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ABSTRACT: We demonstrate ultrarapid interfacial formation
of one-dimensional (1D) single-crystalline fullerene C60
nanorods at room temperature in 5 s. The nanorods of ∼11
μm in length and ∼215 nm in diameter are developed in a
hexagonal close-pack crystal structure, contrary to the cubic
crystal structure of pristine C60. Vibrational and electronic
spectroscopy provide strong evidence that the nanorods are a
van der Waals solid, as evidenced from the preservation of the
electronic structure of the C60 molecules within the rods.
Steady state optical spectroscopy reveals a dominance of charge transfer excitonic transitions in the nanorods. A significant
enhancement of photogenerated charge carriers is observed in the nanorods in comparison to pristine C60, revealing the effect of
shape on the photovoltaic properties. Due to their ultrarapid, large-scale, room-temperature synthesis with single-crystalline
structure and excellent optoelectronic properties, the nanorods are expected to be promising for photosensitive devices
applications.
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1. INTRODUCTION

One-dimensional (1D) single-crystal nanorods or nanotubes
consisting of functional fullerene C60 possess unique physical
and chemical properties due to the presence of novel
conjugated π-systems.1−4 These 1D nanostructures derived
from ideally zero-dimensional (0D) molecules possess unique
optoelectronic properties including high electron mobility, high
photosensitivity, and excellent electron accepting properties.
Owing to these attractive features, 1D nanostructures of
fullerene C60 have received significant interest recently for
possible applications in a variety of flexible optoelectronic
devices including field effect transistors, light emitting diodes,
photovoltaic cells, sensors, and photodetectors.5−9

In organic photovoltaics, major attention is focused to
develop newer types of donor materials. Fullerene C60 has
become the most popular electron acceptor material in organic
solar cells due to its superior electron conductivity and efficient
charge separation capabilities at electron donor/acceptor
interfaces.10−15 Nevertheless, fullerene remains as the main
acceptor material, as it matches well with a wide variety of
donor materials. For example, semiconducting quantum dots

can be used to prepare C60 composites for improved capture of
photogenerated electrons in quantum dots. Brown and Kamat16

observed that the photocurrent generation efficiency of CdSe−
C60 composite film is 2 orders of magnitude higher than
pristine CdSe film. Electrical conductivity measurements on a
single fullerene nanotube have revealed that the C60 tube results
in a large photoconductivity under light irradiation that could
be promising for optical switching.17,18 A recent report
demonstrated that the photosensitivity of C60 nanorods can
be enhanced by 400-fold via an ultralow photodoping
mechanism.19 Hence, easy and large-scale room-temperature
fabrication of dimension-controlled fullerene C60 nanostruc-
tures is potentially important for the fabrication of a variety of
photosensitive devices.
Fullerene crystal synthesis is a developed field now, and

several methods have been reported for the production of
shape-controlled C60 crystals. Templating, slow evaporation,
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and vapor deposition are some common methods employed to
control C60 crystals morphology.20−27 The liquid−liquid
interfacial precipitation (LLIP) method developed by Miyazawa
and co-workers28,29 is one of the versatile methods for the
fabrication of 1D to higher dimensional crystals of C60,
including three-dimensional nanoporous fullerenes.30−35 How-
ever, it generally takes a few days to a week to grow C60 crystals
using LLIP method. A rapid and large-scale room-temperature
synthesis of high-quality fullerene nanostructure is still lacking.
Here, we demonstrate ultrarapid production of fullerene C60

nanorods (FNRs) by adding methanol into a saturated solution
of C60 in mesitylene at room temperature (25 °C). The
synthesis is completed in just 5 s, suggesting a major
accomplishment over the previously reported methods in
terms of reaction time. FNRs are found to be ∼11 μm in length
and ∼215 nm in diameter showing hexagonal close-pack crystal
structure. Synthesized FNRs were characterized using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), powder X-ray diffraction (XRD), Fourier transformed-
infrared (FTIR) spectroscopy, Raman scattering, X-ray photo-
electron spectroscopy (XPS), UV−vis spectroscopy, and
photoluminescence (PL) spectroscopy. Thereafter, we have
fabricated photovoltaic cells consisting of FNRs as active layers,
which were sandwiched between transparent anode indium tin
oxide (ITO) and metal cathode aluminum (Al). A comparison
of FNRs with pristine C60 reveals an enhanced photovoltaic
response for the FNRs, suggesting charge transport under light
irradiation.

