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Introduction

Graphene has attracted a great deal of attention in recent
years due to its unusual electronic, mechanical, and thermal
properties. Exploiting graphene properties in a variety of

applications requires a chemical approach for the large-scale
production of high-quality, processable graphene sheets
(GSs), which has remained an unanswered challenge. Vari-
ous approaches have been developed, to date, to obtain
GSs.[1,2] The standard procedure to make the high-quality
graphene is the micromechanical cleavage method, which is
suitable for only fundamental studies.[2] Alternatively, many
researchers have reported epitaxial growth of graphene on
metal or nonmetal substrates by chemical vapor deposition
(CVD) or by thermal decomposition of SiC[3–5] and the gra-
phene-type carbon materials have been produced by sub-
strate-free CVD,[6] radio-frequency plasma-enhanced
CVD,[7] aerosol pyrolysis,[8] and solvothermal synthesis.[9] On
the other hand, the chemical routes are widely considered
to be a promising approach for large-scale production.[10]

This approach provides processable graphene that can be
easily cast into various structures or integrate graphene with
other materials to form nanocomposites. Currently, most of
the chemical approaches based on the dispersion and exfoli-
ation of graphene oxide or graphite intercalation com-
pounds (GIC).[11–13] So far, the graphene derived by these
methods contained a significant amount of oxygen and
other functional groups with numbers of defects that cannot
be restored completely.[11,12] In addition, these methods in-
volve several steps and need 3–5 d to allow the intercalants
and organic solvents to fully insert into the graphitic
layers.[13]
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Recently, Coleman and co-workers demonstrated that it is
possible to effectively exfoliate graphite to produce single
and few-layer GSs without the use of intercalants, if the sol-
vents are chosen judiciously.[14] The trick was to choose sol-
vents for which the solvent–graphene interfacial interaction
energy matches that of graphene–graphene. However, the
maximum yield achieved by this method was only 8.3 %
with a fraction of single-layer graphene among the large
quantities of starting graphite material. Several rounds of
sediment recycling were required to increase the yield fur-
ther.

On the other hand, Gulari et al. have developed a super-
critical CO2 processing technique for intercalation and exfo-
liation of layered silicates and delaminating graphite struc-
ture.[15] This method consists of immersing the layered clays
in supercritical CO2 for a certain time period at a preset
temperature and pressure followed by rapid depressuriza-
tion. Generally, supercritical fluids (SCFs) have much more
empty space than ordinary liquids and are highly compressi-
ble. Consequently, the density and hence “the solvent
strength” of the fluid may be tuned from gas- to liquidlike
values simply by varying pressure, temperature, or both.
This tunability, along with low interfacial tension, excellent
wetting of surfaces, and high diffusion coefficients, makes
SCFs potentially superior sol-
vents for diffusion between the
layers and its expansion.[15]

Given the lack of a reliable
approach for the large-scale
and high-yield production of
graphene, herein, we report a
novel SCF exfoliation process
to produce high-quality, gram-
scale processable graphene for
technological applications. Our
procedure is simple and fast; it
involves direct one-pot exfolia-
tion of graphite crystals down
to few (1–10)-layer GSs by
SCFs, such as ethanol, N-
methyl-pyrrolidone (NMP), and
DMF. This is a noncovalent, so-
lution-phase method to produce
large scales of defect-free, un-
oxidized GSs.

Results and Discussion

The SCF exfoliation method re-
sulted in a high yield of GSs in
a single step. The exfoliated
GSs can be dispersed well in
fresh solvent and remain non-
agglomerated for several days.
Photographs of black solutions
obtained by 5 min sonication of

GS in different fresh solvents, such as DMF, ethanol, and
NMP are presented in Figure 1a–c, along with the respective
dried graphene powder in Figure 1d–f. The concentration of
dispersed GS solutions is approximately 2–4 mg mL�1. This
dispersed solution was stable for several days without any
stabilizers.

