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O
rganic and inorganic hybrid mate-
rials with carbon allotropes such as
fullerene and carbon nanotubes

(CNTs) have attracted much attention. The
charge transfer at the interface of these
hybrid materials can show a synergistic ef-
fect to induce interesting properties that are
different from those of each component.
For example, CNTs functionalizedwith light-
sensitive materials such as CdSe and TiO2

nanoparticles showed variation of conduc-
tance at a specific wavelength in field effect
transistor (FET) devices due to photoinduced
charge transfer from the nanoparticles to
CNTs.1�3 Wavelength-selective silencing of
photoconductivity in Au nanoparticle-coa-
ted fullerene wires due to electron transfer
by the surface plasmon resonance (SPR)
of Au nanoparticles was also reported.4

These approaches have opened possibili-
ties for application with photodetectors
and sensors.
On the other hand, the charge transfer

can be a driving force for the formation of
hybrid materials. Wakahara et al. speculated
that the strong charge transfer between C60
and ferrocene (Fc) at 782 nm enabled the
interaction of the nearest C60�Fc pair, which
is possibly a driving force for the formation of
C60/Fc nanosheets.5 In addition, hybrid ma-
terials consisting of only carbon nanomater-
ials, such as CNTs coated with C60 molecules,
could be prepared by noncovalent function-
alization.6,7 An interesting result was that hy-
brid materials of higher fullerene (C70) with
an ellipsoidal shape and single-walled car-
bon nanotubes (SWNTs) showed efficient
electron transfer due to improved interac-
tion between C70 and the sidewalls of the
SWNTs. A photoelectrochemical device fab-
ricated with the hybrid materials exhibited
the highest IPCE value (26%) among analo-
gous SWNT-based photoelectrochemical
devices.8

Graphene enables interactions with other
organic and inorganic components for hybrid

materials through π�π interaction, which is
efficient due to its large surface area.9�11Non-
covalent bonding such as hydrogen bonding,
van der Waals interaction, and π�π interac-
tion provides a simpler process for prepara-
tion of hybrid materials than covalent bond-
ing. In particular, it is anticipated that reduced
graphene oxide (rGO) with functional groups
can be exploited to develop many hybrid
structures, because it is soluble in various
solvents.12,13 Indeed, some recent efforts have
been made to prepare graphene hybrid ma-
terials. For instance, N,N0-dioctyl-3,4,9,10-per-
ylenedicarboximide (PDI) wire with aromatic
structures has been coated by rGO via the
π�π interaction.14 The charge transfer be-
tween n-type PDI and rGO in the hybrid
wires could be applicable to organic photo-
voltaic devices. In addition, electrostatic in-
teraction between an aromatic peptide wire
with positive charges and rGO with nega-
tive charges enabled peptide/rGO core/
shell wires. Application of biomolecules is
limited due to their poor electrical property
and low thermal stability, whereas the rGO-
coated peptide wire became conductive
and could be used for supercapacitor elec-
trodes.12
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ABSTRACT The assembly of reduced graphene oxide (rGO) and fullerene (C60) into hybrid

(rGO/C60) wires was successfully performed by employing the liquid�liquid interfacial precipitation

method. The rGO sheets spontaneously wrapped C60 wires through the π�π interaction between

rGO and C60. Structural characterization of the rGO/C60 wires was carried out by using UV/visible

spectroscopy, scanning electron microscopy, and transmission electron microscopy. FET devices with

rGO/C60 wires were fabricated to investigate their electrical properties. The Ids�Vg curves of the

hybrid wires exhibited p-type semiconducting behavior both in vacuum and in air, indicating hole

transport through rGO as a shell layer, whereas pure C60 wires and rGO sheets showed n-type and

ambipolar behaviors, respectively, under vacuum. Possible application of the fabricated wires, such

as photovoltaic devices, was also demonstrated.

