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Single-walled carbon nanotubes (SWNTs) and C60-encapsulated SWNTs (C60@SWNTs) are introduced to Rusensitized photoelectrochemical cells (PECs), and photocurrents are compared between two cells, i.e., an
RuL2(NCS)2/DAPV/SWNTs/ITO cell and an RuL2(NCS)2/DAPV/C60@SWNTs/ITO cell. [L = 2,2'bipyridine-4,4'-dicarboxylic acid, DAPV = di-(3-aminopropyl)-viologen, and ITO = indium-tin oxide] The
photocurrents are increased by 70.6% in the presence of C60@SWNTs. To explain the photocurrent increase,
the reverse-field emission method is used, i.e., RuL2(NCS)2/DAPV/SWNTs/ITO cell (or RuL2(NCS)2/DAPV/
C60@SWNTs/ITO cell) as an anode and a counter electrode Pt as a cathode in the external electric field. The
improved field emission properties, i.e., β (field enhancement factor) and emission currents in the reverse-field
emission with C60@SWNTs indicate the enhancement of the PEC electric field, which implies the
improvement of the electron transfer rate along with the reduced charge recombination in the cell.
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Introduction
A typical photocurrent-generated device has photosensitizer molecules in contact with electrolytes, and these are
often referred to as photoelectrochemical cells (PECs). In
particular, dye-sensitized (DS) PECs are an attractive alternative to traditional solid-state photovoltaic (PV) devices (pn junction photovoltaic devices).1,2 In general, organic dyes
possess a higher molecular excitation coefficient compared
to an inorganic sensitizer, therefore, it is possible to achieve
a sufficient light absorption cross-section at a reduced film
thickness. Furthermore, the fabricating process for cells is
much easier compared to solid-state devices. Despite these
advantages, DS PECs have some serious problems such as
transferring photo-generated electrons of conduction band of
dye to an electrolyte solution (change recombination process).
In the past several years there has been increasing interest
in methods to reduce charge recombination. One common
method has been to attempt to reduce recombination by
coating the thin energy barrier layer. The formation of a ZnO
thin barrier layer on nanoporous TiO2 reduced recombination and increased power conversion efficiency in PECs.3
The other method was using single-walled carbon nanotubes
(SWNTs) as a charge-collector.4-6 SWNTs are natural electron acceptors since they act as a p-type semiconductor at
ambient conditions due to adsorbed oxygen molecules in the
air.7-9 Electron transfer from nanotube to adsorbed O2 molecules can increase hole carriers in semiconducting nanotube,
thus the SWNTs significantly being able to accept electrons
a
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from materials connected to them. The low-lying end of the
p* orbitals of the SWNT are very stable and readily accept
electrons.10 The 1-D structure of the SWNT closely associate with the ideal electron- or hole-transporting highway in
PECs. Jang et al.11 reported the covalent attachment of a
ruthenium dye [RuL2 (NCS)2]H2O (L = 2,2'-bipyridine-4,4'dicarboxylic acid) to acid treated, shortened SWNTs by the
amide bond formation using ethylenediamine as a linkage,
which showed good power conversion efficiency. According
to the field effective transistor data of Li et al.,12 the hole
density along the SWNTs was greatly enhanced in C60
encapsulation, which can be possibly attributed to the
occurrence of electron transfer from the SWNT to C60
molecules. SWNTs could show higher p-type character in
the case of C60 encapsulation inside rather than the empty
SWNTs in the air.
Carbon nanotubes (CNTs) have been attractive materials
in application to photovoltaic (PV) energy conversion
devices,13,14 and induced a great deal of interest in the
development of new generation of organic and hybrid solar
cells. Several groups reported hybrid PV devices based on a
CNT/n-type Si heterojunction.15-17 A major advantage of
such an approach is the combination of charge separation at
the interface of Si and CNT along with charge transport and
collection. However, the role of CNT under illumination was
not clear in their works. In our previous work,12 photocurrents were compared between two cells, i.e., RuL2(NCS)2/
DAPV/SWNTs/ITO cell and RuL2(NCS)2/DAPV/ITO cell.
[L = 2,2'-bipyridine-4,4'-dicarboxylic acid, DAPV = di-(3aminopropyl)-viologen, SWNTs = single-walled carbon
nanotubes, and ITO = indium-tin oxide] The photocurrent
was raised to 83.9% in the presence of SWNTs due to the
retardation of recombination reaction. Here, we introduce
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C60-encapsulated SWNTs (C60@SWNTs) in the above PEC,
and compare the photocurrents and solar cell efficiency for
the two cells, i.e., one containing C60@SWNTs and the other
containing SWNTs. We explore the effect of C60@SWNTs
and SWNTs by measuring reverse-field emission (FE)
currents.