Solvent engineering is a very useful approach for the
preparation of 1–2D carbon materials, such as carbon nano-
tubes (CNTs) and fullerenes.[16,17] Recently, some research-
ers have successfully exfoliated CNT in NMP.[17,18] Such ex-
foliation occurs because of the strong interaction between
the solvent and the nanotube side wall, which subsidizes the
energy requirement for exfoliation and subsequent solva-
tion. Based on similar principles, Coleman and co-workers
succeeded in exfoliating graphite to a few layers of graphene
by using low-power sonication.[14] Although they could
obtain high-quality graphene with solvent–graphene interfa-
cial interactions, the yield was very low (�8 % with only
1 % monolayer). This suggests that the surface energy of sol-
vents matching with that of graphene is not sufficient for
high-yield exfoliation of graphite down to a few layers (1–
10 layers). Complete exfoliation can only occur if the net en-
ergetic cost is zero or with a solvent that has high diffusivity
and high solvation power. To realize this, we dispersed

Figure 1. Photographs of exfoliated graphene sheets dispersed in ethanol (a), NMP (b), and DMF (c) and ap-
proximately 1 g of their respective dried graphene powders (d–f); g) scheme showing the SCF exfoliation of
graphite crystals to graphene.
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graphite crystals in three different solvents, ethanol, DMF,
and NMP, under low-power sonication and heated up to or
above their critical temperature. The critical points of the
solvents are listed in Table S1 in the Supporting Informa-
tion. Figure 1g shows the scheme for SCF exfoliation of
graphite to GSs. The exfoliation of graphite down to a few
layers (<10 layers) was achieved in SCFs in a shortest reac-
tion time of 15 min. This was possible because of the unique
features of the SCFs, such as low interfacial tension, excel-
lent wetting of surfaces, and high diffusion coefficients.[15]

These features make SCFs superior solvents for rapid pene-
tration of all the interlayers of graphite with high diffusivity
and a solvation power that is much higher than the interlay-
er energies of graphite. Therefore, our method resulted in a
rapid and high-yield conversion of the starting graphite crys-
tals down to 1–10 layer GSs, retaining the original pristine
structure of the sheets in one-pot exfoliation.

It is crucial to ascertain the state of the graphite crystals
at each stage. Therefore, we have examined the state of the
starting graphite crystals, sonicated graphite crystals, and ex-
foliated graphene sheet by scanning electron microscopy
(SEM). The SEM studies showed that the starting graphite
powder consisted of flakes approximately 7–25 mm in size, as
shown in Figure 2a. After sonication, these larger flakes

broke down into smaller flakes approximately 2–10 mm in
size (Figure 2b); this shows that sonication resulted in frag-
mentation of the initial flakes. The effect of sonication is
similar to that observed by Hernandez et al.[14] The GSs ex-
foliated by SCF contain much smaller sheets, 0.1–2 mm in
size (Figure 2c). This result clearly indicates that the most of
the exfoliation occurred only after SCF treatment as dis-
cussed above.

The GSs produced by SCF exfoliation have been charac-
terized by Raman spectroscopy, AFM, and high-resolution
(HR) TEM to confirm the exfoliation of the GSs. Raman
spectroscopy is a powerful nondestructive technique for
identifying the number of layers, structure, doping, and dis-
order of graphene.[19–21] Raman spectra were recorded with
red (633 nm) laser radiation with the dried powder mounted