KEYWORDS: reduced graphene oxide . field effect transistor . fullerenewires . charge
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Herein, we report the assembly of rGO and C60 into
hybrid wires by employing the liquid�liquid interfacial
precipitation (LLIP) method. The process of the assem-
bly was carefully investigated by scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM), and finally the formation of rGO-wrapped
C60 wires was observed. It was identified from UV/vis
spectroscopy that the driving force of the assembly is
the π�π interaction between rGO and C60. Interest-
ingly, rGO/C60 hybrid wires showed a p-type semicon-
ducting behavior in field effect transistor devices both
in a vacuum and in air, whereas rGO and C60 displayed
ambipolar and n-type semiconducting behaviors in a
vacuum, respectively. These results indicate electron
transfer from rGO to C60. Furthermore, we explored
some applications such as photoluminescence and a
solar cell based on charge transfer.

RESULTS AND DISCUSSION

The rGO-wrapped C60 wires (rGO/C60) were pre-
pared by liquid�liquid interfacial precipitation.15�17

Thismethod is suitable for obtaining a large quantity of
C60 wires. It is noted that C60 wires prepared by LLIP
have higher strength and better electrical conductivity
than C60 wires prepared by solvent evaporation, be-
cause the C60 molecules in LLIP are confinedwithin the
very narrow space of the interface of two solvents, and
thus they have a smaller intermolecular distance be-
tween the C60 molecules.17

An rGO aqueous solution with a concentration of
0.5 wt % was dispersed in isopropyl alcohol (IPA). The
size distribution of the rGO sheets was between a few
hundred nm and 2 μm by atomic force microscopy
(AFM) (Figure S1). Meanwhile, C60 powder was dis-
solved inm-xylene to prepare a saturated solution. The
rGO IPA solution was gently added into a vial including
the C60 m-xylene solution to form a precipitate at the
liquid�liquid interface, wherein the upper phase is the

rGO in the IPA and the lower phase is the C60m-xylene
solution. Once nucleation of the C60 wires starts to
occur at the liquid�liquid interface, green precipitates
were observed at the interface along the vial surface
(Figure 1a). By continuously adding the rGO solution
into the C60 solution, the C60 solution was gradually
covered with nanorods with a length in the range
30�200 nm. (Figure 1b is a SEM image 2min after rGO
solution was added into the C60 solution.) Note that
the C60 particles and nanorods are attached to rGO
sheets as shown in Figure 1a and b. After dropping all
of the rGO solution, the apparent interface of IPA and
m-xylene disappeared and C60 wires were observed.
The C60 wires were partially wrapped with rGO sheets,
and their lengths were less than a few micrometers
(Figure 1c). To promote the growth of C60 wires
wrapped with rGO, the vial was capped and left at
4 �C in a refrigerator. The color of the precipitates chan-
ged to dark green after being held at 4 �C for a certain
amount of time. Although the C60 wires are not fully
wrapped with rGO sheets after 1 h, the length of the
C60 wires was more than 10 μm (Figure 1d). It was
observed that the C60 wires were fully wrapped with
rGO sheets after 1 day (Figure 1e). Free rGO sheets
were removed by centrifugation at 500 rpm. As a
control experiment, C60 wires were prepared by LLIP
using pure IPA without rGO. As soon as IPA was added
to the C60 solution, green precipitates of only C60
particles were also observed at the interface of the C60
solution and IPA (Figure S2(a)). After dropping IPA for
2 min, long C60 wires more than a few micrometers
were observed (Figure S2(b)), whereas short C60
nanorods on rGO sheets were observed in case of
adding the rGO IPA solution in Figure 1b. This means
that the growth of C60 wires gets slow in the presence
of rGO, possibly due to the interaction between rGO
and C60. After dropping all of the IPA, the mixed