2. EXPERIMENTAL SECTION
2.1. Materials. Pristine fullerene C60 powder with purity >99.5%

was purchased from Materials Technologies Research, Ltd. (Cleveland,
OH). Methanol and mesitylene with purity >99% were purchased
from the Wako Chemical Corporation, Japan. They were used as
received.
2.2. Crystal Synthesis. FNRs were prepared using the LLIP

method at an interface of methanol and saturated solution of C60 in
mesitylene at room temperature. A saturated solution of C60 in
mesitylene (0.99 mg/mL) was prepared by dissolving an excess
amount of pristine C60 powder in 25 mL mesitylene. Undissolved C60

powder was removed by filtration. In a typical crystallization, 1 mL of
the saturated solution of C60 in mesitylene was placed in a clean and
dry glass vial (10 mL) and kept at 25 °C in a temperature-controlled
water bath for 30 min. In a different glass vial, 5 mL of methanol was
also equilibrated at 25 °C for 30 min. Note that C60 is poorly soluble
in methanol (0.0004 mg/mL at 25 °C). The 5 mL methanol solution
was then added on top of the saturated solution of C60 in mesitylene.
A brownish color developed instantly, indicating the formation of
FNRs.
2.3. Characterizations. The prepared FNRs were subjected to

various advanced characterization techniques, including SEM (S-4800,
Hitachi Co. Ltd., Japan, operated at 10 kV) and TEM (JEOL Model
JEM-2100F, operating at 200 kV). X-ray diffraction patterns were
obtained using a Rigaku (Japan) Model RINT2000 diffractometer with
Cu Kα radiation (λ = 0.1541 nm) operated at 40 kV and 40 mA.
Raman scattering (Raman spectrometer Jobin-Yvon T64000) samples
were excited using green laser (514.5 nm, 0.025 mW power).
Additionally, the FNRs were characterized using XPS performed on a
Sigma Probe spectrometer (Thermo Scientific Co., Ltd., Yokohama,
Japan) using monochromated Al Kα radiation (photon energy 1487
eV). For high-resolution spectra, the core level C 1s and O 1s, with
sufficient number of scan to ensure a high signal-to-noise ratio, were
recorded in 0.05 eV steps. An electron flood gun was used to prevent
sample charging. After the linear baseline subtraction, curve fittings
were performed assuming a Gaussian peak shape.

2.4. Absorption and Photoluminescence (PL) Spectroscopy.
UV/vis absorption spectrum of the FNRs and pristine C60 were
recorded on a UV/vis spectrometer V-570 at 25 °C in the wavelength
range of 200−900 nm. PL spectra of ultrarapidly grown FNRs and
pristine C60 powder were measured at room temperature in air using a
spectrometer equipped with a liquid-nitrogen-cooled CCD detector.
Samples were cast on a silicon substrate and excited using the 514.5
nm line of an Ar+ laser. All the PL spectra are corrected for the
wavelength-dependent sensitivity of the photodetection system.

