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Few-layered graphene oxide (GO) was prepared using a fast and energy-saving method by 
microwave-assisted acid technique. The oxygenated groups existing on the GO surface were 
determined using UV-Vis, X-ray photoelectron and Fourier-transform infrared spectroscopies. 
An oxygenated group percentage of 30% in mass for the GO was observed by thermogravimetric 
analysis. The reduced few-layered graphene oxide (rGO) film annealed at 110 °C deposited onto 
a silicon/silica wafer showed expanded graphite-like structure with 0.70 nm between the rGO 
sheets, as determined by X-ray diffraction. This rGO film exhibited a relatively high electrical 
conductivity value of 7.36 × 102 S m-1 confirming the good restoration of the p-conjugated system. 
The prepared GO sample exhibited good stability in water from pH 4 to 12, as determined by its 
zeta potential, and contained 5 to 9 layers, as determined by atomic force microscopy (AFM) and 
transmission electron microscopy (TEM).
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Introduction

Scientific and technological progress involving the 
preparation and application of graphene since its preparation 
from micromechanical exfoliation by Novoselov et al. 
in 20041 has necessitated the development of several 
methodologies for its production from graphite: a top-down 
process. Some chemical routes lead to the preparation of 
graphene oxide (GO), which is a single layer of carbon 
atoms that contains both C–C and C–O bonds with sp2 
and sp3 hybridization and which is considered a new type 
of non-stoichiometric macromolecule that is chemically 
labile and hygroscopic under ambient conditions.2 GO 
has been mainly prepared using methods based on the 
original studies of Brodie,3 Staudenmaier4 and Hummers 
and Offeman,5 which involve oxidation of the graphite 
structure. The Hummers method is an efficient and widely 
used approach to prepare GO nanosheets, i.e., few-layered 
GO; however, considerable time is required to prepare GO 

in this manner. Some alternative chemical methods have 
also been used, such as solvothermal,6 electrochemical7 
and microwave-assisted methods,8-10 which are rapid and 
efficient approaches to exfoliating graphite. 

Structural models of GO have been developed in 
some studies11-14 because GO is used as an intermediate 
material in the preparation of reduced GO (rGO); however, 
the structure of GO has not been fully elucidated. Some 
questions involving the hexagonal lattice, planarity, the 
binding of the oxygen to the carbon and the acid properties 
in aqueous solutions remain open. Recently, some important 
progress has been achieved in GO-related structural studies 
involving high-resolution transmission electron microscopy 
(HRTEM) and the Boehm titration protocol.15,16 The 
structural configuration of GO after chemical treatments is 
dependent on the preparation method, which can result in, for 
example, paper-like GO, a material with exciting mechanical 
properties that was first prepared by Dikin et al.17

The oxygenated groups present in GO contribute 
to its dispersibility in polar media, e.g., water, and also 
facilitate non-covalent and covalent modification, which 
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enables the development of graphene-based materials. 
The oxidation process also contributes to a reduction in 
the electrical conductivity compared with that of pristine 
graphene because of the formation of defects and disorders 
in the graphene structure.18 Chemical reduction reactions 
performed on GO can partially restore the conductivity of 
the GO sheets, leading to rGO that is suitable for use in 
various applications.18,19 Various scientists have attempted 
different chemical methods to prepare GO using processes 
that conserve reactants, time and energy.20 For example, 
Wan et al.21 proposed an energy-saving freeze-dried method 
to prepare rGO which demonstrated great application 
potential for electrical energy storage.

In this work, we report a fast and reproducible process to 
prepare GO from graphite using microwave (MW) irradiation 
under acidic conditions. The GO sheets and rGO film were 
characterized mainly by ultraviolet-visible spectroscopy 
(UV-Vis), transmission electron microscopy (TEM), atomic 
force microscopy (AFM), thermogravimetric analysis 
(TGA), X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM), 
X-ray photoelectron spectroscopy (XPS), and electrical 
measurements.

Experimental

Materials

Graphite was purchased from Bay Carbon (SP-1, grade 
325 mesh). Nitric acid (HNO3), sulfuric acid (H2SO4), 
potassium permanganate (KMnO4), hydrogen peroxide 
(H2O2), and hydrochloric acid (HCl) were purchased from 
Sigma-Aldrich. All of the materials were used as received, 
and the solutions used in the experiments were prepared 
with deionized water.

