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Graphene oxide (GO) with various degrees of oxidation was synthesized using a modified
Hummers method. The formation of different types of oxygen containing functional
groups in GO, and their influences on its structure were analyzed using X-ray diffraction
(XRD), Fourier transform infra-red spectra, X-ray photoelectron spectra (XPS), zeta potential
analysis and Raman spectroscopy. XRD studies showed a disruption of the graphitic AB
stacking order during the increase in oxidation levels. XPS analysis revealed the formation
of hydroxyl and carboxyl groups at lower oxidation levels and epoxide groups at higher oxi-
dation levels. The influence of the oxidation degree on the properties of GO was evaluated
by zeta potential analysis, which showed a linear increase in the zeta potential with
increasing oxidation levels. Raman spectroscopy analysis revealed that increasing oxida-
tion levels results in a transition from a crystalline to an amorphous structure. The electro-
chemical properties of GO is highly influenced by the variation in degree of oxidation. Our
results suggest that the properties of GO can be tuned by varying the oxidation degree,
which may pave the way to new developments in the GO-based applications.

© 2012 Elsevier Ltd. All rights reserved.

tion of oxygenated functional groups in graphite oxide makes
them easier to exfoliate into monolayers of GO by simple

1. Introduction

Graphene oxide (GO) is an atomic sheet of graphite decorated
by several oxygenated functional groups on its basal planes
and at its edges, resulting in a hybrid structure comprising a
mixture of sp? and sp® hybridized carbon atoms [1]. GO can
be synthesized by the oxidation of graphite into graphite
oxide followed by the exfoliation of this graphitic oxide into
GO [2]. It is already well known that chemically both graphite
oxide and GO have similar or identical structures. Both pos-
sess stacked structures with chemical functionality on their
basal planes and at their edges [3]. The only difference be-
tween them is the number of stacked layers, GO possess a
monolayer or just a few stacked layers, while graphite oxide
contains a greater number of stacked layers [3,4]. The forma-
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stirring or mild sonication [5]. Even though, this material
has been well known since 1859 when it was first synthesized
by Brodie [6], the material only becomes of widespread inter-
est after the discovery of graphene and is due to the fact it
acts as a major precursor for the synthesis of graphene sheets
by suitable reduction techniques either chemically or ther-
mally [7].

Apart from the synthesis of graphene, GO has several
standalone applications in various fields such as optoelec-
tronics, supercapacitors, memory devices, composite materi-
als, photocatalysis and as a drug delivery agent [8-11]. This
has drawn the attention of researchers to explore the intrigu-
ing properties of GO nanosheets. Most of the outstanding
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properties of GO arise from its hybrid electronic structure as it
contains both the conducting = states from the sp? carbon do-
mains and also the o states from the sp® carbon domains [12].
Theoretical studies have revealed that the properties of GO
can be altered by tuning the sp%sp® ratios of the carbon
atoms [13]. Previous experimental reports showed the obser-
vation of quantum confinement phenomena in GO due to
the formation of unoxidized sp? islands between the oxidized
sp> regions [14]. The formation of sp® domains in GO is due to
the oxidation reaction which results in the decoration of dif-
ferent types of functional groups such as hydroxyl, epoxyl,
carbonyl and carboxyl groups. The presence of these oxygen-
ated functional groups in GO makes it hydrophilic in nature
and also enables them to functionalize other materials with
suitable chemistry [15].

The sp?/sp? ratios in GO can be tuned by varying the oxida-
tion degree using suitable chemical reactions. GO with vari-
ous ratio of sp%/sp® domains may provide novel properties
that can be useful for making several improvements in the
development of graphene based research applications such
as biosensors, supercapacitors, and optoelectronic devices
etc., With the motivation of altering the properties of GO by
varying the oxidation levels, we used a modified Hummers
method employing various quantities of oxidizing agent. To
date, three major methods have been used to synthesize GO
viz. (i) the Brodie method [6], (ii) the Staudenmaier method
[16], and (iii) the Hummers method [17]. Of these methods,
the Hummers method is generally considered to be the best
and most researchers follow it since it has the advantage of
non-toxicity compared to the former two which involve
highly toxic reactions due to the liberation of toxic gases
and highly reactive species [3]. In this paper, we report on
the synthesis of GO with different oxidation levels and
investigated their chemical and structural analysis using
X-ray diffraction (XRD), Fourier transform infra red spectra
(FTIR), X-ray photoelectron (XPS) analysis, zeta potential,
transmission electron microscopy (TEM) and Raman spectros-
copy. The degree of oxidation is also studied by analyzing
their electrochemical properties.