on a glass slide. The typical D (1350), G (1565), and 2D
(2650–2690 cm�1) graphitic bands are present in the spectra
of all of the exfoliated samples. We observed the D and G
bands at approximately 1345 and 1580 cm�1, respectively, for
all of the samples (Figure S1 in the Supporting Information).
A small D band was also observed for our starting graphite
crystals; this indicates that the starting graphite crystals al-
ready had small defects. The D-band intensity was slightly
increased for the exfoliated GS samples. A relatively small
increase in the D-band intensity of GS samples indicates
that exfoliated GS samples have less or no defects. Hernan-
dez et al. also reported a small D band in their samples,
which were prepared by dispersing graphite in different or-
ganic solvents, such as NMP, under sonication. Raman spec-
tra recorded in the 2650–2690 cm�1 (2D band) region for all
the samples are presented in Figure 3a–c. It is possible to
precisely identify the number of layers from the shape and
position of 2D band. The spectra showed that all the sam-
ples consist of single to few-layered graphene (<10). We
have systematically identified 1–10 layers of GSs in our ex-
foliated graphene powder samples. Raman spectra of all of
the samples agree well with the literature.[19–21] We have em-
ployed results from Raman spectroscopy to estimate the
yield of exfoliated graphene. The Raman spectra were re-
corded over 210 spots from 6 different regions of the sample
mounted on a glass slide to plot histograms. The total area
subjected to the measurements was 2250 mm2 (Figure S2 in
the Supporting Information). About 90–95 % of the ob-
served GSs consisted of <8 layers with a 6–10 % monolayer
yield and the remaining 5–10 % was �10 layers (Figure 3d–
f). This data provides evidence for high-yield exfoliation of
graphite crystals to few-layered GSs. It should be noted
that, so far, no other methods have provided such an excel-
lent yield of graphene in a direct one-pot conversion. A
comparative study has been made on the yield of GSs ob-
tained by our method with a number of other methods re-
ported in the literature (Table S2 in the Supporting Informa-
tion).

Generally, the achieved exfoliation was typically con-
firmed by measuring the thickness of a single graphene
sheet, which is about 1 nm in height on a substrates such as
mica, by using AFM.[10] Therefore, SCF exfoliation of graph-
ite crystals down to a few layers (1–10 layers) was further
confirmed by measuring the thickness of the GSs by means
of AFM. The representative AFM height images along with
height profiles for monolayer graphene sheets are shown in
Figure 4a. The height profiles show the steps from the Si to
an exfoliated graphene sheet, which is about 0.8 nm for the
given cross-section (Figure 4a). Some researchers have re-
ported typical step heights of approximately 0.6–1 nm for
single-layer graphene sheets.[14] Hernandez et al. observed a
number of graphene monolayers exfoliated by the sonica-
tion method with a step height of 1–2 nm.[14] They attributed
this large thickness of monolayer to chemical contrast issues
and the presence of residual solvent. Since our sample also
contains some residual solvent, similar thicknesses can be
expected for monolayers rather than the ideal thickness

Figure 2. SEM images a) starting graphite crystals, b) ultrasonicated
graphite crystals, and c) supercritical ethanol exfoliated graphene sheets.
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(0.3 nm) reported by some other methods.[14] We have also
observed a thickness corresponding to 3–10 layers of GSs
(Figure S3 in the Supporting Information). This observation
is consistent with the Raman data presented in Figure 3. Im-
portantly, being a large-scale exfoliation, the GS sample

should be thoroughly investigated for the distribution of the
number of graphene layers. Normally, in small-scale produc-
tion, this could be conveniently carried out with AFM mea-ACHTUNGTRENNUNGsurements. However, in the present study it was realized
that, quite often, the graphene layers were overlapping with

each other as the AFM speci-
mens were prepared by drop-
casting the dispersion of the
GSs on a smooth substrate sur-
face. In addition, some gra-
phene sheets were folded due
to surface tension during sol-
vent evaporation (Figure S3 in
the Supporting Information).
This was a major problem that
we encountered for the quanti-
tative analysis of the number of
layers and conversion yield
when using AFM measure-
ments. Such problems can be
avoided by using Raman spec-
troscopy analysis because
Raman is agglomeration-blind
and considers only interlayer
interactions.

Further, the state of dis-
persed GSs was studied by
TEM analysis. The ability to

Figure 3. Raman spectra of the 2D band showing 1–10 layer GSs exfoliated by a) DMF, b) EtOH, and c) NMP. The histograms d–f) show the yield of 1–
10 layers of GSs in different solvents, respectively.

