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For the first time, this work reports a facile sonochemical route in the synthesis of graphene oxide
nanosheets (GO) via oxidation of graphite (G). The synthesis of GO was carried out in a fast way under
ultrasonic bath irradiation (GO-U). In comparison, the synthesis of GO via classical method (GO-C) was
done under the same conditions as ultrasonic method. The products were completely different and the
oxidation did not happen the same as way as ultrasonic method. Furthermore, GO was synthesized based
on classical approach that most commonly used (GO-C0), not under the same conditions as ultrasonic
method. The GO sheets were characterized using UV–Vis, Fourier transform infrared (FT-IR), X-ray dif-
fraction (XRD), transmission electron microscope (TEM), thermal gravimetry (TG), and Raman spectros-
copy techniques. The XRD confirms that the spaces between GO-U and GO-C0 sheets were higher than
graphite. Also, XRD indicated that the GO-U has fewer sheets rather than GO-C0. The TEM observations
were confirmed the synthesis of nanosheets. The UV–Vis results were shown the absorption peaks at
230 nm for GO-U and GO-C0 , at 245 nm for GO-C, and at 255 nm for G. The blue shift in GO-U with respect
to G and GO-C can be interpreted based on the higher character of sp3/sp2 in GO-U than G and GO-C. The
FT-IR presents the oxygenated functional groups on graphene oxide sheets. A reduction in size of the in-
plane sp2 domains was observed by Raman spectrum. The BET analysis for G, GO-U and GO-C0 confirmed
that GO-U has a highest specific surface area among all the samples. Therefore, the ultrasonic bath
method even with low intensity has a fundamental role in the synthesis of graphene oxide nanosheets
and it is relatively fast, simple, cost-effective and efficient as compared to the classical method.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Graphene is a planar monolayer of carbon atoms that arranged
into a two-dimensional honeycomb lattice with sp2 hybridized and
a carbon–carbon bond length of 0.142 nm [1–5]. Graphene is a
basic building block of graphitic materials for all dimensionalities.
It can be wrapped up into 0D fullerene, rolled into 1D nanotube or
stacked into 3D graphite [5–8]. This unique structure endows
graphene with various superior properties, including excellent
thermal conductivity (5300 W/mK), mechanical properties
(Young’s modulus � 1100 GPa), mobility of charge carriers electri-
cal (�2000 S/cm), specific magnetism and large surface area
(�2630 m2/g) [1,9–12]. Graphene is often categorized by the num-
ber of stacked layers: single layer, few-layer (2–10 layers), and
multi-layer. Ideally, for preserving the distinct properties of the
graphene, its use should be narrowed to single or few-layer mor-
phology. Nonetheless, advantageous properties can still be
observed in thin graphite form [13]. For example few layers graph-
ene demonstrated outstanding potential ability for flexible photo-
voltaic applications [14]. Totally, these properties attract great
scientific attention during recent years in various fields, such as
solar cells [15], sensors [16], super-capacitors [17], transparent
electrodes [18], energy storage [19] and nanocomposites [20,21].
Specifically, on the basis of its chemical properties, large surface
area, unique mesoporous surface and geometry, graphene and
chemically modified graphene (like GO) are promising candidates
for several applications such as antibacterial and photocatalytic
activities.

GO has a rich assortment of oxygen-containing groups includ-
ing carboxyl, hydroxyl, and epoxide that appeared on the surface
of exfoliated graphene sheets [22]. GO is a single-atom-thick sheet
that arranged by localized sp3 defects within the sp2-bonded car-
bon atoms in a hexagonal lattice with two-dimensional planar
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sheets. It has recently received considerable attentions as a novel
derivative of graphene. The presence of oxygen functional groups
on the GO makes considerable potential in fabricating various
graphene-based composites. Reversibly, the functional groups on
the GO can be reduced to graphene by chemical, photochemical,
photothermal, and sonochemical reduction methods [22,23].

