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� Few-layer graphene with a low oxygen content was synthesized by a two-step process.
� Expanded graphite was subjected to solvothermal treatment, followed by microwave radiation.
� The as-fabricated graphene sheets exhibited a high electrical conductivity.
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Few-layer graphene (FLG) with a low oxygen content has been synthesized by a two-step process using
expanded graphite (EG) as a starting material. EG was subjected to solvothermal treatment, followed by
microwave radiation. The FLG had an average thickness in the range of 1.8–2 nm with a lateral size of
3–10 lm. Both Raman spectroscopy and high resolution TEM measurements showed that the sizes of
sp2 carbon domains in graphene oxide (GO) and FLG were estimated to be about 2–5 nm and
10–16 nm, respectively. X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy
spectra revealed that the FLG consisted of several peaks similar to those of EG, which were not observed
in GO, indicating the effectiveness of the solvothermal reduction method in lowering the oxygen level.
The electrical conductivity of the as-synthesized FLG ismeasured to be 165 S/m, which is much higher
than that of the GO (1.2 � 10�4 S/m), possibly due to the larger sp2 carbon domain size, lower oxygen
content, and fewer structural defects. In contrast to the Hummer method, the method is simple, inexpen-
sive, and does not generate toxic gas. This simple method could provide the synthesis of high quality FLG
on a large scale.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Graphene is a single layer of sp2-hybridized carbon atoms ar-
ranged in a two-dimensional hexagonal lattice. Due to their out-
standing physical and chemical properties, graphene and its
derivatives have attracted tremendous attention for both funda-
mental science and possible technological applications [1–6].
Graphene-based sheets have been shown to be very promising
for high-performance nanoelectronics, transparent conductors,
polymer composites, and microscopy support, etc. Currently, vari-
ous methods have been developed for production of graphene,
including chemical vapor deposition (CVD) [7], micromechanical
exfoliation of graphite [8], epitaxial growth on electrically insulat-
ing surfaces such as SiC [9],physical method [10] and chemical pro-
cessing [11,12]. Among them, the chemical approach is the most
suitable method for economically producing graphene sheets on
a large scale.

Currently, the Hummers’ method is the most widely used tech-
nique for preparing GO [13], which involves oxidation of graphite
in the presence of strong acids and oxidants. When oxidized, GO
still possess a layered structure, being composed of unoxidized
aromatic regions and aliphatic regions, which contain many oxy-
gen functional groups [14,15]. The p-conjugated system in graph-
ene is disrupted by these oxygen-containing functional groups,
producing separated nanocrystalline graphene. Since the as-pre-
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pared GO is an electrical insulator, various reduction methods have
been developed to efficiently recover its electrical property. How-
ever, reduced graphene oxide (RGO) still exhibits much lower con-
ductivity than pristine graphene, mainly due to the presence of
irreversible defects, disorder and residual functional groups. More-
over, the reduction of GO involves strong reductive agents, such as
hydrazine or dimethyl hydrazine, which are highly toxic and dan-
gerously unstable. Therefore, direct thermal annealing at elevated
temperatures, or CVD, is required to repair the defects and further
remove the residual functional groups in RGO to improve its elec-
trical properties, while eliminating the use of potentially hazard-
ous reducing agents. However, these treatments increase the cost
and complexity of the CVD process and they are unfavorable for
low-temperature applications.