Figure 4. AFM images of graphene sheets exfoliated by a) DMF (1.2 � 1.2 mm) and the corresponding height
profiles at 650 nm (c); and b) ethanol (3.5 � 2.8 mm) and the height profiles at 3820 nm (d). The height profiles
were obtained along the x axis from positions A and B/C indicated by the blue lines in AFM images (a) and
(b).
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easily transfer GSs onto the TEM grid allows their detailed
characterization by using HR-TEM. The TEM samples were
prepared by simply dropping a few drops of dispersed solu-
tion onto holey carbon grids (400 mesh). TEM analysis re-
vealed a large quantity of sheets with different types and
sizes, as shown in Figure 5. The size of the GS was in the

range of several hundred nanometers to two micrometers.
Most of the GSs are agglomerated, comprising from mono-
to multilayer sheets, as displayed in Figure 5a–c and some of
them are only monolayer GSs, as observed in Figure 5d–f.
Large flakes were not observed in any of these samples. It
should be noted that in the present method we did not
employ any flake separation by centrifugation. These TEM
images are consistent with Raman analysis that a large pro-
portion of sheets are <8 layers. Electron diffraction (ED)
patterns were used to confirm the crystallinity of exfoliated
GSs. The ED pattern of our graphene is similar to that re-
ported in the literature, which suggests well-crystallized, one
to a few-layered graphene structures (Figure 5g–i).[14,22]

The pristine structure of our exfoliated GSs was further
confirmed by powder X-ray diffraction patterns by using the
same sample powder that was used for Raman spectroscopy
measurements. The XRD patterns of all of the samples
showed a characteristic reflection (002) for the exfoliated
samples (Figure S4 in the Supporting Information). No shift
in the peak position and d spacing of the characteristic re-
flection (002) indicates that all of the exfoliated samples
have retained their original pristine structure. SCF exfolia-

tion did not damage the original pristine structure. Howev-
er, the peak intensities decreased in the log order for the ex-
foliated samples. In contrast, the graphene prepared from
other routes, such as graphene oxide reduction, GIC exfolia-
tion, and chemically modified graphene resulted in an in-
crease in the d-spacing distance, which shows expansion of
the distance between different layers.[23] Samples from these
methods show many defects and display poor electrical
properties. Graphite exfoliation was carried out under dif-
ferent exfoliation temperatures from 300 to 500 8C by using
DMF as the solvent. The results show that, with increasing
the exfoliation temperature, the (002) reflection intensity
decreased with the increase in the peak width (Figure S4 in
the Supporting Information). This indicates that at higher
temperatures, the graphene nanosheets were formed and re-
tained their original pristine structure. However, we ob-
served that the temperature above 450 8C was not suitable
for exfoliation because DMF decomposes at this tempera-
ture and affects the properties of graphene. A detailed study
is in progress to confirm the effect of different SCF condi-
tions on the quality and property of exfoliated GSs.

FTIR spectra were measured for the GS powder samples,
which were dried in a vacuum oven at 150 8C for 12 h. The
FTIR spectra for all samples are shown in Figure S5 in the
Supporting Information. All of the spectra are almost fea-
tureless, except for one band at 1020–1040 cm�1 (Figure S5
in the Supporting Information). This indicates that a small
amount of water was absorbed after drying. Therefore, C�O
bonding may arise from either tightly bound water mole-
cules or small defective sites in the graphene. This is in con-
trast to the spectra for graphene oxide published in litera-
ture, which contain intense spectral features at around
1700 cm�1 that can be attributed to carboxyl groups. Again,
this further proves that we produced graphene rather than
some form of derivatized graphene.[24]