GO is considered as promising materials for different applica-
tions owing to its excellent aqueous processability, amphiphilicity,
surface functionalizability, surface enhanced Raman scattering
(SERS) property, and fluorescence quenching ability [24]. These
fascinating properties of GOs are mainly derived from its unique
chemical structures composed of small sp2 carbon domains sur-
rounded by sp3 carbon domains and oxygen containing hydrophilic
functional groups. Therefore, GO has been applied intensively into
inorganic or organic hybrid nanocomposite systems [24,25].

Various methods have been used to synthesize graphene oxide.
Up to now, the most popular method employed for the synthesis of
graphene oxide is chemical oxidation of graphite (Hummer’s
method). This method involves oxidation of graphite to GO using
highly oxidizing reagents such as potassium permanganate
(KMnO4) and sulfuric acid (H2SO4) [26]. However, the graphene
oxide prepared by this method requires long time and high tem-
peratures. In sonication method, in addition of reducing the time
and temperature of the process, the product (GO-U) has more
interesting properties than GO-C and GO-C0.

Recently, sonochemical method becomes more promising in the
synthesis of several kinds of nanomaterials. The mechanism of son-
ochemistry is based on the acoustic cavitation phenomenon that
involves formation, growth, and collapse of the bubbles in liquid
medium. According to the hot spot theory, extremely high temper-
ature about 5000 K, very high cooling rate about 1010 Ks�1 and
high pressure about 20 MPa arises during the acoustic cavitation.
Thus, the critical conditions produced during the cavitation process
result in unique properties of the synthesized nanoparticles. The
sonochemical method can be more suitable for the synthesis of
GO that requires extreme conditions which generally not accessi-
ble in the conventional synthesis methods [27–29].

In this work, we have attempted to synthesize GO nanosheets
via facile sonochemical method (Fig.1) for the first time. Besides
being facile, our process has several advantages like low processing
temperature, short reaction time, and having GO with few layers in
comparison with classical techniques.

2. Experimental

2.1. Materials and methods

Graphite powder (purity 99%, mesh 325), potassium permanga-
nate (KMnO4), sodium nitrate (NaNO3), sulfuric acid (H2SO4),
Fig. 1. Schematic view
hydrochloric acid (HCl), and hydrogen peroxide (H2O2) were
obtained from Merck and used without further purification. De-
ionized water (DI) was used in the synthesis of the GO. The Hum-
mer’s method with some modifications was applied for the synthe-
sis of GO nanosheets.

2.2. Synthesis of graphene oxide

In a typical procedure, 0.5 g graphite and 0.5 g NaNO3 were
added into 23 mL H2SO4. The mixture was stirred in an ice bath.
Then, to keep the temperature of the suspension lower than
20 �C, 3.0 g KMnO4 was gradually added. After that, the suspension
was placed in ultrasonic bath and irradiated for 20 min at room
temperature (this step last 2 h at 35 �C in classical method). Then,
the prepared suspension was diluted by 40 mL de-ionized water
(in classical method the suspension at this step was stirred for long
time � 5 days at high temperature, 98 �C [30]). Under ultrasound,
the long step mentioned in classical method was not applied.
Finally, 100 mL DI water with 3 mL H2O2 (30%) was added to the
suspension in order to reduce residual permanganate to soluble
manganese ions, corresponding to stopping the gas evolution of
the suspension. The color of the solution changed from dark brown
to yellow (Fig. 2b). The mixture was filtered and washed with HCl
aqueous solution 1:10 (250 mL) to remove metal ions followed by
washing with distilled water to remove the acid. The resulting
solid was dried under vacuum at 80 �C for 24 h (GO-U). The proce-
dure was repeated without ultrasonic irradiation (classical
method) under the same conditions as ultrasonic method for pre-
paring GO-C (Fig. 2a). Furthermore, GO was synthesized based on
classical approach that most commonly used [30], not under the
same conditions as ultrasonic method (GO-C0).

