
D
c

J
S

a

A
R
R
A
A

K
A
M
C
D

1

(
w
h
N
s
f
D
a
(
a
t
a
r
d
f
c
e
T
c
d
e

0
d

Journal of Power Sources 196 (2011) 7891– 7898

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jo ur nal homep age: www.elsev ier .com/ locate / jpowsour

ye-sensitized  solar  cells  based  on  anatase  TiO2 hollow  spheres/carbon  nanotube
omposite  films

iaguo  Yu ∗, Jiajie  Fan,  Bei  Cheng
tate Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan, 430070, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 10 January 2011
eceived in revised form 7 April 2011
ccepted 10 May  2011
vailable online 19 May 2011

a  b  s  t  r  a  c  t

Dye-sensitized  solar  cells  (DSSCs)  based  on  anatase  TiO2 hollow  spheres  (TiO2HS)/multi-walled  carbon
nanotubes  (CNT)  nanocomposite  films  are  prepared  by a directly  mechanical  mixing  and  doctor  blade
method.  The  prepared  samples  are  characterized  by  scanning  electron  microscopy,  transmission  electron
microscopy,  X-ray  diffraction,  UV–vis  absorption  spectroscopy  and N2 adsorption–desorption  isotherms.
The  photoelectric  conversion  performances  of  the  DSSCs  based  on TiO2HS/CNT  composite  film  electrodes
eywords:
natase TiO2 hollow spheres
ulti-walled carbon nanotubes (CNT)

omposite
ye-sensitized solar cells (DSSCs)

are also  compared  with  commercial-grade  Degussa  P25  TiO2 nanoparticles  (P25)/CNT  composite  solar
cells at  the same  film  thickness.  The  results  indicate  that  the  photoelectric  conversion  efficiencies  (�)  of
the  TiO2HS/CNT  composite  DSSCs  are  dependent  on CNT  loading  in the  electrodes.  A  small  amount  of  CNT
clearly  enhances  DSSC  efficiency,  while  excessive  CNT  loading  significantly  lowers  their  performance.  The
former is  because  CNT  enhance  the transport  of  electrons  from  the  films  to  FTO  substrates.  The  latter  is
due to high  CNT  loading  shielding  the  visible  light  from  being  adsorbed  by  dyes.
. Introduction

Since the first report on low-cost dye-sensitized solar cells
DSSCs) based on TiO2 nanocrystalline mesoporous particle films
as published in 1991 by O’Regan and Gratzel [1],  great efforts
ave been made to improve the performance of the DSSCs [2–4].
evertheless, despite their initial success of approximately 11%

olar conversion efficiency, continued efforts to improve cell per-
ormance have not made greater breakthroughs [5–7]. Typically,
SSCs consist of a nanocrystalline porous TiO2 film covered by

 monolayer of dye molecules, a redox-active liquid electrolyte
iodide/tri-iodide based), and a Pt counter electrode [1].  Among the
bove three parts, the preparation of porous TiO2 film is a key fac-
or in the optimization of DSSCs for its enormous influence on the
nchor of dye molecules and transfer and separation of charge car-
iers [8,9]. In the operation of DSSCs, sunlight is first absorbed by the
ye molecules anchored to the TiO2 surface and excites electrons
rom highest occupied molecular orbitals (HOMO) to lowest unoc-
upied molecular orbitals (LUMO) of the dye, and the excited-state
lectrons are quickly injected into the conduction band of TiO2.
hese electrons diffuse through the TiO2 particle network to the

ollecting transparent conducting oxide (TCO) substrate. The oxi-
ized dye molecules are regenerated by the reducing species in the
lectrolyte solution, predominately I− ions, and then the resulting
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© 2011 Elsevier B.V. All rights reserved.

tri-iodide ions can accept electrons from the platinized TCO counter
electrode to fulfill a complete current cycle in DSSCs [3,4]. The rapid
electron transport and transfer in the porous TiO2 films are piv-
otal in reducing photo-generated electron-hole recombination and
in improving the photoelectric conversion efficiencies (�) of the
DSSCs [3,9]. Fabrication of porous films using one-dimensional (1D)
nano-structures has proven to be a good way  to improve electron
transport [10,11]. In addition to the effect on electron transport, 1D
nano-structure also enhances the light harvesting by scattering of
light. However, in most conventional DSSCs, TiO2 nanoparicles with
sizes of 10–20 nm are used. The particle sizes are much smaller than
the wavelength of visible light. Therefore, the film is transparent
due to little scattering of light.