2.5. Photovoltaic Study. We have fabricated photovoltaic cells
consisting of thin films of P3HT and FNRs as active layers, which were
sandwiched between transparent anode ITO and metal cathode Al
using pristine C60 and FNRs separately. P3HT was used as the p-type
donor polymer and C60 was used as the n-type acceptor in the active
layer. The device structure was ITO−poly(3,4-Ethylenedioxythiopene)
(PEDOT)/poly(styrenesulfonate) (PSS)−P3HT−C60−Al. At first,
ITO-coated glass substrates (Aldrich, 15−25 Ω/sq) were cleaned
with detergent, ultrasonicated in acetone and isopropyl alcohol, and
subsequently dried overnight in an oven under reduced pressure. Spin-
coating was carried out in a fume hood with good ventilation.
Chemical preparation, spin-coating, and post annealing were all
performed in air. The spin-coater was set at 5000 rpm for 60 s and
maximized acceleration and deceleration speeds for PEDOT/PSS
(Aldrich) film preparation to modify the ITO surface. Baking of this
thin PEDOT/PSS film was carried out in air at 120 °C for 1 h. Then,
15 mg/mL P3HT solution was prepared in 1,2-dichlorobenzene and
spin-coated onto the substrates at 2500 rpm for 60 s. The FNRs was
drop-casted from its dilute methanol solution. Finally, the cathode (Al,
∼100 nm) was deposited by thermal evaporation under a vacuum of
about 10−6 Torr. The active area of the device, defined by shadow
mask, is 1.5 × 1.5 mm. Current density−voltage (J−V) characteristics
of the devices were measured using a Keithley 2420 Source Measure
Unit in the dark and under AM1.5G illumination at 100 mW/cm2

supplied by a solar simulator.

3. RESULTS AND DISCUSSION

Single-crystal FNRs were produced ultrarapidly via LLIP
method at 25 °C. Methanol solution (5 mL) was slowly
added into a saturated solution of C60 in mesitylene (1 mL;
0.99 mg/mL). A brownish-yellow color appeared immediately
at the liquid interface, indicating the formation of FNRs. This
method accelerates rapid large-scale production of 1D FNRs at
room temperature. The overall synthetic procedure completed
in just 5 s.
Figure 1a,b shows digital image of C60 dissolved in

mesitylene and instantly formed FNRs. Figure 1c shows typical
SEM images of 1D FNRs. Figure 1d,e shows histograms of
length and diameter distributions of randomly selected 100
FNRs. Additional SEM images of FNRs are supplied in Figure
S1, (Supporting Information). Linear rod morphology of the
FNRs can be seen in Figure 1c. Histogram of length
distribution shows that lengths of FNRs are in the range of
2−20 μm, and the majority of FNRs exhibit a length of ∼11 μm
(Figure 1d). The histogram suggests a mean diameter of 215
nm of FNRs (Figure 1e). A high-resolution SEM image shows
that the individual FNRs possess a clean surface along its entire
length with clear facets (inset, Figure 1c). After the ultrarapid
growth of FNRs, reaction time did not modulate the overall
length and diameter of FNRs. SEM images of FNRs at different
reaction times are supplied in Figures S2 (after 24 h) and S3
(after 1 week; Supporting Information). Reproducibility of
FNRs is quite high. We have observed the similar structure and
morphology the FNRs from five batches of synthesis.
The crystal structure of the ultrarapidly formed FNRs is

confirmed by XRD analysis. The XRD patterns of as-prepared
FNRs and pristine C60 are presented in Figure 2. The XRD
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patterns clearly show that the structure of ultrarapidly formed
FNRs is different from face-centered cubic ( fcc) structure of
pristine C60 with cell dimension calculated to be a = 1.240 nm.
The XRD pattern of FNRs shows reflections corresponding to
(110), (200), (101), (210), (301), (400), (311), (320), (401),
(410), (321), (411), and (420) planes, corresponding to the
hexagonal close-pack (hcp) crystal structure. The cell

dimensions calculated to be a = 2.401 nm and c = 1.025 nm
(a/c = 2.342) are similar to the previously reported hcp
structures of C60 solid solvates, demonstrating that the FNRs
can be indexed to P63 space group with solvent molecules
between layers with a 3-fold symmetry near the 63 screw
axis.36−38