2.3. Characterization and equipment

The structure, morphology, and optical properties of the as-pre-
pared nanosheets were characterized by XRD, FTIR, Raman, TEM,
UV–Vis and thermal gravimetry analysis (TGA). The XRD was per-
formed in a wide range angle (2h = 0–60�) by Bruker-axs, D8
Advance model at a scanning rate of 0.04�/s, with monochroma-
tized Cu Ka radiation (k = 1.5406 Å). The TEM measurements were
carried out by Philips CM120 120 kV. The optical properties of the
GO were obtained by UV–Vis spectroscopy (Unico 2800). Raman
spectroscopy was performed with an Almega Thermo Nicolet Dis-
persive Raman Spectrometer with a 532 nm laser excitation. TGA
was conducted with STA503 that was fitted to Ar gas flow on sam-
ple size 8 mg, and the mass was recorded as a function of temper-
ature. The samples were heated from room temperature to 600 �C
at 5 �C/min. FTIR were recorded on a Thermo Nicolet 370 spec-
trometer, the spectrum was obtained by mixing the sample with
of GO synthesis.



Fig. 2. Pictures of the as-prepared GO-U and GO-C under the same conditions.

Fig. 3. FTIR spectra of GO-U, GO-C0 , GO-C and G.

Fig. 4. UV–Vis absorption spectra of the aqueous dispersions of GO-U, GO-C0 , GO-C
and G.
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KBr. The specific surface area of the samples were measured with a
surface area analyzer (JW-K) through BET method.

3. Results and discussion

3.1. FTIR spectroscopy

Fig. 3 shows FTIR spectra of graphite (G) and the as-prepared
graphene oxide via ultrasound (GO-U) and classical (GO-C) and
(GO-C0) methods. As shown in Fig. 3, for GO-U and GO-C0, the peak
at 3395.23 cm�1 and 3423.89 cm�1, belongs to stretching vibra-
tions of hydroxyl groups which is related to the adsorbed water
and water in or between graphene interlayer. The stretching vibra-
tions of C@O and CAO functional groups for GO-U and GO-C0 were
detected clearly at 1715.78 cm�1 , 1717.11 cm�1 and 1045.63 cm�1,
1049.74 cm�1, respectively. The peak located at 1227.48 cm�1 and
1215.61 cm�1 for GO-U and GO-C0 are most often related to the
vibration of epoxy group. These carboxyl and epoxy groups indicate
that the original extended conjugated p-orbital system of the natu-
ral graphite was destroyed and the oxygen-containing groups were
inserted into carbon skeleton during the oxidation of graphite pow-
der. The spectrum of GO-U and GO-C0 also show a C@C peak at
1584.62 cm�1 and 1583.53 cm�1 corresponding to the remaining
sp2 character [31,32]. The mentioned peaks do not appear in the
spectrum of graphite except the obvious peak around
3519.76 cm�1 which assigned to the stretching vibration of hydro-
xyl group. This indicates that graphite adsorb water too. The polar
groups, especially the hydroxyl groups, make it easy to form hydro-
gen bond not only between GO layers but also between GO and
water molecules. Therefore, the GO-U and GO-C0 exhibited the
hydrophilic property. The FTIR spectrum of GO-C shows low inten-
sity peaks at 1719.86 cm�1, 1568.67 cm�1, and 1219.04 cm�1 that
indicates the partial oxidation of graphite powder can occur in clas-
sical method under the same conditions as ultrasonic method.

3.2. UV–Vis analysis

More evidences came from UV–Vis spectroscopy. The UV–Vis
spectra of the G, GO-C, GO-U and GO-C0 were shown in Fig.4. The
UV–Vis spectrum of carbon particles usually exhibits a broad peak
(p–p*) due to sp2 hybridization which appears in the range of 200–



Fig. 5. TGA plot for GO-U.
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300 nm. In principle, the (p–p*) band position of carbon-based
material should be merely related to the sp2/sp3 character. In par-
ticular, it has been assessed that the (p–p*) band position shifts
toward the visible as the sp2 character increases and the growth
of the graphene sp2 layers occurs [33]. Therefore, in the case of
GO-U and GO-C0, the value of sp2 due to the presence of oxygen-
containing functional groups should be lower than that of graphite
and the peak position should be shifted toward lower wavelengths.
Our results in Fig. 4 confirm the mentioned claim.