In order to avoid applying Hummers’ method, Liang et al. [16]
suggested a vacuum filtration method where reduction-fee ther-
mally conductive surface functionalized multilayer graphene
sheets are aligned in water to create paper-like graphene with
low defect level and high conductivity. Recently, solvothermal
techniques have been employed to produce graphene [17]. Due
to their unique features, such as very high self-generated pressure
inside the sealed reaction vessel and containment of volatile prod-
ucts, solvothermal techniques are well suited for the preparation of
metastable phases. Nethravathi and Rajamathi [18] and Dubin
et al. [19] also reported the solvothermal reduction of exfoliated
GO in organic solvents. On the other hand, Liang et al. [20] sug-
gested that microwave could reduce defects on graphene sheet
and concentration of function groups. However, this method pre-
sents the same disadvantages as all synthetic approaches where
GO is used as starting material: the sp3 defects cannot efficiently
convert to sp2 and the remaining oxygen groups [18,21]. Therefore,
it is necessary to develop an effective method to directly produce
graphene sheets, which have less defects and low oxygen content,
resulting in much better conductivity. In this regard, we propose a
simple method to produce graphene sheets by means of the micro-
wave irradiated expansion of graphite intercalation compounds,
which have been prepared through a solvothermal process. One
of the advantages of this synthetic method is its simplicity without
toxic chemical agents and harsh oxidation of graphite. Microwa-
veirradiation facilitates mass production in a short time with little
energy cost. Herein, we will show a detailed study of the structure
and properties of the obtained FLG, in comparison to those of GO
prepared by a modified Hummers’ method.

2. Experimental

We used commercial EG as the starting material. This is trans-
formed to a sheet with 2–5 atomic layers, though microwave irra-
diated expansion following a solvothermal process. This method is
simple, inexpensive, produces usable results, and especially, does
not generate toxic gas. Briefly, a potassium organic solution was
first prepared by adding a stoichiometric amount of potassium
hydroxide, 5 g to 50 mL of tetrahydrofuran (THF) organic solvent
(i.e., the mass ratio of KOH to THF �0.1), and stirred for 24 h at
room temperature. Then, 0.5 g EG was added to this solution, and
the resulting mixture was transferred to a Teflon-lined autoclave
(25 mL) and maintained at 250 �C for 72 h, during which time
the mixture was stirred with a Teflon magnetic stirrer. At the same
time, the dissolved potassium ion in the solvent is intercalated into
the interlayer space of the graphite, forming a black suspension.
Next, the reaction products were irradiated by rapid microwave
heating for 60–120 s using a commercial microwave oven (Pana-
sonic, model: NE-1054F 1000-Watt – 2450 MHz, 0.8 cubic feet cav-
ity, power source: 120 V, 60 Hz). Then, we can obtain the exfoliated
graphene sheets from the irradiated intermediate of alkali metal
intercalated EG. The obtained exfoliated graphene nanosheets
were then redispersered in HCl (3%) solution with mild sonication
for 3 h, and repeatedly washed with distilled water until the
pH = 7. To obtain uniform graphene sheets, a low-speed centrifuga-
tion at 2000 rpm (5 min) was first used to remove thick sheets.
Then the supernatant was further centrifuged at 6000 rpm for
30 min to remove small graphene pieces and water-soluble
byproduct. The final sediment was dried and stored in a vacuum
oven at 60 �C until use.

For comparison, we prepared GO from EG by a modified Hum-
mer’s method. In a typical reaction, 5 g of EG, 60 mL of H3PO4,
and 240 mL of H 2SO4 were stirred together with a Teflon-coated
magnetic stirrer in an ice bath. Next, 60 g of KMnO4 was slowly
added while the temperature was maintained at 0 �C. Once mixed,
the solution was transferred to a 35 ± 5 �C water bath and stirred
for 3 h, forming a thick paste. Next, distilled water (450 mL) was
slowly dropped into the resulting paste to dilute the mixture,
and then the solution was stirred for 1 h while the temperature
was raised to 90 ± 5 �C. Finally, 800 mL of distilled water was
added, followed by the slow addition of 60 mL H2O2 (30%), turning
the color of the solution from dark brown to yellow. During this fi-
nal step, H 2O2 (30%) reduced the residual permanganate and man-
ganese dioxide to colorless soluble manganese sulfate. The GO
deposit was collected from the GO suspension by high speed cen-
trifugation, at 15,000 rpm for 30 min. The obtained GO was then
washed with 1000 mL of HCl (5%), and repeatedly washed with dis-
tilled water until the pH = 7. To obtain uniform GO, a low-speed
centrifugation at 3000 rpm was first used to remove thick
multilayer sheets until all the visible particles were removed
(3–5 min). Then the supernatant was further centrifuged at
10,000 rpm for 30 min to remove small GOpieces and water-solu-
ble byproduct. Next, the obtained GO was dried and stored in a
vacuum oven at 90 �C until use. The exfoliated GO nanosheets were
chemically reduced to graphene in the presence of hydrazine.
Typical, 500 ml of above exfoliated GO was stirred for 30 min,
and 50 ml of hydrazine monohydrate was added. The mixtures
were heated at 150 ± 5 �C using an oil bath for 48 h; a black solid
precipitated (called RGO) from the reaction mixtures. Products
were collected by centrifugation at 12,000 rpm for 45 min and
washed with DI water and methanol until the pH = 7.

