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Abstract
In this work graphene oxides (GOs) were synthesized by the tour
method. The oxidation degree of GOs was varied using different
dosages of KMnO4 during the synthesis (0.5, 3, and 6 g). By X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), we
quantitatively determined the oxidation degree of the materials (4.1,
49.5, and 53.9%). In addition, bandgaps ranging from 0.8 to 2.18 eV
were calculated, thus verifying the dependence of the bandgap on the
oxidation degree. With this work, we demonstrate that by the tour
method it is possible to synthesize and control the oxidation degree in
the GOs, in such a way that we can change the nature of the material
from semimetallic to semiconducting with the modification of its
bandgap. The study of our GOs was complemented with FT-IR
spectroscopy and Raman spectroscopy.
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1.

Introduction

Two-dimensional materials have emerged as promising
platforms for investigating innovative and unusual features not
seen in conventional materials. Due to its exceptional electrical,
optical, mechanical, and thermal properties for a wide range of
applications, carbon-based materials have been widely
researched [1]. One of them is graphene oxide (GO) [2, 3]. GO
is a carbon nanomaterial obtained by oxidation of graphene,
which can be mass-produced by exfoliation of graphite [4]. As
a derivative of graphene, graphene oxide is described as a
monolayer sheet of sp2 and sp3 hybridized carbons, where the
graphene-like skeleton is interrupted by various oxidative
functionalities on the basal plane and edges [5]. These
functionalities (hydroxyl, carbonyl, epoxide, carboxylic) favor
exfoliation because they increase the distance between the
graphene layers, facilitating the separation of the layers by
ultrasound application [6]. Several theoretical-experimental
works have reported the variation of GO properties depending
on the oxidation degree they present [7-9], having then the
possibility of adapting their properties according to their
intended application. One of them is the bandgap, which is a
physical property that determines whether a material has a
conductive, insulating, or semiconducting nature [10]. For this
purpose, there are different synthesis methods for the
preparation of GOs with different oxidation degrees, such as
Brodie [11], Staudenmaier [12], and the Hummer method [13],
mainly.
We synthesized GOs with three different oxidation degrees
(GO1, GO2, and GO3) by the tour method. To the best of our
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knowledge, the tour method has been referenced in several
papers as a reliable method for the synthesis and control of
graphene [14], however, we have not found precedents of
research groups that have analyzed the different oxidation
degrees in GO by such a method. Bandgaps were calculated for
our materials, observing a clear dependence on the amount of
oxidant (KMnO4) added during the synthesis process. In
addition, with the help of XRD and XPS, the oxidation degree
was quantitatively determined for each of them. The oxidation
degrees were also observed qualitatively by Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy.
2.

Materials and methods

2.1.

GO by the Tour method

Our materials were made by mixing 43.2 mL of H2SO4 (sulfuric
acid ACS reagent, 95.0%-98.0%) and 4.8 mL H3PO4 (orthophosphoric acid, 85%) in a 9:1(v/v) ratio. The acid mixture is
poured into 1 g of graphite powder and stirred continuously for
3 hours in a cold bath at 4°C. The oxidation degree was varied
using 0.5 g, 3 g, and 6 g of KMnO4, respectively. After 2 hours,
a dropwise addition of 12 mL of analytical grade H2O2 (30%
w/w) and 13 mL of HCl (36.5%-38.0%) was made. To stop the
process, distilled water was added to the mixture after 30 min.
The exfoliation process was then carried out for 30 min by
using sonication. Through centrifugation at 4000 rpm for 30
min, a washing process was repeated until the residual liquid
attained a pH of 7. Finally, the resulting pastes were dried for
18 hours at 65°, obtaining GO powders with three different
degrees of oxidation.
2.2.

Characterization

2.2.1.

Infrared spectroscopy by Fourier Transform
(FTIR)

Analysis of FTIR was performed on a Perkin-Elmer Frontier
FTIR instrument using a diamond ATR accessory in the 12003400 cm-1 range with a resolution of 4 cm-1.
2.2.2.

