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Single-layered graphene has unique electronic, chemical, and electromechanical properties. Recently,
graphite exfoliation in N-methylpyrrolidone and molten salt has been demonstrated to generate monolayer
exfoliated graphene sheets (EGS). However, these solvents are either high-priced or require special care and
have high boiling points and viscosities, making it difficult to deposit the dispersed graphene onto
substrates. Here we show a universal principle for the exfoliation of graphite in water to single-layered and
several-layered graphene sheets via the direct exfoliation of highly oriented pyrolytic graphite (HOPG) using
pyridinium tribromide (Py1Br3

2). Electrical conductivity .5100 S/cm was observed for filtered graphene
paper, and the EGS exhibited superior performance as a hole transport layer compared to the conventional
material N,N-di(naphthalene-1-yl)-N,N-diphenylbenzidine at low voltage. The overall results demonstrate
that this method is a scalable process for the preparation of highly conductive graphene for use in the
commercial manufacture of high-performance electronic devices.

G
raphene, a novel two-dimensional and single-layer nanomaterial, has opened a new horizons in both
fundamental science and advanced technology due to its unique electronic, chemical, and electromech-
anical properties1–5. Because of these sensational properties, several methods have been established to

prepare graphene such as bottom-up growth6–10 and top-down exfoliation5,11–14. According to the increasing
demand of the large amount of graphene production15, the latter top-down approach is an appealing method
from the point of view of chemist for the following reasons. First, it is simple, direct, facile producing graphene
sheets by solvent treatment of graphite. Second, the exfoliated graphene sheets (EGS) form colloidal suspension in
the solvents, thereby allowing their manipulation into various fabrication processes, such as spin-coating, mixing,
chemical functionalization. Recently, a significant breakthrough was achieved when two autonomous groups
demonstrated that graphite could be exfoliated in particular solvent to generate monolayer graphene12,16. The
parpared graphene relies on using certain solvents, such as N-methyl-pyrrolidone or molten salt. However, these
processes are not without its drawbacks. These solvents are either high-priced or need special care. Moreover, they
have high boiling point and higher viscosity, making it hard to deposit on surfaces. In contrast, if the exfoliated
graphene could be dispersed in a convenient medium, such as water, it could pave the way for many practical
application developments. Based on previously published studies, the exfoliation of graphite to defect-free and
unoxidized graphene sheets in aqueous medium is urgently required and still an important issue.

Results
The effect of four solvents, i.e., benzene, tetrabutylammonium perchlorate (TBAP), pyridinium tribromide
(Py1Br3

2), and 1-butyl-3-methylimidazolium tetrafluoroborate (BMI1BF4
2) on the graphite exfoliation of highly

oriented pyrolytic graphite (HOPG) was investigated using four samples: HOPG flakes 1 benzene (sample A),
HOPG flakes 1 TBAP (sample B), HOPG flakes 1 Py1Br3

2 (sample C), and HOPG flakes 1 BMI1BF4
2 (sample

D) (Fig. S1, Supporting Information). Initially, the comparative stability of each exfoliant was investigated. After
sonication in a water bath and standing for 10 h, the EGS in samples A and B were completely precipitated
(Fig. 2), which is consistent with previous reports for benzene17,18 which has a p–conjugated structure. TBAP,
which has a very bulky structure, also could not exfoliate HOPG because of the steric hindrance of the ammonium
cation. However, after standing for 10 h, vials C and D retained their original gray color with no precipitation. The
synergistic effect of the p–conjugated planar structures and cationic nature of both Py1Br3

2 and BMI1BF4
2

enabled the intercalation of these molecules through the HOPG interlayers and stabilization of the exfoliated
graphene sheets.

When HOPG and Py1Br3
2 are mixed with water5ethanol (151)and sonicated in a bath-type sonicator, the

amphiphilic Py1 attempts to minimize hydrophobic interactions with water by adsorbing on the graphene
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surfaces via p–p interactions causing the formation of gaps at the
edges of the layers, as shown in Fig. 1. In effect, the Py1 molecules act
as ‘‘molecular wedges’’ that move deeper and deeper into the inter-
layers of the graphite with continuing sonication, ultimately leading
to complete separation of the layers into sheets. The electrostatic
repulsion between the Py1 molecules also reduces the agglomeration
of the graphene sheets and assists in maintaining a stable suspension.
In fact, the graphene dispersion in water medium was found to be
stable for more than a year without any significant precipitation.