2. Experimental
2.1.  Materials

Graphite powder with a size less than 20 uym was purchased
from Sigma-Aldrich, USA. Sulphuric acid, potassium perman-
ganate, hydrochloric acid and hydrogen peroxide were pur-
chased from Daejung Chemicals and Metal Ltd., South
Korea. All the chemicals obtained were research grade. Dou-
bly distilled water was used throughout the experiment.
The ultrasound irradiation was carried out on a SONIC VCX
750 model (20 kHz, 750 W) using a direct immersion titanium
horn.

2.2.  Synthesis of GO with different degrees of oxidation
GO was synthesized using the harsh oxidation of graphite

according to the modified Hummers method by employing
KMnO, and conc. H,SO,4, followed by ultrasonication [9].

Briefly, graphite powders (2g) were stirred in 98% H,SO4
(45 mL) for 2 h. The required amount of KMnO, was gradually
added to the above solution while keeping the temperature at
less than 20 °C. The mixture was then stirred at 35 °C for 2 h.
The resulting solution was diluted by adding 90 mL of water
under vigorous stirring. The suspension was further treated
by adding 30% H,0, solution (10 mL) and 150 mL of distilled
water. The resulting graphite oxide suspension was washed
by repeated centrifugation, first with 5% HCl aqueous solution
and then with distilled water until the pH of the solution be-
came neutral. The GO nanosheets were obtained by adding
160 mL of water to the resulting graphite oxide precipitate
and were subjected to ultrasound irradiation for 1h with
the aid of a probe type sonicator for the exfoliation of the gra-
phitic oxide into a GO monolayer. The amount of oxygenated
functional groups in the GO was varied by changing the
amount of KMnO, from 1 to 6 g with an increment of 1 g per
oxidation level (The other parameters in the reaction were
kept constant).

2.3. Instrumentation

XRD characterization was performed on a X-ray Diffractome-
ter System (D/MAX 2200H, Bede 200, Rigagu Instruments C).
The FTIR spectrum (1000-2000 cm™?) was measured using a
Thermo scientific FTIR spectrometer with pure KBr as the
background. The samples were mixed with KBr and the mix-
ture was dried and compressed into a transparent tablet for
measurement. The surface morphology of all the samples
was analyzed using a high resolution transmission electron
microscope (HR-TEM, FEI Titan 80-300) and a bioatomic force
microscope (AFM: Nanowizard II, JPK instruments). The
chemical composition and the state of elements present in
the outermost parts of the GO nanosheets were investigated
by XPS measurements using an ESCA-2000, VG Microtech
Ltd. Here a monochromatic X-ray beam source at 1486.6 eV
(Aluminum anode) and 14 kV was used to scan the sample
surface. A high flux X-ray source with an Aluminum anode
was used for X-ray generation, and a quartz crystal mono-
chromator was used to focus and scan the X-ray beam on
the sample. The zeta potential measurements of the samples
in an aqueous dispersion were performed on Malvern Instru-
ments. The Raman spectra were recorded with a RENISHAW
(M005-141) Raman system with laser frequency of 514 nm as
an excitation source. The laser spot size was 1 pum and the
power at the sample was kept to below 10 mW, in order to
avoid laser induced heating. The ultrasound irradiation for
the exfoliation of the graphitic oxide into monolayers of GO
was carried out on a SONIC VCX 750 model (20 kHz, 750 W)
using a direct immersion titanium horn.

The electrochemical properties of all the samples were
studied by cyclic voltammetry (CV) measurements using an
AUTOLAB PGSTAT320N system with a three-electrode config-
uration containing a glassy carbon electrode (GCE) as the
working electrode, and platinum and an Ag/AgCl electrode
as the counter and reference electrodes, respectively. Prior
to GO casting, the GCE electrode, was polished with alumina
powders, then rinsed thoroughly, and finally blow dried with
N,. A 5 pL suspension of GO samples was spread on the pre-
treated bare GCE using a micropipette and the film was
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allowed to dry in a vacuum desiccator. All the electrochemical
measurements were recorded in a 5 mM K;[Fe(CN)g] solution
containing 0.1 M of KCl solution in the potential range of
—0.2 to +0.6 V. A reproducible voltammogram can be obtained
under steady-state conditions after about five cycles.