Figure 1. Schematic illustration and SEM images (a�e) showing steps of formation of rGO-wrapped C60 wires.
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solution was capped and left at 4 �C. After 1 h, the C60
wires with the length of more than 10 μm were
formed (Figure S2(c)).
Figure 2a shows a SEM image of pure C60wireswith a

diameter range of 200�800 nm. Figure 2b shows the
rGO/C60 wires left at 4 �C for 1 day. C60 in the rGO/C60
wires can be selectively dissolved in m-xylene to
confirm the presence of the rGO attached to the C60
wires. Figure 2c shows the rGO shells that remained
after selective dissolution of the C60 wires inm-xylene.
The wrapping of rGO was also confirmed by TEM
images in Figure 2d. The magnified image in
Figure 2d obviously shows a C60 core and rGO shell
with a layered structure. As a control experiment, we
measured HR-TEM images of C60 wires only before
wrapping rGO sheets and confirmed that there are no
layered structures similar to Figure 2d (Figure S3). Also,
the Raman spectrum of a rGO/C60 wire in the inset of
Figure 2d confirms the existence of rGO and C60: D and G
bands around 1350 and 1600 cm�1 for rGO and Ag(2)
mode at 1469 cm�1 for C60. As a control experiment, C60
wireswere first prepared by LLIP and then immersed into
the rGO solution.Most of the rGO sheets did notwrap the
C60 wires, but were randomly laid on them (Figure S4). In
parts of the sample, some small rGO sheets wrapped the
wires.

Figure 3a�c show UV�vis spectra of C60 wires, rGO,
and rGO/C60 wires, respectively. The spectrum of
the C60 wires in Figure 3a shows two bands, at 270
and 340 nm. These two bands correspond to the
strongly allowed electronic transitions, 61T1u�11Ag

and 31T1u�11Ag, respectively.
18 Since the red shift of

the band at 340 nm is correlated with interactions
between C60 and different molecules, the band is an
important indicator for the interaction of fullerene and
aromatic rings or fullerene and a polymer.19 Note that
the band at 340 nm in the C60wires shifted to 380 nm in
the rGO/C60 wires (Figure 3c). The large shift of 40 nm is
correlated to the strongdelocalization of theπ electron
system of rGO sheets in the vicinity of the C60 wires.
This result means that the π�π interaction is the main
driving force for the formation of the rGO/C60 wires.
The π�π stacking reduces the surface energy of the
molecules. Furthermore, the π�π interaction was ob-
served even in green precipitates formed as soon as
the rGO IPA solutionwas dropped into the C60 solution,
as presented in Figure 1a.
In Figure S5(a), the UV/vis spectrum shows an ab-

sorption band at 390 nm,which is identical to the result
by the π�π interaction provided in Figure 3c. This
means that the C60 precipitates (particles) were at-
tached to the rGO sheets. The absorption band at

Figure 2. SEM images of (a) only C60wires, (b) rGO/C60wires, and (c) rGOafter dissolvingC60wires inm-xylene. (d) TEM images
of a rGO/C60 wire. The magnified image in (d) shows rGO layers. The inset in (d) shows a Raman spectrum of a rGO/C60 wire in
which bands of rGO and C60 were observed.
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390 nm remains after the solutionwas left at 4 �C for 1 h
(Figure S5(b)). As a control experiment, the growth of
C60 wires by adding pure IPA into the C60 solution was
investigated, and the results are given in Figure S5(c)
and (d). The C60 precipitates (particles) and wires
showed an absorption band around 340 nm in the
UV/vis spectra. Therefore, the π�π interaction be-
tween C60 and rGO sheets occurs from the initial step
where the IPA solution with rGO sheets is added to the
C60 solution.
To understand charge transfer in the rGO/C60 wires,

the energy levels of rGO and C60 were investigated. It is
known that GO has a band gap of ∼2.2 eV, and the
band gap of a few-layer rGO sheet can be controlled
between 0.5 and 1.4 eV depending on the extent of
reduction by the applied thermal reduction process.20