GO preparation

Natural graphite powder, 70% nitric acid and KMnO4 
were mixed in a graphite:HNO3:KMnO4 weight ratio of 
1:2:1,9 and the resulting mixture was magnetically stirred 
in a glass flask for 10 min at room temperature. The acid 
dispersion was transferred to a crucible, and the dispersion 
was irradiated in a domestic Emerson microwave at 
900 W for 60 s. The powder obtained was then rinsed 
with deionized water until pH 7 and dried at 110 °C for 
3 h to yield expanded graphite (EG). The oxidation and 
exfoliation were conducted as described: 2.2 mL of H2SO4 
and 1.0 g of KMnO4 were added to 1.0 g of EG and the 
mixture was magnetically stirred for 30 min to produce a 
green dispersion. Deionized water was subsequently added, 

and this dispersion was sonicated for 2 h, causing its color 
change to brown. Subsequently, 10 mL of 30% H2O2 was 
slowly added to the dispersion, and the color changed from 
brown to bright-yellow. This mixture was washed with 10% 
HCl and deionized water until neutral. The brown washed 
powder, which was precipitated GO, was dried at 110 °C 
overnight, and a graphene oxide film (rGO) was formed 
after the water was evaporated. The total time required to 
prepare the GO film was 24 h. 

Characterization

UV-Vis absorbance spectroscopy performed on a 
Shimadzu UV-Vis (UV-24601 PC) spectrophotometer 
was used to evaluate the stability of the GO aqueous 
dispersion. The photoluminescence (PL) of the GO 
sheets in aqueous solution was measured using a Jobin 
Yvon Fluoromax-3 fluorimeter. The sample was excited 
at a wavelength of 480 nm to collect its emission in the 
500-800 nm range. The PL intensity was determined by 
integrating the PL peak.

The zeta potential of the GO sheets was determined on 
a Brookhaven Zeta PALS instrument.

HRTEM micrographs were obtained using an JEOL 
2100F FEG-TEM operated at 200 kV using holey-carbon-
coated copper grids. SEM was performed on an ESEM 
FEG FEI Quanta 400.

TGA was performed on a TA Q50 instrument at a 
heating rate of 1 °C min-1 from room temperature to 800 °C. 
The experiment was performed under an argon atmosphere 
flowing at 20.0 mL min-1. Differential scanning calorimetry 
(DSC) measurements were performed on a 2920 model 
calorimeter from TA Instruments.

X-ray diffraction (XRD) measurements were performed 
on a Rigaku D/Max 2550 diffractometer equipped with a 
CuKa radiation source (l = 1.5418 Å).

FTIR spectra were recorded on a Nicolet attenuated 
total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR) spectrophotometer in transmission mode 
(128 scans and resolution of 4 cm-1).

Atomic force microscopy (AFM) images were obtained 
on a Asylum Research MFP-3D-SA SPM microscope under 
ambient conditions. AFM was performed in tapping mode 
using an Olympus AC240TS silicon cantilevers with a 
spring constant of 2.0 N m–1.

XPS measurements were performed in a PHI 
QUANTERA Physical Electronics XPS/ESCA system. A 
monochromatic Al X-ray source operated at 100 W was 
used with a pass energy of 26 eV and a 45° take-off angle. 
Low-resolution survey scans and higher-resolution scans 
of C and O were performed.
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Electrical measurements were performed on rGO 
film formed by drop-casting the GO dispersion onto  
Si/SiO2 wafers and subsequently annealing the coated 
wafer in air at 110 °C overnight. The surface resistivity 
was measured using a Lakeshore CPX four-point probe at 
room temperature. 

Results and Discussion

The 1-day GO film preparation method proposed here 
is a fast method compared to some reported methods 
used to prepare GO nanosheets.17,22,23 Comparing to the 
literature,24,25 it involves a simple and quick purification 
process which eliminates the more oxidized GO sheets to 
give a high conductivity film after the annealing process.