3. Results and discussion

In this study, we used a modified Hummers method to synthe-
size GO with different degrees of oxidation by adjusting the
quantity of oxidizing agent (KMnO,) used in the synthesis
reaction. In total, 6 different oxidation levels were synthe-
sized; these were denoted as S-1, S-2, S-3, S-4, S-5 and S-6
where the numbers of the samples indicate the amount (in
grams) of KMnO, used in the oxidation reaction. The photo-
graphic images of all samples are presented in Fig. 1. We can
observe a change in color from black into blackish brown
and finally a brownish yellow color as we move through the
samples with different levels of oxygenated functional groups.

3.1.  XRD analysis

XRD analysis was used to characterize the crystalline nature
and phase purity of the as-synthesized GO with different de-
grees of oxidation. As a reference, the XRD pattern of the pris-
tine graphite is shown in the Supplementary document
(Fig. S1). The XRD pattern of the graphite shows a diffraction
peak at 20 =26.3° corresponding to an interlayer spacing of
about 0.34nm [18]. The XRD patterns of all samples are
shown in Fig. 2, these clearly show that with increasing oxida-
tion levels, the intensity of the peak at 20 = 26.3° starts de-
creases, and finally, disappears at the higher oxidation
levels. Simultaneously, we can also observe the appearance
of a new peak at a lower diffraction angle starts to grow with
increasing oxidation levels corresponding to the diffraction
pattern of GO. The XRD pattern of the synthesized samples
shows significant changes in the crystallinity of GO at each
stage of oxidation. At upon lower oxidation level of graphite
using 1 g of KMnO,, we can see a result in peak broadening
around 20 = 26.15° in the XRD pattern of S-1. The peak broad-
ening effect is due to the lattice distortion that occurs in the
AB stacking order of the graphite lattice due to mild oxidation.
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Fig. 2 - X-ray diffraction patterns of GO with different
degrees of oxidation.

The peak broadening effect due to mild oxidation of graphite
is in good agreement with the experimental results of Jeong
et al. [19,20] The increase in oxidation quantity (2 g of KMnOy)
results in the following changes as shown in the XRD of sam-
ple S-2, viz (i) the graphitic peak at 20 = 26.15° becomes nar-
rower and (ii) the formation of a new broad peak at
20 =13.3° with a lower intensity compared to the graphitic
peak. These changes come from the heterogeneous nature
of the oxidized graphite comprised of both sp? domains from
graphite and the sp® domains from oxidized graphite. Upto
this point, the sample possesses more graphitic domains
and less oxidized domains.

Fig. 1 - Photographic images of GO samples with different degrees of oxidation.
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When the concentration of KMnO, was increased to 3 g,
the XRD pattern of S-3 shows that the intensity of the peak
at 20 = 11.74° becomes higher and the peaks due to graphite
disappear. The observed interlayer spacing of S-3 was 0.74
which corresponds to the GO. With further increases in the
oxidation content, the XRD pattern of samples S-4, S-5, and
S-6 contain only the diffraction peaks due to the GO at
20 =10.91°, 10.52° and 10.12° with an interlayer spacing about
0.81, 0.84, and 0.89 nm, respectively. All together, the XRD
analysis revealed that the samples S-1 and S-2 contain more
graphitic domains are graphite oxide and the samples S-3,
S-4, S-5 and S-6 possess interlayer spacings between 0.74
and 0.89 nm corresponding to the GO. The XRD results of
the GO samples are in good agreement with published reports
available in the literatures [8,9,18,21]. The increasing inter-
layer spacing of the GO samples suggests that different levels
of oxygen containing groups were attached to the graphite
lattice. There were no significant changes occurred in the
XRD pattern of GO samples other than the increase in inter-
layer spacing. This finding is supported by the observations
of Lucas et al. [22].

