degree of the GO samples
and is shown in the Figure 4. Accordingly, the
C/O ratios reached 1.29, 1.48, 1.54 and 1.55 for
W0, W1, W2 and W3 samples, respectively. The
C/O ratio increased from the WO sample to the
W3 sample. It is known that the C/O ratio in EDX
analysis decreases with the increasing oxidation
degree of GO [12]. As a result, it was determined
that the WO sample had the highest oxidation
degree in the EDX analysis. It is also supported
by the EDS analysis result that the degree of
oxidation increases with the decreasing amount
of water. These results are also compatible with
XRD and XPS results.
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Weight Atomic Ccio
Element
(%) (%) (Atomic)
C 46.72 55.47
47.87 42.67
1.29
S 3.94 175
Au 146 0.11
‘Weight Atomic c/o
(%) (%) (Atomic)
50.96 59.15
45.70 39.82
148
217 0.94
116 0.08
Weight Atomic c/o
(%) (%) (Atomic)
52.57 60.38
45.30 39.06
154
114 0.49
0.99 0.07
Weight Atomic c/o
(%) (%) (Atomic)
52.77 60.53
45.28 39.00
155
0.93 0.40
102 0.07

S
(d)
Figure 4. SEM and EDS analysis of GO produced
with different water ratios. SEM and EDS analysis
of (a) WO, (b) W1, (c) W2 and (d) W3 samples

TGA/DTA analysis was performed to determine
the thermal decomposition behavior of the
produced GO and the results were shown in the
Figure 5. According to the result of TGA
analysis, a continuous weight loss occurred with
increasing temperature in all samples. Weight
loss up to 100°C is due to the release of trapped
water between the GO layers. At this stage, the
WO sample appears to have the highest moisture
content due to the greatest weight loss. The
sudden weight loss between about 160-220°C is
due to the degradation of unstable oxygen
functional groups [12, 39]. For decomposition to
occur, the strong interlayer hydrogen bond must
be overcome.

Therefore, decomposition is more difficult in
samples with more hydrogen bonds. The
presence of the newly-OH functional group in the
FTIR results of samples with the second

oxidation stage indicates that hydrogen bonding
is more in these samples [40]. Therefore, the
decomposition temperature also increases with
the increasing water amount in the second
oxidation stage. In the DTA analysis, an
exothermic peak is observed for GO samples
between approximately 160 and 200 °C due to
the combustion of functional groups [41].
According to the DTA results, the highest
decomposition temperature was observed in the
W3 sample with 202.86 °C. A gradual loss of
mass between about 230 °C and 900 °C is due to
the removal of more stable functional groups
[24]. At the end of 900 °C, the highest weight
loss occurred in the WO sample, since it has lower
hydrogen bonds and more functional groups.
Since TGA analysis evaluates in terms of weight
loss, it is thought that the structures with the
highest weight loss have more functional groups
[13].

T T T T
0 200 400 600 800
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(a)
L L . ‘ I
100 4 w3 j20288
90—
80 o -7_7-7-7_7-7"-7-7_7
70 H w2 1985 -
604 —'/\' i
T Te—
Z 40 185.97 -
= 30w A
5 2] — Li_"ih_“i
10 -7-7-‘7-7-7-7_ h
o] Wo 166.47 -
N ’\1 —
o —
2] Te——
-30

T T T T T T T T T
0 100 200 300 400 500 600 700 BOO 900
Temperature (°C)

(b)
Figure 5. (@) TGA and (b) DTA analysis of
produced GO with different water ratios

The results of the UV-Vis analysis performed to
determine the effect of the post-oxidation step are
shown in Figure 6. The UV-Vis spectrum of GO
has two characteristic absorbance bands that are
used to determine the degree of oxidation of
graphene oxide and the amount of sp2 conjugate
structure. The absorbance band around 229 nm
indicates the m1—n* electron transition of carbon
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aromatic bonds (sp2). The second characteristic
peak is around 300 nm and was seen as the
shoulder. This shoulder indicates the n—x*
electron transition of the C=0 bond. According
to the results, the maximum point of the carbon
aromatic bond electron transition of the WO
sample was 226 nm and it was determined that it
shifted to the left compared to other samples.
This is due to the exfoliation of GO in the post-
oxidation step with the increasing oxidation
degree [15]. XRD and XPS results also support
this situation. As can be seen in the XRD, FTIR
and XPS results, the C-C and C=C bond
decreased in the WO sample. Therefore, the WO
sample showed absorbance at the lowest
wavelength, since its sp2 conjugate structure also
decreased.

: :
064 229 ol |

226 WA
~ 5228 w2
054 > -
v 229 W3
N
@® N\
2 04 N
< S
S
021 - 1:\
01 )

T T T T T T T
200 250 300 350 400 450 500 550
Wavelength (nm)

Figure 6. UV-Vis analysis of produced GO with
different water ratios

Raman analysis was performed to examine the
defects in the structure of GO samples. The
Raman analysis results of the samples are shown
in the Figure 7. There are two characteristic
bands as D and G in Raman Analysis for GO. The
D band shows the breathing mode of Agg
symmetry in sp2 systems and is around 1350 cm-
! pand [15, 32]. The G band indicates the Ezg
phonons at the Brillouin zone center and is
around 1590 cm™ band. D and G bands were
obtained around 1350 cm™* and 1600 cm™ bands.
The shift of the G band may be due to the isolated
double bonds after oxidation [29].

To compare the defect rate of GO materials, it is
determined by the Ip/lc ratio using the intensity
of the D and G peaks [40, 42]. The Ip/lg ratios for
W0 and W3 samples were 0.82 and 0.84,
respectively. In Raman analysis, the D peak
increases with the rate of defect or disorder in the
graphene plane [40]. Accordingly, more defects

were formed in the GO structure with the post-
oxidation process.
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Figure 7. Raman analysis for W0 and W3 samples
4. Conclusion

GO was successfully produced with the
Improved Hummers Method. Effect of water
content on the post-oxidation level of GO
structure was investigated. The interlayer
distance was reduced with the post-oxidation
step, and so WO sample had the highest oxidation
degree. The hydroxyl functional group increased
in the produced samples with the post-oxidation
step. In XPS analysis, the C/O ratio increased
from the WO sample to the W3 sample. In
addition, the intensity of the oxygen-containing
functional groups is higher for the WO sample. In
the UV-Vis analysis, the WO sample was
detected to have a lower sp? conjugate structure.

This indicates that the GO basal plane is
excessively oxidized under the WO sample
conditions. According to thermal analysis, the
W3 sample was more stable in terms of thermal
properties due to lower thermal decomposition
temperature. Besides, it was revealed that the
highest weight loss occurred in the WO sample
due to the excess of functional groups. Overall
results show that the post-oxidation step with
increasing water content reduces the oxidation
degree of GO, increases defects amount,
provides a less wrinkled structure, and improves
the thermal stability of GO.
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