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ABSTRACT
Monolayer and bilayer graphene sheets have been produced by a solvothermal-assisted exfoliation process in a 
highly polar organic solvent, acetonitrile, using expanded graphite (EG) as the starting material. It is proposed 
that the dipole-induced dipole interactions between graphene and acetonitrile facilitate the exfoliation and 
dispersion of graphene. The facile and effective solvothermal-assisted exfoliation process raises the low yield of 
graphene reported in previous syntheses to 10 wt% 12 wt%. By means of centrifugation at 2000 rpm for 90 min, 
monolayer and bilayer graphene were separated effectively without the need to add a stabilizer or modifi er. 
Electron diffraction and Raman spectroscopy indicate that the resulting graphene sheets are high quality 
products without any signifi cant structural defects. 
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Introduction

Graphene, as an emerging two-dimensional (2-D) 
structure of free-standing carbon atoms packed 
into a dense honeycomb crystal structure, is being 
predicted to have numerous potential applications 
[1 8] because of its unusual electron transport 
properties and other distinctive characteristics. 
Various methods have been developed to produce 
graphene, including mechanical [1], physical [9 11], 
and chemical methods [12 18]. Chemical production 
of graphene is facile and low-cost and is one of 

the favoured methods for producing graphene. 
Currently, three major carbon sources are used 
as starting materials for chemical production of 
graphene: graphite oxide (GO) [12, 13], expanded 
graphite (EG) [14, 15, 19], and sieved graphite 
powder (SGP) [16 18, 20]. Although chemical 
reduction of GO can produce graphene [21 24], the 
product contains significant numbers of oxygen-
containing functional groups and irreversible 
lattice defects. Graphene sheets exfoliated from 
EG and SGP have fewer defects and are more 
conductive than chemically reduced graphene 
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oxide [25].  Recently, Dai et al .  reported that 
graphene exfoliated from EG could be suspended 
in 1,2-dichloroethane  solution by functionalization 
with poly(m-phenylenevinylene-co-2,5-dioctoxy-
p-phenylenevinylene) (PmPV) [15]. More recently, 
the solvothermal route was used to synthesize 
graphene sheets by using ethanol and sodium as 
reagents [26]. Our group has also demonstrated that 
aqueous dispersions of graphene can be prepared 
using 7,7,8,8-tetracyanoquinodimethane (TCNQ) 
anion as a stabilizer and EG as the starting material 
[19]. Coleman et al. have previously reported the 
liquid phase exfoliation of SGP to produce graphene, 
but the yield of monolayer graphene was only ~1 
wt% [16]. Therefore, to obtain high-yield and high-
quality graphene sheets in the free state without 
any modifiers and/or any stabilizers, which is a 
prerequisite to exploring graphene as successor to 
silicon in microelectronics and as competitor applied 
in other various areas, remains a great challenge. 

Up to now, highly polar organic solvents, such 
as N,N-dimethylformamide (DMF), N-methyl-2-
pyrrolidone (NMP), and dimethyl sulfoxide (DMSO), 
have been widely used to form dispersions of stable 
single-walled carbon nanotubes (SWNTs) [27] and 
graphene [16]. It is generally believed that the dipole-
induced dipole interaction is an important factor for 
dispersing SWNTs in highly polar organic solvents 
[27], so we proposed that similar effects should occur 
between graphene and polar solvents. Herein, we 
report that monolayer and bilayer graphene can be 
readily produced by solvothermal-assisted exfoliation 
and dispersion in a highly polar organic solvent, 
acetonitrile (ACN), by using EG as the starting 
material. By means of centrifugation at 600 rpm, we 
obtained monolayer and bilayer graphene with a 
yield of 10 wt%  12 wt%. Furthermore, by tuning 
the centrifugation velocity, we were able to separate 
monolayer from bilayer graphene. During the whole 
procedure, no stabilizer or modifi er was introduced, 
and therefore graphene retains its unique intrinsic 
properties. The procedure described here offers an 
effective and simple method to produce graphene 
with the high yield and high quality needed for 
future applications.