Figure 1 illustrates the 4 steps involved in the preparation 
of the rGO film, which are mainly: (1) expansion, 
(2) oxidation and exfoliation, (3) purification and 
(4) annealing. The graphite expansion (step 1) under MW 
radiation is accompanied by fuming and lightening, with 
formation of gases that promote violent expansion along 
the c-axis to yield graphite worms, i.e., expanded graphite 
(EG). Step 2 involves the acid sonication of the EG to 
obtain GO sheets. During the washing and centrifugation 
process, the color gradually darkens (Figure 1, step 3), 
suggesting that larger sheets are present and that the 
p-system conjugation has expanded.26 As the water 
evaporates during the drying process, the sheet-to-sheet van 
der Waals interactions become more effective and the GO 
sheets self-assemble leading to aggregates that will deposit 
as a film. The uniformity and thickness of the formed rGO 
film (Figure 1, step 4) and the color, which can vary from 
brown to black, are dependent on the amount of graphite 
used in the starting process.

Firstly we characterized the GO in an aqueous 
dispersion using UV-Vis spectra which exhibited a 
characteristic maximum absorption at 230 nm, as observed 
in Figure 2a; this maximum is assigned to the p-to-p* 
transition of C=C bonds, and the broad shoulder between 

290-300 nm is assigned as the n-to-p* transition of C=O 
bonds.27 Over a period of 30 days, the concentration of 
GO in the suspension decreased by approximately 12% 
due to some precipitation, and no shift was observed in the 
absorption maximum. A PL peak at 545 nm was attributed 
to electron-hole recombination between conduction 
band and neighbor-localized states to valence band. The 
oxidized and non-oxidized carbon on GO are responsible 
for emission species to visible fluorescence.28

Zeta-potential measurements were performed on 
as-prepared GO aqueous nanofluids at different pH values. 
The results are presented in Figure 2b. We observed a 
negative charge on the GO surface on the full pH scale; 
in addition, at pH levels ranging from 4 to 12, the GO 
nanofluids exhibited considerable stability. According to 
ASTM definitions,29 aqueous colloidal systems with zeta 
potentials more negative than –40 mV exhibit good stability. 
However different publications27,30 have considered a zeta 
potential more negative than –30 mV sufficient for a stable 
GO dispersion. They also have shown the tendency in the 
zeta potential toward positive values under highly acidic 
conditions due to protonation of different groups (carboxylic 
or/and hydroxyl group) present at the GO surface.

Figure 2. UV-Vis spectra of GO nanosheets dissolved in water for 30 days in (a). The inset (top) shows the linear relationship between the absorbance and 
the GO concentration; the inset (bottom) shows the normalized PL spectrum. Zeta potential measurements of a 0.25 mg mL-1 GO sample in water in (b).

Figure 1. Chemical route to prepare a rGO film. Steps: (1): expansion 
of graphite to prepare expanded graphite (EG) using HNO3:KMnO4 
and 900 W MW radiation; (2): oxidation and exfoliation of EG in  
H2SO4/KMnO4 solution by sonication; (3): the GO dispersion formed 
after the EG has been rinsed with deionized water (pH 6); and (4): the 
rGO film formed after drying at 110 °C.
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The GO sheets were imaged by TEM before being dried 
to form the rGO film. Figures 3a and 3b show the presence 
of mostly few-layered and folding GO sheets with lateral 
dimensions ranging from 1 to 10 mm. 

The AFM images of the GO sample (Figure 4) easily 
confirm the wrinkled 2D characteristic of the GO sheets; the 
images indicate that the thicknesses of both samples were 
approximately 1.5 to 3.0 nm, corresponding to structures 
with 5 to 9 layers.

On sequence are presented the characterizations of rGO 
film. TGA/DTG curves (Figure 5a) reveal two well-defined 
steps of mass loss. The first step, which involves a 15% mass 
loss at a maximum temperature of 100 °C, corresponds to 
the elimination of water and volatile molecules. Between 
100 °C and 250 °C, the film lost an additional 30% mass 

related to oxygenated groups present in the rGO film. The 
continuous mass loss corresponds to pyrolysis of the carbon 
structure of the rGO film.31