To study the properties and quality of SCF-exfoliated
GSs, we investigated the current–voltage (I–V) characteris-
tics of individual multilayer GSs by using a JEM-3100FEF
(JEOL) transmission electron microscope with a piezo-
driven TEM–STM holder (Nanofactory),[25,26] as illustrated
in Figure 6 with a real TEM image. Typical I–V curves ob-
tained for vacuum-dried GS samples (at 200 8C) show resist-
ance in the range of 2–6 kW, as shown in Figure 6c (Table S3
in the Supporting Information). This in fact represents a
higher conductivity than the previously reported values for
highly conducting GSs, in which a typical resistance for GSs
with a channel length of 100 nm at room temperature is 10–
30 kW[13] (Table 1). A notable feature in our experimental
configuration is that the contact area between the W tip and
the GS is much smaller than counter gold/GS and litho-
graphically contacted GSs. This further indicates superior
electrical conduction due to the high quality of the GS. In
addition, the I–V plot clearly exhibits Ohmic behavior in the
lower voltage range with a resistance of 2–6 kW, which is
comparable to that of carbon nanotubes.[26,27] Also, Table 1
clearly indicates that the electrical properties of our GSs are
better than the chemically exfoliated GSs reported so

Figure 5. HR-TEM images of GSs exfoliated by a) DMF, b) EtOH, and
c) NMP; a–c) several mono- and multilayer GSs; d–f) monolayer GSs,
and g–i) the selected area electron diffraction (ED) patterns of the GS
showing crystalline graphene structures.
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far.[28–31] In a larger voltage range from �2 to 2 V, the I–V
curve shows nonlinear symmetric behavior and a clear con-
duction increase in high-bias region (Figure S6a in the Sup-
porting Information). We also measured the maximum cur-
rent density and stability of the GS by slowly increasing the
applied bias on the GS (Table S3 and Figure S7 in the Sup-
porting Information). A single 6-layered GS was finally
broken near the W/GS contact at a high current of 1.1 mA.
The width of the broken sheet is 65 nm (as indicated by an
arrow in Figure S6b in the Supporting Information). If we
assume that all layers contribute to electron transport, the
estimated current density is at least 1.0 � 109 A cm�2, which is
in the same order of magnitude as the best multi-walled
CNTs.[26] This result highlights the extremely high stability
against electron migration due to the strong sp2 bonds that
are dominant in GS. The good conduction and high current-

carrying capacity of GS also suggest that, our GSs are po-
tential candidates for both transistors and interconnect in
future nanoelectronic circuits.

Conclusion

We have demonstrated a rapid, one-pot SCF process for
high-yield exfoliation of GSs. Our procedure is simple and
involves direct conversion of graphite crystals to high-quali-
ty graphene under SCFs such as ethanol, NMP, and DMF.
This is a noncovalent, solution-phase method to produce
defect-free, unoxidized graphene with good conduction and
electron-carrier capacity. The novel SCF approach allows
easy processing and functionalization of GSs by a variety of
available techniques and enables its potential use in high
performance and scalable applications, such as Li ion batter-
ies, catalysis, and solar cells. Therefore, we believe that the
present work would open a gateway for the commercial pro-
duction of graphene sheets.

Experimental Section

Preparation of exfoliated graphene sheets : All SCF exfoliations were per-
formed in a stainless-steel reactor with a maximum volume of 10 mL. In
a typical experiment, graphite crystals (10–20 mg) were added to a stain-
less-steel reactor vessel and dispersed in a solvent (5 mL), such as etha-
nol, DMF, or NMP, by low-power sonication (AS ONE US cleaner, US-
4R , 40 kHz, 160 W) for 10 min. Then, the sealed reactor vessel was
heated to 300–400 8C for 15–60 min in a specially designed tube furnace
(AKICO, Japan). The reactor reaches the optimum temperature within
3 min, therefore, the reaction time mentioned above includes the ramp
up time. The pressure was maintained at 38–40 MPa by adjusting the
volume and temperature of the reactor vessel. The reaction was terminat-
ed by submerging the hot reactor in an ice-cold water bath. The exfoliat-
ed GSs were collected by repeatedly washing and centrifuging with fresh
solvent and were then vacuum dried overnight at 100 8C.