X-ray diffraction (XRD)

X-ray diffraction (XRD) provides strong evidence of the
oxidation reaction and modification of the crystal structure of
the initial graphite. The diffraction pattern was performed using
a D2 PHASER Bruker diffractometer under Cu-Kα radiation

2.2.4.

X-ray photoelectron spectroscopy (XPS)

XPS spectra of the GOs were taken on a PHI Versa Probe II
spectrometer using monochromatic AlKα radiation with an
energy of 1486.6 eV. The scanning range was 278–300 eV.
Additionally, we quantitatively obtained the oxidation degree
in this work using the intensities Isp2 and Isp3 by XPS and the
intensities of graphite (IGraphite) and GO (IGO), thus verifying the
direct relationship of the oxidation degree as a function of the
amount of KMnO4 added during the synthesis process, as
reported by Yan, H. et al (2014) [16].
(100)
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2.2.5.

(Eq. 2)

UV-Vis Spectroscopy

Diffuse reflectance spectrum was recorded on a JASCO
spectrometer model V-670 equipped with integration sphere
model IJN727. The bandgap was calculated by linear
extrapolation of Tauc plots (equation 3) [17] using optical
absorbance data plotted appropriately concerning energy.
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(Eq. 3)

where αhv is the photon energy, Eg is the bandgap, n is the
nature of transmission and A is the slope of the Tauc plot in the
linear region. The exponent's value indicates the type of
electronic transition, whether it is direct or indirect, permissible
or disallowed. However, it was not possible to distinguish
between direct and indirect bandgaps in the case of our
materials.
3.

Results and discussion

Figure 1 shows the FT-IR analysis of the precursor graphite and
the synthesized GOs. Intense peaks in GOs samples were
observed at wavelengths of ≈3302 cm-1 due to the presence of
the O-H bond (hydroxyl group) and ≈3200 cm-1 due to the
hydrogen-bonded water (H-O-H) stretching. The -C=O
stretching (carboxyl group) appeared at ≈1722 cm-1 [18], while

GO3: KMnO4=6g

C-O-C

The Raman spectroscopy analysis was performed using an NTMDT Ntegra Spectrometer. The spectra were obtained in the
range of 800 to 1800 cm-1 with a total of 32 scans per spectrum,
an opening of 25 m for slit, and the use of a laser of 532 nm as
the excitation.

C-OH

Raman spectroscopy

C=C

(Eq. 1)
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the C-OH stretching appeared at ≈1373 cm-1 and epoxy is
observed at ≈1200 cm-1, respectively, while the peak around
≈1556 cm-1 was attributed to the C=C bonds of the nonoxidized domains [19]. These peaks did not appear in the
graphite spectrum, indicating that the chemical oxidation
process introduces many oxygen-containing functional groups,
and these groups must include -COOH and C=O located at the
edge of the sheet, -OH, and epoxy C-O over the basal planes of
the GO sheet [20].

Transmittance (%)

(λ=1.54056 Å), using a voltage of 40 kV and a current of 30
mA. The scanning range for GOs was done at 2θ from 8°-60°,
with a scanning speed of 0.02°/min. The Bragg equation [15]
was applied to the reflection (001) to estimate the average d001
distance between graphene layers.
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Figure 1. FT-IR of the precursor graphite and GOs with different oxidation
degrees.

The synthesized GOs were analyzed by XRD to
observe the evolution of the main peaks as a function of the
amount of KMnO4 added during the synthesis process (figure
2a). In the diffraction pattern, graphite shows a characteristic
peak at 2θ=26.20°, which corresponds to the plane (002). After
the introduction of oxygenated functional groups, the intensity
of the graphite peak is reduced until it disappears, but at the
same time, a new broad peak appears at 2θ=13.04°,
corresponding to the plane (001) of the GOs. In GO2 the peak
of the plane (001) is more intense and is shifted to 2θ=9.51°.
While in the GO3, the peak is defined and more intense, shifting
to 2θ=9.58°. This confirms that the oxidation of graphite has
been successfully carried out and it is at the same time
coincident with previously reported work [21]. The peak of the
plane (001) represents the existence of an intercalated H2O
molecule and an oxygenated functional group that is strongly
bound to it [22, 23]. The variation in the interplanar spacing of
GO results from the variation in the oxidation degree in graphite
and is proportional to the oxygen content [24]. Figure 2b shows
that the interplanar distance is larger for GOs concerning the
precursor graphite and increases with the higher oxidation
degree due to the intercalation of water molecules and the
formation of epoxy, hydroxyl, carbonyl, and carboxyl
functional groups in the basal plane of the graphite [14, 25, 26].
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Figure 2. Graphite precursor and graphene oxides with different doses of
KMnO4 (a) X-ray diffraction spectra, (b) interplanar distance (001) plane.

