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a b s t r a c t

Wire-like TiO2–�-cyclodextrin (CD)–SWCNT composites have been successfully fabricated through solar-
induced self-assembly. The wires with the mean diameter of 1 �m were uniform and stable. �-CD
molecules acted as linkers between SWCNT and monodisperse TiO2 nanoparticles because �-CD can
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interact with both SWCNT and TiO2 nanoparticles. The sandwich structure electrode based on the wires
in the middle was fabricated. And the dye-sensitized solar cells with this sandwich structure electrode,
which exhibited enhanced power conversion efficiency, were systematically studied. The improved pho-
toelectrical performance was attributed to the effective separation of photoinduced electrons and holes
and the rapid transportation of photogenerated electrons of SWCNT, which was demonstrated by surface
photovoltage spectroscopy (SPS) and electrochemical impedance spectroscopy (EIS).
aman mapping

. Introduction

Dye-sensitized solar cells (DSSCs) have attracted much atten-
ion because of their attractive features of high energy conversion
fficiency and low production cost [1–6]. Typically, DSSCs are con-
tructed by nanocrystalline semiconductor oxide photoelectrode,
ye molecules, redox shuttle electrolytes and the counter elec-
rode. And the photoelectrode is the main factor that determines
he efficiency of DSSCs. Among nanocrystalline semiconductor
xide electrodes, TiO2 has been one of the best choices for DSSCs
ue to its high dye adsorption and the fast electron transport,
nd has shown the high overall light conversion efficiency over
1% [7]. But the primary weakness of the small electron dif-
usion coefficient limits the random walk of electrons through
he nanoparticle film [8]. One strategy for reducing the dimen-
ionality of the network in order to make electron transport
aster has been widely adopted [9–13]. However, the low sur-

ace area of one-dimensional photoelectrode materials determined
heir low dye adsorption, which resulted in the lower efficiency
ompared to nanoparticle films. Therefore, it is necessary to syn-
hesize new low-dimensional composites with high dye adsorption

∗ Corresponding authors. Tel.: +86 451 8660 8458; fax: +86 451 8667 3647.
E-mail addresses: huangxr@mail.jlu.edu.cn, fuhg@vip.sina.com (H. Fu).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.029
© 2009 Elsevier B.V. All rights reserved.

and fast electron transport in order to enhance the efficiency of
DSSCs.

Due to the unique electronic, mechanical, and chemical proper-
ties of carbon nanotubes (CNTs), TiO2-CNTs hybrid is a promising
material among many composites because it possesses the merit
of the building blocks, i.e. high dye adsorption of TiO2 and
fast electron transport of CNTs [14–17]. However, the interfacial
charge-transfer was not improved effectively because of the incom-
pact structure. Therefore, a further improvement of the TiO2–CNTs
interface is still a great challenge. Based on the works of wire-like
cyclodextrin (CD)–TiO2 composites and single wall carbon nan-
otube (SWCNT)–CD composites, it is possible to fabricate wire-like
TiO2–CD–SWCNT composite, because CD can interact with both
SWCNT and TiO2 nanoparticles.

On the basis of the above consideration, combining the
self-assembly behavior of �-CD, and its interaction with TiO2
nanoparticles and SWCNT, we design and fabricate a novel
wire-like TiO2–�-CD–SWCNT composite through solar-induced
self-assembly of monodisperse TiO2 nanoparticles and SWCNT–�-
CD composites. The compact composite structure of TiO2–�-

CD–SWCNT offers possibility to increase the separation and
transportation of photogenerated charges. So, we design a
sandwich structure electrode including this wire-like TiO2–�-
CD–SWCNT composite in the middle in DSSCs and it exhibits
enhanced power conversion efficiency. This is because the compact

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:huangxr@mail.jlu.edu.cn
mailto:fuhg@vip.sina.com
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omposite structure of TiO2–�-CD–SWCNT wire and the unique
lectronic property of SWCNT are in favor of the transportation of
hotogenerated electrons in this sandwich structure.

. Experimental

.1. Synthesis

The details for synthesis of SWCNT–�-CD composites [18], and
onodisperse TiO2 nanoparticles [19] were given elsewhere. Typ-

cally, 1 mg TiO2 and 5 mg SWCNT–�-CD were mixed with 1 mL
istilled water and then sonicated for 5 min. The pH of the suspen-
ion was about 7. After irradiating under solar at room temperature
or 3 weeks, wire-like composites were observed. These wires were
eparated and washed with distilled water completely. The wires
ere very stable for more than several months. Control experiment

f UV irradiation with a 20 W UV lamp was made and similar results
ere observed, the growth of wire-like composites could be easily

ontrolled by adjusting the intensity of UV irradiation.