In recent years, carbon nanotubes have attracted more and
more attention due to their special electric structure, large specific
surface area, hollow and layered structures, extraordinary mechan-
ical and chemical stability properties and their widely potential
applications [12]. Especially, carbon nanotubes not only have a
large electrons-storage capacity, but also show electronic con-
ductivity similar to that of metals [13]. Taking account of their
1D nano-structures and good electrical conductivity, it is rea-
sonable to conclude that CNT/TiO2 composites are beneficial to
transport the electrons within TiO2 films and enhance their pho-
tocatalytic and photoelectric conversion efficiencies [14]. Many

experimental results have confirmed this point. For example, Yu
et al. reported that CNT/TiO2 composites obtained by ultrasonic
irradiation showed the enhanced photocatalytic activity toward
decomposing gas acetone in air as well as azo dyes in water [15].

dx.doi.org/10.1016/j.jpowsour.2011.05.014
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiaguoyu@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2011.05.014
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Table 1
The physicochemical properties of P25, acid-treated CNT, and TiO2HS/CNT composite powders scraped from the composite film electrodes.

Samples CNT (wt%) SBET (m2 g−1) PV (cm3 g−1) APS (nm) Porosity (%) ACS (nm) RC

CT-0 0 82 0.27 15.0 51.3 15.7 (A) 1
CT-0.05 0.05 83 0.29 14.8 53.1 15.4 (A) 0.96
CT-0.1 0.1 85 0.30 14.4 54.0 15.1 (A) 0.94
CT-0.2 0.2 88 0.32 14.1 55.6 14.8 (A) 0.91
CT-0.5 0.5 90 0.33 13.7 56.3 14.4 (A) 0.88
CT-1.0 1 93 0.36 13.3 58.4 13.9 (A) 0.79
CNT  100 244 1.19 17.8 67.6 – –
P25  – 45 0.15 13.6 36.9 24.5 (A) –

A RC: Re
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: anatase; PV: pore volume; APS: average pore size; ACS: average crystallite size; 

uduli et al. demonstrated the enhanced conversion efficiency in
ye-sensitized solar cells based on the hydrothermally synthesized
iO2–MWCNT nanocomposites [16]. Lee et al. reported DSSCs based
n nanocomposites of preprocessed multi-walled CNT (MWCNT)
ith carboxylic acid groups and TiO2 nanoparticles (NPs) synthe-

ized via a sol–gel process, showing a conversion efficiency of
.97% [17]. Yen et al. synthesized MWCNT–TiO2 nanocomposites
y a modified acid-catalyzed sol–gel method and examined their
pplication in DSSCs, and emphasized the importance of optimum
WCNT loading to realize an efficiency of 4.62% [18]. Kim et al.

urther obtained a DSSC efficiency of 5.02% using MWCNT–TiO2
anocomposites, which exhibit enhancement by ∼50% over the
ase without MWCNT [19]. More recently, Sawatsuk et al. have
hown the improvement in the efficiency of DSSC by almost 60%
y a simple mixing process [20].