Figure 3. Graphite precursor and graphene oxides with different doses of
KMnO4 (a) Raman spectra, (b) ID/IG ratio.

The Raman spectra for each GO and the graphite
present two bands as shown in figure 3a. In graphite, the D band
is located at 1351 cm-1 and is associated with the order/disorder
in the lattice of the material, while the G band located at 1579
cm-1 is caused by the stretching of the bonds in the plane of the
sp2 carbon atom pairs [27, 28]. In GO1 the G-band shifted to
1588 cm-1; in GO2 the band moved to 1592 cm-1 and finally in
GO3 to 1601 cm-1, with such a shift suggesting a higher
oxidation degree in the material [29, 30]. On the other hand, an
increase in the number of defects in the graphitic network
results in a gradual increase in the intensity of the D peak
concerning the G peak, as observed in figure 3b. Graphite
presented an ID/IG ratio of 0.2804, suggesting a material with a
high degree of order, while GO1, GO2, and GO3 showed ratios
of 0.8411, 0.9675, and 0.9685, respectively, where the degree
of the disorder increased significantly. The ratio of ID/IG
intensities has been used to indicate the average sp2 domain size
in graphitic sheets, such that its increase in GOs compared to
graphite, indicates that the sp2 states are broken and many sp3
hybridized carbon atoms are induced by oxygen-containing
functional groups, thus causing the isolation or reduction of the
average size of sp2 domains, due to the incorporation of KMnO4
during synthesis [6, 29, 30].

The GOs were further analyzed by XPS as shown in
figure 4. Four peaks were deconvoluted for the carbon 1s
spectrum obtained from the GO corresponding to the following
functional groups: C=C/C-C in aromatic rings, C epoxy (C-O),
C carbonyl (C=O), and C carboxyl (-COOH) [18, 31, 32].
Overall, the spectra in figure 4 showed an intense band at
∼284.8 eV attributed to C=C (sp2) bonds and a less intense band
at ∼286.9 eV attributed to sp3 hybridization [33-36]. GO1
(figure 4a) showed a band at 284.8 eV attributed to aromatic
rings (C=C/C-C) with 51.2%. Likewise, the presence of Cepoxy (C-O) at 286.8 eV with 27.7% and C-Carbonyl (C=O) at
287.6 eV with 21.1% is also observed. The presence of two
types of oxygenated functional groups is related to the KMnO4:
graphite ratio used for the synthesis of GO1 since it was not
sufficient to oxidize the epoxy or carbonyl groups to carboxylic
[37]. In GO2 (figure 4b), it showed the presence of 48.1%
aromatic rings (C=C/C-C) at 284.8 eV; while the oxygenated
groups found were 17.5% epoxides (C-O) at 286.7 eV, 19.1%
Carbonyls (C=O) at 287.1 eV and 15.3% Carboxyl groups (COOH) at 288.2 eV. Finally, GO3 (figure 4c) presented 46.9%
aromatic rings (C=C/C-C) at 284.7 eV and 15.6% (C-O), 18.6%
(C=O) and 18.9% (-COOH) at 286.6 eV, 287.1 eV and 288.1
eV, respectively.
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Figure 4. XPS spectra (C1s) and deconvolutions were obtained for GO (a) GO1, (b) GO2, and (c) GO3.