The crystal structure of FNRs is further characterized using
TEM analysis. The TEM images reveal straight solid
morphology of the FNRs (Figure 3a,b), which is similar to

that observed in SEM analysis. Additional TEM images are
supplied in Figure S4 (Supporting Information). Although
there is overall variation in the diameters of FNRs, the diameter
of an individual FNR remains uniform along its entire length.
The selected area electron diffraction (SAED) pattern (inset,
Figure 3a) and HRTEM (Figure 3c) image were taken from the
thinner outer edge of a FNRs. The SAED pattern of FNRs solid
shows diffraction spots suggesting a single-crystalline structure
of FNRs. The diffraction spots can be indexed to (002),
(−210), and (−212) crystallographic planes corresponding to
the hcp structure. HRTEM image of the FNRs shows dense
packed lattice planes parallel to the length of FNRs. The lattice
spacing is ca. 1.02 ± 0.06 nm, corresponding to the distance
between two (110) planes and demonstrating that the (001)
axial direction is preferred growth direction of FNRs.36,38

Note that the observed hcp crystal structure of FNRs is an
indication of the formation of stable 1D solid solvates with
mesitylene. C60 solvates incorporate guest solvent molecules
into the host C60 lattice and change the crystal structure. Many
organic solvents including benzene, toluene, hexane, carbon
disulfide, and xylene have been reported to form C60 solid
solvates.39−42 Nanostructures of C60 solvates represent a new
type of functional materials, and they offer interesting optical,
mechanical, and transport properties and are stable under
pressure.43−45 A recent report has shown that single-crystal
nanowires of solvated C60 display electron mobility as high as
11 cm2 V−1 s−1, which is ∼8 fold higher than maximum
reported mobility for solution grown n-channel organic
material, demonstrating the key importance of 1D solid
solvates of C60 in device fabrications.46

The solid solvate structure of FNR crystals is further
confirmed by FTIR spectroscopy. Figure 4a shows FTIR
spectra of FNRs and pristine C60 recorded at 25 °C. In addition
to four major peaks of pristine C60 at 527, 576, 1181, and 1429

Figure 1. (a) Digital photograph of C60 dissolved in mesitylene, (b)
digital photograph of ultrarapidly grown 1D FNRs, (c) SEM images of
FNRs produced via LLIP method at an interface of methanol and
saturated solution of C60 in mesitylene at room temperature, (c, inset)
higher magnification SEM images demonstrating hexagonal faceted
morphology, (d) histogram of length distribution of randomly selected
100 FNRs with mean length of 11.7 μm, and (e) histogram of FNRs
diameter distribution with mean diameter of 215 nm.

Figure 2. XRD patterns of ultrarapidly formed FNRs and pristine C60
powder.

Figure 3. (a) Low-magnification TEM image displaying several FNRs
solid, (a, inset) SAED pattern of a single FNR, (b) higher-
magnification TEM image displaying FNR solids, (c) HR-TEM
images from the thinnest area of a single FNR.
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cm−1, two additional peaks at 3440 cm−1 (O−H stretching) and
1083 cm−1 (C−O stretching vibration) can be seen in the FTIR
spectrum of FNRs. This indicates that the ultrarapidly formed
FNRs contain some solvent molecules, that is, they are C60
solvates. A thermogravimetry (TG) curve with the temperature
ramped from 20 to 1050 °C at a rate of 10 °C/min in an Ar
atmosphere (Figure S5, Supporting Information) clearly shows
two mass loss regions in the studied range of temperatures. The
first mass loss has a maximum at a temperature close to the
boiling temperature of mesitylene, which shows that mass loss
is due to the evaporation of solvent.
Figure 4b compares Raman scattering spectrum of pristine

C60 and the FNRs recorded upon exciting with a 514.5 nm laser
at 25 °C. Two Ag [Ag(1) and Ag(2)] and six Hg [Hg(1),
Hg(2), Hg(3), Hg(4), Hg(7), and Hg(8)] vibration bands are
observed in Raman spectra of both pristine C60 and FNRs.
Note that out of all the Raman active bands, the Ag(2) band
corresponding to pentagonal pinch mode, which is susceptible
to intermolecular interactions, has been used extensively as an
analytical probe for structural and electronic properties of C60
molecules. A shift of the Ag(2) band toward lower frequency is
an indication of polymerization of C60 molecules. We noted
that Ag(1), Ag(2), and Hg(1)−Hg(8) modes of C60 molecules
remain essentially unchanged in FNRs, demonstrating that
molecular C60 dominates in the FNRs and no polymerization
takes place upon laser irradiation during measurements.47

