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Introduction

Single-walled carbon nanotubes (SWNT) have been regard-
ed as potential materials for highly efficient transportation

of charges in optoelectronic and photovoltaic devices, owing
to their one-dimensional structure and unique electronic
and photophysical properties. However, the poor solubility
of SWNT in aqueous or organic solvents, owing to their ex-
tremely strong p–p interactions has resulted in a marked im-
pediment to their applications. Covalent chemical function-
alization is one of the promising approaches to impart suffi-
cient solubility to SWNT.[1–7] Extensive sidewall functionali-
zation is known to disrupt the conjugated p-systems of
SWNT.[1,3–7] On the other hand, shortened SWNT by acid
treatment largely preserves the characteristic electronic
structure, since the chemical functionalization (e.g., by a car-
boxylic group) localizes at terminals and defect sites of the
nanotube structure and in turn most of the sidewall remains
intact.[2] Noncovalent functionalization using hydrophobic
interactions[8–10] in aqueous solvents and p–p interactions in
aqueous or organic solvents[11–13] is an alternative approach
because it can provide a general method of dissolving
SWNT without altering the electronic structure. Various p

electron-donating compounds including pyrenes,[11] porphyr-
ins,[12] and p-conjugated polymers[13] have been employed to
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interact with SWNT, leading to formation of supramolecular
complexes in aqueous or organic media under ultrasonica-
tion. Thus, the complexation of p electron-rich compounds
with SWNT imparts moderate solubility to SWNT. Never-
theless, integration of such complexes into photoelectro-
chemical and photovoltaic devices has not given satisfactory
results, owing to the insufficient debundling of SWNT by
the p electron-rich compounds.[14]

Three-dimensional structural fullerenes are carbon allo-
tropes that exhibit peculiar electron transfer (ET) proper-
ties. There has been intensive research on photovoltaic sys-
tems utilizing fullerenes and their derivatives as accept-
ors,[15, 16] because the small reorganization energies of ful-
lerenes in ET lead to remarkable acceleration of photoin-
duced charge separation (CS) and of charge shift as well as
deceleration of charge recombination (CR).[17] With these in
mind, the arrangement of fullerene molecules along SWNT
is an attractive strategy to attain efficient transportation of
charges in photoelectrochemical and photovoltaic devices.
Examples of such arrangements, however, are almost limited
to fullerene-encapsulated SWNT (bucky-peapods),[18, 19]

which are insoluble in organic solvents, making it difficult to
apply them to molecular devices. No fullerene-SWNT com-
posites utilizing the p–p interactions between fullerenes and
the external sidewall of SWNT have been isolated and in-
vestigated, owing to the poor solubility of the composites in
organic solvents. Although there are several examples of ter-
nary composites comprising of C60, SWNT, and other p-con-
jugated compounds,[20] the interaction between C60 and
SWNT has attracted less attention in the complicated terna-
ry systems.
Recently, Mitra et al. reported the formation of a C60-

SWNT supramolecular complex in toluene/H2O or toluene/
EtOH (v/v=1/25) by using microwave irradiation.[21] They
spin-coated the composite solution with poly(3-hexylthio-
phene) (P3HT) to an indium-tin-oxide (ITO) electrode to
fabricate bulk heterojunction solar cells. The power conver-
sion efficiency (0.57%) was found to be improved compared
to the reference cell, which comprised of P3HT and C60
without SWNT under their experimental conditions, but is
much smaller than the typical value (3–5%) of P3HT-C60
bulk heterojunction solar cells.[22] Thus, the relationship be-
tween the structure and photovoltaic properties of C60-
SWNT composites remains elusive.
Here we report on a novel strategy for the arrangement

of C60 molecules on the external surface of a SWNT. First,
acid treatment cuts the pristine SWNT (p-SWNT) to yield
shortened SWNT (s-SWNT) with carboxylic groups at the
open ends and defect sites (Scheme 1, step 1).[2] The
s-SWNT are then functionalized with a sterically hindered
amine (i.e. , swallow-tailed secondary amine) to yield func-
tionalized SWNT (f-SWNT), soluble in organic solvents
(step 2). Finally, a poor solvent (i.e., acetonitrile) is rapidly
injected into a mixture of C60 and f-SWNT in a good solvent
(such as o-dichlorobenzene, ODCB), resulting in the forma-
tion of composite clusters of C60 and f-SWNT ((C60+
f-SWNT)m).

[23] We expected that lyophobic interactions be-

tween C60-f-SWNT and the mixed solvent as well as the p–p
interaction between C60 molecules and between C60 and
f-SWNT would lead to the desirable arrangement of C60
molecules on the external surface of the SWNT in the
mixed solvent (step 3). We also describe photoelectrochemi-
cal properties of the C60-f-SWNT composites electrophoreti-
cally deposited onto a nanostructured SnO2 electrode.

[24,25]

A series of microscopic and photoelectrochemical studies on
the deposited composite films has been performed to eluci-
date the relationship between the structures and the photo-
electrochemical properties of the C60-f-SWNT composites.