TiO2 is a very important multifunctional material because of its
eculiar and fascinating physicochemical properties and a wide
ariety of potential application in diverse fields including solar
nergy conversion, environmental purification, and water treat-
ent [21–24]. In particular, TiO2 hollow structured materials have

eceived extensive attention owing to their low density, high
pecific surface areas, and good photocatalytic activity [25–28].
enerally, the morphology, porous structure and crystallite size of
iO2 play important roles in the photoelectric properties of DSSCs
29]. Based on the advances in nanosized TiO2, this material has
een regarded as a superior candidate for the fabrication of porous
hotoanode film [30,31]. However, to the best of our knowledge,
here are few reports focusing on the fabrication of anatase TiO2
ollow spheres (TiO2HS)/CNT composite film electrodes and their
pplication in DSSCs. In this work, TiO2HS/CNT composite films
re for the first time applied to prepare the photoanodes of DSSCs
nd their performance are investigated and discussed by comparing
ith pure TiO2 hollow sphere and P25 DSSCs.

. Experimental

.1. Materials preparation

All reagents were analytical grade (purchased from Shanghai
hemical Reagent Factory of China) and used without further purifi-
ation. CNT were provided by Beijing Key Lab of Green Chemical
ngineering, Tsinghua University, Beijing, P.R. China. Generation
f functional groups (hydroxyl groups (–OH), carboxyl groups
–COOH) and carbonyl groups (>C O), etc.) on the surface of CNT
an be realized by chemical oxidation treatments [32–34]. In a typ-
cal process, the CNT (300 mg)  was oxidized in 40 mL  of 1:3 (v:v)
oncentrated nitric acid–sulfuric acids mixed solution under ultra-

onication irradiation at 60 ◦C for 10 h [33]. Then, the CNT were
ltered, washed with distilled water several times until the pH
alue was ca. 6. The product was subsequently dried in a vacuum
ven at 40 ◦C for 12 h.
lative crystallinity.

Anatase TiO2 hollow spheres were prepared by the template-
free chemically induced self-transformation (CIST) method [28]. In
a typical synthesis, Ti(SO4)2 (0.015 mol) was  added to 150 mL  of
distilled water under vigorous stirring for 30 min. Then, 0.015 mol
NH4F and 0.03 mol  urea were added to the above mixed solu-
tion. After stirring for another 30 min, the mixed solution was
transferred to a 200 mL  Teflon-lined stainless steel autoclave. The
autoclave was  kept at 180 ◦C for 12 h and then air cooled to room
temperature. After reaction, the pH value of the solution was ca.
8–9. The white precipitate was collected and washed with distilled
water and anhydrous alcohol three times. The final product was
dried in a vacuum oven at 80 ◦C for 12 h.

2.2. Fabrication of TiO2HS/CNT nanocomposite DSSCs

To prepare TiO2HS/CNT composite film electrodes [29],
0–0.015 g (0–1.0 wt%) of acid-treated CNT were dispersed in a
mixed solution of 6.5 mL  dry alcohol, 2.0 mL  distilled water, 0.50 mL
acetylacetone and 1.12 mL Triton X-100, then mixed with 1.5 g of
TiO2HS in an agate mortar and grinding by hand for 40 min. The
TiO2HS/CNT composite films were prepared by the doctor blade
method. The F-doped SnO2-coated glass (FTO glass) (Nippon sheet
glass, 14-20 �/square, Nippon Co., Tokyo, Japan) was  used as sub-
strates. For comparison, the electrodes were also prepared using
commercial Degussa P25 TiO2 powders (P25) (Degussa AG, Dussel-
dorf, Germany). The films were annealed at 450 ◦C for 30 min  and
their thickness was about 15 �m.  After calcination, the films were
cooled to 80 ◦C for dye sensitization. The TiO2HS/CNT composite
films were designated as CT-X (For P25/CNT films, designated as
CP-X), where X (0, 0.05, 0.1, 0.2, 0.5 and 1) is related to the weight
content of CNT to a 100 weight basis of the composite films (see
Table 1).