3.2.  Morphological
analysis

characterization and crystallinity

The surface morphology and crystalline nature of the synthe-
sized GO with different degrees of oxidation was analyzed
using HR-TEM and selected area electron diffraction (SAED)

pattern as shown in Fig. 3. It is obvious that all the samples
possess a sheet like morphology with different transparen-
cies. This is probably due to the number of layers present in
the stacked structure of GO. The HR-TEM results of samples
S-1 and S-2 show the sheet like morphology comprised of
many layers of partially oxidized graphite oxide. The samples
S-1and S-2 contains less oxygenated functional groups which
limits them in terms of exfoliation into monolayers or few
layers after the exfoliation process. Also the transparency of
these samples is less than the others due to the presence of
more layers. However, with increases in the oxidation level,
GO samples (S-3, S-4, S-5 and S-6) become highly transparent,
since these samples possess high amounts of oxygenated
functional groups, which makes suitable for exfoliation into
monolayers or just a few layers of GO after ultrasonication.
The dimension of the samples is high in the less oxidized
samples (S-1 and S-2) and a reduction in sheet length is ob-
served with increasing oxidation level. An overall analysis of
the HR-TEM observations shows that the sheets morphology,
dimension and the transparency are highly dependent on the
level of oxidation and the exfoliation strategy.

The SAED pattern is one of the tools used to characterize
the crystalline nature of nanosized materials. The SAED pat-
tern of all the GO samples with different oxidation level is
shown in the inset of their corresponding TEM images, as
can be seen in Fig. 3. It is observed that the SAED pattern of
all the samples possess clear diffraction spots with a six-fold
pattern that is consistent with the hexagonal lattice [21].

(S-1)

(5-2)

Fig. 3 - High resolution transmission electron microscope images of GO with different degrees of oxidation. The inset in each

image shows the SAED pattern of the corresponding sample.
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These observations indicate that the graphitic AB stacking or-
der is preserved in the lattice even after higher oxidation lev-
els. This is in accordance with the previous studies of Jeong
et al. [20], which contains evidence of AB stacking order in
graphitic oxide produced using Brodie’s method. The SAED
pattern of the S-1 and S-2 samples shows a typical ring like
pattern indicating the polycrystalline nature of the samples.
These rings like pattern arise from the merging of the diffrac-
tion spots due to the greater number of layers in the samples
[23]. This is in accordance with the XRD patterns of the corre-
sponding samples. However an increase in oxidation levels
leads to exfoliation into a single or few layered GO resulting
in a diffraction pattern due to the superposition of two or
three hexagonal pattern of few layered GO. The SAED pattern
of the S-6 sample is in accordance with previous studies on
the SAED pattern of GO as shown by Wilson et al. [23]. This
observed pattern for our sample (S-6) also closely matches
graphite oxide samples studied by other groups [24,25]. Simi-
lar phenomenon was also observed by Wilson et al. and their
work concluded that GO is not only comprised of fully amor-
phous regions but some crystalline regions are also present
[23]. The amorphous region in GO occurred due to the pres-
ence of several sp? carbon atoms formed during the oxidation
reaction. There are a few reports showing the presence of gra-
phitic islands or unoxidized domains (sp? content) within the
oxidized domains (sp® content) in GO [14,26,27]. Our previous
study also showed that the presence of graphitic islands in GO
results in quantum fluctuations leading to an opening of the
band gap in the electronic structure of GO [28]. No diffraction
pattern was observed for the oxygenated functional groups in
all the samples, rather the hexagonal spots of graphitic nat-
ure indicate that the oxygenated functional groups formed
on the graphite lattice are not resulted in the formation of
any superlattice type ordered arrays [23].
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We have also studied the morphology of the GO sample
(S-6) using atomic force microscopy. The AFM topography of
the GO sample S-6 is shown in Fig 4. It shows a typical sheet
like morphology and also resembles the presence of monolay-
ers (Fig 4(d)) and few layered GO (Fig 4(e)). The difference in
the number of layers can be easily distinguished using the
contrast of the sheets. The monolayers of GO have a light in
color whereas the few layered GO are bright in color Fig 4(a).
The presence of a few layers in the sample is due to the aggre-
gation or self assembly of two or three layers of GO during the
drying process in the specimen preparation. We also exam-
ined the nature of monolayer GO, as seen in Fig 4(b) which
shows high transparency and some folded regions. Similarly,
Fig 4(c) shows the presence of monolayer and few layered GO
depicting the presence of wrinkles in the sheets. The AFM
studies are in agreement with the TEM observations men-
tioned above.