Table I presents the quantification of the functional
groups for GO1, GO2, and GO3, obtained from the calculation
of the areas under the curve. It was observed that as the
oxidation degree increased so did the concentration of
functional groups, this coincident with the increase of sp3 states
obtained by Raman spectroscopy. The C=C bonds come from
the graphitic structure, the C-O was attributed to the C-O-C and
C-OH functional groups, while the C=O was also assigned to
the COOH functional groups [47]. As can be seen, the
predominant functional groups obtained, were C-OH and C-OC in contrast to C=O and COOH, being coincident with
previous results reported in the literature. Additionally, using
equation 2 reported by Yan, H. et al. (2014) [16] we
quantitatively obtained the oxidation degree for GO1, GO2, and
GO3.

In graphene (G) previous work has reported a bandgap
of 0 eV [38] because the valence and conduction bands touch
at two points in the reciprocal space known as K and K', whose
corresponding energies are exactly at the Fermi energy. Since
there is no space between the two bands, electrons can safely
jump from the valence band to the conduction band only
through that point [1]. The electrons in this material move
relatively freely, so they do so almost without causing collisions
with the crystal lattice, even at room temperature. This
extraordinary electronic structure gives G unique physical
properties due to its linear dispersion relation, high symmetry,
and degree of freedom. The presence of the extensive
delocalized π electron cloud and the fast charge carrier
dynamics derived from its bandgap structure is responsible for
the ballistic transport observed in G [1, 39]. Recent studies have
shown that the zero bandgaps in G is a consequence of the
identical environment possessed by the two atomic sublattices
that compose it, suggesting that breaking this lateral in-plane
symmetry either structurally or by chemical modifications
could produce a bandgap in G [40, 41], as occurs in GOs.

Table I. Quantification of functional groups in GO1, GO2, and GO3 by XPS.
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The bandgap in figure 5 was determined with the help
of Tauc plots with linear extrapolation (equation 3). Due to the
amorphous nature and non-uniform oxidation levels of the GO
films, a sharp adsorption edge was not obtained in the Tauc plot
[53]. We observed the following bandgap ranges: GO1 (0.870.95 eV), GO2 (1.15-1.57 eV), and GO3 (1.25-2.18 eV),
observing a gradual increase as a function of the oxidation
degree. In GOs, due to many functional groups [42], the
symmetry of the hexagonal lattice plane is broken and many of
the carbon atoms in the lattice change from having sp2 to sp3
hybridizations; therefore, the generated bandgap is so large that
the material becomes a semiconductor or an electrical insulator.
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Figure 5. Tauc plot for calculating the bandgap of (a) GO1, (b) GO2, and (c) GO3.
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Table II shows some theoretical-experimental values
published in the literature supporting our results. From this
study, we found that the bandgap in graphene oxides can be
modified with the dosage of KMnO4 during the synthesis
process. This is important because the material can be tailored
to a particular application, modifying its properties ranging
from semi-metallic to semiconducting and/or insulating [4346].

[4]

Table II. Bandgap values for GOs reported in the literature

[7]

Oxidation degree
(%)

Bandgap range (eV)

References

4.10 to 5.39

0.6 eV to 2.44 eV

This work

Unspecified

3.6 eV

[48]

Unspecified

0.02 eV to 2 eV

[49]

Unspecified

1.4 eV to 3.3 eV

[50]

2.0

3.2 eV

[51]

6.25 to 5.0

0.109 eV to 3.004 eV

[9]

Unspecified

6.5 eV

[52]

1.7 to 5.0

0.944 eV to 2.659

[7]

Unspecified

3.89 eV

[8]

4.

[5]

[6]

[8]

Conclusion

[9]

[10]

[11]

[12]

In this work, we have successfully synthesized graphene oxides
(GOs) with different oxidation degrees by regulating the dosage
in 0.5 g, 1 g, and 6 g KMnO4 during the synthesis by the tour
method. By using XRD and XPS we quantitatively determined
the oxidation degree for the three GOs. The analyses performed
allowed us to know how the material changes structurally as
oxygen is gradually incorporated. Furthermore, with this study
we proved that the bandgap of the GOs can be increased at
higher oxidation degrees, going from semi-metallic to
semiconducting. This opens the possibility of adapting their
properties depending on the application to be used for or
incorporating them into another material as part of a composite
to improve their joint properties.

[13]
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