In this study, cyclic voltammetry (CV) and photoelec-
tron spectroscopy were employed to measure LUMO
and Fermi levels of rGO. The LUMO energy level of rGO
was calculated to be 3.65 eV using a well-defined
reduction peak in the cyclic voltammogram (Figure
S6). The Fermi level of rGO was 4.8 eV from the
photoelectron spectrum (Figures S7). The above
LUMO and Fermi levels are very similar to the results
of previous reports: the LUMO level of imidazole-
modified GO was 3.6 eV by CV and the Fermi level of
rGO was 4.88 eV by photoelectron spectroscopy or
4.7 eV by Kelvin probe force microscopy.21�23 There-
fore, the band gap of rGO in this study appears to be
slightly larger than 1.15 eV. This indicates that rGO
can be used as an absorber of visible light. (See the
example application of a photovoltaic device later in
this paper.) In the case of C60, it is known that the
LUMO is 4.3 eV and the HOMO is 6.6 eV.24 Actually,
the Fermi level of C60 wires was 5.1 eV by photoelec-
tron spectroscopy (Figure S8). Consequently, elec-
trons can transfer from rGO to C60 in rGO/C60 wires
because the Fermi level of rGO is higher than that
of C60.
To investigate the electrical properties, we fabri-

cated FET devices of rGO/C60 wires, rGO sheets, and
C60 wires. Figure 4 shows optical images and I�Vg
curves of the FET devices. Most of the measurements
were performed under vacuum to remove the influ-
ence of oxygen. Also, an annealing process at 325K
for 8 h under vacuum before electrical measurements
was carried out to remove adsorbed O2 and H2O on
the samples. The rGO sheets exhibited ambipolar

Figure 3. UV/vis spectra of (a) C60 wires, (b) rGO, and (c)
rGO/C60 wires. The spectra were measured after spin-coat-
ing the solutions on quartz substrates.

Figure 4. Ids�Vg of (a) rGO in vacuum, (b) C60wires in vacuum, (c) rGO/C60wires in ambient, and (d) rGO/C60wires in a vacuum.
The bias voltage, Vds, was 1 V for (a) and 10 V for (b), and 5 V for (c) and (d). Optical images of the corresponding devices are
shown in the insets of (a), (b), and (c).
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characteristics under vacuum, which is identical to
previous results25,26 (Figure 4a). However, the Dirac
point appeared near Vg =�20 V. It is considered that the
reduction process using ammonia solution and hydrazine
induced the shift of a Dirac point to negative gate
voltage, i.e., an n-doping effect, due to remaining N
atoms. This was confirmed from an elemental analysis
of rGO, which included N atoms of 2.81 wt % (Table
S1). The FET of the C60 wires showed a typical n-type
behavior under vacuum (Figure 4b). This result is
consistent with a previous report.15 On the other hand,
the rGO/C60wires showed p-typebehaviors in air aswell
as under vacuum, as shown in Figure 4c and d, indicat-
ing hole transport through rGO. These electrical proper-
ties reveal that the p-type behaviors of the rGO/C60
wires reveal that rGO sheets are heavily p-doped due to
electron transfer from rGO to C60, as indicated in the
inset of Figure 4c. The hole mobility (0.04 cm2/(V s)) for
the rGO/C60 wire in Figure 4c is lower than that
(0.6 cm2/(V s)) for rGO sheets in Figure 4a. The lower
mobility in rGO/C60 wires might be due to many junc-
tions between rGO sheets on C60 wires. Further, this
study indicates that rGO/C60wires are not sensitive toO2

and H2O molecules and are stable even in air.
To further understand interesting optoelectronic

behaviors of the rGO/C60 wires, such as the photocurrent
generation and PL quenching, photovoltaic devices were
fabricated. To our best knowledge, rGO has so far been
used as an electron acceptor instead of C60 in organic
photovoltaic devices.27,28 However, our results clearly in-
dicate that rGO can act as a sensitizer since the photo-
excited electron from rGO is injected into the LUMO
energy level of C60, as shown in the inset of Figure 5a.
The rGO/C60 wires are regenerated by the redox system
(I3