3.3. FT-IR characterization

In order to study the different types of functional groups
formed in the GO at different degrees of functional groups,
FT-IR spectroscopy was used. The FT-IR spectra of all samples
are shown in Fig. 5. The FT-IR shows band at 1573 cm~* due to
the presence of C-C stretching in graphitic domains found in
S-1. With further increases in oxidation level, the FT-IR spec-
trum reveal the presence of C=0 (1720cm™%), C-O
(1050 cm™1), G-0-C (1250 cm~?*) C-OH (1403 cm™?) in the GO
samples [29]. The peak found at 1620 cm™" is a resonance
peak that can be assigned to the C-C stretching and absorbed
hydroxyl groups in the GO [18]. We also measured the XPS
spectroscopy of all samples in order to study the different
types of functional groups formed in GO with respect to the
degree of oxidation.
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Fig. 4 - (a) Atomic force microscopic image of GO (S-6) nanosheets; (b) enlarged circled area from Fig. 4 (a) and; (c) enlarged
squared area from Fig. 4(a). The line profile of the GO nanosheets shown in (c) is represented in (d) and (e).



CARBON 53 (2013) 38-49 43

C-0-C
¢-0 C-OH C-c C=0

Transmittance (%)

S-3

N

c-oc c-on CC

Cc=0

c-0

C-OH
c.o COC

1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000

c-C

Wavenumber (¢cm-)

Fig. 5 - Fourier transform infrared spectra of GO with different degrees of oxidation.

3.4.  XPS analysis

The chemical states of all the samples were investigated by
the use of XPS spectra and are shown in Fig. 6. For compari-
son, the XPS of the pristine graphite was also measured and
is shown in the Supplementary document (Fig. S2). In the

XPS of graphite, we can see only a peak corresponding to
C-C stretching at 284.5 eV indicating the absence of any oxy-
genated function groups [30]. With increasing the oxidation
level, the intensity of the C-C peak due to the sp? carbon bond
in graphite gradually decreases and an increase in intensity of
new functional group’s peaks, such as hydroxyl, carboxyl and

Counts (a.u.)

279 282 285 288 291 294

S-6

279 282 285 288 291 294

Binding Energy (eV)

Fig. 6 — X-ray photoelectron spectra of GO with different degrees of oxidation.
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epoxyl groups, due to oxidation of graphite are clearly evident
from the XPS of the GO at various stages of oxidation. The XPS
of sample S-1 shows the presence of C-OH groups in addition
to the C-C group in the material and also it possesses a small
amount of -O-C=0 groups. When the oxidation level is in-
creased, S-2 shows increases in intensity of the C-OH and -
O-C=0 functional groups and the corresponding intensity
of C-Cis lower than S-1. Further increases in the oxidation re-
sult in the formation of epoxide groups along with the hydro-
xyl and carboxyl groups, which are clearly noticeable in the
XPS of S-3. When the oxidation level is further increased,
the XPS of samples S-4, S-5 and S-6 shows that there is an in-
crease in the intensity of epoxide (O-C-O) groups and a de-
crease in the hydroxyl and carboxyl groups. The sp%sp?
ratio measured from the XPS spectra of samples S-1, S-2, S-
3, S-4, S-5, and S-6 are found to be 2.15, 1.52, 0.36, 0.31, 0.27,
and 0.25, respectively. The sp®sp® ratio decreases with
increasing oxidation level and is matched well with the previ-
ous report in graphite oxide using Staudenmaier process and
Brodie method by Lee and Seo [31]. The intensity ratio of the
hydroxyl, carboxyl and epoxyl groups with respect to the C-C
domains is provided in the Supplementary document
(Table S1). This clearly demonstrates that the hydroxyl and
carboxyl groups, on further oxidation, lead to the formation
of the epoxide groups which results in the increased inter-
layer spacingin S-6, as seen in the XRD results. The formation
of epoxide groups from S-3 level signifies the increase in inter-
layer spacing and exfoliation of graphitic oxide into GO. This
is in agreement with the XRD results of our samples in which
S-1 and S-2 samples are graphitic oxide whereas the remain-
ing samples are GO with different oxygen groups.