Experimental
SWNTs were oxidized in a concentrated acid mixture of
H2SO4/HNO3 = 3:1 by volume under ultrasonication for 2024 h at 50-60 °C, to produce shortened SWNTs with
terminal carboxylic acid groups. The resulting solution was
filtered by a poly(tetrafluoroethylene) membrane with a 100
nm pore size. The filtrate was washed with water by decantation to remove any remaining acid, followed by drying in
an oven at 100-110 °C. Detailed process of encapsulation of
C60 inside SWNTs (C60@SWNTs) is in supplementary
material S1.1. SWNTs and C60@SWNTs were placed on
ITO electrode by spray-coating method. DAPV (linker molecule) on SWNTs/ITO (or C60@SWNTs/ITO) and successive
RuL2(NCS)2 (sensitizer) on DAPV were prepared with the
same method used in our previous study.6 In order to measure
photocurrent generation, the sandwich-type PEC was designed (Figure 1(a)) with [RuL2(NCS)2/DAPV/SWNTs/ITO] or
[RuL2(NCS)2/DAPV/C60@SWNTs/ITO)] system and Ptsputtered ITO electrode [electrolyte: LiI of 0.1 mol/L and I2
of 0.05 mol/L in CH3CN].
The FE currents were measured to compare the electric
field enhancement for two systems, i.e., [RuL2(NCS)2/DAPV/
SWNTs/ITO] and [RuL2(NCS)2/DAPV/C60@SWNTs/ITO)].
Each electrode above was used as an anode and microtexturized tip silicon (μ-tip Si) substrate was used as a
cathode for the measurement of the reverse-FE currents.
(See S1.2 for the preparation of textured μ-tip Si) This
parallel plate diode was evacuated in a vacuum chamber at a
base pressure of ~1.0 × 10−6 Torr at room temperature with a
space distance to be 300 μm. A direct current voltage sweeping from 150 to 1500 V was applied to the diode sample at a
step of 25 V using a Keithley 248 power supplier.
Results and Discussion
The most direct technique to prove the encapsulation of
C60 into SWNTs is transmission electron microscopy (TEM)
(see Figure S2 in the Supplementary material). Figure S2a
shows the purified and unfilled SWNTs with a diameter of
~1.5 nm. Figure S2b shows the bundle of SWNTs which are
filled with C60. In the TEM image, the C60 molecules generally appear as circles with diameters of 7-8 Å sandwiched
between two parallel lines corresponding to the nanotube
inner wall. It is the expected and projected three-dimensional structure of C60@SWNTs.
Figure 1 shows an idealized photoinduced charge transfer
and energy-level arrangement of ITO, C60@SWNTs, viologen
and RuL2(NCS)2 (potential vs NHE). The lowest unoccupied
molecular orbital (LUMO) of RuL2(NCS)2 is at 0.6 eV.19,20

Figure 1. (a) Idealized scheme of device architectures and (b)
energy-level arrangement of ITO, SWNTs, DAPV and RuL2(NCS)2
(potential/vs. NHE).

and Fermi level of SWNT is at 0.2 eV.21 Generally, the gap
of work function between SWNTs and C60@SWNTs is
thought to be small, and accepting that there is electron
transfer from SWNTs to C60s, then the Fermi level of
C60@SWNTs can be shifted to a lower direction compared
to pristine SWNTs, and is estimated here at 0.1-0.2 eV. The
reduction potential of viologen is 0.4 eV.19,20 and it effectively bridges the energy gap between RuL2(NCS)2 and
C60@SWNTs/ITO (or SWNTs/ITO). The appropriate energylevel alignment will promote electron transfers from the
LUMO of Ru-complex to the LUMO of the DAPV,
C60@SWNTs (or SWNTs), and ITO electrode, successively.
It is expected that in the presence of C60@SWNTs (or
SWNTs) layer between the DAPV monolayers and ITO
electrode, recombination of photoinduced electrons with
oxidized sensitizer in addition to I3− in the electrolyte would
decrease due to the energy level cascade.
As shown in Figure 2, the RuL2(NCS)2/DAPV/C60@SWNTs/
ITO PEC shows more outstanding photocurrent than DAPV/
SWNTs/ITO PEC under illumination. The photocurrent
increased immediately upon illumination and return back to
its original position when the light was off. The photocurrent
of the RuL2(NCS)2 on DAPV/C60@SWNTs/ITO and DAPV/
SWNTs/ITO showed 87 and 51 nA/cm2, respectively. A 0 V
bias was applied to the sample, when the photocurrent was
measured, thus suggesting that the photocurrents originated
only due to the excitations of Ru-complex sensitizer. The
photocurrent was increased by 70.6% in the presence of
C60@SWNTs compared to pristine SWNTs.
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Figure 2. Photoinduced current generation of RuL2(NCS)2/DAPV/
SWNTs/ITO and RuL2(NCS)2/DAPV/C60@SWNTs/ITO.