As shown in Fig. 4, the spectrum of GO-U and GO-C0 show a
sharp absorption peak at 230 nm attributed to the p–p* of the
Fig. 6. X-ray diffraction patterns of
C@C in the rings. A shoulder is also observed around 300 nm,
assigned to n–p* transitions of C@O bonds [34]. The graphite and
graphene oxide prepared via classical method show broad and
low intensity peak at 245 and 255 nm, respectively. As we expect,
by increasing the sp3 character, the peak position shifted to the
smaller wavelength in GO-U and furthermore it is not possible to
oxidize graphite in classical method (GO-C) the same as ultrasonic
method (GO-U) sample. This could be attributed to the collapse of
the cavity which resulted to the harsh conditions in medium of
reaction and facilitated the synthesis of GO.

3.3. Thermal gravimetry analysis

The presence of the oxygen functional groups makes GO ther-
mally unstable, as it undergoes pyrolysis at elevated temperatures.
The thermal behavior of the GO-U was investigated by TGA. As
shown in Fig 5, it exhibits about 10% mass loss below 100 �C result-
ing from the removal of adsorbed water. The sharp mass loss
(about 80%) at 177 �C would be mainly due to the decomposition
of oxygen-containing groups and the loss of interlayer water mol-
ecules. The pyrolysis of the labile oxygen-containing functional
groups can be led to CO, CO2 and steam.

3.4. XRD analysis

The crystalline structures of graphite and graphene oxide can be
evaluated by XRD. The feature diffraction peak for both graphite
and graphene oxide is related to the stacking order. As shown in
Fig. 6a, graphite shows an intense peak (002) at 26.48�, whereas
the feature diffraction peak of GO-C0 and GO-U appears at
(a) G, (b) GO-U and (c) GO-C0 .



Table 1
Characteristics of GO-U and GO-C0 by XRD.

Sample 2h (�) FWHM (�) d (nm) D (nm) Number of layers

GO-U 11.10 1.20 0.795 6.57 8.26
GO-C0 10.80 1.01 0.806 7.81 9.69

A. Esmaeili, M.H. Entezari / Journal of Colloid and Interface Science 432 (2014) 19–25 23
2h = 10.80� and 2h = 11.10�, respectively (Fig. 6b and c). The inter-
layer distance of the graphite was 3.36 Å and it was increased to
7.95 Å and 8.06 Å for GO-U and GO-C0, respectively. The oxidation
of graphite is accompanied by the increase of the interlayer dis-
tance (d-spacing), indicating the presence of intercalated H2O mol-
ecules and attachment of various oxide groups between the layers.
Using the Scherrer equation, the number of layers in the sample
can be obtained from the corresponding line broadening by
Lorentzian fitting of the reflection. The diffraction angle (2h), inter-
layer distance (d), full width at half-maximum (FWHM), the mean
crystallite diameter (D), and the average number of sheets in crys-
tallite (N) are collected in Table 1. It can be seen that the number of
layers is about 8, while the number of GO layers by classical
method is about 10 layers. This indicates that sonication method
led to fewer layers of graphene oxide and can be considered as
superiority with respect to classical one.
3.5. Raman spectroscopy

The G and GO samples were studied by Raman spectroscopy
too. This method is a versatile and non-destructive characteriza-
tion technique for studying the structure, defect levels and
crystallinity. Typically, the Raman spectrum of the graphite shows
Fig. 7. Raman spectrum of (a) G, (b) GO
the in-phase vibration of the graphite lattice (G band) at 1579 cm�1