Hence, the overall analysis of the XPS results demon-
strates that the hydroxyl and carboxyl groups are formed at
lower oxidation levels and are converted into epoxy groups
when the oxidation level is increased. The reason for this
complicated mechanism is as follows: the Hummers method
employs KMnO, in conc. H,SO, as the oxidizing agent; this
can produce dimanganese heptoxide (Mn,O;) which is a
strong oxidizer [32]. Mn,0; is capable of epoxidation of unsat-
urated oxygenated groups [33] formed in the graphite during
the oxidation reaction and this results in the higher O-C-O
groups in the GO samples with a high oxidation level. To
the best of our knowledge no other research group has ana-
lyzed the different oxidation levels of GO using Hummers
method. The results of the XRD and XPS analysis support
the previous finding of Lucas et al. [22].

3.5. Zeta potential analysis

The influence of oxygenated functional groups in GO with dif-
ferent degrees of oxidation was evaluated by zeta potential
analysis. The zeta potential is a physical property exhibited
by any material in dispersion and is an important parameter
used for characterizing the electrical properties of interfacial
layers in dispersion, which is closely related to the pseudoca-
pacitance behavior of electrode materials used in electro-
chemical double layer supercapacitors [34]. The =zeta
potential of all the samples was measured in an aqueous
medium and is shown in Fig. 7 as a plot of zeta potential
against the different degrees of oxidation. We used the

Zeta Potential (mV)
A
[—]

" 1 i
S-1 S-2 S-3 S-4 S-5 S-6
Degrees of oxidation

Fig. 7 - Plot of zeta potential vs samples with different
oxidation levels.

Smoluchowski approximation [35] for the measurement of
the zeta potential of GO. The Smoluchowski expression for
plate-like particles [36] is given as (=nu/ee, Where ( is
the zeta potential, # is the solution viscosity, u is the electro-
phoretic mobility and ¢ is the permittivity of the solution,
&= &¢e,.This expression holds good for the zeta potential
measurement of lamella type structures like graphene and
GO. This finding supports the previous study of Lotya et al.
on the zeta analysis of graphene nanosheets [37].

The zeta potential of all the samples is given in the Supple-
mentary document (Fig. S3). The zeta potential measure-
ments show a linear increase in the zeta potential with
respect to increasing oxidation levels as seen in Fig. 7. The
zeta potential values of S-1, S-2, S-3, S-4, S-5 and S-6 were
found to be —-31.4, —37.8, —41, —44.7, —47.6, and —51.2 mV,
respectively. The negative zeta potential values are due to
the presence of electronegative functional groups formed at
the graphite lattice during the oxidation [38]. With the succes-
sive increase in the oxidation quantity, a greater number of
electronegative functional groups are formed in GO resulting
in the increase of the zeta potential at higher oxidation levels.
Finally, the results for the GO sample S-6 possessing more
oxygenated functional groups with a higher zeta potential
in an aqueous medium is more likely due to the dissociation
of a greater number of acidic groups (COOH — COO~ + H*) at
the surface thereby resulting in a higher zeta potential.
According to the ASTM standard for stability of colloidal sus-
pensions, a zeta potential between 30 and 40 mV (either posi-
tive or negative) shows moderate stability, higher than 40 mV
(either positive or negative) resembles high stability [39].
Hence, the samples S-1 and S-2 with lower oxidation levels
(graphitic oxide) exhibit “moderate stability” whereas the
samples with higher oxidation levels (S-3, S-4, S-5 and S-6)
exhibit “high stability”.

3.6.  Raman analysis

Raman spectroscopy is a standard non-destructive tool for
the analysis of structural elucidation of carbon materials,
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such as graphite, diamond, carbon nanotubes, graphene and
GO [40]. Raman spectra were carried out for all the samples
with different oxygen contents from S-1 to S6 as shown in
Fig. 8. As a reference, the Raman spectrum of precursor
graphite was also measured and is shown in the Supplemen-
tary document (Fig. S4). The spectrum of graphite shows a
strong G band at 1570 cm™" due to first order scattering of
the E2g mode [41]. It also contains a small band at
1354 cm ! named the D band, which is evidence for the pres-
ence of defects in the graphite material such as bond-angle
disorder, bond-length disorder, vacancies, edge defects, etc.,
[42] Another important features in the Raman spectra of
graphite is the presence of a 2D band at 2700 cm ™ * (also called
the G’ band), this is the overtone of the D band [43]. The 2D
band is used to evaluate the structural parameters of the
c-axis orientation, since this band is very sensitive to the
stacking order of the graphite along the c-axis [44]. It is
expected that the harsh chemical oxidation process will
result in predominant structural changes in the graphite
lattice due to the formation of different types of oxygenated
functional groups at the basal plane and also at the edges.
Fig. 8 shows the Raman spectra of all the samples and shows
significant changes at different degrees of oxidation. In S-1,
the G band is shifted towards a higher wavenumber
(1585 cm™1) due to the oxidation of graphite and the D band
has a higher intensity, which can attributed to the formation
of defects and disorder such as the presence of in-plane het-
ero-atoms, grain boundaries, aliphatic chain, etc., On the
other hand, the intensity of the 2D band is smaller after
oxidation, a new band appeared around 2950 cm™* which is
denoted as D + G band. The decrease in the 2D band is due

