FULL PAPER

DOI: 10.1002/gjic.201001241

Performance of Dye-Sensitized Solar Cells Based on MWCNT/TiO,_,N,
Nanocomposite Electrodes

Wei Guo,?! Yihua Shen,!?! Ligiong Wu,!?! Yurong Gao,!?! and Tingli Ma*!2!

Keywords: Solar cells / Metal oxynitrides / Carbon / Nanotubes / Semiconductors / Nanostructures

Multiwall carbon nanotube (MWCNT) fibrils were intro-
duced into TiO, N, photoelectrodes to enhance charge col-
lection efficiency as charge-transport pathways. For compari-
son, we also synthesized MWCNT/TiO, nanocomposites to
fabricate dye-sensitized solar cells (DSCs). The effect of
MWCNTs on the photovoltaic performance of the DSCs was
studied in detail. The performance of DSCs based on
MWCNT/TiO, (N, differs significantly from that of
MWCNT/TiO, photoelectrodes. A high energy conversion
efficiency of 7.66% was achieved in the dye-sensitized
MWCNT/TiO, nanocomposites solar cells. The results show
that remarkable enhancement of ca. 33% and ca. 40% in

the conversion efficiency (1) and short-circuit photocurrent
density (Js), respectively, occurrs for the DSCs based on
MWCNT/TiO, than those made of pure TiO, electrodes. The
energy conversion efficiency of DSCs based on TiO, Ny
electrodes was 6.98 %, which is similar to that of MWCNT/
TiO, (N, DSCs (6.88%-5.17 %). We also investigated the
charge collection efficiency, electron transport, electron life-
time, and photocurrent transient behavior by electrochemical
analysis. The introduced MWCNTs exhibit a smaller sheet
resistance and electron transfer resistance, as well as a
longer electron lifetime. A 20 % enhancement in the charge
collection efficiency is achieved in the nanocomposite DSCs.

Introduction

Dye-sensitized solar cells (DSCs) have attracted much at-
tention because of their cost efficiency, simple fabrication
process, and high conversion efficiency.!*) Many studies
have been carried out because of the demand for photovol-
taic technologies for large-scale energy production.[*>! One
of the key aspects of DSCs is the mesoporous semiconduc-
tor oxide film, which functions as a dye-sensitizer absorber
and electron collector that collects electrons to the outer
circuit. During the illumination of solar cells, electrons gen-
erated by photoexcited dye molecules are injected into the
conduction band of the oxide. Although most electrons can
be efficiently collected, recombination with triiodide and
excited dyes can still occur for certain electrons before
reaching the outer circuit. This is one of the main losses in
potential, which results in the failure of achieving a higher
energy conversion efficiency. Therefore, it is important to
improve the charge collection efficiency of the semiconduc-
tor oxide.

Previous studies have reported the unique geometry and
excellent electronic, thermal, and mechanical properties of
carbon nanotubes (CNTs).[%7] Meanwhile, the incorpora-
tion of CNTs into TiO,, which maximizes the advantages of
both materials, has become the subject of much research.®]
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Studies have been performed on the introduction of CNTs
into the electrode of DSCs and organic solar cells.”~'"1 Ka-
mat et al. presented the beneficial role of the single-wall
CNTs as conducting scaffold to facilitate charge collection
and electron transport in nanostructured semiconductor
films.[':1?] Previous studies have reported that direct mixing
of CNTs with commercial P25 or TiO, anatase nanopowder
leads to serious CNT aggregation, thereby suppressing pho-
tovoltaic performance. The energy conversion efficiency of
those DSCs range from 4.04-4.97%.[10-15:18] Recently, the
hydrothermal method has also been used to synthesize
homogeneous multiwall carbon nanotube (MWCNTSs)/TiO,
nanocomposites. DSCs based on these nanocomposites
have achieved an energy conversion efficiency ranging from
4.62-7.37%. However, the mixed crystal of the rutile and
brookite phases appeared in the nanocomposites.['4-!7]
These studies have demonstrated that CNTs can improve
conductivity, increase the surface area of electrodes, and en-
hance the energy conversion efficiency of photovoltaic de-
vices. Therefore, the use of CNTs to enhance the photovol-
taic performance of solar cells is a promising and worth-
while research endeavor. However, good interaction be-
tween CNTs and TiO, is essential. The flow of photo-
generated electrons can then be regularly guided to improve
charge separation and carrier transport. Recently, Li et al.
have reported a novel architecture of DSCs based on TiO,-
coated, vertically aligned nanofiber arrays. However, al-
though the architecture is promising, it needs to be opti-
mized since the energy conversion efficiency of such DSCs
is only about 1.09 %.[1¢]
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Although many reports on CNTs/TiO, have been pub-
lished, to the best of our knowledge, DSCs based on the
photoelectrode of CNTs/TiO, N, have not been reported
so far. In our previous work, we have successfully intro-
duced N-doped TiO, to the photoelectrodes of DSCs.['”! In
another study, N-doped TiO, has been introduced to quan-
tum-dot solar cells.?) An enhanced photocurrent and re-
tarded electron recombination has been observed in
DSCs.[21-231 Therefore, we attempted to use MWCNT/
TiO,_ N, nanocomposites as photoelectrodes to enhance
electron transfer and collection, which can further improve
the photovoltaic performance of DSCs.