1. Experimental

Exfoliation of graphene: EG was prepared according 
to the method of Dai et al.  [14].  Commercial 
expandable graphite (average diameter of 300 μm, 
99% purity, Beijing Invention Biology Engineering 
& New Material Co. Ltd., Beijing) was rapidly 
heated to 1000 °C and maintained for 60 s under 
an atmosphere of forming gas (5% H2 and 95% Ar). 
The resulting EG (1 mg) was added to ACN (20 
mL), and the resulting mixture was transferred to 
a Teflon-lined autoclave (25 mL) and maintained 
at 180 °C for 12 h, during which time the internal 
pressure reached 1.1 MPa [28]. The reaction products 
were sonicated for 60 min, finally forming a black 
suspension. Afterwards, the mixture was divided 
into two parts and centrifuged using a KUBOTA 3700 
centrifuge at 600 rpm (900 g) or 2000 rpm (3000 g) 
for 90 min. The supernatant after centrifugation was 
comprised of single- and/or double-layer sheets, and 
kept for further characterization. The precipitated 
samples were relatively thick graphite flakes and 
incompletely exfoliated graphite. Calculations of 
the fractions of graphene and graphite were based 
on the mass measurement of dispersed graphene 
in the supernatant and precipitated graphite which 
was deposited onto fi lter paper by vacuum fi ltration, 
respectively. Before calculating the yield of graphene, 
we usually repeated the solvothermal process several 
tens of times in order to combine the samples. 
Therefore, the mass of EG used for calculation of 
the yield was at least 10 mg. The accuracy of the 
electronic balance used was 1/100,000, which is 
suffi cient for our measurements.

Structural  characterization and study of 
properties:  Atomic force microscopic (AFM) 
measurements were performed to characterize the 
sheet thickness and dimensions using a Nanoscope 
III MultiMode SPM (Digital Instruments) operated 
in tapping mode. The samples used for AFM 
measurement were prepared by depositing the 
corresponding dispersions on 1 cm × 1 cm sections 
of fresh exfoliated highly oriented pyrolitic graphite 
(HOPG). The strong interactions between graphene 
and HOPG make the graphene adsorb strongly on 
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the surface of HOPG after evaporation of solvent. 
The morphology and crystal structure of graphene 
were investigated using a Philips Tecnai F30 FEG-
TEM operated with an accelerating voltage of 300 
kV. Raman spectra were recorded on a RENISHAW 
inVia Confocal Laser Micro-Raman spectrometer 
using an Ar+ laser with wavelength 514.5 nm at 
room temperature. X-ray photoelectron spectroscopy 
(XPS) measurements were carried out using a PHI 
Quantera X-ray photoelectron spectrometer, which 
used Al (Kα) radiation as a probe. 

2. Results and discussion

Figure 1 schematically illustrates the solvothermal-
assisted exfoliation and dispersion process of 
graphene sheets in ACN. Firstly, the expandable 
graphite was heated at 1000 °C under  an atmosphere 
of forming gas (5% H2 and 95% Ar) to obtain the 
EG, in which the d-spacing of graphene was greatly 
enlarged. Subsequently, the EG was mixed with 
ACN in a Teflon-lined autoclave and heated to 180 
°C for 12 h,  introducing ACN 
molecules into the interlayers of EG 
by a solvothermal process. After 
reaction, EG precipitated at the 
bottom of ACN, suggesting that 
ACN has diffused into interlayers of 
EG, because EG would be floating 
above most solvents under usual 
conditions due to its loose structure. 
Upon sonication, monolayer and 
bilayer graphene sheets were peeled 
off from EG and stably dispersed 
in ACN to form a gray solution. 
Compared with NMP, DMF, and 
DMSO, ACN is an ideal solvent for 
a solvothermal process due to its 
low boiling point of 81.6 °C, which 
generates a reaction environment 
with high pressure which favors 
the insertion of ACN molecules 
into the interlayers of EG. ACN 
will also promote the dispersion 
of graphene because of its strong 

dipole moment of 3.87 D [28]. After insertion of ACN, 
the dipole–induced dipole interactions between 
graphene and ACN facilitate the exfoliation and 
dispersion of graphene. No N1s signal was observed 
in the XPS spectrum (Fig. S-1 in the Electronic 
Supplementary Material (ESM)) of treated graphene 
samples. showing that the solvothermal process does 
not introduce nitrogen on the surface of graphene. 
The unique character of the solvothermal-assisted 
exfoliation process, which distinguishes it from other 
chemical methods, is that no stabilizer or modifi er is 
involved, thus retaining the intrinsic structure and 
properties of graphene. 