Dye sensitization was  performed by immersing TiO2 films
in 0.3 mM N719 ruthenium dye (Solaronix S.A., Lausanne,
Switzerland) ethanol solution for at least 12 h at room tempera-
ture in a sealed beaker. The extent of sensitization was  estimated
by comparing the colors at the top and bottom of the film. The
sensitization was  completed after the colors at the top and the
bottom were same. The sensitized films were washed once in
anhydrous alcohol, and then dried in an oven at 80 ◦C for 2 h. A
solar cell was  assembled in a typical sandwich-type cell by placing
a platinum-coated conducting glass on the dye-sensitized elec-
trode separated by a ca. 50 �m polymer spacer. The assembled cell
was then clipped together as an open cell. The active area of the
cells was  4 mm × 4 mm.  An electrolyte was prepared with 0.3 M LiI
(Sigma–Aldrich Corp., St. Louis, MO,  USA), 0.05 M I2 (Sigma–Aldrich
Corp., St. Louis, MO,  USA), 0.6 M 1-propyl-3-methylimidazolium
iodide (Suzhou Zhongsheng Chemical Co., Ltd., Suzhou, China), and

0.5 M tert-butylpyridine (Sigma–Aldrich Corp., St. Louis, MO,  USA)
in dry acetonitrile (Shanghai Chemical Reagent Factory of China,
Shanghai, China). To ensure the same batch of electrolyte used for
every sample, a large amount of electrolyte solution was prepared
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ig. 1. TEM images of acid-treated CNT (a) and anatase TiO2 hollow spheres (b), SEM
n  (a) showing HRTEM images of acid-treated CNT.

t first and then divided into several smaller glass vials. All vials
ere sealed and stored in a vacuum desiccator. The electrolyte
as injected into the open cell from the edges and a thin layer of

lectrolyte was attracted into the inter-electrode space by capillary
orces, and the cell was tested immediately.

.3. Characterization and measurements

The morphology observation was performed by a JSM-5610LV
canning electron microscopy (SEM, JEOL Ltd., Tokyo, Japan) at
n accelerating voltage of 25 kV and a S-4800 field emission SEM
FESEM, Hitachi Ltd., Tokyo, Japan), which is linked with an Oxford
nstruments X-ray analysis system, at an accelerating voltage of
0 kV. X-ray diffraction (XRD) patterns were obtained on a D/MAX-
B X-ray diffractometer (Rigaku Corp., Tokyo, Japan) using Cu
� irradiation at a scan rate (2�) of 0.05◦ s−1 and were used

o determine the phase structures of the obtained samples. The
ccelerating voltage and applied current were 40 kV and 80 mA,
espectively. The crystallite size of anatase titania was  quantita-
ively calculated by Scherrer formula (d = 0.9�/Bcos �, where d, �,

 and � are crystallite size, Cu K� wavelength (0.15418 nm), full
idth at half maximum intensity (FWHM) of (1 0 1) peak in radi-

ns and Bragg’s diffraction angle, respectively) after correcting
he instrumental broadening. Transmission electron microscopy
TEM) analyses were conducted by a JEM-2100F electron micro-
cope (JEOL Ltd., Tokyo, Japan), using a 200 kV accelerating voltage.
itrogen adsorption–desorption isotherms were obtained on an
SAP 2020 (Micromeritics Instruments Corp., Norcross, GA, USA)
itrogen adsorption apparatus. Photoluminescence (PL) spectra
ere measured at room temperature on a Fluorescence Spec-

rophotometer (F-7000, Hitachi Ltd., Tokyo, Japan) using a 315 nm
xcitation wavelength at a scan speed of 1200 nm min−1 with
he PMT  voltage of 700 V. Raman spectra were recorded at room

emperature using a micro-Raman spectrometer (InVia, Renishaw
LC, Gloucestershire, UK) in the backscattering geometry with

 514.5 nm Ar+ laser as an excitation source. UV–visible diffuse
eflectance spectra (UV–vis DRS) of the as-prepared samples were
ges of cross-section (c) and surface (d) of the CT-0.5 composite film electrode. Inset

obtained on a UV–visible spectrophotometer (UV-2550, Shimadzu
Corp., Tokyo, Japan). BaSO4 was used as a reflectance standard in a
UV–visible diffuse reflectance experiment.