In the present work, we introduced graphite fibrils of
MWCNTSs into nanostructured TiO, materials. The one-di-
mensional network is expected to assist electron transport
to the collecting photoelectrode surface in the DSCs. A
modified sol-gel method has been used to synthesize
MWCNT/TiO, nanocomposites. We have found interesting
results upon the introduction of MWCNT/TiO,_,N, nano-
composites as new semiconductor nanocomposites for
DSCs. The properties of the nanocomposites and films were
investigated by X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). The effect of MWCNTs on the
photocurrent—voltage characterization of DSCs was studied
by photoelectrochemical analysis. We further investigated
the role of MWCNTs in charge collection efficiency, elec-
tron transport, and electron lifetime.

Results and Discussions

Characterization of Microstructure and Phase Structure

The fibrous-type MWCNTs used in this work possess
high purity and a uniform diameter distribution as reported
by Matsuo et al.?* The peak of the Raman-allowed
phonon mode, E,,, at 1582 cm™! is not very sharp and its
intensity at 1345 cm ! is high, which occurs through the dis-
order-induced phonon mode as a result of the infinite size
of the crystals and defects.” This indicates that MWCNTs
have a low degree of graphitization. Acid-treatment of
MWCNTs can produce finely dispersed MWCNTSs and in-
troduce carboxylic acid groups on the surface of
MWCNTSs.2T We expect that the carboxyl acid group can
serve as a good connection between MWCNTs and TiO».
The microstructure of MWCNTs after acid and thermal
treatment at 450 °C for 1 h can be observed in Figure 1,
which shows that the MWCNTs maintain its fibrous nature
and has excellent thermostability.

The microstructures of MWCNT/TiO, films from the
SEM image, represented by the 0.06-MT and 0.50-MT
films, are shown in Figure | [X-MT is used to designate
MWCNT/TiO, nanocomposites with different weight ratios
(X relates to the weight ratio of the MWCNTs in the nano-
composite)]. The nanocomposite electrodes exhibit nano-
porous nanostructures. No incorporated MWCNTs fibrils
were observed on the surface of the nanocomposite film
for a MWCNT content of up to 0.06%. This implies that
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Figure 1. SEM image (a) and (b) 0.06-MT films; (c) 0.50-MT nano-
composite powder after sintering at 450 °C for 1 h; (d) 0.50-MT
films.

MWCNTs are entirely covered by bulk TiO,. However, as
the content of the MWCNTs is increased to 0.50%,
MWCNT fibrils run through the nanocomposite powder
(Figure 1c). We can also observe the bare MWCNT fibril
going through the films (the inset in Figure 1d). The surface
morphology of the nanocomposite electrode also varies
with the MWCNT content (Figure 1b, d). As the content of
the MWCNTs increases from 0.06 to 0.50%, a more porous
nanostructure is formed, which can be ascribed to the con-
tribution of the MWCNTs. Furthermore, we can see obvi-
ous aggregation of TiO, in the films. As MWCNT fibers
were introduced into TiO, during hydrolysis of TTIP, it was
found that the MWCNTSs can also act as nucleation sites,
which leads to the aggregation of the TiO, particles.
Figure 2 shows the XRD patterns of TiO,, TiO, N,
and 0.50-MT. The peaks can be attributed to anatase TiO,.
However, we cannot observe the peaks at 26 positions of
26.0° and 43.4°, which are characteristic of carbon materi-
als.?”] The reason for this is that the intensity of the main
peak for anatase (101) at 25.4° is quite high and overlaps
the main peaks of the MWCNTs. In addition, the small
amount of MWCNTs makes it difficult to identify their
characteristic peaks. The crystallite sizes for TiO,,
TiO,_ N, and 0.50-MT are 15.25, 17.85, and 16.47 nm,
respectively. These calculated results are consistent with
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Figure 2. X-ray diffraction patterns.
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those from the SEM images (Figure 1a), which indicates
that the introduction of the MWCNTSs does not affect the
crystallite size of TiO».