In the post-treatment process, the incompletely 
exfoliated graphite and thick graphite flakes were 
precipitated by centrifugation at 600 rpm for 90 min; 
the supernatant, which is composed of monolayer 
and bilayer graphene, formed a homogeneous gray 
solution. By measuring the weight of dispersed 
graphene in supernatant and precipitated graphite 
deposited on fi lter paper by vacuum fi ltration we can 
calculate the fraction of graphene/graphite obtained 

Table 1 Samples obtained by four different processes

No.
Carbon
source

Process
Centrifugation 

conditions
Yield (wt%)

1 EG Solvothermal-assisted process 600 rpm, 90 min 10–12 

2 EG Solvothermal-assisted process 2000 rpm, 90 min 0.8–1 

3 EG Without solvothermal-assisted process 600 rpm, 90 min None

4 SGP Without solvothermal-assisted process 600 rpm, 90 min 0.5–0.6 

Figure 1 Schematic illustration of solvothermal-assisted exfoliation and dispersion of 
graphene sheets in ACN: (a) pristine expandable graphite; (b) EG; (c) insertion of ACN 
molecules into the interlayers of EG; (d) exfoliated graphene sheets dispersed in ACN; (e) 
optical images of four samples obtained under the different conditions described in Table 1
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with different procedures, as listed in Table 1. In case 
of graphene sheets exfoliated from EG combined with 
a solvothermal process, the yield of graphene after 
centrifugation at 600 rpm for 90 min was 10 wt% 12 
wt% (Sample 1). When the centrifugation was carried 
out at 2000 rpm for 90 min, with the same procedure, 
the yield of graphene was lower (Sample 2). For 
comparison, when graphene sheets were exfoliated 
from EG or SGP without an initial solvothermal 
process, no graphene was obtained in the case of EG 
(Sample 3) and the yield of graphene from SGP was 
also very low when the centrifugation was carried out 
at 600 rpm for 90 min (Sample 4). The experimental 
results prove that it is difficult for ACN molecules 
to effectively insert into the interlayer spaces of 
graphene without a solvothermal process. In other 
words, by means of the solvothermal process, ACN 
molecules were supplied with sufficient energy to 
overcome the potential barrier, making them diffuse 
into the interlayers of EG more effectively, which is 
crucial to the exfoliation of graphene from EG.  

AFM was employed to characterize the thickness 
and dimensional size of the exfoliated graphene 
sheets. In order to eliminate the possibility of any 
effects due to the HOPG substrate, we obtained an 
AFM image (Fig. S-2 in the ESM) of fresh exfoliated 
HOPG itself which confirmed that it was clean and 
flat. When the graphene sheets were centrifuged 
at 600 rpm for 90 min, the topographic height of 
the resulting graphene was between 0.5 1.2 nm. 
Considering the intrinsic monolayer ripples owing 
to thermal fluctuations [29], it can be concluded 
that the graphene sheets centrifuged at 600 rpm are 
a mixture of monolayers and bilayers, as shown in 
Figs. 2(a) and 2(b). After centrifugation at 2000 rpm 
for 90 min, the height profi les taken along the white 
lines in Figs. 2(c) and 2(d) showed the thickness of 
the graphene sheets was about 0.5 0.6 nm, indicating 
that most of them are flat and monolayer. The 
lateral dimension of graphene ranges from 100 to 
800 nm. Transmission electron microscopy (TEM) 
and electron diffraction (ED) were also employed to 
investigate the morphology and crystal structure of 
the graphene samples. Figure 3(a) is a TEM image of 
monolayer graphene; the corresponding ED pattern 
exhibits a typical sixfold symmetry diffraction 

Figure 2 AFM height images of graphene in tapping mode (Height 
scale bar, 0 10 nm): (a), (b) monolayer and bilayer graphene sheets 
obtained by centrifugation at 600 rpm for 90 min, with a thickness 
of about 0.5 1.2 nm; (c), (d) monolayer graphene sheets obtained 
by centrifugation at 2000 rpm for 90 min, with a thickness of about 
0.5 0.6 nm