Next, to characterize the structure of the EGS, samples C and D
were analyzed using transmission electron microscopy (TEM). Low-
resolution TEM images are shown in Fig. 2b and 2d, respectively.
Large quantities of sub-micrometer-scale EGS can be seen over the
entire TEM grid, and depending on the level of transparency, wrin-
kles can be observed on the EGS surfaces. The high-resolution TEM

(HR-TEM) images shown in Fig. 2c and 2e reveal that single-layered
EGS were produced using Py1 and BMI1, respectively. The diffrac-
tion pattern was shown in Fig. S2. In Sample C, 0.85 nm-thick gra-
phene sheets ranging in size from several sub-micrometers to
micrometers were finely distributed over a Si wafer support, as deter-
mined by atomic force microscopy (Fig. S3), indicating that the
HOPG was exfoliated to form single-layered graphene sheets. The
average flake size of EGS was 174 6 105 nm (Fig. S4). Such a thick-
ness is in good agreement with the formation of graphene
(#1 nm)17,19,20. The yield of single-layered, and multi-layered gra-
phene was approximately 75% and 25%, respectively, as shown in
Table S1. This demonstrates that high-percentage single-layered gra-
phene can be prepared more readily than published results claim21–23.
Notably, the diluted graphene dispersion enabled the microscopy
studies because extensive agglomeration was avoided.

The stability of the EGS suspensions was further investigated by
evaluating the transmittance of the dispersed graphene sheets as a
function of time. In Fig. 3a, it can be seen that the graphite sheets in
sample C remained well-dispersed after standing for 10 h, while the
graphite in sample B precipitated within 10 h. Moreover, no increase
in the transmittance of samples C and D was observed, even after
standing for ten days (Fig. 3b). These results are in good agreement
with the images shown in Fig. 2a.

Ultraviolet-visible (UV-vis) spectra were obtained to further char-
acterize the electronic conjugation of the EGS samples, which are
shown in Fig. 3c that samples C and D showed absorption maxima at
272 and 262 nm, respectively. This suggests that the graphene struc-
ture was not converted to graphene oxide24 and the p–conjugated
network within the EGS remained the same as that of the pristine
graphene suspension. Moreover, the peak in the spectrum for sample
C was red-shifted by 10 nm compared to that for sample D, suggest-
ing that the conjugated structure of the EGS in sample C is superior
to that of the EGS in sample D. This result also reveals that the level of
electronic conjugation in the EGS can be manipulated by selecting an
appropriate solvent, thus providing a method for tailoring the func-
tionality of EGS. The synergistic effect of the p–conjugated planar
structures and cationic nature of sample C and sample D enabled the
intercalation of these molecules through the HOPG interlayer and
stabilization of the EGSs. However, sample D had a high boiling

Figure 2 | (a) Comparative stability of the EGS in (A) benzene, (B) TBAP, (C) Py1, and (D) BMI1. (b), (c), (d), and (e) Typical TEM images of the EGS in

samples C and D.

Figure 1 | Illustration of the non-covalent route showing the adsorption
of Py1 on the graphene layers, which leads to the formation of an
exfoliated graphene dispersion.
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point and high viscosity, making it hard to for the graphene to be
deposited on surfaces which limits its further electronic application.
Next, the statistical distribution of the diameter of the EGS in samples
C and D was determined to be ,822 and ,332 nm, respectively,
using dynamic light scattering (DLS) (Fig. S5), which is considered to
be the most-probable hydrodynamic diameter of an equivalent
sphere characterized by the rolling of the EGS.