�/I�) at the counter electrode via electron migration
through the external load. The J�V characteristics of
the devices using rGO and rGO/C60 wires under simulated
AM 1.5 G illumination are shown in Figure 5a, while
the corresponding numerical results are summarized in
Table 1. Replacing rGO with rGO/C60 wires caused a
significant enhancement of short-circuit current (JSC)

from 0.07 to 0.19 mA cm�2. The observed current
increase can be interpreted that the photoinduced
electrons are efficiently transferred from the rGO to
C60 under light irradiation. (Photoinduced charge
transfer was observed in photoluminescencemeasure-
ments in Figure S9.)
The incident photon to current efficiency (IPCE) was

obtained to confirm the photocurrent generation in the
solar cell with the rGO/C60 wires. As shown in Figure 5b,
the photocurrent generation of the rGO/C60 wires is
obvious. It is noted that both rGO and C60 in the rGO/
C60 wires contribute to the photocurrent generation
since the IPCE spectral feature from 400 to 700 nm is
attributable to the contribution of electrons gener-
ated from the photoexcitation of both rGO and C60. As
a result, this enables significant enhancement of Jsc in
the solar cell with rGO/C60 wires. Even though the
performance of the rGO/C60 wires still appears rela-
tively low, we highlight that this study is the first
report on rGO as a sensitizer for the photovoltaic
devices, which should open up new strategies for
the development of this field.

CONCLUSION

In conclusion, rGO-wrapped C60 wires were success-
fully prepared via the LLIP method. The main driving
force for the assembly of rGO sheets and C60 wires is
the π�π interaction. The rGO-wrapped C60 wires ex-
hibited p-type semiconducting behaviors in air and in a
vacuum, indicating charge transfer between rGO and
C60 and hole transport through rGO. Furthermore, we
presented interesting applications such as a photovol-
taic device albeit with relatively low efficiency. The
assembly of carbon nanomaterials and the electron trans-
fer at interfaces induced interesting and unprecedented

Figure 5. (a) J�V curves of rGO and rGO/C60 wires. (b) IPCE spectrum of rGO/C60 wires.

TABLE 1. Solar Cell Characteristics of rGO and rGO/C60
Wires

Jsc (mA/cm2) Voc (V) FF (%) Eff (%)

rGO 0.07 0.18 0.45 0.006
rGO/C60 wire 0.19 0.33 0.50 0.03
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properties. Therefore, future efforts will focus not only on
new graphene-based nanostructures or hybrid materials

with functionalized graphene but also on charge transfer
at interfaces in newly designed hybrids.

EXPERIMENTAL METHODS
Preparation of Reduced Graphene Oxide. Graphite oxide was

synthesized by the modified Hummers method and exfoliated
to give a browndispersion of graphene oxide under ultrasonica-
tion.29�31 The resulting graphene oxide (GO) is negatively
charged over a wide pH range since the GO sheet has chemical
functional groups such as carboxylic acids. GO suspensions
were reduced by hydrazine solution (35 wt % in water, Aldrich)
to convert into reduced graphene oxide. The as-prepared
negatively charged GO suspension (5.0 mL) was mixed with
5.0 mL of hydrazine solution and 35.0 mL of ammonia solution
(28�30%, Samchun) in a 20 mL glass vial. After stirring for a few
minutes, the vial was put in a water bath at 95 �C for 1 h.

Preparation of rGO/C60 Wires. Fullerene (C60) powder (Sigma
Aldrich, 99%) was dissolved in m-xylene to make a solution of
2 mg/mL, and the C60 solution was kept in a glass vial. The rGO
aqueous solution (50 μL) was added into 2 mL of isopropyl
alcohol. The rGO IPA solution was then gently added into the
glass vial containing the C60 solution to form a liquid�liquid
interface where the upper phase is IPA and the lower phase is
the m-xylene solution of C60. The vial was loosely capped and
kept at 4 �C over 1 day. To remove free rGO sheets, the solution
was centrifuged at 500 rpm. The centrifugation with IPA was
repeated a few times to wash the hybrid rGO/C60 wires. The
wires obtained were characterized by HR-TEM (JEOL, JEM-
2100F, 200 KV). The exposure time was 0.5 s, and the current
density was 55 pA/cm2 in magnified images.