Results and Discussion

Preparation of functionalized SWNT: f-SWNT were pre-
pared by purification and oxidation of p-SWNT (HiPco, pu-
rified grade) and subsequent reaction of s-SWNT with thio-
nyl chloride and 8-aminopentadecane (see the Experimental
Section).[2] f-SWNT are soluble in common organic solvents
including o-dichlorobenzene, chloroform, THF, and toluene
and show a solubility of up to �1.0 gL

�1 in ODCB after
sonication for 30 min. The solution is stable for at least one
month. Notably, the solubility of f-SWNT is remarkably im-
proved relative to that of similar SWNT (0.4 gL

�1 in
ODCB)[5c] functionalized with long alkyl amines (i.e., octa-
decylamine) instead of the swallow-tailed secondary amines.
The AFM image of f-SWNT (Figure 1a), which is obtained
for the sample spin-coated on freshly cleaved mica from the
ODCB solution of f-SWNT, discloses the short, thin rod-like
structures attributed to the bundles of f-SWNT. The average
diameter of isolated bundles of f-SWNT is determined to be
5.1 nm (see the Supporting Information, Figure S1). These
results demonstrate that our strategy is useful for the solubi-
lization of SWNT, which then allows p electron-rich com-
pounds to interact with their sidewalls to make supramolec-
ular complexes in organic solvents (vide infra).

Scheme 1.
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Clusterization : UV-Vis-NIR absorption spectra of C60,
f-SWNT, and the composite were measured in ODCB and
ODCB/acetonitrile mixtures (1:3, v/v). The absorption spec-
trum of f-SWNT (see the Supporting Information, Figure
S2a) in ODCB (0.024 gL

�1) shows characteristic peaks asso-
ciated with transitions between symmetric van Hove singu-
larities in the density of states for SWNT, which implies that
the electronic structure of a SWNT is retained after the
chemical modification.[2] The appearance of the moderately
sharp peaks discloses that the f-SWNT is dispersed modestly
in ODCB, since the sharpness of these peaks is widely con-
sidered to be a measure for the level of exfoliation of
SWNT bundles. To examine the clusterization behavior of
f-SWNT by lyophobic interaction, acetonitrile (poor sol-
vent) was added rapidly to a solution of f-SWNT in ODCB
(good solvent) (0.098 gL

�1). The absorption spectrum of the
resulting pale black, transparent solution in the ODCB/ace-
tonitrile mixture (1:3, v/v; Figure S2b) is largely similar to
that of f-SWNT in ODCB (Figure S2a) under the same con-

centration (0.024 gL
�1). The similarity in the sharpness of

the absorption peaks in the two spectra suggests that the
size of the bundles is largely preserved after the injection of
acetonitrile. However, there is a slight difference in the ab-
sorption intensity of f-SWNT in the mixed solvent relative
to that in ODCB, which may be attributed to a small in-
crease in the bundle size in the mixed solvent or difference
in the solvent polarity or light scattering. Small vibration of
the cuvette caused the precipitation of f-SWNT, making the
solution transparent, thereby showing that the clusters of
f-SWNT (denoted as (f-SWNT)m) are unstable in the mixed
solvent (vide infra). The AFM image of f-SWNT (Fig-
ure 1b), which is obtained for the sample spin-coated on
freshly cleaved mica from the ODCB/acetonitrile (1:3, v/v)
solution of f-SWNT, also reveals the short, thin rod-like
structures, but the average diameter (5.4 nm) of the isolated
bundles is slightly larger than that from the ODCB solution
(see Figure S1). Thus, we can conclude that the size of the
bundles of f-SWNT in the mixed solvent is slightly larger
than that in ODCB, owing to the lyophobic interaction with
the mixed solvent.
In contrast, the clusterization behavior of C60 is different

from that of f-SWNT. An ODCB/acetonitrile solution of C60
(1:3, v/v) was prepared by rapid injection of acetonitrile to
an ODCB solution of C60 (0.56 mm). Compared with the ab-
sorption spectrum of C60 in ODCB (see the Supporting In-
formation, Figure S3a), that in the mixed solvent (Figure
S3b) exhibits broad absorption with a maximum at l=

520 nm and the molar extinction coefficient in the mixed
solvent is much larger than that in ODCB. The absorption
behavior of C60 in the mixed solvent is attributed to the for-
mation of stable C60 clusters (denoted as (C60)m) by lyopho-
bic interaction in the mixed solvent.[23] Dynamic light scat-
tering (DLS) measurement of the cluster solution revealed
that the size distribution of the cluster (C60)m is relatively
narrow with an average diameter of 200 nm. Similar clusteri-
zation behavior of C60 is noted in toluene/acetonitrile mix-
ture.[23]

The absorption spectrum of a mixture of C60 (0.56 mm,
0.40 gL�1) and f-SWNT (0.098 gL�1) in ODCB, together
with those of C60 and f-SWNT in ODCB is depicted in
Figure 2. The absorption spectrum of the mixture in ODCB
(Figure 2c) matches the sum of the absorption spectra of C60
and f-SWNT in ODCB (Figure 2d), implying that there is no
significant interaction between C60 and f-SWNT in ODCB.
The clusterization behavior of C60-f-SWNT composite is also
different from that of C60 and f-SWNT. The absorption spec-
trum of the mixture of C60 and f-SWNT in ODCB/aceto-
ACHTUNGTRENNUNGnitrile (1:3, v/v) (Figure 3c)[26] shows structureless, broad ab-
sorption, which is different from those of C60 (Figure 3a)
and f-SWNT (Figure 3b) in the same mixed solvents. More-
over, the absorption spectrum of the mixture of C60 and
f-SWNT in the mixed solvent does not match the sum of the
absorption spectra of f-SWNT and C60 in the same mixed
solvents (Figure 3d). These results indicate that C60 mole-
cules interact with f-SWNT to form the composite clusters
of (C60+ f-SWNT)m in the mixed solvent.