The synthesized products were characterized by using a field-
emission scanning electron microscope (FE-SEM, JSM-6700, JEOL
Ltd., Tokyo, Japan) operated at an accelerating voltage of 12 kV.
Transmission electron microscope (TEM) images were obtained
on a JEOL JEM-2010 TEM (JEOL Ltd., Tokyo, Japan) with an acceler-
ating voltage of 200 kV. Atomic force microscope (AFM) images
were obtained on an AFM XE-100 (Park system) equipment. Opti-
cal microscope (OM) examination was carried on a Zeiss AX10
microscope. X-ray diffraction (XRD) characterization was obtained
using a D/MAX Rint 2000 diffractometer model (Rigaku, Tokyo, Ja-
pan) with Cu Ka radiation (k = 1.54178 Å, 40 kv, 200 mA). The Ra-
man spectra were taken using a Jasco Laser Raman
Spectrophotometer NRS-3000 Series, with excitation laser wave-
length and power density of532 nm and 2.9 mW cm�2, respec-
tively. X-ray photoelectron spectroscopy (XPS, VG Multilab ESCA
2000 system, UK) analysis using a monochromatized Al Ka X-ray
source (hm = 1486.6 eV) was performed to analyze the elemental
compositions and the assignments of the carbon peaks of the sam-
ples at the Korean Basic Science Institute. The Fourier transform
infrared (FTIR) spectra (500–4000 cm�1) were obtained using a
Nicolet IR100 FTIR spectrometer. The Ultraviolet–visible (UV–vis)
absorption spectra were performed on a Shimazu UV-3600 Ultravi-
olet–visible-near infrared (UV–vis-NIR) spectrophotometer at
room temperature. The current–voltage (I-V) characteristics of
the samples were measured by the four probe method within an
applied voltage ranging from �1.0 to 1.0 V using a source meter
(KeithleyModel 2400, OH, USA).
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3. Results and discussion

Fig. 1 shows typical FE-SEM images of the as-made GO sheets.
From Fig. 1a, the thin wrinkled accordion- or worm-like structure
morphology of the GO sheets can be observed. This material con-
sists of randomly aggregated, thin and wrinkled sheets, being
loosely associated with each other. Most of the GO has been effi-
ciently exfoliated to single or few-layer GO sheets in the present
work. Fig. 1b shows a high-resolution FE-SEM image of the GO. It
is clearly seen that the GO sheets predominantly consist of single
or double layer graphene, with some of them being overlapped.
The edges of the sheets are partially folded so that the total surface
energy can be reduced. In comparison to the GO, the FE-SEM
images of the FLG in Figs.2a and b reveal that the FLG consist of
randomly individual graphene sheets that are separated from each
other. The size of the sheets ranged from 3 to 10 lm. Fig. 2c shows
the moderate-magnification FE-SEM image of single layer graph-
ene sheets. Fig. 2d displays a high magnification FE-SEM image of
a single layer graphene sheet. It clearly shows the wrinkles on
the surface and folding at the edges of graphene sheet. Fig. 3 show
the typical OM images of FLG sheets with the size in range of 5–
7 lm, which are in quite agreement with the SEM results.
Fig. 1. (a) Low magnification and (b) high magnification FE-SEM images of as-
fabricated GOs.
Fig. 4 shows typical TEM images of the as-synthesized GO (a
and b) and FLG (c and d). As shown in Fig. 4a, the transparent
GO sheets with wrinkled feature are easily observed. The as-pre-
pared GO sheets are single-layer- or double-layer-thick with lateral
dimensions from several micrometers to several ten micrometers.
The electron diffraction pattern in Fig. 4a indicates that the formed
GO corresponds to the ordered stage structure rather than the
amorphous structure. The high-resolution TEM image of a single
layer GO sheet is shown in Fig. 4b. It clearly shows that the GO
sheet is folded at the edges with numerous wrinkles on its surface.
Fig. 4c shows some bi-layergraphene sheets with many ripples and
wrinkles on their surface, and most of them are folded at their
edges [22]. The electron diffraction patterns in Fig. 4c of FLG are
comprised of a single set of hexagonal patterns similar to those
commonly observed in single-layer graphene and GO [23,24], indi-
cating that the obtained FLG are well-crystallized. Fig. 4d reveals
the TEM image of a single-layer graphene sheet with lateral dimen-
sions of 2–5 lm, and how the edge tends to scroll.