To understand the chemical composition of the EGS, we employed
high-resolution X-ray photoelectron spectroscopy (XPS). The high-
resolution core-level C 1s XPS spectrum of the HOPG used in this
study and sample C were obtained. The spectrum for HOPG had a
narrow peak distribution at 284.7 eV, corresponding to the sp2-
hybridized carbon bonding of the aromatic ring (Fig. 4a), while in
the spectrum of sample C (Fig. 4b) after Shirley background subtrac-
tion, the XPS peaks were fitted with Gaussian and Lorentzian char-
acter of 20% and 80%, respectively. The sp2-hybridized carbon

bonding of an aromatic ring and a defective C 1s were centered at
284.7 and 285.0 eV, respectively, and had a full width half-maximum
(fwhm) of 1.4 eV25,26. The ratio of I285.0/I284.7 is a reliable indicator of
changes in the sp2 chemical bonding in graphene due to the forma-
tion of small flakes after sonication.The I285.0/I284.7 values for HOPG
and sample C were 0.18 and 0.30, respectively, indicating that the
HOPG was exfoliated to many graphene sheets. Furthermore, in
Fig. 4b, the fitted peak at 285.9 eV indicates the presence of C5N
bonds, supporting the adsorption of Py1 on the surface of the EGS.
The presence of the Py1 moiety can also be identified in the N 1s
high-resolution XPS spectrum (Fig. S6). The N 1s peak for the EGS
may be due to the presence of the physisorbed Py1 on the surfaces of
the EGS27. Finally, the fitted peak appearing at the highest binding
energy region was typically much broader (fwhm , 2 eV) than the
peaks of the components involved in sp2-hybridized carbon bonding.
The component at 287.0 eV could be attributed either to C–N con-
figurations28–31 or C–O structural defects in the graphene sheets. To
clearly verify these two possibilities, a Raman spectroscopic analysis
was performed.

In the Raman spectrum of graphene, the peak at approximately
1300 cm21 is the so-called disorder-induced mode (D band), and the
intensity of this band indicates the abundance of defects on the
graphene surface. The characteristic C–C stretching in graphene is
a Raman-allowed tangential mode (G band), and is an intrinsic char-
acteristic of sp2 carbons. In the Raman spectrum of HOPG, an
intense G band peak centered at 1580 cm21 is observed, but no D
band at ,1350 cm21 is detected (Fig. 4c), while in the spectrum of
sample C, an intense peak at ,1575 cm21 (G band) and ,2675 cm21

(2D band) can be seen (Fig. 4d), indicating that the HOPG was
exfoliated to graphene sheets32,33. Surprisingly, no D band was
observed in the Raman spectrum of sample C. The intensity ratio
ID/IG is a reliable indicator of the conversion of sp2 carbons to defect
forms of carbon. The value of ID/IG for both the HOPG and sample C
was 0.004, indicating that no C–O bonds or basal plane defects were
present on the surface of the in-plane sp2 carbons. These results
confirm that no defects were introduced on the sample C graphene
sheets exfoliated in water. The D band (,1350 cm21) intensity that
was detected for the EGSs was quite different from that of the sta-
bilizer-assisted exfoliated graphene with the significant D peak
structure defects21–23, indicating that the EGSs still preserved their
graphene structure. Therefore, the results of the Raman analysis
clearly demonstrate that the XPS peak for sample C at 287.0 eV
corresponds to C–N bonds rather than C–O configurations.
Moreover, Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy and thermal gravimetric analysis (TGA)
measurements showed that there were no detectable functional
groups in the as-prepared EGS (Fig. S7 and S8, respectively). This
further confirmed that the fabrication process did not result in the
generation of C–O bonds on the EGS.

Figure 3 | (a) Transmittance variation of EGS after sonicating for 0 (solid line) and 24 h (dot line). Red line: sample B; Black line: sample C. (b) Stability of

samples A–D; dependence of the transmittance at 550 nm. Symbols: sample A (m); sample B (.); sample C (.); and sample D (&). (c) UV-Vis

spectra of aqueous solutions of sample C (lmax 5 272 nm) and sample D (lmax 5 262 nm).