Photovoltaic Performance of DSCs

We assembled the dye-sensitized solar cells with the
nanocomposite electrodes. Figure 3a shows the photovol-
taic performance of the DSCs based on the MWCNT/TiO,
electrodes containing various amounts of MWCNTs. The
detailed data are listed in Table 1. Based on the pure TiO,
electrode, the energy conversion efficiency (77) of the solar
cell is 5.78 %. When the content of the MWCNTs increases
from 0.01 to 0.06%, the value of the short-circuit photo-
current density (/) significantly increases by ca. 40 % from
10.91 to 15.27 mAcm 2. The energy conversion efficiency
also improves by ca. 33% from 5.78 to 7.66%. The improve-
ment in # and J,. apparently exceeds measuring errors,
which further demonstrates the role that MWCNTs play in
photoelectrodes. However, as the content of MWCNTs is
further increased to 0.50%, the energy conversion efficiency
of the DSCs decreases to 3.87%, which is even lower than
that of DSCs based on the pure TiO, electrode. The value
of J,. decreases from 15.27 to 8.30 mA cm 2, and the value

of the open-circuit voltage (V,.) decreases from 0.752 to
0.661 V.
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Figure 3. (a) Photocurrent-voltage characteristics of DSCs based
on MWCNT/TiO, electrodes; (b) effect of the different MWCNT
content on the photovoltaic performance parameters of the DSCs.
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Table 1. Photovoltaic performance and electron lifetime of the
DSCs based on MWCNT/TiO, nanocomposite electrodes. FF =
fill factor.

Sample Voo [VI  Joe [mMAcm 2] FF [%] 7 [%] 7. [ms]
TiO, 0.756 10.91 70.1 5.78 19.4
0.01-MT  0.759 10.95 66.0 5.49 -
0.03-MT  0.740 13.68 67.2 6.80 14.8
0.06-MT  0.752 15.27 66.7 7.66 13.8
0.10-MT  0.746 12.86 67.3 6.46 21.0
0.50-MT  0.661 8.30 70.5 3.87 18.7

The effect of the content of the MWCNTs on the photo-
voltaic performance of the DSCs is shown in Figure 3b. As
can be seen, there exists an optimum value for the content
of the MWCNTs in the nanocomposite electrode. The opti-
mum content of the MWCNTs varies with the method of
incorporation into TiO,.1%-13-1517.181 Tn our case, the opti-
mum content of the MWCNTs is 0.06%. The photocurrent
is first enhanced and then weakens as the content of the
MWCNTs increases. Although the MWCNT fibrils play an
important role in the electron transport pathway, more
MWCNTs can cause light-harvesting competition between
the dye molecules and the MWCNTs.'Y Moreover, V. does
not change at first; it decreases as the content of the
MWCNTs increases to 0.50%. The Fermi equilibrium be-
tween TiO, and CNTs causes V.. to decrease.[''l Moreover,
a higher recombination rate generally leads to a smaller
open-circuit voltage.’®! In this work, recombination sites
can come from: (a) the heterogeneous interfaces between
the CNTs and the bulk TiO,!''1 and (b) the bare MWCNTs
not covered by TiO, and dye molecules (Figure lc).l'8]
More recombination sites may also be the reason for the
lower V. value.