Figure 4c,d shows XPS core level electronic spectra. Survey
XPS spectrum of FNRs and pristine C60 are similar showing the
presence of C and O ls core level peaks (Figure 4c). The XPS C
1s core level peak can be deconvoluted into four peaks at 284.2,
285.3, 286.7, and 289.0 eV corresponding to CC (sp2

carbon), C−C (sp3), C−O, and CO, respectively (Figure
4d). A similar C 1s core level peak is observed for pristine C60

demonstrating that they have common surface structure. The
XPS spectrum of O 1s could also be deconvoluted into three
peaks (Figure S6, Supporting Information) with peak maximum
at 533.3 eV (∼94%: O−C−O), 531.6 eV (∼4%: CO), and
534.8 eV (∼2% −OH).
The electronic structures of C60 in 1D FNRs and pristine C60

were studied using optical absorption and PL spectroscopy.
Figure 5 shows the absorption spectra of pristine C60 and FNRs
obtained from a dilute solution dispersed in isopropyl alcohol.

The absorption spectrum of C60 shows predominant peaks at
327 nm with a shoulder at 350 nm corresponding to allowed
intramolecular electronic transitions between the HOMO and
LUMO energy levels. In addition, peaks in the higher
wavelengths are observed at 468, 517, and 631 nm, which
might correspond to vibrational structure from one or two
forbidden electronic transitions (e.g., 1Ag to 1F1g). The
absorption of C60 is in close agreement with previous reports
suggesting the exciton origin. The FNRs spectrum shows
structured peaks centered at 312 and 386 nm. A broad and
intense absorption feature is observed with peaks at 598 and
690 nm. The FNRs spectrum exhibits a significant increase in
the absorption at longer wavelength region compared to
pristine C60. The distinct difference in the absorption spectra
may arise from the crystalline nature and the differences in the
shape of the pristine C60 and FNRs, which was demonstrated
earlier by Jin et al.48 These authors found that the dominance of
Frenkel excitons in C60 evaporated films over solution phase
C60 and C60 rods where charge transfer excitons play a major
role in the observed optical transitions. On the contrary, we
observed a dominance of Frenkel excitons in C60 solution over
charge transfer excitons in the FNRs. Crystalline C60 is known
to form solvated structures with the solvent owing to the
presence of porous structure where the solid swells to
accommodate solvent molecules resulting in a larger inter-C60
distance. Because the intensity of the Frenkel excitonic
transitions depends on the extent of intermolecular overlap,
an increase in intermolecular distance would result in the
decrease of the intensity of Frenkel excitonic transitions.
Hence, the solvated effect is more pronounced in the case of
FNRs owing to their larger surface area compared to that of
C60. Additionally, the intensity of the absorption in the longer
wavelength region may be attributed to the charge transfer
excitonic transitions, because the intermolecular overlap
increases upon increasing the conjugation length into the rods.
We have compared the PL spectra of pristine C60 and FNRs

with the same excitation wavelength. The PL spectra of both

Figure 4. Comparison of (a) FTIR spectra, (b) Raman spectra, (c)
XPS survey spectra of ultrarapidly produced FNRs with pristine C60,
and (d) C 1s deconvoluted XPS spectra of FNRs.

Figure 5. Absorption spectra of ultrarapidly produced FNRs and
pristine C60.
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pristine C60 and FNRs show a broad featured emission in the
600−900 nm region within which peaks appeared at 619, 682,
768, and 821 nm (Figure 6).