Formation of RuL2(NCS)2 on DAPV/SWNTs/ITO and
DAPV/C60@SWNTs/ITO was also monitored by UV-vis
spectra. Figure 3(a) shows the UV-vis adsorption of Rucomplexes with maximum absorption at 520 nm, which
indicated good formation of RuL2(NCS)2 on DAPV/SWNTs/
ITO and DAPV/C60@SWNTs/ITO. The excellent formation
of RuL2(NCS)2 on DAPV/SWNTs/ITO and DAPV/C60@SWNTs/
ITO provided a good starting point for photocurrent generation. As shown in Figure 3(b), the photocurrent spectra

Figure 3. Action spectra of RuL2(NCS)2/DAPV/SWNTs/ITO and
RuL2(NCS)2/DAPV/C60@SWNTs/ITO.
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followed the profile of the absorption spectrum of RuL2(NCS)2,
which indicated that they were generated from the excitation
of the Ru-complex. UV-Vis spectra of RuL2(NCS)2/DAPV/
SWNTs/ITO and RuL2(NCS)2/DAPV/C60@SWNTs/ITO
were measured with the baseline of DAPV/SWNTs/ITO.
The results also suggested that the recombination process
was reduced further in the presence of C60@SWNT layer.
With the point of energy-level arrangement, the presence
of C60@SWNTs seems not to be very advantageous compared with SWNTs alone. The electronic structures of C60@SWNTs
have been intensively studied both theoretically and experimentally. Some groups pointed out22-24 that the intersection
of the electric states of C60 with the Fermi level (EF) of
SWNT leads to the appearance of a multicarrier state in
metallic C60@SWNTs, i.e., strong hybridization of electric
states between C60 and SWNT. However, the other groups
concluded25-27 that the t1u level of C60 inside SWNT does not
lie close to the EF, thus no structural hybridization occurred
between C60 and SWNT. Even though many investigations
have been carried out, the band structure of C60@SWNTs
remains a subject of controversy. Those investigations, however, affect little the energy-level arrangement of C60@SWNTs
or pristine SWNTs in our fabricated PECs, since their energy
levels always position between the DAPV and ITO energy
level with small gap difference.
In our previous studies,6,28 the PECs containing SWNT
layers showed improved efficiency of the photovoltaic devices,
which was often attributed to retardation of charge recombination. The reason for the retarded recombination was
suggested by three different factors. One is the formation of
efficient electronic energy cascade structures.29,30 In other
words, when the conduction band of the SWNTs is placed
between the work function of the ITO electrode and the
conduction band of semiconductor, excited electrons can be
easily transferred to the electrode through the SWNTs. The
second effect of the SWNTs is the decrease of the interfacial
resistance.31,32 The electrical resistance between n-type
material and ITO electrode is reduced by the outstanding
conductive properties of SWNTs. The third reason is the
enhancement of the electric field in the photovoltaic devices,
which implies the improvement of the electron-transfer rate
in the PEC.
When comparing C60@SWNT layer and pristine SWNT
layer, it can be said that the former has an advantage over the
latter in terms of retardation of charge recombination from
the results shown in Figures 2 and 3. Considering the first
reason for the retardation of charge recombination, i.e.,
efficient electronic energy cascade structures, C60@SWNT
layer doesn’t have an advantage over the SWNT layer alone
in terms of energy-level arrangement. Both energy levels
transferring electrons after photon absorption seem to be
located in a similar range, as mentioned previously, at cascade structures. The second effect (interstitial resistance)
could not be compared directly between C60@SWNTs and
pristine SWNTs in our specific structured PECs [RuL2
(NCS)2/DAPV/(SWNTs or C60@SWNTs)/ITO]. Vavro et
al.33 measured the electrical resistivity for C60@SWNTs and
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pristine SWNTs at room temperature (300 K) and showed
very small reduction of resistivity from the SWNTs to
C60@SWNTs, suggesting the charge transfer from C60 to the
SWNT is minimal. On the contrary, the result of Li et al.18
suggested that the hole density along the SWNT was greatly
enhanced after encapsulation of C60. In other words, the ptype behavior and electron acceptor property of C60@SWNTs
were enhanced. We estimate that increasing power conversion efficiency of PECs with C60@SWNT layer would be
responsible for charging collection property (more p-type
character). However, that may not be sufficient to fully
explain the significant improvement of photocurrents that is
observed as 70.6%.