Figure 1. AFM images and section profiles of f-SWNT (Z range: 60 nm).
The samples were prepared by spin-coating a solution of f-SWNT, in
a) ODCB (0.098 gL�1) and b) ODCB/acetonitrile (1:3, v/v; 0.024 gL�1),
on freshly cleaved mica. The grey scale represents the height topography,
with bright and dark representing the highest and lowest features, respec-
tively.
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Field emission scanning electron microscopy (FE-SEM)
measurements were performed to evaluate the shapes and
morphology of C60, f-SWNT, and the composite of C60 and
f-SWNT in ODCB/acetonitrile mixture. The samples for the
FE-SEM measurements were prepared by casting the
ODCB/acetonitrile solution onto a glass plate. The FE-SEM
image of (C60)m clusters discloses spherical particles with
sizes between 150–350 nm (Figure 4a), which is consistent
with the average diameter (200 nm) of (C60)m clusters ob-
tained by the DLS measurement (vide supra). The FE-SEM
image of f-SWNT reveals a spaghetti-like structure in which
the fibrils are entangled (Figure 4b). Obviously, the ob-
served fibrous structure results from the bundles of f-SWNT,
as the size of individual f-SWNT (an average diameter of
�1 nm) is beyond the instrumentKs resolution. On the other
hand, the FE-SEM image of (C60+ f-SWNT)m is classified
into three groups (Figure 4c). The first area, Figure 4c (i),
which is enlarged and rotated in Figure 4d, shows the entan-
gled fibril-like structure as seen in the image of F-SWNT
(Figure 4b). However, the average diameter of the fibrils is
larger by 10–20 nm than that of f-SWNT in Figure 4b,[27] sug-

gesting the interaction of the bundles of f-SWNT with C60 to
yield the fibrils with the larger diameter (vide infra). The
second area, Figure 4c(ii), displays a network structure in
which spherical particles with diameters of 500–1000 nm are
interconnected each other. The network structure suggests
that C60 clusters are self-assembled with the bundles of
f-SWNT to form larger clusters involving f-SWNT, resulting
in the formation of the interconnected structure. In the third
area, Figure 4c ACHTUNGTRENNUNG(iii), spherical particles exist with an average
diameter of 200 nm, which agrees well with the size of the
(C60)m clusters determined by using DLS and FE-SEM.
Judging from the size and the shape, the spherical particles
are assigned to (C60)m. The formation of the (C60)m clusters
is reasonable considering the high weight ratio of C60 vs. f-
SWNT (4.1:1) in the mixed solution. Hereafter, the clusters
observed in the areas Figure 4c(i)–(iii) are referred to clus-
ters I, II, and III, respectively.[28]

Electrophoretic deposition : It is known that clusters of
C60,

[23–25] cup-stacked carbon nanostructures,[29] and
SWNT[30,31] can be deposited electrophoretically onto elec-
trodes by applying dc voltage to the electrode. In a similar
manner, the clusters of C60, f-SWNT, and the composites in
the ODCB/acetonitrile mixture ([C60]=0.14 mm, [f-SWNT]
=0.024 gL�1) were attached to nanostructured SnO2 elec-
trodes (denoted as FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/
(f-SWNT)m, and FTO/SnO2/(C60+f-SWNT)m, in which FTO
represents F-doped tin oxide), respectively. Under applica-
tion of a high dc electric field (200 V for 120 s), the clusters
of C60, f-SWNT, and the composites, which are negatively
charged in the mixed solvent, are driven toward the posi-
tively charged electrode (i.e., FTO/SnO2). With increasing
time of deposition, the FTO/SnO2 electrode turns brown for
(C60)m and (C60+ f-SWNT)m, or black for (f-SWNT)m in
color with simultaneous discoloration of the cluster solution.
All of the electrophoretically deposited films are sufficiently

Figure 2. UV-Vis-NIR absorption spectra of a) C60 (0.56 mm, 0.40 gL�1),
b) f-SWNT (0.098 gL�1), and c) a mixture of C60 (0.56 mm, 0.40 gL�1) and
f-SWNT (0.098 gL�1) in ODCB. A cuvette (1 mm) was used for the
measurements. d) Sum of spectra a) and b).

Figure 3. UV-Vis-NIR absorption spectra of a) C60 (0.070 mm,
0.050 gL�1), b) f-SWNT (0.012 gL�1), and c) a mixture of C60 (0.070 mm,
0.050 gL�1) and f-SWNT (0.012 gL�1) in ODCB/acetonitrile mixture (1:3,
v/v). A cuvette (1 cm) was used for the measurements. d) Sum of spectra
a) and b).