The expansion effect on the graphite structure due to 
hydration and oxygen-group intercalation was evaluated 
by XRD. Figure 5b shows the pristine graphite main peak 
(002) centered at 26.6°, which corresponds to an interlayer 
distance d002 of 0.33 nm.32 We also prepared a flat and 
homogeneous film using the rGO sheets formed after 
chemical treatments to perform structural and electrical 
measurements. The sheets were deposited onto Si/SiO2 
substrates and dried in air at 110 °C overnight. In this film, 
the graphite peak at 26.6° is broader than that characteristic 
of pristine graphite, suggesting an increase in structural 
disorder and in the size distribution of the rGO sheets.32 The 
relatively intense peak (002) suggest that during annealing 
process some rGO sheets were re-stacked forming a 
graphite-like structure. After the annealing process, the 
graphite main peak at 26.6° is not observed and the peak 
at 12.7°, which corresponds to an interlayer distance of 
0.70 nm, provides evidence of GO exfoliation. When the 
rGO film was formed on drying the water dispersion, the 
12.7° peak became more prominent, whereas the peak at 
26.6° peak vanished, indicating that the film was formed 
by an expanded graphite-like structure with a distance of 
0.70 nm between the rGO sheets.15 The broadening of this 
peak indicates a smaller sheet size compared to those of 

Figure 3. (a) TEM of GO and (b) HRTEM of few-layered GO  
nanosheets.

Figure 4. (a) 3D AFM images of GO; (b) 2D images and (c) profile showing the approximately 6 sheets of graphene.

Figure 5. (a) TGA/DTG curve of a rGO film under an argon atmosphere. (b) XRD profiles of graphite, a rGO film deposited onto a Si/SiO2 substrate and 
a rGO film annealed at 110 °C overnight. (c) ATR-FTIR spectrum of the rGO film. 
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the original graphite powder and the rGO film deposited 
onto Si/SiO2.

The ATR-FTIR spectrum of the rGO film recorded in 
the range of 4000-450 cm-1 is presented in Figure 5c. The 
characteristic bands observed in this spectrum (Table 1) 
confirm the functional groups present in the structure of 
the rGO film. The efficiency of the oxidizing process can 
be confirmed mainly by the absorption bands at 1727 cm-1 
(C=O stretching vibration) and 1352 cm-1 (C‑O‑H 
deformation of the carboxylic acid).31

Figures 6a and 6b present SEM images of the prepared 
rGO film. Figure 6a shows the morphology of the surface 
resulting from considerable folding of an individual rGO 
sheet. Figure 6b shows the fracture edge of a rGO film with 

a thickness of 30 mm. The rGO film contained sandwiched, 
well-packed layers with some cracks that were most likely 
formed by water evaporation during drying. 

Topography and phase images of rGO film, obtained 
by tapping mode atomic force microscopy (AFM) are 
showed in Figure 6c and Figure 6d. The film with peculiar 
corrugations showed roughness of 5.7 nm.

The C(1s) and O(1s) XPS spectra obtained from the 
same rGO film are showed in Figures 7a and 7b. The 
deconvoluted C(1s) XPS peak centered at binding energy 
of 284.5 eV is assigned to C–C (sp2) in graphite.33 The 
component at 285.6 eV is assigned to C atoms in C–C (sp3) 
at defects; the peak at 286.5 eV is attributed to epoxide 
(C–O–C) and C–OH groups;34 and the line at 288.0 eV 
is assigned to (–C=O) of quinone groups on the film 
surface (Figure 7a).21,35 The summary of assignments and 
group % is showed in Table 2. These percentages should 
be considered as only a guide for the discussion because 
the best fitting of the XPS lines lead to large peaks which 
are superimposed, as for instance, the peaks at 284.5 eV 
and 285.6 eV. 

The deconvolution of O (1s) peaks gives complementary 
qualitative information about the nature of the GO surface. 
The peak at 530.6 eV corresponds to the oxygen bonded to 
aromatic carbon atoms as quinone groups;34 and the large 
peak at ca. 532.0 eV can be attributed to carbonyl oxygen 
atoms in esters, as well as oxygen atoms in hydroxyls or 

Table 1. IR frequencies and corresponding functional groups of the 
rGO film

IR frequency / cm-1 Bond and functional group

3417 O–H stretching vibration

1727 C=O stretching vibration

1619 Water-bending modes 

1352 O–H deformation

1223 C–OH stretching vibration

1040 Epoxy C–O vibration

958 O–H out-of-plane vibration

Figure 6. SEM images of the rGO film: (a) top and (b) cross-sectional views; (c) AFM morphology and (d) phase image of rGO film.
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ethers; the peak at 532.6 eV may correspond to ether oxygen 
atoms in esters; and at 534.7 eV a line can be associated to 
the oxygen atoms in the carboxyl groups or in H–O–H.35 
The fitting lines at 532.0 eV and 532.6 eV are strongly 
superimposed and this preclude any specific conclusion 
about the content of oxygenated functional group content 
in the GO. The total atomic percentage of C and O observed 
by XPS is 69% and 31%, respectively. These results are 
in agreement with the percentage of oxygenated groups 
determined by TGA measurements.