.2. Characterization

Scanning electron microscopy (SEM) micrographs were taken
sing a Philips XL-30-ESEM-FEG instrument operating at 20 kV and
-4800 Hitachi at 15 kV, High-Technologies Corporation, respec-
ively. Raman measurements were performed with Jobin Yvon HR
00 micro-Raman spectrometer at 457.9 nm. The Raman mapping
as obtained by focusing the laser beam with 50× magnification.

he surface photovoltage spectroscopy (SPS) measurement was
arried out with a home-built apparatus which was described else-
here [20]. The electrochemical impedance spectroscopy (EIS) was
erformed with a computer-controlled IM6e Impedance measure-
ent unit (Zahner Elektrik, Germany). EIS was obtained by applying

inusoidal perturbations of 10 mV over the Voc at the frequency
ange from 0.05 to 100 kHz. All EIS measurements were carried out
nder illumination of 10 mW cm−2. The obtained spectra were fit-
ed with ZsimpWin software in terms of appropriate equivalent
ircuits.

.3. Photoelectrochemical measurements

The sandwich structure electrode was prepared as follows. The
rst layer of the TiO2 film was prepared by a doctor-blade method

n the FTO (F-doped SnO2 layer, sheet resistance is 20 �/square)
ubstrate [21]. TiO2 paste was obtained by homogeneously mix-
ng 2 mL ethanol and 680 mg TiO2 (Degussa P25). The longer FTO
dges were covered with transparent adhesive tape to control the
lm thickness and 0.1 mL of the paste was spread over the sur-

Fig. 1. Representative SEM images of wire-like TiO2–�-CD–SW
tobiology A: Chemistry 207 (2009) 306–310 307

face, and then sintered at 450 ◦C for 30 min. The middle layer,
which was also prepared by a doctor-blade method, was obtained
by homogenously mixing 1 mL distilled water and 1 mg TiO2–�-
CD–SWCNT composites. The third layer of the TiO2 was prepared
by a doctor-blade method too. This sandwich structure film was
finally pressed at 1000 kg cm−2 between stainless-steel plates in a
hydraulic press [22]. This electrode was designated as A. As a con-
trol, the sandwich electrode with the middle layer of SWCNT which
was prepared by electrophoretic deposition method between two
layers TiO2 nanoparticle was fabricated [23], deposition voltage
and time were 100 V and 2 min, respectively, denoted as B. The
electrode with only two layer TiO2 nanoparticle thin films was also
prepared, designated as C. The thicknesses of all three samples were
around 15 �m.

The films were immersed in 0.5 mM (C4H9)4N)2[Ru-(4-carboxy-
4′-carboxylate-2,2′-bipyridine)2(NCS)2] dye (N719, Solaronix SA,
Switzerland) in acetonitrile and tert-butanol (volume ratio,
1:1) for 12 h. Platinum counter electrodes were prepared fol-
lowing literature [7]. The dye-sensitized electrodes and Pt
counter electrode were cohered together with epoxy resin.
The electrolyte that was composed of 0.6 M 1-propyl-2,3-
dimethylimidazodiumiodide, 0.05 M I2, 0.1 M LiI, and 0.5 M
tert-butylpyridine in 3-methoxypropionitrile was admitted by cap-
illary action. The DSSCs assembled with A, B, and C were designated
as Cell A, B, and C, respectively. Photocurrent and photovoltage
were recorded by BAS100B Electrochemical Analyzer. A 400 W
xenon lamp with UV filter was used as a light source. Its intensity
was about 40 mW cm−2. The irradiation area was about 0.12 cm2.
After testing, desorption experiment was performed to determine
the amount of dye adsorption as follows. The dye-sensitized elec-
trodes were immersed in 0.02 M NaOH solution in alcohol (EtOH)
and H2O (volume ratio, 1:1) for 6 h.

3. Results and discussion

3.1. Structure and morphology of wire-like TiO2–ˇ-CD–SWCNT
composites

Under solar irradiation, wire-like TiO2–�-CD–SWCNT compos-
ite was formed. SEM images of wire-like TiO2–�-CD–SWCNT com-
posites are shown in Fig. 1. It can be clearly seen that the wires with
the mean diameter of about 1 �m were long and uniform (Fig. 1A).
Amplified SEM image of the wire shown in the inset of Fig. 1A indi-

cates monodisperse TiO2 particles cover on the surface of the wire
uniformly. Control experiments under UV irradiation are also made
and the result is similar to that of solar irradiation (Fig. 1B).