Figure 4. FE-SEM images of clusters of a) C60, b) f-SWNT, and c) compo-
sites of f-SWNT and C60. The samples were prepared by casting the solu-
tion of C60 (0.14 mm) and/or f-SWNT (0.024 gL�1) in ODCB/acetonitrile
(1:3, v/v) on a glass plate. The image c) is classified into three regions (i,
ii, iii). d) Enlarged, rotated image of area (i) is shown for comparison.
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robust for the photoelectrochemical measurements. The
change in absorbance of the electrophoretically deposited
electrodes is monitored at l=400 nm with increasing time
of deposition (see the Supporting Information, Figure S4).
The time to reach a maximum absorbance becomes longer
in the order of (f-SWNT)m< (C60+ f-SWNT)m~ (C60)m, show-
ing the faster deposition of (f-SWNT)m than that of (C60)m.
As we discuss later, the difference in the mobilities of the
clusters affects the structures of the deposited composite
film of C60 and f-SWNT. We used the electrodes prepared
by the electrophoretic deposition of C60 and/or f-SWNT in
ODCB/acetonitrile mixtures ([C60]=0.14 mm, [f-SWNT]=
0.024 gL�1) for the duration time of 120 s, unless otherwise
noted.
The UV-vis-NIR absorption spectra of the deposited films

on nanostructured SnO2 electrodes are shown in Figure 5.
The absorption features of the deposited films are largely

similar to those in the corresponding ODCB/acetonitrile sol-
utions (Figure 3), showing that the clusters in the mixed sol-
vent are successfully deposited onto the nanostructured
SnO2 electrodes without significant change in the cluster
structures. In addition, the broad absorption of these films
as well as the high molar absorptivity in the visible and
near-IR regions makes these films suitable for harvesting
the solar energy.
Resonant Raman spectroscopy is a valuable tool to char-

acterize SWNT because it provides detailed information on
the structure. Low-wavenumber phonon modes, radial
breathing modes (RBMs), are very susceptible to the nano-
tube diameter and electronic states. Taking into account
ACHTUNGTRENNUNGKataura plot[32] with diameters of HiPco (0.8–1.3 nm),[8] one
can monitor semiconducting and metallic SWNT with diam-
eters of 0.8–1.0 and 1.0–1.3 nm, respectively, by an excitation
energy of 1.96 eV (lex=633 nm). The resonant Raman spec-
tra of FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, FTO/SnO2/
(C60+f-SWNT)m, and f-SWNT cast on a glass plate from the

ODCB solution were measured by means of laser excitation
energy (1.96 eV, see Figure S5). The Raman spectrum of
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m exhibits several peaks (ñ=200–300 cm�1)
stemming from the vibration of C60 (Figure S5b).

[33] The in-
tensity of the Raman signals of FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, however,
is much smaller than that of the FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m (Fig-
ure S5c). On the other hand, it is well known that SWNT
show characteristic peaks attributed to tangential mode (G-
band) around ñ=1600 cm�1 and disorder mode (D-band)
around ñ=1350 cm�1.[34] The ratio of the peak intensities
(G/D ratio) reflects the relative amount of sp3 carbon, and
is used to determine the degree of functionalization in
SWNT.[34] The G/D ratios of f-SWNT, FTO/SnO2/
ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2/(C60+f-SWNT)m (Figure S5d)
are virtually the same, which implies that the electronic
structure of f-SWNT is preserved after the electrophoretic
deposition of (f-SWNT)m and (C60+ f-SWNT)m onto FTO/
SnO2 electrodes. In addition, the positions and shapes of the
peaks in RBM region are almost the same, indicating that
the structure and composition of f-SWNT are also retained
after the electrophoretic deposition.
FE-SEM was employed to evaluate the surface morpholo-

gy of the films prepared by the electrophoretic deposition
with the duration time of 120 seconds as shown in Figure 6.

Figure 5. UV-Vis-NIR absorption spectra of a) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m,
b) FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, c) FTO/SnO2/(C60+f-SWNT)m, and d) FTO/
SnO2. e) Spectrum of a) plus b) minus d) is shown for comparison. The
films were prepared from the corresponding solution with the concentra-
tions of [C60]=0.14 mm and [f-SWNT]=0.024 gL�1 in ODCB/acetonitrile
(1:3, v/v).

Figure 6. FE-SEM images of a) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, b) FTO/SnO2/ACHTUNGTRENNUNG(f-
SWNT)m, and c) FTO/SnO2/(C60+f-SWNT)m electrodes. The samples
were prepared from their respective solutions ([C60]=0.14 mm, [f-
SWNT]=0.024 gL�1) in ODCB/acetonitrile (1:3, v/v) by the electropho-
retic deposition with a duration time of 120 s.
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The FE-SEM image of the FTO/SnO2/ ACHTUNGTRENNUNG(C60)m electrode (Fig-
ure 6a) shows closely packed clusters with sizes of 100–
200 nm, which are similar to that of (C60)m in the mixed sol-
vent.[23–25] The FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m electrode reveals that
the bundles of f-SWNT lie horizontally on the electrode sur-
face and are entangled each other (Figure 6b). The spherical
particles on the surface of the f-SWNT bundles may be
metal particles that persist in the f-SWNT sample even after
the purification procedure. The average diameter of the
bundles is determined to be 12 nm (see Figure S6). It is
noteworthy that the surface morphology of FTO/SnO2/
(C60+f-SWNT)m (Figure 6c) is quite similar to that of FTO/
SnO2/ ACHTUNGTRENNUNG(C60)m (Figure 6a). This observation manifests that the
top layer of the (C60+ f-SWNT)m film consists of C60 clusters
originating from the cluster III in Figure 4c. This result
agrees well with the higher mobility of (f-SWNT)m than that
of (C60)m during the electrophoretic deposition (Figure S4).
We also performed AFM measurements of FTO/
SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2/(C60+
f-SWNT)m electrodes (see Figure S7). The AFM images of
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m (Figure S7a) and FTO/SnO2/(C60+
f-SWNT)m (Figure S7c) exhibit the closely-packed (C60)m
clusters with similar diameters of 100–200 nm, whereas that
of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m (Figure S7b) discloses the entan-
gled, fibrous-shaped (f-SWNT)m clusters. The AFM images
match well the corresponding SEM images.
To shed light on the inner topography of the (C60+