The morphology and thickness of GO and FLG were also mea-
sured by AFM and the results are shown in Fig. 5. The AFM image
of GO shows nanosheets with wrinkles on their surface. The thick-
ness of the GO obtained from the height profile analysis of AFM im-
age is about 1.2 nm, which suggests that the single or double-layer
GO nanosheets are formed because the thickness of a one layer GO
nanosheet is about 0.8–1.6 nm [25–27]. Such thickness is signifi-
cantly larger than that of single-layer pristine graphene
(�0.34 nm) and is commonly attributed to the presence of oxy-
gen-containing functional groups attached on both sides of the
graphene sheet and to the atomic scale roughness arising from
structural defects (sp3 bonding) generated on the originallyatomi-
cally flat graphene sheet [28]. Thus, individual GO sheets are ex-
pected to be thicker (�0.8–1.6 nm) than individual pristine
graphene sheets (�0.34 nm).

In the case of FLG, a two dimensional AFM image is shown in
Fig. 5b. It is found that the thickness of sheets obtained is about
1.8–2 nm, which is larger than the thickness of double-layer graph-
ene (1.22 nm) [29]. Considering the oxygen-containing functional
groups that are on both sides of the graphene, the products are
double-layer graphene. The three dimensional AFM image reveals
the FLG with uniform thickness and a homogenous smooth surface,
as seen in Fig. 5c. It is clear that the FLG synthesized by our method
are nanosized in the vertical direction and microsized in the hori-
zontal direction.

Fig. 6a shows the XRD patterns of EG, GO, RGO and FLG. The EG
shows the very strong (002) peak at 2h = 26.10�, corresponding to
interlayer distance (d-spacing) of about 3.40 Å (estimated from the
Bragg equation). However, after the oxidation of EG to GO, the
(002) peak shifted to a lower angle of around 2h = 11.15� and the
d-spacing of GO increased to 7.90 Å. Such d-spacing is significantly
larger than that of single-layer graphene (�3.35 Å), indicating that
GO contains large numbers of oxygen-containing functional groups
on both sides of the graphene sheets. Inaddition, some small
bumps near 22� and 26� indicate that the GO has not been com-
pletely oxidized. For RGO sample, the peak disappeared in a region
of low angle and another broad peak at 21.31� corresponding to d-
spacing of 3.50 Å appeared. This indicated that a large number of
functional groups on the surface of GO was removed during chem-
ical reduction process. In contrast, in the diffraction pattern of FLG
shows a strong and sharp (002) peak at around 2h = 26.23� corre-
sponding to d-spacing of 3.39 Å, which is very close to that of con-
ventional graphene (�3.35 Å). That implies that there are only a
few oxygen functional groups in the interlayer of the FLG, demon-
strating the effectiveness of the solvothermal method.

FTIR analysis of the as-made samples was carried out to provide
compositional and structural information of the samples. Fig. 6b
shows FTIR spectra of EG, GO, RGO and FLG. In the spectrum of



Fig. 2. (a) Low-magnification, (b and c) moderate-magnification and (d) high-magnification FE-SEM images of FLG.