The electrochemical impedance spectroscopy (EIS) measure-
ments were performed by a computer-controlled electrochemical
work station with impedance analyzer (CHI660C Instruments,
Shanghai Chenhua Instrument Corp., Shanghai, China) in a two-
electrode configuration. The photoanode was used as a working
electrode and the Pt electrode as a counter electrode. The measure-
ments were carried out by applying bias of the open circuit voltage
(VOC) and recorded over a frequency range of 0.005–105 Hz with ac
amplitude of 10 mV.

The photocurrent–voltage I–V characteristic curves and the
transient photocurrent curves were measured using an elec-
trochemical analyzer (CHI660C Instruments, Shanghai Chenhua
Instrument Corp., Shanghai, China) controlled by a computer. The
light was  produced by a solar simulator (91160, Newport Corp.,
Irvine, CA, USA) at 100 mW cm−2 (1 sun) intensity. The active area
of DSSCs was  4 mm  × 4 mm.  The photoelectric conversion efficiency
(�) was calculated according to the following equation:

� (%) = VOCISCFF

Pin
× 100 (1)

The incident monochromatic photoelectric conversion effi-
ciency (IPCE) was measured using Newport’s QE/IPCE Measure-
ment Kit, where a monochromator (Cornerstone 130 1/8 m,
Newport Corp., Irvine, CA, USA) was  used to obtain the monochro-
matic light from a 300 W Xe lamp (Newport, model no. 6258). The
IPCE scan is taken based on an AC (8 Hz) measurement. The IPCE
was defined as following equation:

IPCE (%) = 12,  400 × ISC(�A cm−2)

�(nm) × Pin(�W cm−2)
(2)
In the above two  formulas, � is the global efficiency, VOC, ISC,
and FF are open circuit voltage, short circuit current density, and fill
factor, respectively. Pin and � are the light energy and wavelength of
the incident monochromatic light, respectively. The measurements
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CNT within the composite films exhibit a slight blue-shift relative
ig. 2. XRD patterns of acid-treated CNT, FTO glass substrate and the CT-0, CT-0.05,
T-0.1, CT-0.2, CT-0.5 and CT-1.0 composite film electrodes.

ere repeated three times for each sample, and the experimental
rror was found to be within ca. 5%.

. Results and discussion

.1. Morphology and crystal structures

Acid-treated CNT and anatase TiO2 hollow spheres were used to
abricate the TiO2HS/CNT composite film electrodes in this study.
he TEM images of acid-treated CNT and TiO2 hollow spheres, and
he cross-section and surface SEM images of the CT-0.5 compos-
te film electrode are shown in Fig. 1. The CNT possess a nanoscale
ubular morphology with diameters of ca. 10–12 nm (Fig. 1a) and a

ulti-walled structure (inset in Fig. 1a). TEM image of the TiO2 hol-
ow spheres indicates that the sizes of the prepared hollow spheres
re in the range of 500–1000 nm,  and nearly all the spheres con-
ist of a 300–700 nm hollow cavity (Fig. 1b). It can be seen from
ig. 1c that the TiO2HS/CNT composite films appear porous struc-
ures and the film thickness is about 15 �m.  Fig. 1d shows that the
NT were well-dispersed on the surface of the TiO2 spheres, and
here was good contact between the CNT and TiO2 spheres. Further
bservation indicates that the composite film appears a disordered
acroporous network, besides the void spaces between nanopar-

icles, there are many large void spaces of several tens to several
undreds nm in size within TiO2 films.