Characterization of graphene sheets : Raman spectra were recorded in
the backward geometry on a NIHON BUNKO Ventuno spectrometer
(NSR-1000DT) at room temperature. The powder sample was excited by
using the 632.8 nm wavelength line from a He–Ne laser. Scans were
taken on an extended range of (400–3500 cm�1) with an exposure time of
30 s. The dried GS powder was pressed on a glass slide for observation.

The sample was viewed by using a red
laser apparatus under the maximum
magnification of � 100. The AFM
measurements were performed with
an S-image, Multi-Function unit. Gra-
phene suspensions were applied direct-
ly on the substrate, which was a thin
native oxide on Si (100), by a drop-
casting method. After drying the sub-
strate in a clean environment at room
temperature, the measurements were
performed in air at ambient tempera-
ture and pressure. The HR-TEM
images were obtained with a HRTEM
JEOL JEM-2010F instrument. The
TEM samples were prepared by
simply dropping a few drops of dis-
persed GS solution on to holey carbon
grids (400 mesh). The structure was
examined by XRD analysis with a

Figure 6. a) Schematic illustration of the TEM experimental setup: a
single multilayer graphene sheet has its ends contacted with gold wire
and the W tip. b) A TEM image showing nano-graphene connected with
the two electrodes inside the TEM–STM holder. c) Typical I–V curves
obtained for samples in DMF (blue), EtOH (red), and NMP (green) by
using the experimental setup and TEM image shown in (a) and (b).

Table 1. Comparison of electrical properties of GS prepared in this work with that produced by other chemi-
cal approaches.

Sample Forms Electrical properties

1 GS in
EtOH

�5 layers GS resistance: 2 kW

2 GS in DMF �6 layers GS resistance: 1.5–6 kW

3 GS in NMP �5 layers GS resistance: 3 kW

4 ref. [13] multilayer Langmuir–Blodgett film resistance: 8–150 kW

5 ref. [29] drop-cast film on a substrate resistance: 30.5 kW

6 ref. [14] thin film (�30 nm thick) on alumina membrane by
filtration

conductivity: 65 � 102 Sm�1

7 ref. [11] free-standing paper conductivity: 6.9 � 102 Sm�1

8 ref. [27] thin evaporated film (�3 mm thick) on a glass slide conductivity: 12.5 � 102 Sm�1

9 ref. [12] powder conductivity: 2 � 102 Sm�1

10 ref. [28] powder conductivity: (10–23)� 102 Sm�1

11 ref. [26] single graphene nanoribbon sheet semiconducting behavior
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Bruker AXS D8 Advance instrument using CuKa radiation. IR spectra of
the GS were recorded by using an FT/IR-6200 IR spectrophotometer
(JASCO Corp., Tokyo, Japan).

Electron transport experiments : The electron transport experiments were
carried out by in situ measurement using a JEM-3100FEF (JEOL) trans-
mission electron microscope with a piezo-driven TEM–STM holder
(Nanofactory). A two-terminal connection was made to individual nano-
graphene sheets by contacting both ends with two metal electrodes. First,
a freshly cut gold wire (0.25 mm in diameter) was inserted into the micro-
hole on a gold “hat” (Figure 6 a and b). Then, the wire tip was delicately
immersed into graphene powder and then the hats with the sample-hold-
ing wires were mounted on a sapphire ball of the piezo-driven tubes of
the TEM–STM holder. It was noted that during sample deposition the
graphene sheets were attracted to the gold wires due to simple adhesion
forces. No organic glues or pastes were used for sample assembly to
avoid electrical/mechanical circuit contamination. The counterparts of
the holders consisted of a tungsten tip prepared by an electrochemical
etching method and inserted into the three-dimensional movable part of
the piezo-driven holder. This tungsten tip was then controlled to ap-
proach the graphene sheets under TEM observation. As shown in Fig-
ure 6a, a single multilayer graphene nanosheet protruding from the edge
of the gold wire was brought into contact with a tungsten tip.
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