To further clarify the higher J. value of the DSCs based
on the MWCNT/TiO, nanocomposite electrodes, action
spectra were measured by monitoring the photocurrent at
different incident wavelengths (Figure 4). We can clearly ob-
serve a significant enhancement in the incident photo-to-
current conversion efficiency (IPCE) for the 0.03-MT and
0.06-MT DSCs in the range 350-650 nm. As the content of
the MWCNTs increases to 0.50%, the IPCE value decreases
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Figure 4. Action spectra of the DSCs based on the MWCNT/TiO,
electrodes.
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dramatically in the range 500-700 nm, which thereby dem-
onstrates the light-harvesting competition between the dye
and the MWCNTs.['4]

In our previous work, we developed highly efficient solar
cells based on nitrogen-doped TiO, electrodes.'”! Accord-
ing to work on MWCNT/TiO, nanocomposite electrodes,
the overall performance of DSCs can be expected to im-
prove further by incorporating MWCNTs into nitrogen-
doped TiO,. Therefore, we carried out another set of ex-
periments on DSCs based on MWCNT/TiO,_ N, nano-
composite electrodes. Surprisingly, we obtained a sup-
pressed photovoltaic performance. The nitrogen content in
the N-doped TiO, is 0.43% based on X-ray photoelectron
spectroscopy. We can see from the J-V curves and the de-
tailed data of the DSCs based on MWCNT/TiO, N, in
Figure 5a and Table 2 that the energy conversion efficiency
of DSCs based on the TiO, N, electrode is 6.98 %, which
is higher than that of DSCs based on pure TiO, electrodes
(5.52%). The reason for the improvement in the photovol-
taic performance in the DSCs based on nitrogen-doped
TiO, has been discussed in our previous work.!'>2’1 How-
ever, in DSCs based on MWCNT/TiO,_ N, electrodes, the
DSCs give similar photovoltaic performance when the con-
tent of the MWCNTs increases from 0.03 to 0.06%; the
energy conversion efficiency ranges from 6.98-6.57%. The
Ji. and V. values do not show an obvious decrease in their
respective levels. When the content of the MWCNTs is in-
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Figure 5. (a) Photocurrent—voltage characteristics of DSCs based
on MWCNT/TiO, N, electrodes; (b) Photocurrent-voltage char-
acteristics of the DSCs in the dark.
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creased to 0.50%, the energy conversion efficiency decreases
to 5.17%. In detail, the J value decreases by 28% from
13.10 to 10.19 mAcm= and V,. decreases from 0.801 to
0.738 V. The reason for the lower J,. value has been dis-
cussed above.

Table 2. Photovoltaic performance of DSCs based on MWCNT/
TiO,_.N, electrodes. FF = fill factor.

Sample Voe [V] Joo [MAcm™]  FF [%)] n [%]
TiO, 0.814 9.88 68.6 5.52
TiO, N, 0.801 13.10 66.6 6.98
0.03-MN  0.807 12.41 68.7 6.88
0.06-MN  0.779 12.74 66.2 6.57
0.50-MN  0.738 10.19 68.7 5.17

We further investigated the reasons behind the interesting
photovoltaic performance of the DSCs based on the
MWCNT/TiO, N, electrodes. Dark current is an impor-
tant parameter for the evaluation of the electron recombi-
nation between the photoinjected electrons and 15~ in the
electrolyte. A smaller dark current is critical in obtaining a
high V. value.l’% In this work, we studied the dark current
of the DSCs assembled with the pure TiO,, TiO, N, and
MWCNT/TiO,_ N, electrodes. The results are shown in
Figure 5b. When nitrogen-doped TiO, DSCs are compared
with pure TiO, DSCs, the former exhibit a smaller dark
current. However, after assembling the MWCNT/TiO,_ N,
electrodes with DSCs, the dark current of the solar cells,
except that of the 0.03-MN DSC, was much larger than
those of nitrogen-doped DSCs and pure TiO, DSCs [X-
MN is used to designate MWCNT/TiO, N, nanocompos-
ites with different weight ratios (X relates to the weight ra-
tio of MWCNTs in the nanocomposite]. Therefore, the
larger dark current is one of the reasons for the lower pho-
tovoltage, which suppresses the photovoltaic performance
of the solar cells.