Fig. 3. OM images of FLG, (a) low-magnification and (b and c) high-magnification.
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EG, the peak at 1699 cm�1 can be attributed to the stretching
vibration of C@O [30]. The strong peak at 1531 cm�1 can be as-
cribed to the vibration of aromatic C@C [31]. The spectrum also
shows two peaks at 1218 and 1061 cm�1, being originated from
the CAO stretching vibrations of epoxy and alkoxy, respectively
[30,32]. Finally, the peak at 1342 cm�1 can be due to the variations
of tertiary CAOH groups [30]. This result suggests that a certain
number of oxygen functional groups have been introduced into
the carbon frameworks of the EG material. It is certain that some
degree of intercalation occurs in EG, and these intercalation sites
provide a path for K+ species. After oxidation of EG to GO, new
peaks appear at 3350 and 1374 cm�1, corresponding to the OAH
stretching vibration of adsorbed water molecules, and OAH defor-
mation vibration mode, respectively [30]. The peak at 1614 cm�1 is
attributed to the OAH bending vibration of absorbed water mole-
cules and contributions from the vibration of aromatic C@C [33].
The peak at 1153 cm�1 can be attributed to CAO stretching of
the ester group [34]. The spectrum of GO also shows a stretching
vibration of C@O at 1723 cm�1, which is slightly shifted to higher
wave-number, being compared with that of the EG. Note that the
peak at around 1531 cm�1 (C@C bonds) disappears, indicating that
the harsh oxidation led to the loss of the structural integrity of the
graphite. In the FT-IR spectrum of the RGO, the peaks at 1614, 1374
and 1218 cm�1 disappeared. The intensity of peak at 1061, 1727
and broad peak at 3480 cm�1 was markedly reduced, indicating
the removal of the hydroxyl and carboxylic acid groups. It did
not completely disappear because of the mild reaction conditions.
In addition, there are three new bands at 1551, 1408 and
1194 cm�1 appeared in the spectrum of RGO. The band at 1551
corresponds to aromatic C@C bonds. The two bands at 1408 and
1194 can be attributed to sp3 CAN and CAN stretching modes,
respectively. Nevertheless, in the case of FLG, the peaks appear to
be very similar to that of EG, suggesting that their original pristine
structure has been retained in the final products. In addition, the
peak intensity of oxygen functional groups of FLG (even some of
them disappear) is much lower than those of GO and EG,



Fig. 4. (a) TEM images of GO. The inset in Fig. 4a is the corresponding selected area electron diffraction pattern (SAED). (b) HRTEM image of GO. (c) TEM image of FLG. The
inset in Fig. 4c is the corresponding SAED. (d) TEM image of single-layer graphene.
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suggesting the effectiveness of the solvothermal process in remov-
ing oxygen functional groups residing on the surface of the EG.

Fig. 7a shows the UV–vis spectra of GO and FLG dispersed in dis-
tilled water. The spectra of GO shows a high peak at 229 nm corre-
sponding to the p ? p* transition of aromatic C@C bonds and a
small shoulder at 299 nm, which can be attributed to the n ? p⁄

transition of C@O bonds [35]. Only an intensity peak is observed
at 269 nm for FLG, and the shoulder peak near 299 nm disappears.
A large redshift of 40 nm in the absorption band of FLG compared
with that of GO suggests that the p-conjugation within the FLG is
less disrupted than that of GO [36,37]. A similar result has been
observed in the previous study [38].

Raman spectroscopy is usually used to characterize carbon
materials. Fig. 7b shows the Raman spectra of EG, FLG, RGO and
GO. The EG has a prominent G band at 1583 cm�1, which is as-
signed to the first-order scattering of the E2g mode, being related
to sp2 carbon domains. Also, it has a broad D band at 1356 cm�1,
being caused by sp3-hybridized carbon, structural defects, carbon
amorphous or edge planes that can break the symmetry and selec-
tion rule [39]. In the Raman spectrum of GO, the G band is broad-
ened and shifted to 1600 cm�1, while the D band at 1354 cm�1