Figure 4 | Characterization of EGS. XPS spectra of C 1s for (a) pristine

HOPG. (b) sample C (EGS 1 Py1). Raman spectra for (c) pristine HOPG,

and (d) sample C. (Inset) 2D peak spectrum. Note that for the spectra of

the pristine HOPG and sample C, the D band is absent, revealing that

virtually no basal plane defects exist. The samples were prepared by

dropcasting on a SiO2 wafer followed by drying of the solvent under

ambient conditions at room temperature.
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To further explore the electrical performance of the defect-free
and non-oxidized EGS, a uniform EGS paper was readily prepared
on a membrane via vacuum-filtration of the sample C suspension.
Fig. 5 shows that an electrical conductivity of ,600 S/cm was
obtained. The EGS paper was annealed using an electric current
flow34. After annealing at a constant power of 0.8 W for 10 s, the
electrical conductivity of the EGS paper exhibited an order of mag-
nitude enhancement. This enhancement of the conductivity indi-
cates that the Py1 remaining in the graphene paper were removed
during the annealing process. Moreover, excellent sample-to-sample
(,5%) reproducibility for planar contact was obtained for different
graphene papers due to the increased homogeneity of their surfaces
(Fig. 5). The annealing time dependence of the EGS paper conduc-
tivity is shown in Fig. S9. After gradually ramping-up, the conduc-
tivity of the EGS paper reached saturation as a result of the geometric
structure being reorganized between each EGS35. However, when the
annealing time was increased to a certain degree, the conductivity of
the EGS paper dropped significantly. This may be explained by the
probable deterioration of the EGS paper occurring at an ambient
condition. Notably, a conductivity of 5130 S/cm was obtained for
the annealed EGS paper. To the best of our knowledge, this value is
the highest reported value for conductive graphene films prepared
from EGS. In fact, the electrical conductivity of the prepared EGS
paper was two to five times greater than previously reported
results12,36, only two times less than that of in-plane graphite
(104 S/cm)37, and nearly 20 times greater than that of a single gra-
phene sheet (60 S/cm)38, which is a prominent 2D material. This
result suggests that the Py1-assisted EGS retains the properties of
pristine graphene. The superior electrical conductivity may be due to
effective p2p stacking between the EGS, which may be beneficial for
promoting 3D conductive pathways between each graphene layer.

Finally, the EGS were used as a hole transport layer (HTL), and
their performance was compared to that of the commercial HTL
material N,N-di(naphthalene-1-yl)-N,N-diphenylbenzidine (NPB),
in a basic organic light-emitting diode (OLED) using tris-8-hydro-
xyquinolinealuminum (Alq3) as the emissive layer (Fig. 6a). For
convenience, the OLEDs with graphene sheets as the HTLs and the
OLEDs with NPB as the HTLs are referred to as graphene-LED and
NPB-LED, respectively. The current density-voltage and luminance-
voltage characteristics are shown in Fig. 6b, and the luminance effi-
ciency-voltage characteristics are shown in Fig. 5c. As can be seen in
Fig. 6b, the phenomenon of abnormal negative differential resistance
(NDR), which is often observed in organic devices and typically
attributed to ferroelectricity or bias-induced carbon filaments in
organic materials, occurred in both devices39,40. With the stacked
graphene sheets as the HTL the graphene-LED showed a higher
leakage current, probably due to the film discontinuity. However, a
lower light-turn-on voltage of 4.9 V is clear evidence that the exfo-
liated graphene sheets are more beneficial for hole injection than
NPB. The luminance-voltage properties of the graphene-LED device
were one to two orders of magnitude greater than those of the NPB-
LED device. This enhancement implies that the luminance is gov-
erned by the doping of the non-oxidized EGS. Considering the
reported work function (4.5 eV) of graphene, it is difficult to under-
stand the mechanism for the smaller energy barrier at the graphene/
Alq3 interface. In a previous study, by adding an ionic liquid to a ZnO
electron transport layer, modified polymer LEDs with significantly
improved performance were obtained41. In our case, we assume that
the piling up of Py1 at the graphene/Alq3 interface may act as an
interface dipole layer with the positive pole pointing toward the
graphene and the negative pole pointing toward Alq3

42. Hence, both
the highest occupied molecular orbital of Alq3 and the work function
of graphene would be affected and result in the reduction of the hole
injection barrier. The maximum luminance of the graphene-LED
was 3515 cd/m2 around 7.0 V. In Fig. 6c the luminance efficiency
in the graphene-LED was approximately two times of magnitude
greater than that in the NPB-LED during device operation. We
anticipate that with all the optimal parameters to the device, the high
performance of graphene-LED should be possible.