f-SWNT)m film on the FTO/SnO2 electrode, we examined
the change of the (C60+ f-SWNT)m films as a function of
deposition time. Figure 7 shows the FE-SEM images of
FTO/SnO2/(C60+f-SWNT)m electrodes obtained from the
ODCB/acetonitrile solution (1:3, v/v) of C60 (0.14 mm) and
f-SWNT (0.024 gL�1) with the deposition time of 10, 20, 40,
and 60 s. At the deposition time of 10 s, the FE-SEM image
reveals entangled fibrous structures lying horizontally on the

electrode surface (Figure 7a). The average diameter of the
strings is estimated to be 18 nm (see Figure S8), which is evi-
dently larger than that of the bundles (12 nm) of FTO/
SnO2/ ACHTUNGTRENNUNG(f-SWNT)m without C60 (Figure 6b and Figure S6).
This result is in accordance with the difference in the SEM
images of (f-SWNT)m and cluster I (Figure 4b,d).

[27,35] In ad-
dition, the FE-SEM image of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m elec-
trode at the deposition time of 10 s exhibits well-defined
bundle structures (an average diameter of 12 nm), as seen in
the FE-SEM image at the deposition time of 120 s (see Fig-
ure S9). Thus, we can conclude that the increase in the di-
ameter of the strings in Figure 7a compared to that in Fig-
ure 6b is attributed to C60 molecules on the bundles of
ACHTUNGTRENNUNG(f-SWNT)m. In other words, when acetonitrile is injected
into the ODCB solution of C60 and f-SWNT, some of C60
molecules interact with the sidewall of the bundles of
f-SWNT by p-p and lyophobic interaction, leading to the ar-
rangement of C60 molecules on the sidewall of the bundles
of f-SWNT, as depicted in Scheme 1. Considering the differ-
ence (6 nm) in the average diameters of (f-SWNT)m and
(C60+ f-SWNT)m on the electrodes, the thickness of the C60
layer is calculated to be �3 nm corresponding to three
layers of C60.
At the deposition time of 20 s, the FE-SEM image of

FTO/SnO2/(C60+f-SWNT)m electrode shows the structure
composed of connected round-shaped, rugged particles with
diameters of 500–1000 nm (Figure 7b). Taking into account
the similar shape and size of the particles and cluster II, we
assign the particles as cluster II, where small C60 clusters
would be further self-assembled with f-SWNT to yield the
large spherical clusters comprising of C60 and f-SWNT. The
FE-SEM images of FTO/SnO2/(C60+f-SWNT)m electrodes at
the deposition time of 40 and 60 s (Figure 7c,d) exhibit simi-
lar closely-packed particles with diameters of 150–300 nm,
which are almost identical to the corresponding FE-SEM
image at the deposition time of 120 s (Figure 6c). These re-
sults corroborate that clusters I, II, and III are sequentially
deposited onto the FTO/SnO2 electrode, depending on the
difference in the mobilities under the application of dc volt-
age to the cluster solution, yielding the hierarchical film
with the gradient composition along the direction of the film
thickness.

Photoelectrochemical properties : Photoelectrochemical
measurements were performed in deaerated acetonitrile
containing LiI (0.5m) and I2 (0.01m) with FTO/SnO2/(C60+
f-SWNT)m as a working electrode, a platinum wire as a
counter electrode, and I�/I3

� reference electrode. The FTO/
SnO2/(C60+f-SWNT)m electrode was prepared from the clus-
ter solution of (C60+ f-SWNT)m ([C60]=0.14 mm, [f-
SWNT]=0.024 gL�1) in ODCB/acetonitrile (1:3, v/v). Fig-
ure 8a displays photocurrent response of the FTO/SnO2/
(C60+f-SWNT)m electrode illuminated at an excitation wave-
length of 400 nm (input power: 1.81 mW cm�2) at +0.05 V
vs. SCE. The photocurrent responses are prompt, steady,
and reproducible during the repeated on/off cycles of the
visible light illumination. Blank experiments of FTO/SnO2

Figure 7. FE-SEM images of FTO/SnO2/(C60+f-SWNT)m electrodes ob-
tained from the ODCB/acetonitrile solution (1:3, v/v) of C60 (0.14 mm)
and f-SWNT (0.024 gL�1) with the deposition time of a) 10 s, b) 20 s,
c) 40 s, and d) 60 s.
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electrode without the composite film exhibited much small-
er photocurrent responses under the same conditions. These
results confirm the role of the composite film toward har-
vesting light energy and generating electron flow from the
electrolyte to the FTO/SnO2 electrode through the film
during the operation of the photoelectrochemical device.
Figure 8b shows current-applied potential curve of the FTO/
SnO2/(C60+f-SWNT)m system under white light illumination
(l> 380 nm; input power: 78.8 mWcm�2). With increasing
positive bias up to 0.05 V vs. SCE, the photocurrent increas-
es compared to the dark current. Increased charge separa-
tion and the facile transportation of charge carriers under
positive bias are responsible for the enhanced photocurrent
generation. As reported by Kamat et al. and our
group,[23–25,30,31] FTO/SnO2/ ACHTUNGTRENNUNG(C60)m and FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m
systems show similar photoelectrochemical behavior to that
of the FTO/SnO2/(C60+f-SWNT)m system (vide infra).
To evaluate the photoelectrochemical response of the