becomes prominent, indicating the destruction of the conjugated
system in graphite due to harsh oxidation by strongacids during
preparation. After GO was reduced to RGO, the D band became nar-
rower and more prominent whilst the G band shifted from
1600 cm�1 to 1594 cm�1, possibly due to increase of the number
of sp2 carbon in the graphene sheets. In contrast, in the Raman
spectrum of FLG, the G band appears at 1583 cm�1, which is con-
sistent with the value in bulk EG, suggesting that the solvothermal
process does not significantly disrupt the sp2 carbon networks in
the graphene sheets. It is worth noting that the D band of FLG also
appears at a frequency of 1356 cm-1 and its intensity is higher than
that of EG, but much lower than that of GO, indicating that the
solvothermal method does not create significant structural defects.
Our result is in good agreement with the previous study by Qian
et al. [40]. The intensity ratio of D band to G band (ID/IG) is usually
used to measure the graphitization degree of carbon materials. The
ID/IG is estimated to be about 0.14, 0.23, 0.86 and 1.0 for EG, FLG,
GO and RGO respectively. The ID/IG ratio of GO, RGO is much higher
than that of EG and FLG, clearly indicating that GO and RGO has a
higher distortion. The size of the sp2 carbon domains (designated
as La) can be calculated from the intensity ratio between D and
G band in the Raman spectra using Knight’s empirical formula [41].
La ¼ 4:35ðID=IGÞ�1 ð1Þ

The calculated size of sp2 domains is estimated to be �31, 18, 5
and 4 nm for EG, FLG, GO and RGO, respectively. After harsh oxida-
tion process, the size of sp2 carbon domain decreased from �31 nm
for EG to �5 nm for GO, indicating destruction of the sp2 atomic
structure graphite. Furthermore, size of sp2 carbon domain of
RGO continuously decreased to �4 nm, suggesting that the chem-
ical reduction can easily cause nucleation of sp2 domains in the sp3

matrix and the density of small sp2 nucleus increased, decreasing
the average size of sp2 domains. However, for FLG sheets, the size
of sp2 domain is about 18 nm, larger than that of GO and RGO, sug-
gesting that the effectiveness of the solvothermal method for
remaining size of sp2 carbon domain in graphene sheets. It is be-
lieved that the size of the sp2 domains plays a determining role
in the electronic properties of the carbon material [42].

XPS is a powerful tool for identifying elemental composition in
bulk materials. Furthermore, by analysis of binding energy (BE)
values, we can detect the presence of oxygenated groups. Fig. 8a
shows the XPS survey spectra of EG, GO, RGO and FLG. With only
carbon, oxygen species being detected, the atomic percentage
(at.%) of each element was calculated from the survey spectra
and is summarized in Table 1. The oxygen content was found to de-
crease in the order of GO > RGO > EG > FLG, clearly indicating the



Fig. 5. (a) Two-dimensional AFM image of GO and the corresponding height profile (on the top right-side). (b) two- and (c) three-dimensional AFM images of FLG and the
corresponding height profile (bottom).
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effectiveness of the solvothermal method in lowering the oxygen
and defect levels in graphene sheets [21]. In contrast, the GO pro-
duced by the Hummers’ method can introduce many oxygen func-
tional groups, such as COOH, AC@O, CAOAC, and AOH, onto the
surfaces of graphene sheets; consequently, the obtained GO is an
electrically insulating material. In the survey scan XPS spectra,
the peaks at around 285.5 and 534.0 eV correspond to C1s and
O1s core-level, respectively. Small peaks at around (100–160 eV)
and (399–403 eV) are due to silicon substrate and N1s core-level,
respectively. The N1s peak in the XPS spectrum of RGO can be as-
cribed to the formation of CAN species during hydrazine reduction.

It is known that the electronic structure of the graphene is
strongly influenced by basal-plane or edge functionalization with
oxygenated groups. In order to detect the presence of oxygenated
groups, high-resolution C1s XPS spectra were measured and the re-
sults are shown in Fig. 8b–e. Note that the relative composition of
individual groups was estimated by the percentage of the certain
group (the area of peak divided by the total area of all peaks).
For the EG, the C1s peak can be fitted to five components located
at 284.8, 285.6, 286.4, 287.2 and 288.5 eV. The main peak at
284.7 eV corresponds to BE of sp2 graphitic bonds (C@C), indicating
that most of the carbon atoms in the EG are arranged in a conju-
gated honeycomb lattice (77.0% area of C@C bonds). The other four
peaks located at 285.6, 286.4, 287.2 and288.5 eV are attributed to
CAOH (hydroxyls), C-O-C (epoxy/ether), C@O (carbonyls), and
COOH (acids) groups, respectively. The C1s XPS spectrum of GO
clearly indicates a considerable degree of oxidation, with the con-
tent of oxygen element being increased to 25.2 at.% and the com-
position of C@C bonds decreasing to 62.4%, which results from
the harsh oxidation and destruction of the sp2 atomic structure