Table 2 lists the XPS peaks attributed to C–C and C–O 
bonds and the group percentages in the rGO film structure.

Figure 7c presents the current-voltage plot of this rGO 
film annealed at 110 °C deposited on a Si/SiO2 substrate that 
exhibits a resistivity of 1.35 × 10-3 W m and a corresponding 
electrical conductivity of 7.36 × 102 S m-1. The relatively 
high conductivity of the film after it was annealed at 
110 °C overnight clearly indicates good restoration of the 
p-conjugated system at low temperatures, induced by the 
deoxygenation and dehydration process. Probably, during 
the washing and centrifugation process of GO the more 
defective and oxidative sheets were eliminated and the large 
sheets with low defects were selected to form the rGO film 
as evidenced by AFM and TEM images. Some authors36-39 

have described the preparation of reduced GO powder 
and film using hydrazine and/or annealing treatment and 
observed conductivity values that were lower or similar than 
the conductivity of the rGO film prepared here. Li et al.40 
have prepared GO sheets by Hummers method and rGO film 
by filtration and subsequent thermal annealing at 750 °C 

under argon atmosphere for 2 h. The authors found a higher 
electrical conductivity of 1.076 × 104 S m-1 to rGO film with 
the same thickness (30 mm) as the rGO film prepared in 
this work. When Bi et al.41 synthesized graphene sheets by 
chemical vapor deposition (CVD) and graphene film with 
thickness of about 25 mm was reached the outstanding value 
of 1.097 × 105 S m-1 due to low structural defects in graphene 
sheets. It is well known that the electrical conductivity of rGO 
films is dependent on characteristics as amount of defects, 
annealing temperature, reduction atmosphere, film thickness 
and oxidation residual. In this work the rGO film was 
submitted to low annealing temperature for longer than other 
studies cited above showing an unexpected conductivity 
value which probably can improve with increasing annealing 
temperature. This result demonstrates the potential of our 
rGO sheets to be uses in electrical devices.

Conclusions

In this work, rGO films were synthesized using a 
microwave-assisted acid technique, demonstrating that 
microwaves are a versatile form of radiation that facilitates 
chemical reactions in the carbon structure. The oxygenated 
groups present on the GO surface: carboxyl, epoxy, hydroxyl 
and carbonyl groups, were identified by UV-Vis, XPS and 
FTIR techniques. The rGO film deposited onto Si/SiO2  
substrates and dried at 110 °C overnight exhibited an inter-
sheet spacing of 0.70 nm and an electrical conductivity of 
7.36 × 102 S m-1, confirming the good restoration of the 
p-conjugated system. Wrinkled 2D GO with 5 to 9 layers, 

Table 2. XPS results obtained from fitting of C(1s) and O(1s) spectra

Binding Energy / eV Bond and functional group Group / % Group / %

C (1s) O (1s) C (1s) O (1s) C (1s) O (1s)

284.5 530.6 C–C (sp2) C=O 40.2 7.6

285.6 532.0 C–C (sp3) C=O/O–H/C–O–Ca 8.5 52.1

286.5 532.6 C–O–C/C–OH C–O 47.2 38.4

288.0 534.7 C=O H2O 4.1 1.9

aCarbonyl oxygen atoms in esters, as well as oxygen atoms in hydroxyls or ethers show signals in this region.

Figure 7. (a) C(1s) and (b) O(1s) XPS spectra of the rGO film; (c) Electrical measurement of a rGO film deposited onto a Si/SiO2 substrate.
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as determined by AFM, SEM and TEM images, exhibited 
predominantly negative charges and good stability in water 
in the pH range from 4 to 12. The method described here is 
promising for the preparation of GO nanosheets that aid in 
the understanding of the physics and chemistry of graphene, 
enabling their use in various engineering applications.
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