The phase structure, crystallite size, and crystallinity of TiO2
re of great influence on the photoelectric conversion efficiency
�) of DSSCs [29,35]. XRD was used to characterize the differ-
nce of phase structures and crystallite sizes of the samples. Fig. 2
hows XRD patterns of acid-treated CNT, FTO glass substrate, and
iO2HS/CNT composite films. For pure FTO glass substrate, three
trong and sharp diffraction peaks (at 2� = 26.6◦, 37.8◦ and 51.8◦)
re observed and these peaks are attributed to SnO2 (space group:
42/mnm (136); a = 4.750 Å, c = 3.198 Å, JCPDS No. 46-1088) [29,36].
s for TiO2HS/CNT composite films, the peaks at 25.3◦, 37.8◦, 48.1◦,
4.0◦ and 55.1◦ are clearly observed, indicating the existence of
natase phase [JCPDS No. 21-1272, space group: I41/amd (141);

 = 3.785 Å, c = 9.514 Å]. However, no apparent peaks from CNT are
bserved due to their low concentration. Another cause is that
ts most intense diffraction peak (0 0 2) is largely overlapped with
natase (1 0 1) peak. The existence of CNT can be determined by

he following Raman spectra. Further observation indicates that
he full width at half maximum (FWHM) of the anatase peaks for
iO2HS/CNT composite films are slightly broadened with increas-
ng amount of CNT. Such a FWHM broadening implies a decrease in
Fig. 3. Comparison of the Raman spectra of acid treated CNT and the CT-0, CT-0.1
and  CT-1.0 composite film electrodes.

the anatase crystallite size. In the present case, considering possible
interference from the CNT over anatase (1 0 1) peak, anatase TiO2
(2 0 0) reflection plane (2�  = 48.1◦) was selected to estimate crys-
tallite sizes based on FWHM broadening using Scherrer formula.
As shown in Table 1, the average crystallite size for pure TiO2 is ca.
15.7 nm,  while that for the TiO2HS/CNT nanocomposites slightly
decrease from 15.7 to 13.9 with increasing CNT loading from 0.05 to
1 wt%. This result suggests that the presence of the CNT in the CT-X
composite films hinders the crystallite growth of anatase. More-
over, the crystallinity of TiO2 in the TiO2HS/CNT composite films
is lowered due to CNT loading, especially with higher content (see
Table 1).

3.2. Raman spectra

To determine the presence of CNT in the CT-X composite
film electrodes after 450 ◦C calcination, Raman spectroscopy was
applied to characterize the microstructures of TiO2HS/CNT com-
posite film electrodes. Fig. 3 shows the comparison of the Raman
spectra of acid treated CNT, pure TiO2 (CT-0) and TiO2HS/CNT com-
posite film electrodes (CT-0.1 and CT-1.0). For pure TiO2 (CT-0)
sample, four strong peaks at 150, 395.1, 512.5 and 636.7 cm−1 are
clearly observed, which respectively correspond to the Eg(1), B1g(1),
A1g + B1g(2) and Eg(2) modes of anatase TiO2 [37,38]. For acid-treated
CNT, two typical Raman feature peaks are observed at approxi-
mately 1345 and 1580 cm−1, which is assigned to the characteristic
D-band at 1345 cm−1 and G-band at 1580 cm−1 of CNT, corre-
sponding to the disordered mode and tangential mode, respectively
[31,39,40].  In the case of TiO2HS/CNT composite film electrodes
(CT-0.1 and CT-1.0), all the Raman bands for anatase and CNT are
still observed except the anatase Raman bands for TiO2HS/CNT
composite films are slightly broadened and become weak com-
paring with the pure TiO2 film (CT-0). The broadening of peaks
and the decrease of the intensities also imply the decease of the
average crystallite size and crystallinity of anatase (Table 1). Impor-
tantly, the two obvious peaks corresponding to CNT are observed
in the Raman spectra of the composite film electrodes (CT-0.1 and
CT-1.0). Also, with increasing the CNT loading, the peak intensity
increases. Further observation indicates that the peaks assigned to
to acid-treated CNT, indicating the interfacial interaction between
TiO2 and acid-treated CNT due to the 450 ◦C calcination [7].  The
blue-shift is also from the strain effects at the TiO2HS/CNT inter-
faces, which may  influence the vibrational frequencies [19,41].
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bination rate [49–51].  Low PL intensity for the composite films also
implies that the photoinduced electrons resulting from the excited

350 400 450 500 550

CT-0
CT-0.05
CT-0.1
CT-0.2
CT-0.5
CT-1.0

In
re

ns
ity

 (a
.u

.)
istribution curves (inset) of TiO2HS/CNT composite powders scraped from the CT-
.1  composite film electrodes.