The PL peaks of C60 and FNRs appeared in the same
positions; however, an increase in the PL intensity is observed
from the FNRs. Notably, an increased absorption is also
observed in the longer wavelength region leading to a
substantial overlap between the emission and absorption
spectra in the case of FNRs. This effect can be attributed to
the Herzberg−Teller coupling between the 3F1g and

1Ag states
leading to increased intensity of such transitions.48,49

In addition to the enhancement in the PL intensity of FNRs,
there is marked difference in the relative intensities of the
featured PL peaks when compared with the pristine C60.
Additionally, a broadening of the PL is observed for the
FNRs with respect to pristine C60. The broadening can be
attributed to the difference in the C60−C60 interactions within
the rod morphology. Because the FNRs PL spectrum contains
most of the features seen in the pristine C60 PL spectrum, a
difference in the molecular level interaction is apparent in
elongated rod-shaped structures. These observations are
consistent with the PL spectra of pristine C60 and vacuum
deposited solid C60 film.50−52

Recently, considerable attention has been given to the
photoresponse properties of pristine C60, considering its
potential use as an acceptor moiety.53−56 The theoretical and
experimental studies revealed pristine C60 crystals as n-type
semiconductor. However, little is known about how the shape
affects the photoconductive properties. For example, single-
crystal C60 showed dark conductivity on the order of 10−8 to
10−6 S/m, while polycrystalline films of C60 show much lower
conductivities owing to the grain boundaries and oxygen
contamination.57−61 To investigate the effect of shape on tailor-
made C60 FNRs photoconductive performance, we have
fabricated devices consisting of FNRs as an active layer. The
FNRs layer is sandwiched between transparent anode ITO and
metal cathode Al.62 In addition, we have separately prepared
devices using pristine C60 as an active layer in order to compare
the device performances with FNRs. In both types of devices,
P3HT was used as the p-type donor polymer and FNRs or C60
was used as the n-type acceptor. Thus, the device structures are
consisting of ITO−PEDOT/PSS−P3HT−FNRs−Al or ITO−
PEDOT/PSS−P3HT−C60−Al. Current density versus voltage
(J−V) characteristics of the devices were measured using a
Keithley 2420 source measure unit in the dark and under
AM1.5G illumination at 100 mW/cm2 solar simulator.

The J−V characteristics of the devices using pristine C60 and
FNRs under dark and light illumination are shown in Figure
7a,b. Improved device performance was observed for FNRs in

comparison to pristine C60 in the dark J−V characteristics with
6-fold enhancement of the dark current at 1 V. Upon
illumination of light, both the pristine C60 and FNRs show
photovoltaic effects showing currents in the fourth quadrant.
The FNRs caused a significant enhancement of the short-circuit
current (JSC) from 0.05 to 0.091 mA/cm2 in comparison to
pristine C60. The observed increase in JSC can be interpreted
counting efficient transfer of photogenerated charge carriers
through stacking of C60 within 1D FNRs, which provides a path
for charge transportation under light irradiation. Although a
decrease in open-circuit voltage (VOC) for FNRs devices was
observed, the enhancement of the JSC increases the overall fill-
factor, demonstrating improved device performance in
comparison to pristine C60.

4. CONCLUSIONS
In summary, we have demonstrated ultrarapid formation of
single-crystal C60 FNRs at liquid−liquid interface under
ambient conditions of temperature and pressure. The entire
synthetic procedure is completed in 5 s, enabling ultrarapid
synthesis. The FNRs are strictly 1D with hexagonal surfaces,
while the diameter along the entire length is found to be
uniform. Contrary to the cubic crystal structure of pristine C60,
the ultrarapidly produced FNRs showed hexagonal close-pack
crystal structure owing to the C60 solid solvate structure. The
optical transitions revealed a dominance of charge transfer

Figure 6. A comparison of PL spectra of pristine C60 and FNRs.

Figure 7. Comparison of (a) dark and (b) light current−voltage
characteristics of pristine C60 and FNRs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5046235 | ACS Appl. Mater. Interfaces 2014, 6, 15597−1560315601



excitonic transitions in 1D FNRs. An increase in the fill-factor
for FNRs suggests enhanced photovoltaic properties in
comparison to pristine C60, revealing the effect of shape and
molecular packing within the 1D structure. The large-scale,
ultrarapid, room-temperature synthesis of 1D single-crystalline
FNRs with excellent charge transport characteristic represents a
newer type of functional materials that can be used to design
tailor-made optoelectronic devices.
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