Raman measurements were used to investigate the distribution
of monodisperse TiO2 nanoparticles and SWCNT in this wire. Fig. 2

CNT composites (A: solar irradiation; B: UV irradiation).
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version efficiency (�) of Cell A (7.7%) was higher than that of Cell B
(7.3%) and C (7.2%). Owing to the incorporation of wires, especially,
the film thickness of the three electrodes are the same, that is to say,
the wires replace some TiO2 particles, so the roughness factor of Cell
A may be slightly lower than Cell C. Accordingly, the dye loading of

Table 1
Comparison of device performance parameters for this film in a DSSCs environment.

Cell Jsc (mA/cm2) Voc (V) FF � (%)
ig. 2. Light microscopy image of wire-like TiO2–�-CD–SWCNT composite (A) and i
: SWCNT).

hows the image of a single wire-like TiO2–�-CD–SWCNT compos-
te under solar irradiation and its corresponding Raman spectra and
aman mapping. The points of a, b, c, d, and e, f, g, h, are longi-
udinal and lateral distribution of the wire, respectively (Fig. 2A).
rom Fig. 2B, the peaks at 148, 199, 393, 513, and 638 cm−1 can be
scribed to Eg, Eg, B1g, A1g (B1g), and Eg modes, respectively, which
re the characteristics of anatase TiO2 [24]. Meanwhile, the charac-
eristic D-band at 1361 cm−1 and G-band at 1580 cm−1 of SWCNT
Fig. 2B), corresponding to the disordered mode and tangential

ode [25], respectively, could be clearly observed, indicating the
xistence of SWCNT. Raman mapping of the defined area of a sin-
le wire is shown in Fig. 2C and D. It shows the distribution of Eg

149 cm−1) mode of monodisperse TiO2 nanoparticles (Fig. 2C) and
-band (1361 cm−1) of SWCNT (Fig. 2D), respectively. Obviously,
onodisperse TiO2 nanoparticles and SWCNT distribute uniformly

long the wire. The formation of wire-like TiO2–�-CD–SWCNT
omposite proves that �-CD molecules acted as linkers between
WCNT and monodisperse TiO2 nanoparticles. From Raman and
aman mapping analysis, we can reveal that monodisperse TiO2
anoparticles and SWCNT distribute homogeneously in this wire.

.2. Photoelectrochemical property and analysis

Generally, the rapid electron transport is important to ensure
heir efficient collection in DSSCs. In TiO2 nanoparticle film, the
lectron transport across nanoparticles is easy for recombina-
ion loss at the grain boundaries [26]. Fabrication of films from
ne-dimensional structures has been proven to be an effective
ay to facilitate electron transport [9,27,28]. In order to obtain

apid electron transport and high roughness factor similar to
iO2 nanoparticles, we design the sandwich structure electrode to

mprove the efficiency in DSSCs. Fig. 3 shows the schematic rep-
esentation of the sandwich structure electrode. We can clearly
nderstand the sandwich structure from this scheme. The SEM

mages of cross-sections for electrodes A (a), B (b) and C (c),
espectively, were shown in Supplementary Data (Figure S1). The
Fig. 3. The schematic representation of the sandwich structure electrode.

thicknesses of the three samples were similar and all around 15 �m.
From Figure S1a we can clearly see that the TiO2–�-CD–SWCNT
wires layer was between two TiO2 nanoparticles layers. Therefore,
the TiO2–�-CD–SWCNT wires acted as linkers between two TiO2
nanoparticles layers. However, the SWCNT layer was not observed
obviously (Figure S1b). That is because the diameter of SWCNT was
only about 2 nm, they could not be observed clearly at this large
scale. Therefore, the image of the sandwich structure electrode
could be presented clearly by the SEM images of cross-sections.

The photocurrent and photovoltage characteristics and the
working parameters of each solar cell consisting of Cell A, B, and
C, respectively, are summarized in Table 1. Each value for cell per-
formance was taken as an average of at least four samples. It can
be seen that the short-circuit current density (Jsc) and power con-
Cell A 6.54 0.649 0.72 7.7
Cell B 6.29 0.632 0.72 7.3
Cell C 6.25 0.636 0.72 7.2

Note. Jsc: short-circuit photocurrent; Voc: open-circuit photovoltage; FF: fill factor;
�: power conversion efficiency.
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ig. 4. The UV–visible absorption spectra of desorption N719 dye from Cell A, B and
, respectively.

hem may be different. In order to investigate the dye loading of the
hree cells, UV–visible absorption measurement was performed.
ig. 4 shows the UV–visible spectra of Cell A, B and C after des-
rption in NaOH solution, respectively. According to Beer–Lambert
aw, the molar concentration of dye loading from Cell A, B, and C

as 1.30 × 10−5, 1.31 × 10−5, and 1.32 × 10−5 mol L−1, respectively
29]. That is to say, dye loading of the three cells changed slightly.
herefore, the main reason for the higher current density should
ot come from dye loading.