Fig. 6. (a) XRD patterns of EG, FLG, reduced graphene oxide (RGO) and GOs. (b) FTIR
spectra of EG, FLG RGO and GOs.

Fig. 7. (a) UV–vis spectra of FLG and GOs. (b) Raman spectra of EG, FLG, RGO and
GOs.
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graphite [43]. There are six different kinds of carbon atoms, located
at 284.5, 285.6, 286.3, 287.5, 288.6, and 290.1 eV, correspondingly
existing in different functional groups: C@C, CAOH, CAOAC, C@O,
COOH and O@COAO (carbonates) groups, respectively. This indi-
cates that the rich oxygen groups are contained within the GO.
For C1s XPS spectrum of RGO is found that oxygen functional
groups (such as CAOH, CAOAC, C@O and COOH groups) of GO
were considerably reduced after chemical reduction, while the
composition of C@C bonds increased from 62.4% for GO, to 74.1%
for RGO. At the same time, some new peaks ascribed to a CAN spe-
cies, resulting from bond formation during hydrazine reduction,
appeared at 286.2 and 288.0 eV in the RGO spectrum. In contrast
to GO and RGO, FLG contains a very small amount of oxygen func-
tional groups and some of them have even disappeared, while the
composition of C@C bonds was increased up to 88.2%, which is
higher than that of GO and EG and RGO. This indicates the effective
restoration of the sp2 carbon networks by the solvothermal
method.

To examine the electrical conductivity of the as-made GO, RGO
and FLG, we measured I–V characteristics by using four point probe
with the Keithley 2400 Source-meter. In order to measure electri-
cal conductivity, GO, RGO and FLG thin films of about 300 nm
thickness were deposited on glass substrates (2 � 2 cm2) from
the GO, RGO and FLG suspension using air-brush spraying tech-
nique [44]. Next, these films were dried in a vacuum oven at
90 �C for 24 h. Fig. 9 shows the I–V characteristic of GO, RGO and
FLG. It is found that all samples exhibit linear I–V relation with
the voltage in the range of �1.0 to +1.0 V. From the linear I–V
curves, the conductivities of 1.2 � 10�4, 86 and 165 S/m were cal-
culated for GO, RGO and FLG, respectively. The result shows that
the GO behaved like an insulating material [45], which can be
attributed to the high oxygen content in the form of functional
groups contained by the GO. It is well-known that the GO structure
is predominantly amorphous due to distortions from the high frac-
tion of sp3–O. Moreover, due to the random distribution, the sp2-
hybridized benzene rings are separated by sp3-hybridized rings,
thus leading to the insulating GO [46].The I–V slope of GO is close
to zero. However, the I–V slope of RGO significantly increased after
chemical reduction, indicating that the electrical conductivity of
RGO was enhanced. The enhanced electrical conductivity of RGO
can be due to chemical removal of oxygen functional groups during
chemical reduction. Interestingly, it was found that the electrical
conductivity of FLG is dramatically improved, approximately 6 or-
ders higher than that of GO and two times higher than that of RGO,
which is considerably higher than those prepared by other meth-
ods (50–100 S/m) [47,48], demonstrating the effectiveness of our
method. The dramatic enhancement of conductivity of FLG can
be due to the lower oxygen content and structural defect levels
in graphene sheets, as shown by the Raman and XPS analyses.