Measurement of UV/Vis Spectra and Photoluminescence Spectra.
rGO/C60 wires were spin-coated at 1000 rpm on a quartz plate.
The rGO/C60 wires coated on the quartz plate were dried at
130 �C in a vacuum for 1 h. Then, absorption and photolumi-
nescence spectra were measured by a UV/vis spectrometer
(Cary 5000 model, Varian) and a fluorometer (Cary Eclipse
model, Varian), respectively.

Measurement of LUMO and Fermi Levels. To investigate the
LUMO energy level of rGO, the cyclic voltammogram of rGO
was measured by using a standard three-electrode system,
which consists of a glassy carbon as the working electrode, a
platinummesh as the counter electrode, and a silver wire as the
reference electrode. Acetonitrile containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF6) was used as the
supporting electrolyte. The LUMO energy level of rGO was
calculated according to the following equations.

Fc=Fcþ : 0:595 V vs Ag wire

LUMO (eV) ¼ � 4:8 � (Eonset � EFc=Fcþ )

Photoelectron spectroscopy (surface analyzer model AC-2,
RIKEN KEIKI) was used to determine the Fermi energy level of
rGO. This is an analyzer for detecting low-energy electrons
emitted from a solid surface in air by irradiating UV light. The
threshold energy of photoelectron emission is called the Fermi
level, HOMO level or ionization potential, or work function.

Fabrication of FET Devices. The FET devices were fabricated by
dropping solutions of C60 wires, rGO, and rGO-wrapped C60
wires on prepatterned source and drain electrodes. The pre-
patterned electrodes were defined on SiO2/Si (300 nm thick
SiO2 layer on a highly doped p-type Si(100)) substrates by
addressing Cr (5 nm)/Au (20 nm) electrodes by using a conven-
tional photolithography process (photoresist: AZ5214). The
channel length between source and drain electrodes was
4 μm. Electrical transport properties were measured by using
a semiconductor analyzer (Keithley 4200).

Fabrication of Solar Cells. The photovoltaic solar cells with the
configuration of indium tin oxide (ITO)/rGO-C60 wires/electro-
lyte/Pt electrode were fabricated. Before the device fabrication,
the ITO-coated glass substrate was cleaned by ultrasonic

treatment using detergent, deionized water, acetone, and
isopropyl alcohol in sequence and dried in an oven for 24 h.
The rGO-wrapped C60 wires were spin-coated at 1000 rpm for
30 s onto the cleaned ITO substrate repeatedly. The Pt-coated
FTO, used as a counter electrode, was prepared by sputtering on
an FTOglass followedbyheating at 450 �C in air for 1 h. The rGO-
wrapped C60 wires coated on ITO and Pt counter electrodes
were assembled into a sealed sandwich-type cell by heating
with a hot melt of 50 μm thick sealing tapes that served as a
spacer between the electrodes. A drop of the electrolyte solu-
tion was placed on a drilled hole in the counter electrode of the
cell andwas driven into the cell bymeans of vacuumbackfilling.
The hole was sealed using additional sealant and a cover glass
(0.1mm thick). The redox electrolyte consisted of 0.04M LiI, 0.02
M I2, 0.5 M 1-hexyl-2,3-dimethylimidazolium iodine, and 0.5 M
4-tert-butylpyridine in acetonitrile. Photovoltaic measurements
were recorded by employing a Keithley 2400 digital source
meter. Solar cell performance was measured by utilizing an Air
Mass 1.5 G (AM 1.5 G) solar simulator with an irradiation
intensity of 100 mW cm�2 under ambient conditions. External
quantum efficiency measurements were obtained using the PV
Measurements OE system with monochromatic light from a
xenon lamp. The monochromatic light intensity was calibrated
with a Si photodiode and chopped at 4 Hz.
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