and a weak D band at 1350 cm�1 (Fig. 7a). As shown in Fig. 7b and
c, the Raman spectrum for GO-C0 and GO-U presents a broadened G
band at 1598 cm�1 and 1590 respectively, owing to the presence of
isolated double bonds that resonate at higher frequencies than the
G band of graphite. The G line was related to the first-order scatter-
ing of the E2g phonons of sp2 carbon atoms. The D band of GO-U
and GO-C0 becomes evident at 1354 cm�1, and 1350 cm�1, indicat-
ing the reduction in size of the in-plane sp2 domains due to the
extensive oxidation. The D line as a breathing mode of j-point
phonons of A1g symmetry is assigned to structural imperfections
induced by the attachment of hydroxyl and/or epoxide groups on
the carbon surface [35]. The intensity ratio of the D and G peak
has been used as a metric of disorder in graphene oxide, such as
arising from ripples, edges, charged impurities, presence of domain
boundaries, and others. It is noteworthy that the D/G intensity
ratio of GO-U is 1.01, in comparison with the value of 0.78 for
graphite and 0.95 for GO-C0. The increase in the ratio indicates a
decrease in the size of the in-plane sp2 domains and a partially
ordered crystalline structure of GO-U compared to G and GO-C0

[36].
The Raman could be used to distinguish the quality of graphene

and graphene oxide and to determine the number of layers for n-
layer graphene (for n up to 5) by the shape, width, and position
of the 2D peak [34]. Single-layer graphene sheets have a single,
sharp 2D peak below 2700 cm�1, while bilayer sheets have a
broader and upshifted 2D peak located at �2700 cm�1. Sheets with
more than five layers and bulk graphite exhibit similar spectra and
the 2D peaks are upshifted to positions greater than 2700 cm�1.
Totally, the 2D peak shifts to higher wavenumber values and
-C0 and (c) GO-U (inset: 2D peak).



Fig. 8. TEM images of (a) GO-U and (b) GO-C0 .

Fig. 9. Specific surface area of G, GO-U and GO-C0 .
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becomes broader for an increasing number of layers. As shown in
inset Fig. 7c, a broad 2D peak at larger than 2700 cm�1 indicates
that the number of layers is more than five which is in agreement
with XRD analysis.

3.6. TEM analysis

In order to obtain the structure and morphology of our graph-
ene oxide sheets synthesized by ultrasound and classical methods,
we focused on the TEM observation. Fig. 8 shows the TEM images
of the as-prepared GO-U and GO-C0 that well indicates a sheet
structure in sonication method as well as classical method. The
sheets are not perfectly flat and show intrinsic microscopic
roughness. The transparent and creased GO sheets have exhibited
mono-or few layer planar sheet and the size of the flakes are above
200 nm in both samples.

3.7. BET surface area

The surface area measurement using the BET method by nitro-
gen gas adsorption was done for the samples of G, GO-C0 and GO-U.
Fig. 9 compares the specific surface area of all samples. GO-U has
an obvious increase of specific surface area near 20 times with
respect to G. This is corresponding to the formation of oxygen-con-
taining groups such as carbonyl and hydroxyl in the graphite layer
during the oxidation process. Comparing the BET results of GO-C0

and GO-U shows that the specific surface area of GO-U is more
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than GO-C0 (1.5 times larger), resulting from more oxygen-contain-
ing groups such as epoxy and hydroxyl were introduced on or
between the layers. The specific surface area is related to the num-
ber of graphene oxide layers. Fewer layers showed larger specific
surface area [19]. As can be seen from the results obtained, the oxi-
dation of graphite was enhanced with using ultrasonic irradiation
in the synthesis of GO. The fully oxidation easily causing configura-
tion changed from a planar sp2-hybridized to a distorted sp3-hyb-
rized geometry. More oxygen-containing groups such as epoxy and
hydroxyl are introduced on or between the layers [19].

4. Conclusion

For the first time, a facile sonochemical method is reported in
the synthesis of graphene oxide nanosheets. UV–Vis, Raman, FT-
IR, thermal gravimetry, and TEM analysis confirm the formation
of graphene oxide nanosheets very well. In addition, the number
of layers in GO-U is lower than GO-C0 and G. The BET measure-
ments also confirm that the GO-U has a larger surface area than
GO-C0 and G samples. Harsh conditions of ultrasonic irradiation
are responsible for the synthesis of GO-U with higher surface area
which has significant effect in several applications. This method is
fast, simple, effective and economic. This new method may become
a promising way for preparation of graphene oxide due to its wide
applications in various areas.
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