to the breaking of the stacking order due to the oxidation
reaction.

Fig. 9a shows the corresponding changes in the G band
with respect to levels of oxidation. It shows that the G band
is shifted towards a higher wavenumber with the increase
in oxidation level. At the highest oxidation level, the G band
position reaches a position at 1596 cm ™. The shift in G band
is associated with the formation of new sp® carbon atoms in
the graphite lattice [45]. In addition to the shift in G band po-
sition; the full width half maximum (FWHM) of the G band
also increases with respect to the oxidation level. The FWHM
of the G band with increasing oxidation level was 45, 54, 70,
103, 114, and 124 cm™!, for the samples S-1, S-2, S-3, S-4,
S-5, and S-6, respectively. The shift in G band increase in
FWHM suggests that the presence of sp® carbons is increased
with respect to oxidation level. Similarly, the different degrees
of oxidation affect the nature of D band. The intensity of the
D band increases with increasing oxidation and becomes
constant at higher oxidation levels. The FWHM of the D band
linearly increase with the increase in oxidation levels indicat-
ing that the oxidation process highly influences the in-plane
sp? domains of the graphite with defects [45]. Fig. 9b shows
the variation of Ip)/I(g) with respect to the oxidation level. It
shows that lower oxidation levels result in an increase in
the Ipy/I ratio, which decreases with increasing oxidation,
and finally becomes saturated at higher oxidation levels.
The decrease in p)/I(g) ratio at higher levels of oxidation is
compensated by the increase in the FWHM of the G band.

The peaks correspond to overtones, such as the 2D, D + G
and 2G bands, which also display significant changes depend-
ing on the oxidation. The intensity of the 2D band decreases
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Fig. 8 - Raman spectroscopy of GO with different degrees of oxidation.
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with increases in oxidation level and broadens at the higher
oxidation levels. Fig. 9b represents the change in I;p)/I(g) ratio
with respect to oxidation level. It decreases up to S-3 and then
increases oxidation levels higher than S-3. Since the 2D band
is structure sensitive [44], the Iop)/I(g) ratio clearly illustrates
the transition from crystalline to an amorphous phase in
GO upon oxidation. Similarly, the other overtone bands
D +G (2922 cm™Y) and 2G (3171 cm ™) increased with increas-
ing oxidation level. The changes in overtone bands, such as
2D, D + G and 2G bands, illustrate the disruption of the gra-
phitic AB stacking order in GO with increasing oxidation level.
The average crystallite size of the sp? domains in the GO sam-
ples can be calculated by the intensity measures of the D
band (I;p)) and G band () [45,46]. Many equations such as
Tuinstra and Koenig’s equation [41], the Knight and White
relation [47], have been employed to measure the average
crystallite size of the sp> domains using the Ijpy/I(g ratio. Later
on, the general equation of the average crystallite size of the
sp? domains L, in the nanographite sytems was given by
Cancodo et al. [48] by relating the Iip)/I ratio to the fourth
power of the laser energy used in the experiment. This mod-
ified equation can be given as.