According to the analysis above, we speculate the enhanced Jsc

an be ascribed to the rapid electron transport rate through wires
hich possess of the compact composite structure. In order to con-
rm this hypothesis, surface photovoltage spectroscopy (SPS) was
erformed. SPS is a proper tool to investigate the photophysical
rocesses of semiconductor, such as charge-transfer and separa-
ion [20,30,31]. Fig. 5 shows the SPS responses of A, B, and C,
espectively. For all samples, a SPS response at around 345 nm is
ound. This is attributed to electron transitions from the valence to
onduction band (band-to-band transitions, O2p–Ti3d) [20,32,33].
ompared with B and C, A has the strongest SPS response, indicat-
ng that its separated efficiency of photogenerated charges is the
ighest [34]. It confirms that photoinduced electron–hole pairs are
asily separated and the electrons transfer rapidly in this wire. It is
ery interesting to note that the SPS response of A (347 nm) is red-

ig. 5. The surface photovoltage spectroscopy (SPS) responses of A, B, and C, respec-
ively.
Fig. 6. Electrochemical impedance spectroscopy (EIS) Nynquist plots of Cell A, B and
C, respectively.

shifted compared with that of C (342 nm). This is attributed to the
introduction of the wires including SWCNT. It is reported that the
apparent Fermi level was positively shifted in TiO2–CNTs compos-
ites, which was an indication of the electron transfer from TiO2 to
CNTs as the two systems undergo charge equilibration [17,35,36].
The equilibration of electrons between SWCNT and TiO2 results in
the transfer of parts of electrons into SWCNT, thus stabilizing the
photogenerated electrons and reducing the rate of recombination.
Therefore, the positively shift of the apparent Fermi level was the
main reason for the red-shift of the SPS responses. Accordingly, the
introduction of the wires, especially the compact composite struc-
ture favors of the rapid electrons transportation and reducing the
recombination, is the main reason for the enhanced efficiency of
Cell A.

Electrochemical impedance spectroscopy (EIS) is one of power-
ful methods to investigate internal resistances that is attributed to
charge-transfer process of DSSCs. Fig. 6 shows EIS Nynquist plots
of Cell A, B and C, respectively. The diameter of the arc radius on
the EIS Nynquist plot of Cell A is smaller than that of Cell B and Cell
C obviously. From the Nynquist diagram, the obtained resistances
values for Cell A, B and C are 102.8, 113.1 and 511.2 �, respectively.
The smaller the arc radius is, the higher the efficiency of charge
separation is [37,38]. The EIS data better explain the fast charge
transport in this sandwich structure electrode. Therefore, in the
case of Cell A, the photoinduced electron–hole pairs are easily sep-
arated and transferred to conductive substrate which is due to the
introduction of the wires including SWCNT. Thus, the photoinduced
electrons and holes are separated more efficiently in Cell A because
of the compact composite structure of TiO2–�-CD–SWCNT. This is
in good agreement with the SPS results. Therefore, the enhanced
efficiency can attribute to the unique electronic property of SWCNT
and the compact composite structure of TiO2–�-CD–SWCNT in this
structure in favor of the rapid transportation of photogenerated
electrons, subsequently reduced recombination.

4. Conclusions

In summary, wire-like TiO2–�-CD–SWCNT composites have
been successfully fabricated by solar-induced self-assembly. The
wires were long and uniform. The analytical results confirmed

that monodisperse TiO2 nanoparticles and SWCNT distributed uni-
formly in this wire. �-CD molecules acted as linkers between
SWCNT and monodisperse TiO2 nanoparticles. Moreover, the sand-
wich structure electrode containing the wires in the middle
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xhibited the 7% enhanced efficiency in DSSCs. The SPS and EIS
nvestigation confirm that the effective separation of photoinduced
lectrons and holes and the rapid electrons transportation of the
ompact structure of TiO2–�-CD–SWCNT are the main reasons for
he high efficiency. This sandwich structure electrode including
ne-dimensional materials represents a promising approach for
urther improving the efficiency in DSSCs.
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