Figure 3 (a), (c) TEM image of monolayer graphene and the 
corresponding ED pattern; (b), (d) TEM image of bilayer graphene 
and the corresponding ED pattern; (e), (f) Intensity profi le plots along 
the line indicated in (c) and (d), respectively
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pattern (Fig. 3(c)). Figure 3(b) shows a TEM image 
of bilayer graphene with edges tending to scroll and 
fold slightly, and the corresponding ED pattern is 
displayed in Fig. 3(d). The intensity profi le of a line 
through the (1 210) (0 110) ( 1010) ( 2110) axis for 
the pattern in Fig. 3(c) is plotted in Fig. 3(e). The 
inner peaks {1100} are relatively more intense than 
the outer ones {2110}, with I{1100}/I{2110} greater than 1 
(~1.5), confirming that the graphene is monolayer. 
Conversely, Fig. 3(f) shows that the inner peaks {1100} 
are less intense than the outer ones {2110}, giving 
a ratio of  I{1100}/I{2110} of less than 1 (~0.5), which is 
ascribed to bilayer graphene with predominantly AB 
stacking. This observation is consistent with previous 
computational results for graphene layers [30].

Raman spectroscopy has been accepted to be 
a very versatile, purely optical, high-throughput 
technique for the characterization of graphene. 
Through the analysis of the intensity, frequency, 
and line width of characteristic Raman modes, 
we are not only able to clearly distinguish single- 
and double-layer graphene from multi-layered 
(>5 layers) graphene films [31], but are also able to 
obtain valuable material properties of graphene, 
such as doping level and defect density. The Raman 
spectrum of graphene is dominated by three main 
features, G-, D-, and 2-D- Raman modes, each having 
different physical origins. The peak at ~1580 cm 1 (G 
band), arising from emission of zone-centre optical 
phonons, corresponds to the doubly degenerate 
E2g mode of graphite related to the vibration of sp2-
bonded carbon atoms. The disorder-induced D (1350 
cm 1) band and its symmetry-allowed 2-D overtone 
band (2700 cm 1) involve preferential coupling to 
transverse zone-boundary optical phonons. Figure 
4 illustrates Raman spectra of precipitated graphite, 
and bilayer and monolayer graphene sheets. The 
evolution of the Raman spectra of graphene with the 
number of layers, especially the 2-D band, is very 
similar to that observed by Ferrari et al. [31]. The 
spectrum (Fig. 4(a)) of precipitated graphite exhibits 
two peaks at 1580 cm 1 and 2726 cm 1, which can be 
ascribed to thick flakes (>10 layers). For graphene 
sheets after centrifugation at 600 rpm, the spectrum 
(Fig. 4(b)) exhibits two peaks at 1575 cm 1 and 2716 
cm 1, i.e., the wavenumber of the G band is 5 cm 1 

lower than that of the thick fl akes and the 2-D band 
is 10 cm 1 lower. We use up to four components to fi t 
the line shape of the 2-D band in the spectrum (Fig. 
4(e)) which is in good agreement with the results for 
bilayer graphene [31]. In the case of graphene sheets 
after the centrifugation at 2000 rpm, the spectrum 
(Fig. 4(c)) shows a lower intensity of the G band 
(1570 cm 1), and a broader 2-D band compared with 
the corresponding peaks in the previous spectra 
(Figs. 4(a) and 4(b)). Different from Ferrari’s results 
[31], where micro-Raman spectroscopy was used to 
measure a single graphene sheet, our Raman signal 
is an ensemble average of several graphene sheets. 
Thus, it is reasonable that the 2-D peak of graphene 
sheets after centrifugation at 2000 rpm is broader than 
that of monolayer graphene due to inhomogeneous 
broadening (Fig. 4(f)). Furthermore, it is worth 
noting that all of these Raman spectra have small or 
invisible D bands, indicating that the solvothermal 
process does not introduce significant structural 
defects. Finally, we also measured the sheet resistance 
of graphene fi lm by a four-probe instrument, and the 
resistance was about 1000Ω/sq (see ESM).

Figure 4 Raman spectra of (a) thick graphite flakes, (b) bilayer 
graphene and (c) monolayer graphene; (d) (f) the enlarged spectra 
at the 2-D band of (a) (c), respectively

3. Conclusions

We report a simple route to produce graphene 
by a solvothermal-assisted exfoliation process in 
the presence of ACN. Compared with previous 
procedures, this method results in greatly improved 
yields of monolayer and bilayer graphene sheets 
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up to 10 wt% 12 wt%. The defect-free nature of the 
resulting graphene samples was confirmed by ED 
and Raman spectroscopy. This solvothermal-assisted 
exfoliation process opens up an effective route to 
prepare high yields of high-quality graphene, which 
should be helpful in the development of various 
potential applications ranging from graphene-
based composites, sensors, and biomedicines to 
nanodevices.
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