FTO/SnO2/(C60+f-SWNT)m system, we examined the wave-
length dependence of the incident photon-to-photocurrent
efficiency (IPCE) of the film on FTO/SnO2. The IPCE
values are calculated by normalizing the photocurrent densi-
ties for incident light energy and intensity and by use of the
expression in Equation (1):

IPCE ð%Þ ¼ 100� 1240� i=ðW in � lÞ ð1Þ

in which i is the photocurrent density (Acm�2), Win is the in-
cident light intensity (W cm�2), and l is the excitation wave-
length (nm). Figure 9a illustrates the photocurrent action

spectrum of the FTO/SnO2/(C60+f-SWNT)m system. The
maximum IPCE value reaches up to 18% at 400 nm under
an applied potential of 0.05 V vs. SCE. It should be noted
here that the IPCE value of the FTO/SnO2/(C60+f-SWNT)m
system monotonically decreases with increasing the wave-
length to reach almost zero at l=730 nm, which does not
match the absorption feature of the FTO/SnO2/(C60+
f-SWNT)m electrode (Figure 5c). Namely, the FTO/SnO2/
(C60+f-SWNT)m electrode exhibits significant absorbance at
l=700–1600 nm, which mainly results from the absorption
of f-SWNT and light scattering. These results suggest that
the absorption of visible light (400–700 nm) by C60 mole-
cules is responsible for the photocurrent generation and the
contribution by the excitation of f-SWNT is minor.
The photocurrent action spectrum of the FTO/SnO2/

(C60+f-SWNT)m system is also compared to those of the
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, and FTO/SnO2 to
gain deep insight into the photocurrent generation
(Figure 9). The IPCE values of FTO/SnO2/(C60+f-SWNT)m
(Figure 9a) system are 3–5 times as large as those of the
FTO/SnO2/ ACHTUNGTRENNUNG(C60)m (Figure 9b) and FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m
(Figure 9c). In addition, the IPCE values of the FTO/SnO2/
(C60+f-SWNT)m system are still much larger than those of
the FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m/ ACHTUNGTRENNUNG(C60)m (Figure 9d), in which the
FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m electrode is further modified with
(C60)m electrophoretically by using the cluster solution
([C60]=0.14 mm in ODCB/acetonitrile). Thus, the complex
formation of C60 and f-SWNT in the mixed solvent by the
lyophobic and p–p interactions is essential for the efficient
photocurrent generation. It should be emphasized here that
the observed maximum IPCE value of 18% in FTO/SnO2/
(C60+f-SWNT)m system is the highest among the carbon
nanotube-based photoelectrochemical devices (up to 9.3%)
in which the carbon nanotubes are deposited onto electro-
des electrophoretically,[30] electrostatically[36] or covalently.[37]

To examine the relationship between the gradient compo-
sition of the composite films along the direction of the film
thickness and the photocurrent generation, photocurrent
action spectra of the FTO/SnO2/(C60+f-SWNT)m system

Figure 8. a) Photocurrent response of FTO/SnO2/(C60+f-SWNT)m illumi-
nated at l=400 nm (1.81 mW cm�2). Applied potential: +0.05 V vs. SCE;
electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile. b) Current vs. ap-
plied potential curve for FTO/SnO2/(C60+f-SWNT)m device under illumi-
nation with white light (l>380 nm); input power: 78.8 mWcm�2; electro-
lyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.

Figure 9. Photocurrent action spectra of a) FTO/SnO2/(C60+f-SWNT)m,
b) FTO/SnO2/ ACHTUNGTRENNUNG(C60)m, c) FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m, d) FTO/SnO2/ACHTUNGTRENNUNG(f-
SWNT)m/ ACHTUNGTRENNUNG(C60)m, and e) FTO/SnO2 electrodes. The electrodes were pre-
pared from the ODCB/acetonitrile (1:3, v/v) solution of C60 and/or f-
SWNT ([C60]=0.14 mm, [f-SWNT]=0.024 gL�1). Applied potential:
+0.05 V vs. SCE; electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.
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(Figure 10) were measured by using the FTO/SnO2/(C60+
f-SWNT)m electrodes prepared with different deposition
time (i.e. , 10, 20, 40, 120 s). The UV-vis absorption spectra

of the FTO/SnO2/(C60+f-SWNT)m electrodes (see the Sup-
porting Information, Figure S10) are also monitored to com-
pare the corresponding FE-SEM images (Figure 7a–c and
Figure 6c) and the photocurrent action spectra. All the elec-
trodes exhibit similar structureless absorption and the ab-
sorbance gradually increases with increasing the deposition
time. The overall photocurrent action spectra of the FTO/
SnO2/(C60+f-SWNT)m system parallel the broad absorption
spectral features. Notably, with increasing the deposition
time (0–40 s), the IPCE values increase and level off at the
deposition time of 40–120 s. Considering the exclusive depo-
sition of cluster I, the bundles of f-SWNT covered with C60
molecules, at the deposition time of 10 s and the corre-
sponding large IPCE value (12.5% at l=400 nm), the film
of cluster I without clusters II and III has a large impact on
the photocurrent generation. The aligned C60 molecules on
the bundles of f-SWNT are responsible for the efficient pho-
tocurrent generation. The gradual increase in the IPCE
values with the deposition time of 20 and 40 s relative to
that with the deposition time of 10 s reveals that the cluster
II (large-sized C60 cluster including f-SWNT) and cluster III
(middle-sized C60 cluster) also make contribution to the pho-
tocurrent generation.