Photocurrent Transient Analysis

More recombination sites also lead to lower V. values;
thus, we performed photocurrent transient measurements
by electrochemical methods. When the photoanodes of the
TiO, films are excited by UV light (£, > 3.2 €V), the gener-
ated anodic photocurrent indicates that charge separation
occurs on the surface of the electrode. The magnitude of
the photocurrent represents the charge collection efficiency
of the electrode surface.''l The thickness of the film was
controlled to obtain nearly equal amounts of TiO, particles
that undergo photocurrent generation and charge separa-
tion. The electrodes generate photocurrent immediately af-
ter irradiation and show reproducible responses to ON-
OFF cycles. Figure 6A shows the photocurrent transient
behavior generated under simulated solar light. It can be
clearly seen that the 0.06-MT electrode (0.30 cm?) possesses
an enhanced photocurrent, which indicates that a pro-
motion in charge separation and charge transfer has been
achieved by introducing the MWCNTs. In Figure 6B, we
compare the short-circuit photocurrent generation at the
1779
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TiO,, TiO, \N,, and MWCNT/TiO,_ N, electrodes
(0.16 cm?) with varying amounts of MWCNTs. It can be
observed that the TiO, N, electrode shows the largest
photocurrent responses among the three kinds of elec-
trodes. The results are consistent with those of previous
works.?1-311 However, the 0.06-MN and 0.50-MN electrodes
exhibit weakened photocurrent, which indicates that poorer
charge separation and collection occurs in the two elec-
trodes relative to the other three. Therefore, we can con-
clude that more recombination sites evidently exist in the
MWCNT/TiO,_.N, electrode.
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Figure 6. Photocurrent transient behavior generated during photo-
irradation under simulated solar light. (A) TiO, and 0.06-MT elec-
trodes, area 0.30 cm2; (B) TiO, N, and MWCNT/TiO, N, elec-
trodes, area 0.16 cm 2 (a) TiO, N,; (b) TiO,; (c) 0.03-MN; (d)
0.06-MN; (e) 0.50-MN.

Electrochemical Impedance Analysis

There is a need to gain a better understanding of the
electronic and ionic processes occurring in DSCs based on
MWCNT/TiO, and MWCNT/TiO,_ N, electrodes. Elec-
trochemical impedance spectroscopy is a powerful steady-
state technique that has been widely used to study the kinet-
ics of electrochemical and photoelectrochemical processes
in DSCs. Key parameters characterizing electron transport,
back reaction, and charge transfer at a counter electrode
can be extracted by applying appropriate equivalent cir-
cuits.??l The Nyquist diagram typically features three semi-
circles in order of increasing frequency that correspond to
the Nernst diffusion within the electrolyte, electron trans-
1780
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port at the oxide/electrolyte interface, and the redox reac-
tion at the platinum counter electrode.*3! Our present study
mainly focuses on semiconductor photoanodes. Impedance
due to electron transfer from the conduction band of the
mesoscopic film to the triiodide ions in the electrolyte and
the back reaction at the TiO,/electrolyte interface, presented
by the semicircle in intermediate-frequency regime, are our
major concerns in this research. The mean electron lifetime
(tn.r1s) in TiO; can be estimated from the following Equa-
tion (1):

Tn,EIS = (zn.fmax) ! (1)

where f,.x 1S the frequency at the top of the intermediate-
frequency arc.’334 The sheet resistance (R;) of the cell was
measured when electrons were transported through the de-
vices in the high-frequency range, exceeding 10° Hz.

Figure 7 shows the electrochemical impedance spectra of
DSCs based on TiO, and MWCNT/TiO, electrodes mea-
sured at a forward bias of 0.75 V in the dark. Generally, R,
values for 0.03-MT and 0.06-MT are smaller than that of
pure TiO,. This result indicates that the R, of DSCs be-
comes smaller with the incorporation of MWCNTs. With
regard to the semicircle in the middle-frequency range of
the electrochemical spectra, electron transfer resistance first
decreases then increases with an increase in the content of
MWCNTs. The 0.06-MT DSCs, which yield the highest en-
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Figure 7. Electrochemical impedance spectra of DSCs based on
MWCNT/TiO, electrodes measured at a forward bias of 0.75V in
the dark. (a) Nyquist plot and (b) Bode phase plot.
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ergy conversion efficiency, give the smallest semicircle. As
the content of MWCNTSs increases, electron transfer resis-
tance became larger. This may be due to more recombina-
tion sites, as similarly seen for the photovoltaic performance
of DSCs. We also studied the electron lifetime (z.) of the
DSCs. Details are listed in Table 1. As can be seen from the
electrochemical impedance spectra, f,., first shifts to the
left then to the right, which indicates that the electron life-
time first becomes shorter then longer by increasing the
content of MWCNTs.