Discussion
In conclusion, we developed and demonstrated a universal route for
the preparation of single-layered graphene sheets in water by choos-
ing exfoliants with a p2conjugated cationic structure. The EGS pro-
duced using Py1 as the exfoliant retained the properties of pristine
graphene. Defect-free and non-oxidized graphene exhibited an ultra-
high conductivity value of ,5100 S/cm, which is only two times
inferior to that of in-plane graphite (104 S/cm). Moreover, the EGS

Figure 5 | Electrical characterization of the conducting graphene paper.
(1) with annealing treatment, and (2) without annealing treatment.

Figure 6 | (a) Schematic of the hole-transport process in an OLED from an EGS hole transport layer as an alternative to a conventional NPB HTL. (b)

Current density-voltage, luminance-voltage, and (c) luminance efficiency-voltage characteristics of an NPB-LED and graphene-LED.

(red: graphene-LED; black: NPB-LED).
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can be prepared from HOPG under ambient conditions without the
need for rigorous redox chemical reactions. Furthermore, the sus-
pended graphene sheets can be stabilized in water for a year without
significant agglomeration. The HTL prepared from the EGS exhib-
ited an enhanced luminance of one to two orders of magnitude
compared to that of NPB in OLEDs at low voltage. Thus, it is possible
to enhance device luminance at a low operating voltage. These results
may be expected for the high-throughput and low-cost production of
high-conductivity EGS, thus making the practical application of gra-
phene-based electronics and graphene-composites possible.

Methods
Materials. HOPG (highly oriented pyrolytic graphite, ZYH grade) was purchased
from SPI supplies. Benzene (Merck), 1-butyl-3-methylimidazolium tetrafluoroborate
(Sigma-Aldrich), pyridinium tribromide (TCI), and TBAP were used to prepare the
EGS. Acetone and ethanol were purchased from Sigma-Aldrich and used without
further purification.

Preparation of the graphene suspension. Graphene dispersions were prepared by
sonicating 2 mg HOPG in 10 ml water5ethanol (151) with 1 M Py1 for 45 min using
a BransonH 3510R-DTH bath ultrasonicator. The prepared EGS concentration in
water was 0.04 mg/mL. The graphene suspension was used for spectroscopic analysis
and stability tests.

Preparation of the graphene paper. To fabricate the graphene paper, the solution of
EGS was filtered through a filter paper or a polyvinylidene fluoride membrane filter
(47 mm in diameter, 0.22 mm pore size; Millipore), and then the water was allowed to
evaporate by air drying.

Characterization of the exfoliated graphene and graphene paper. Measurement of
the absorbance spectra, the pristine state of the dispersed graphene, and the chemical
composition were obtained via UV-vis spectroscopy (UV 300, UNICAM) and XPS
(PHI 1600, Physical Electronics), respectively. The morphology and structure of EGS
were investigated using TEM (JEOL JEM-2100). A tapping mode AFM (Veeco
Metrology Group/Digital Instruments, Santa Barbara, CA) was used to characterize the
thickness of the EGS. Raman spectra were recorded from 2000 to 1000 cm21 using a
high-resolution dispersive Raman microscope (Thermo DXR; excitation at 532 nm). A
ZetaSizer (Nano-90S, Malvern) was employed for characterization of the size
distribution of the EGS, and the diameters of the nanosheets were calculated using the
built-in instrument software (Zetasizer DTS). FTIR-ATR measurements were recorded
using a Perkin Elmer Frontier. The stability analyses were conducted using a TGA
instrument (Q500, TA instrument). The four-point probe method was used to measure
the electrical conductivity of the graphene papers. The probe-to-probe spacing was
1.6 mm. The thickness of each filtered EGS films was characterized by the SEM. A
Keithley 2400 source meter was used to provide a DC voltage from 20.02 to 0.02 V.

Device fabrication. The HTLs, graphene, and NPB, were spin-coated at 3000 rpm
and thermally-coated on patterned ITO/glass substrates, respectively. The spin-
coating of graphene was repeated two times to obtain the optimal thickness.
Subsequently, the Alq3 emissive layer, LiF, and Al cathode were thermally-coated on
the HTLs to complete the device structure. All of the devices were characterized and
preserved in a nitrogen-filled glove box with oxygen and water vapor contents less
than 1 ppm. The current density-voltage and the luminance-voltage curves were
measured using a combination of a silicon photodetector, a Keithley 2400 source
meter, and a Keithley 2000 multimeter. The calibration of the absolute luminance was
carried out using a PR-650 SpectraScan colorimeter.
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