It is believed that the concentration and size of sp2 carbon do-
mains play very important roles in controlling the electrical prop-
erties of the graphene sheets. In fact, it is shown that the high
conductivity of the graphene films resulted from the improved
sp2 carbon networks in the graphene sheets and the reduced inter-
layer distance between the graphene sheets in the films [49]. Zhan



Fig. 8. (a) Raw scan XPS spectra of EG, GO, RGO and FLG; and high resolution C1s XPS spectra of (b) EG, (c) GO, (d) RGO and (e) FLG. The insets in Fig. 7b–e shows the possible
chemical bonds between carbon and oxygen, and the corresponding composition of individual groups (area%) deduced from the deconvolution of C1s line.

Table 1
Atomic concentration of C and O of EG, GO and FLG, and corresponding size of sp2

domains.

Sample Atomic concentration Size of sp2 domains (nm)

C (%) O (%) N (%)

EG 78.5 21.5 – �31
GO 68.8 31.2 – �5
RGO 76.8 22.0 1.2 �4
FLG 93.5 6.5 – �18
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et al. [50] reported that the dramatic enhancement of conductivity
of thermally reduced graphite oxide is due to the restoration of sp2

hybridized carbon component and the removal of oxygenated
functional groups. Moreover, Mattevi et al. [51] showed that the
conductivity of thermally reduced GO increased with increasing
the sp2 carbon fraction. These studies suggest that the conductivity
of graphene material depends on the quality of graphene sheet, i.e.,
it depends mainly on the concentration and size of sp2 carbon
domain in the graphene sheets. In our study, according to the
XPS results (Fig. 8), the C@C component of GO, RGO and FLG sheet



Fig. 9. Current–voltage (I–V) curves of (a) GO, (b) RGO and (c) FLG.

Fig. 10. HR-TEM images showing the microstructure of (a–c) GO and (d) FLG. Sp2

carbon domains are indicated by ellipses. The size of sp2 carbon domains of GO and
FLG is about 2–5 and 10–16 nm, respectively.
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is estimated to be about: 62.4%, 74.1% and 88.2%, respectively. At
the same time, the size of sp2 carbon of GO, RGO and FLG sheet
is calculated to be 5, 4 and 18 nm (see Table 1, according to Raman
data in Fig. 7b), respectively. Furthermore, high resolution TEM is
also performed to analyze size of sp2 carbon domain of GO and
FLG sheets and the results are shown in Fig. 10. From Fig. 10a–c,
it is seen that GO consist of �2–5 nm sp2 carbon domains isolated
within sp3 carbon matrix. This is in accordance with the previous
observation, revealing the size of the sp2 domain of GO to be about
2.5–8 nm [51–53]. As shown in Fig. 10d, a higher concentration
and larger size of sp2 carbon domains (�10–16 nm) is observed
in the FLG, in good agreement with the XPS and Raman results. It
is believed that the higher concentration and larger size of the
sp2 carbon domains in the FLG leads to an increase in the number
of conductive pathways, resulting in a dramatic increase in the
electrical conductivity [8,51]. In addition, it was also shown that
the electrical conductivity of graphene is directly related to the
oxygen content [47]. In the present case, the C/O ratio of FLG is cal-
culated to be 14.4, which is much higher than that of GO (2.2). By
considering all these factors, we conclude that the higher electrical
conductivity of FLG is due to larger size of sp2 carbon domains and
higher C/O ratio.

4. Conclusions

In conclusion, we reported a simple method of preparing few-
layer graphene sheets having low oxygen and structural defects
levels, through a solvothermal process followed by microwave-as-
sisted expansion, using EG as starting material. This method has
the following advantages: (1) it can be applied to produce few-
layer (2–3 layers) graphene sheets with a lateral size up to several
micrometers; (2) the obtained FLG has higher C/O ratio and lower
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structural defect level (compared to those of chemical reduction or
thermal reduction of GO); (3) the method provides an alternative
route for producing large-scale high quality graphene sheets; (4)
this method avoids the use of toxic and harmful reducing agents,
such as hydrazine, dimethyl hydrazine and hydroquinone. The
as-fabricated graphene sheets exhibited a high electrical conduc-
tivity of �165 S/m, which can open up a wide range of applications
in technology fields, such as ultra-sensitive gas sensor,transparent
electrodes, solar cell, field effect transistors and graphene-based
composites.
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