The kinetics of electron injection, transport, and lifetime
has been studied previously. The timescale for electron in-
jection has been found to be in the range of picoseconds,!
and that of the electron lifetime in the several milliseconds
to seconds.’®) The photoinjected electrons move through
the network of interconnected TiO, nanoparticles, usually
a random walk process, and undergo lots of trapping and
detrapping events. During this transport of electrons to the
outer circuit, the electrons may be lost by back-electron-
transfer to the triiodide species in the redox electrolyte.
Competition between electron collection and back-electron-
transfer determines the performance of DSCs. Ideally, all
injected electrons should be collected without loss.[37]
Therefore, a smaller electron transfer resistance, an efficient
electron collection, and a longer lifetime are necessary for
the improvement of the photovoltaic performance of DSCs.

It is interesting to identify the reason behind the sup-
pressed photovoltaic performance of MN-DSCs. Table 3
and Figure 8 show the electrochemical impedance spectra
of DSCs based on the TiO, N, and MWCNT/TiO,_.N.
electrodes measured at a forward bias of 0.75 V in the dark.
When the N-doped DSCs are compared with the MN-
DSCs, a decrease in R, is observed with an increase in the
content of MWCNTs. Meanwhile, the resistance of the MN
electrodes (R,) decreases with an increase in the content of
MWCNTs. The reduced R, and R, are apparently ascribed
to the incorporation of MWCNT fibrils. However, electron
transfer resistance (R.;) increases with an increase in the
content of MWCNTs. N-doped DSCs, which yield the high-
est energy conversion efficiency, result in the smallest semi-
circle in the middle frequency range of the electrochemical
impedance spectra. The mean electron lifetime (7, g1s) in
TiO, was also calculated and is listed in Table 3. The f,.,
of N-doped DSC shifts to the left relative to that of DSCs
based on TiO,, whereas f;,., of MN-DSCs shifts to the
right relative to that of N-doped DSCs, which indicates that
the electron lifetime in N-doped DSCs and MN-DSCs is
relatively longer than that in DSCs based on pure TiO, elec-
trodes. Therefore, electron transfer resistance, rather than
electron lifetime, is the main reason for the suppressed pho-
tovoltaic performance.

Whether or not the incorporation of MWCNTs can
guide the flow of electrons to the outer circuits should be
confirmed. Thus, we further investigated the charge collec-
tion efficiency in the MN-DSCs. Gritzel et al. analyzed the
charge collection and charge extraction in dye-sensitized so-
lar cells.[3¥ They proposed that the charge collection rate at
the FTO contact is expressed as Equation (2).
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Table 3. Electrochemical impedance data of DSCs based on
MWCNT/TiO, N, electrodes.

R Ry R [ohm e [Yo
Sample 1 bl [ohm]® e 1O, g {fee P4
TiO, 3.79 5.30 17.49 19.6 76.7
TiO, \N, 7.71 5.23 14.68 24.9 73.7
0.03-MN  7.08 4.83 16.57 19.4 77.4
0.06-MN  5.36 3.66 16.38 26.6 81.7
0.50-MN  3.65 2.49 19.01 21.1 88.4

[a] Sheet resistance. [b] Electron transport resistance in the TiO,
films. [c] Interfacial electron recombination resistance. [d] Electron
lifetime. [e] Charge collection efficiency.
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Figure 8. Electrochemical impedance spectra of DSCs based on
MWCNT/TiO, N, electrodes measured at a forward bias of
0.75 V in the dark. (a) Nyquist plot and (b) Bode phase plot.

ik T Ty )

where 7., 7, and 7, represent the time constants for charge
collection, transport, and recombination, respectively.
Therefore, the charge collection efficiency can be written as
Equation (3).

SR B SO ST .
T R, +R, (3)

o o r

We can extract R, and R, by applying the equivalent
circuits.?®! The values of 7. are shown in Table 3. The re-
sults reveal that incorporation of the MWCNTs can im-
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prove the charge collection efficiency by ca. 21% from 73.7
to 88.4%. Therefore, the one-dimensional network of nano-
composites provides an efficient electron pathway and en-
hances the charge collection efficiency.

We can conclude that the introduction of carbon nano-
structures into DSCs improves the conductivity of the semi-
conductor films and leads to the collection of electrons ef-
ficiently. However, it is important to disperse well-organized
carbon nanotubes to realize the uniform collection of elec-
trons. Meanwhile, the reduction of heterogeneous interfaces
is essential for making the carbon nanostructures play a
better role. The type of CNT materials and the proper
length of the nanostructure also affect charge collection and
electron transport; these can be the topics of future work.