Photocurrent generation mechanism : On the basis of the
previous studies on similar photochemical systems consisting
of C60

[23] or f-SWNT[30,31] as well as the film structure and the
photoelectrochemical properties of the present system, we
propose photocurrent generation mechanism as shown in
Schemes 2,3, and S1 (see the Supporting Information). As a
representative example, (8,6) SWNT, which is the highest
distribution of (n,m) species ((n,m) determines the diameter
and direction of the tubeKs rolling) in the present p-SWNT,
is given in the schemes.[31,38] Although the direct injection
from the excited states of f-SWNT to the conduction band

(CB) of SnO2 is possible (Scheme S1), its contribution in the
present system should be minor according to the photocur-
rent action spectrum of FTO/SnO2/ ACHTUNGTRENNUNG(f-SWNT)m system (Fig-
ure 9c).
Scheme 2 illustrates a plausible photocurrent generation

pathway, in which photoinduced ET between iodide ion
(I3
�/I�=0.5 V vs. NHE)[23] and the excited states of C60

(1C60*=1.7 V vs. NHE; 3C60*=1.4 V vs. NHE)[23] is the pri-
mary step in the photocurrent generation. The reduced C60
(C60/C60C

�=�0.2 V vs. NHE)[23] injects an electron into the
CB of SnO2 (ECB=0 V vs. NHE) through electron hopping
between C60 molecules. ET from the C60 molecules of clus-
ters I, II, and III to the f-SWNT (c1=�0.094 V vs. NHE)
may also occur to transport the electron to the SnO2 elec-
trode through the network of the f-SWNT. The electron
transferred to the SnO2 electrode is driven to the counter
electrode through an external circuit to regenerate the
redox couple. The highly aligned structure of C60 molecules
on the f-SWNT sidewalls and the high electron transport ca-
pability of f-SWNT may facilitate the electron flow, leading
to the efficient photocurrent generation in the present
system. In addition to the mechanisms in Scheme 2, direct
CS between C60 and f-SWNT in clusters I and II for the pho-
tocurrent generation is energetically possible (Scheme 3).
Namely, initial ET takes place from v1 (or v2) of f-SWNT
(0.96 V vs. NHE) to the C60 excited states. Then, subsequent
ET from the reduced C60 to the CB of the SnO2 electrode

Figure 10. Photocurrent action spectra of FTO/SnO2/(C60+f-SWNT)m
electrodes prepared by the electrophoretic method with deposition time
of a) 10 s, b) 20 s, c) 40 s, and d) 120 s; [C60]=0.14 mm, [f-SWNT]=
0.024 gL�1 in ODCB/acetonitrile (1:3, v/v); applied potential: +0.05 V
vs. SCE; electrolyte: LiI (0.5m) and I2 (0.01m) in acetonitrile.

Scheme 2.

Scheme 3.
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and from I� to v1 (or v2) of f-SWNT occurs, resulting in the
photocurrent generation. We tried to measure the transient
absorption spectrum of (C60+ f-SWNT)m cluster in the
ODCB/acetonitrile mixture, but the attempt was unsuccess-
ful, owing to the instability of the clusters under the laser-ir-
radiation conditions. The preliminary transient absorption
measurements using the FTO/SnO2/(C60+f-SWNT)m elec-
trode did not exhibit the fingerprint of C60 radical anion at
l=1000–1100 nm, which indicated no occurrence of direct
CS between C60 and f-SWNT. Thus, the photocurrent gener-
ation mechanism in Scheme 3 may be ruled out.

Conclusion

We have successfully developed the novel strategy for the
arrangement of C60 molecules on the external surface of
SWNT. First, acid treatment cuts pristine SWNT to yield
shortened SWNT with carboxylic groups at the open ends
and defect sites. Then, the shortened SWNT is functional-
ized with sterically bulky amine to yield highly soluble, func-
tionalized SWNT (f-SWNT) in organic solvents. Finally,
poor solvent (i.e., acetonitrile) is rapidly injected into a mix-
ture of C60 and f-SWNT in good solvent (o-dichloroben-
zene), resulting in formation of the composite clusters of C60
and f-SWNT. The lyophobic interaction between C60-f-
SWNT and the mixed solvent as well as the p–p interaction
between C60 molecules and between C60 and f-SWNT was
found to be responsible for the desirable arrangement of C60
molecules on the external surface of SWNT in the mixed
solvent. The electrophoretic deposition of the composites
onto a nanostructured SnO2 electrode gradually yielded the
hierarchical film with gradient composition depending on
the difference in the mobilities of C60 and f-SWNT during
the electrophoretic process. The composite film exhibited an
incident photon-to-photocurrent efficiency as high as 18%
at l=400 nm under an applied potential of 0.05 V vs. SCE.
The photocurrent generation efficiency is the highest value
among carbon nanotube-based photoelectrochemical devi-
ces in which carbon nanotubes are deposited onto electrodes
electrophoretically, electrostatically or covalently.[30,36, 37] The
highly aligned structure of C60 molecules on f-SWNT can ra-
tionalize the efficient photocurrent generation. Thus, the re-
sults obtained here will provide valuable information on the
design of carbon nanotube-based molecular devices.