Lo(nm) = [(2.4+107°)(21)*]/[Iip) /I 10)] (1)

where L, is the average crystallite size of the sp? domains, /; is
the input laser energy, I is the intensity of the D band, and
I is the intensity of the G band. The calculated L, values are
18.24, 11.25, 9.63, 15.67, 14.06, and 13.77 nm, for samples S-1,
S-2, S-3, S-4, S-5 and S-6, respectively. The L, value of the pre-
cursor graphite was calculated to be 122 nm. The results indi-
cate that the average crystallite size decreases with less
oxidation; this may be due to the breaking of crystallites with
initial oxidation resulting in the formation of defects, disor-
ders, sp® hybridization and changes in crystallinity. At the
same time, L, starts increasing for sample S-4 and becomes
constant (around 14 nm for S-5 and S-6) at higher levels of
oxidation. This is in agreement with the previous investiga-
tions on the crystallite size of series of graphite oxide using
Staudenmaier method as evaluated by Lucas et al. [22]. The

recent investigation on the oxidation of mechanically exfoli-
ated graphene by Wang et al. also supports our findings [49].
In these aspects, there is no straightforward relation between
the oxidized (sp®) and unoxidized (sp?) states with respect to
level of oxidation. Overall, the Raman spectroscopy results
show the transition of crystalline graphite into an amorphous
state and the disruption of stacking order with respect to in-
creases in the oxidation level. However, there are much fur-
ther investigations needed to study the detailed physics and
chemistry underlying the structure of GO.

3.7.  Electrochemical properties

The influence of oxygenated functional groups in GO was also
studied by using CV measurements using a 5 mM solution of
potassium ferricyanide [K3(FeCN)g] containing 0.1 M KCl solu-
tion. The oxygenated functional groups present in GO nano-
sheets play a key role in electrochemical biosensors for
glucose sensing, supercapacitors, etc., [50]. Hence a study on
the electrochemical properties of GO with different oxidation
level is an area of potential interest. Herein, the GO sample is
modified onto the surface of a GCE electrode. Fig. 10 shows
the CV curves of all the tested samples in comparison with
the GCE electrode. It shows that the typical redox reaction oc-
curred at the electrode surface indicating the presence of an
anodic peak and cathodic peak in the CV curves. It is clear
from Fig. 10a, that samples S-1 and S-2 show a higher current
value for the redox reaction than the GCE electrode. As evi-
dent from the XPS and zeta potential measurement stated
above, these samples contain less oxygenated functional
groups, thereby less surface charge which enables them to at-
tract ferricyanide ions to the electrode surface for the electro-
chemical reaction. Similarly, the samples S-3 and S-4 show
higher electrochemical reactions compared with the GCE (as
shown in Fig. 10b) but lower than the samples S-1 and S-2.
This is due to the increase in surface oxygen groups and sur-
face charge. Fig. 10c displays the CV curves of samples S-5
and S-6 and shows a significant reduction in the cathodic
peak current (I) compared with the GCE and is due to the
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high surface charge of these samples (as evident from the XPS
and zeta potential measurements). Both S-5 and S-6 with
higher levels of oxidation act as an insulating layer on the
GCE electrode and due to their high surface charge, the
ferricyanide ions are repelled at the electrode surface thereby
limiting electrochemical reactions. The electrochemical
behavior of the S-6 sample is consistent with the previous
studies of Guo et al. [51]. However, it is still remaining elusive
to determine the contribution of each functional group on the
electrochemical properties of GO due to its structural and
chemical inhomogeneous nature. The histogram curve of all
the samples in comparison with the GCE electrode is shown
in Fig. 10(d). It shows that the I,. value decreases with
increasing levels of oxidation, thereby showing the transition
from metallic to semiconducting and insulating behavior due
to increases in oxidation level.

4. Summary

We synthesized GO using a modified Hummers method with
different degrees of oxidation. The formation of various oxy-
genated functional groups at different stages of oxidation and
their influence on the chemical and structural analysis was
investigated. The XRD studies revealed that the graphitic nat-
ure of the material decreased with increasing oxidation level.
The morphological studies using TEM showed a sheet like
morphology in all stages of oxidation. XPS analyses showed

the formation of hydroxyl and carboxyl groups in the graphite
lattice during the initial stage of oxidation and these were
converted into epoxide groups at higher oxidation levels.
The various degrees of oxidation significantly altered the zeta
potential properties exhibiting moderate stability at lower
oxidation levels and high stability at higher oxidation levels.
Moreover, a detailed study on the Raman spectra at various
levels of the oxidized samples was presented. It showed that
the sp® domains are increasing with increase in oxidation le-
vel with the disruption of the graphitic stacking order. The
influence of oxygenated functional groups in different GO sig-
nificantly altered the electrochemical properties of GO. The
key findings of our work support the view of the tunable prop-
erties of GO, that is, by varying the oxidization degree which
can provide new positive features in the development of
GO-based device applications.
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