The third reason for the increase in the efficiency of photovoltaic devices by SWNTs was demonstrated by measuring
electric field enhancement in In2S3/In2O3/SWNTs/ITO PEC
and In2S3/In2O3/ITO PEC.34 We explored the effect of SWNTs
by measuring the reverse-field emission (FE) currents and
the significant increase in the β-value (field enhancement
factor) and emission currents. In general, the FE systems
measuring emission currents are composed of a sample electrode as the cathode and a conductive electrode as the anode,
which tend to have a relatively positive potential. However,
in our case, the systems employed for investigating the
effects of the SWNTs in the PEC were prepared using the
layer containing SWNTs as the anode and a μ-tip Si as the
cathode, which tends to have a relatively negative potential
(see Figure S4 in the Supplementary material). To compare
the electric field enhancement effect for pristine SWNTs and
C60@SWNTs, the same method, i.e. measuring the reverseFE was used as shown in Figure 4. Our previous method
essentially compared two photovoltaic layers, one SWNTcontaining and one non-containing. SWNTs were well
known as strong electron-emission materials in normal FE
system, thus we could expect the strong electric field for the
SWNT-containing layers since the SWNTs could be strong
hole-emission materials in reverse-FE system. The reverseFE measurement method used in Figure 4 is technically the
same with the previous method, but conceptually advanced
since the hole-emission ability is comparable in both SWNTs
and C60@SWNTs. Figure 4(a) represents the FE current
densities between the anode (SWNTs/ITO and C60@SWNTs/
ITO) and μ-tip Si cathode. The turn-on field, ETO, which was
defined as the macroscopic field to produce a current density
of 10 μA/cm2, was calculated from logarithmic scale of
Figure 4(a). The ETO decreased from 4.42 (SWNTs anode) to
3.85 V μm−1 (C60@SWNTs anode). The maximum FE current
density was 0.21 mA cm−2 at an electric field of 6.2 V μm−1
for the PEC containing the C60@SWNTs, which was 2.3
times higher than that of the PEC containing the SWNTs
(0.09 mA cm-2). The FE current was increased and ETO value
was decreased in the presence of C60@SWNT layer.
Materials in a strong applied electric field, E = V/d (V:
applied electric potential, d: inter distance between an anode
and a cathode), emit electrons by tunneling according to the
following Flower-Nordheim (F-N) equation,35,36
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Figure 4. (a) reverse-FE current densities and (b) F-N plots for the
anode of RuL2(NCS)2/DAPV/SWNTs/ITO and RuL2(NCS)2/
DAPV/C60@SWNTs/ITO.
3/2

bΦ
2
I = AV exp⎛ – --------------⎞ .
⎝ βV ⎠
where I is the FE current density, A and b are constants, Φ
is the work function, and β is the geometric enhancement
factor, i.e., the field enhancement factor. Figure 4(b) shows
the F-N plots obtained from the FE data in Figure 4(a). The
β-values of SWNTs and C60@SWNTs on the ITO anode
were calculated by the F-N equation and were found to be
3001 and 3615, respectively, showing ~20% increase. In this
study, the geometrical feature of these two samples with the
μ-tip Si cathode was not significantly changed. The only
difference is the existence of the SWNT or C60@SWNT
layer in the anode electrode. In general, the measurements of
the FE currents and FE characteristics are influenced by the
work function and geometry of the cathode tip. However, in
this present study, the cathode materials used for the FE
measurements were the same. These results imply that the
C60@SWNT layer lead to increase in the FE currents over
the SWNT layer due to the enhanced electric field around
the μ-tip Si cathode. From the point of view of the field of
photovoltaic devices, the enhanced electric field intensifies
the power of electron transfer, which leads to the improvement of the electron-transfer rate in the cell. The PECs used
in this study are different from semiconducting p-n junction
devices having depletion layer with internal voltage differ-
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ence inside. However, the generated electrons and holes
transfer to lower energy levels successively after absorbing
photons, in other words, they are in electric field (E = V/d)
before reaching electrodes. To elucidate the charge carrier
mobility, life time of the carriers, electric field change, etc, in
our PECs, a technique of photoinduced charge carrier extraction in a linearly increasing voltage (Photo-CELIV)37 is
necessary and under investigation.
The photocurrent increase with the SWNTs was explained
in our previous studies,6,28,30 i.e., the formation of an efficient electronic energy cascade structure, decreasing the interfacial resistance, and improving the electrical field. The
further improvement with C60@SWNTs was due to the
increased electron acceptor property and the enhanced
electric field after the encapsulation of C60 inside SWNTs.
Conclusion
In conclusion, we have compared photocurrents for
RuL2(NCS)2/DAPV/SWNTs/ITO PEC and RuL2(NCS)2/
DAPV/C60@SWNTs/ITO PEC under illumination of light.
The photocurrents and efficiency were increased 70.6% in
the presence of C60@SWNTs. The improved field emission
properties, i.e., β and emission currents in the reverse-FE
with C60@SWNTs indicated the enhancement of electric
field in the PEC, which implied the improvement of the
electron transfer rate along with the reduced charge recombination in the cell. These results suggested that C60@SWNTs
can improve the efficiency instead of SWNTs in optoelectronic devices.
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