Conclusions

Fibrous-type MWCNT fibrils were introduced into TiO,
photoelectrodes of DSCs to enhance electron transport and
charge collection efficiency. Nanocomposites of MWCNT/
TiO, and MWCNT/TiO,_ N, were synthesized by a modi-
fied acid-catalyzed method. The results show that a signifi-
cantly enhanced energy conversion efficiency of ca. 33%
and an improvement of the J,. value by ca. 40% was
achieved by the DSCs based on MWCNT/TiO, nanoc-
omposite electrodes. Moreover, introduction of the
MWCNTs contributed to a smaller sheet resistance, longer
electron lifetime, and smaller electron transfer resistance.
The suppressed photovoltaic performance of the DSCs
based on novel MWCNT/TiO,_ N, nanocomposites is
mainly due to a larger electron transfer resistance and to
more recombination sites. A lower photovoltage may also
be due to a larger dark current and to more recombination
sites. A 20% enhancement of the charge collection effi-
ciency was achieved in the nanocomposite DSCs. This study
has also given clear evidence on the improvement of the
charge collection efficiency in dye-sensitized solar cells
based on MWCNT nanocomposites.

Experimental Section

Materials: Fibrous-type MWCNTs (Hyperion Catalysis Inter-
national, Inc., Japan) named Hyperion Graphite Fibrils, with dia-
meters of 10-20 nm, length of 10-20 um, and L/D ratio of (1-2)
X 103 were used in this work. The BET surface area is 250 m?g .
The true density is 2.0 gem 3.?4 In the experiment, MWCNTSs
(100 mg) were oxidized in concentrated HNOj3 (50 mL) by refluxing
at 140 °C for 4 h. The mixed solution was filtered by using a poly-
tetrafluoroethylene (PTFE) membrane with a pore size of 1 pm.
The filtrate was then washed with water several times to remove
residual acid and then sintered at 450 °C for 1 h in an oven.

All chemicals used in this paper were reagent grade, including iso-
propyl alcohol, nitric acid, and other reagents for the synthesis and
photovoltaic experiments for the DSCs.

Preparation: MWCNT/TiO, nanocomposites were synthesized by
a modified acid-catalyzed sol-gel method. Titanium tetraisopro-
poxide [TTIP, Wako, Japan] was used as the titanium source. The
volume ratio was kept at 10:30:2:200 for Ti(OPri)4:IPA:HNO;:H,O.
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Certain amounts of acid-treated MWCNTs were first sonicated in
isopropyl alcohol (IPA, 30 mL) for 30 min to disperse them well.
Secondly, titanium tetraisopropoxide (10 mL, Wako, 97%) was
added to the MWCNT/IPA solution. The mixed solution was again
sonicated for 30 min to improve the interaction between the materi-
als. The mixed solution was then added slowly to distilled deionized
water (200 mL). The pH of the distilled water was adjusted to 2 by
the addition of concentrated HNO;, while strongly stirring in an
ice bath. A gray, milky slurry was formed, filtered, and washed
with deionized water and ethanol several times. The gray, milky
slurry was then dried at 80 °C for 1 h. A gray precipitate of the
nanocomposite precursor [MWCNT/Ti(OH),] was obtained and
sintered at 450 °C for 1 h. Finally, the MWCNT/TiO, nanocompo-
sites were obtained. MWCNT/TiO, nanocomposites with different
weight ratios of MWCNTs were prepared by dispersing the ob-
tained MWCNT/TiO, nanocomposites into TiO, nanocrystals and
are designated as X-MT, where X (0, 0.01, 0.03, 0.06, 0.10, and
0.50%) relates to the weight ratio of the MWCNTs in the nano-
composite.

MWCNT/TiO, N, nanocomposites were synthesized by heating
MWCNT/Ti(OH)4 and urea powder at a weight ratio of 1:2.5. The
mixed powder was ground until it could be dispersed well, then
sintered at 450 °C for 4 h. A yellow green powder of MWCNT/
TiO, N, nanocomposites was then obtained. MWCNT/TiO, N
nanocomposites were designated as X-MN, where X (0, 0.03%,
0.06%, and 0.50%) relates to the weight ratio of the MWCNTs in
the nanocomposite.