Experimental Section

General procedures : UV-Vis-near infrared (NIR) spectra of solutions
and films were measured by using a Perkin–Elmer Lambda 900 UV/vis/
NIR spectrometer. Resonance Raman spectra were recorded by using a
Horiba JobinYvon LabRAM HR-800 equipped with a 1.96 eV (633 nm)
laser. Field emission scanning electron microscopy (FE-SEM) observa-
tion was carried out by using a JEOL JSM-6500FE, JSM-7500F, and a
Hitachi S-4700. For preparation of the cluster samples, a mixture of
ODCB/acetonitrile containing f-SWNT and/or C60 was cast on glass
plates and the solvent was evaporated. The samples in Figures 4, 6a,c and

7b–d were coated with Pt by using a JEOL JFC-1600 auto fine coater
before the measurements. Atomic force microscopy (AFM) images of
SWNT samples were obtained by means of a Digital Instruments Nano-
scope III in the tapping mode. A solution containing f-SWNT and/or C60
was spin-coated on freshly cleaved mica at a rotation speed of 500 rpm.
Dynamic light scattering (DLS) measurements of the cluster solutions
were performed by using a Horiba LB550 particle size analyzer. s-SWNT
was prepared by using HiPco SWNT (Carbon Nanotechnologies, Inc.) as
published elsewhere.[2] 8-Aminopentadecane was synthesized according
to the literature.[39] C60 (99.98%) was obtained from MTR Ltd. An opti-
cally transparent fluorine-doped tin oxide electrode (denoted as FTO;
Asahi Glass Inc.) was washed by sonication in 2-propanol and cleaned in
an O3 atmosphere in advance. A 15% SnO2 colloidal solution (particle
size=15 nm; Chemat Technology, Inc.) was deposited on the FTO elec-
trode using the doctor blade technique.[23g,25e–g] The electrode was an-
nealed at 673 K (denoted as FTO/SnO2) to yield 1.3-mm-thick SnO2 film.
All other chemicals were purchased from commercial sources and used
without further purification.

Synthesis of f-SWNT: s-SWNT (45 mg) was dispersed in thionyl chloride
(10 mL) and stirred vigorously at 70 8C for 1 day under Ar. The excess
thionyl chloride was removed by distillation under reduced pressure. To
the remaining black solid was added 8-aminopentadecane (5 mL) in the
glovebox and the mixture was stirred at 100 8C for 5 days. Cooled to
room temperature, the reaction mixture was diluted by ethanol and fil-
tered through a 0.22 mm polycarbonate membrane filter. The resulting
black residue was washed with ethanol, acetone, and hexane repeatedly.
Reprecipitation from ODCB/methanol and subsequent ODCB/acetone
and finally drying at 60 8C for 9 h gave the functionalized SWNT
(f-SWNT, 41 mg).

Preparation of cluster solutions and films : The cluster solutions of
f-SWNT (0.024 gL�1) and/or C60 (0.14 mm) were prepared in a 1 cm cuv-
ette by injecting acetonitrile (1.2 mL) into a solution of f-SWNT
(0.098 gL�1) and/or C60 (0.56 mm) in ODCB (0.4 mL) (ODCB/acetoni-
trile=1:3, v/v).[23–25] Two electrodes (i.e., FTO and FTO/SnO2) were in-
serted into the cuvette with keeping at a distance of 6.0 mm by a Teflon
spacer. A dc voltage (200 V) was applied for 2 min between these two
electrodes using a power supply (ATTA model AE-8750). The deposition
of the film could be visibly confirmed as the suspension became colorless
with the simultaneous colorization of the FTO/SnO2 electrode. After the
deposition, the deposited film was dried immediately with a hair dryer.

Photoelectrochemical measurements : All electrochemical measurements
were carried out in a standard three-electrode system using an ALS 630a
electrochemical analyzer.[23f, 25e–g] The deposited film as a working elec-
trode was immersed into the electrolyte solution containing LiI (0.5m)

and I2 (0.01m) in acetonitrile. A Pt wire covered with a glass Luggin ca-
pillary, whose tip was located near the working electrode, was used as a
quasi-reference electrode, whereas a Pt coil was employed as a counter
electrode. The potential measured was converted to the saturated calo-
mel electrode (SCE) scale by adding +0.05 V. The stability of the refer-
ence electrode potential was confirmed under the experimental condi-
tions. A 500 W xenon lamp (XB-50101 AAA; Ushio, Japan) was used as
a light source. Potential versus current characteristics were measured
with controlled-potential scan (1 mVs�1) under 0.5 Hz chopped white
light (l>380 nm; input power, 78.8 mWcm�2). The modified area of the
working electrode (0.20 cm2) was illuminated from the backside by mon-
ochromatic light through a monochromator (MC-10N; Ritsu, Japan). The
light intensity was monitored by an optical power meter (ML9002 A;
ACHTUNGTRENNUNGAnritsu, Japan) and corrected.
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