Fabrication of Films: Screen-printable TiO, nanocomposite pastes
were prepared according to the procedure developed by our group.
Briefly, polyethylene glycol (PEG 600) was used as dispersion me-
dium for the pastes.’”! A screen-printing technique was used to
fabricate the TiO, films. Firstly, the TiO, paste was deposited on
the fluorine-doped tin oxide conductive glass (Asahi Glass Co.,
Ltd.; sheet resistance: 10 ©/sq). Secondly, the film was sintered at
450 °C for 30 min in atmospheric air. It was then immersed in
40 mm TiCl, solution at 70 °C for 30 min, rinsed with water and
ethanol, and sintered at 500 °C for 30 min. After cooling down to
80 °C, the film was dipped in a dye solution of 5X 10#Mm cis-
bis(isothiocyanato)  bis(2,2'-bipyridyl-4,4’-dicarboxylato)rutheni-
um(II)bis(tetrabutylammonium) (N719) dissolved in acetonitrile
and 4-tert-butyl alcohol (volume ratio 1:1) and kept at room tem-
perature overnight. Finally, a dye-sensitized TiO, photoelectrode
was obtained. The active area of the MWCNT/TiO, electrodes is
0.25cm 2, and the films have a thickness of ca. 13 pm. For the
MWCNT/TiO, N, electrodes, the active area is 0.16 cm 2, and the
films have a thickness of ca. 13 pm.

DSC Assembly: The dye-sensitized TiO, electrode and a platinized
counter electrode were assembled to form a solar cell by sandwich-
ing a redox (I'/I3") electrolyte solution. In this work, the organic
electrolyte consisted of 0.03 m I,, 0.06 m Lil, 0.6 m 1-butyl-3-meth-
ylimidazolium iodide (BMII), 0.1 M guanidinium thiocyanate, and
0.5 M 4-tert-butylpyridine in acetonitrile.

Characterization: The size of nanocomposite powders and the mi-
crostructure of the films were studied by using field-emission scan-
ning electron microscopy (FE-SEM S-4800, Hitachi, Japan). The
phase composition and crystallinity of the nanocomposites were
determined by XRD (D/MAX-2400, Japan) with Cu-K,, radiation
(y = 0.1541 nm). The crystallite sizes of TiO,, TiO, N, and 0.50-
MT were estimated by Scherrer’s equation, i.e. D = k/./ficos26,
where D represents the crystal size, k£ is the dimensionless shape
factor with a typical value of 0.89, 4 is the wavelength of X-ray
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irradiation (0.1541 nm for Cu-K, radiation), f is the full width at
half maximum, and 6 is Bragg’s diffraction angle.

Photoelectrochemical Measurement: Current-voltage curves of the
DSCs were obtained by applying external bias to the cell and by
measuring the generated photocurrent under white light irradiation
with a Keithley digital source meter (Keithley 2601, USA). The
intensity of the incident light was 100 mW cm 2, and the instrument
was equipped with a 300 W solar simulator (Solar Light Co., Inc.,
USA) that served as the light source. The photon flux was deter-
mined by a power meter (Nova, Ophir Optronics, Ltd., Japan) and
a calibration cell (BS-520, s/n 019, Bunkoh-Keiki Co. Ltd., Japan).
Measurement of IPCE was carried out by monitoring the photo-
current at different incident wavelengths with a test system (SM-
25, Japan). The photoelectrochemical measurements were carried
out in a conventional three-electrode electrochemical cell by using
TiO,, MWCNT/TiO,, and MWCNT/TiO,_ N, nanocomposites as
the working electrode, Pt wire as the counter electrode, and Ag/
AgCl electrode as the reference electrode. The light source and in-
tensity were similar to those used for the measurement of current—
voltage curves of the DSCs. No bias was applied to the electrodes;
the light was turned on and off every 10 s. The electrolyte was a 1 m
KOH solution. Electrochemical impedance measurements (EIS) of
the solar cells were performed on a Zahner IM6eX system (Zahner,
Germany). The frequency range was 0.1-10° Hz and the magnitude
of the alternative signal was 10 mV. When the EIS measurements
were carried out in the dark, the applied potential was 0.75V.
Thales software packed with Zahner IM6eX software was em-
ployed to fit the impedance data.
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