.3. BET surface areas and pore structure

Fig. 4 shows nitrogen adsorption–desorption isotherms
nd the corresponding pore-size distribution curves (inset)
f the TiO2HS/CNT composite powders scraped from the
T-0.1 composite film electrode. The sample shows type

V isotherms with H2-type hysteresis loops according to
runauer–Deming–Deming–Teller (BDDT) classification [42],

ndicating the presence of mesopores (2–50 nm). The sample
hows bimodal mesopore size distributions (inset in Fig. 4), that
s, smaller mesopores with peak pore diameters of ca. 2.5 nm and
igger mesopores with peak pore diameters about 10.1 nm.  This
imodal pore-size distribution is ascribed to two different pores:
ner intra-aggregated pore within the agglomerated particles
nd large inter-aggregated pore produced by inter-aggregated
econdary particles [43–45].  The physicochemical properties of
iO2HS/CNT composite powders scraped from the composite film
lectrodes are shown in Table 1. All the samples have mesoporous
tructures. With increasing CNT content, the SBET and the pore
olume of the TiO2HS/CNT composites increase slightly. This is
ue to the fact that the CNT have a larger surface area (244 m2/g)
nd a lower density (0.8–1.2 cm3/g) than pure TiO2 sample (CT-0).
ince macroporous information of the film electrodes cannot
e directly obtained by N2 adsorption–desorption analyses, the
acroporous structures are clearly observed by the previous

EM and TEM images (Fig. 1), indicating that the 450 ◦C-calcined
omposite film contains 3-dimensional continuous macrop-
rous/mesoporous network from several, several tens, several
undred nm sized pores. The prepared hierarchically porous struc-
ures not only enhance the absorption of light, but also provide
fficient transport pathways to electrolyte molecules.

.4. UV–vis spectra

Fig. 5 shows comparison of UV–vis diffuse reflection spectra
f the TiO2HS/CNT composite film electrodes (CT-X, X = 0.1, 0.2,
.5 and 1) and pure TiO2 film (CT-0). A significant increase in the
bsorption at wavelengths shorter than 400 nm is assigned to the
ntrinsic band gap absorption of TiO2 [46]. A comparison of the
V–vis spectra of all TiO2HS/CNT composite films with that of
ure TiO2 (CT-0) shows an enhanced absorption in the visible-light

egion; this visible absorption increases with increasing the CNT
oading. There is no visible change in the absorption edges of the
iO2HS/CNT composite film electrodes (CT-X, X = 0.1, 0.2, 0.5 and
) in comparison to pure TiO2 (CT-0 sample), implying that CNT
Fig. 5. UV–vis diffuse reflectance spectra of the CT-0, CT-0.1, CT-0.2, CT-0.5 and
CT-1.0 composite film electrodes.

was not incorporated into the lattice of TiO2 but it only contacted
with its surface. This is easy to be understood because CNT is stable
at 450 ◦C and is not decomposed. The enhancement of visible light
absorption means the increase in the light-harvesting capability of
the electrodes [3,29].

3.5. Transient photocurrent measurement

The previous studies have indicated that the recombination
rate of photogenerated electrons and holes is an important fac-
tor influencing the photoelectron conversion efficiency of DSSCs
[5,47,48]. Consequently, reducing the e−/h+ recombination rate and
enhancing the electron transport and their lifetime become effec-
tive methods toward improving the performance of the DSSCs.
Because CNT has novel morphology and good electrical conduc-
tivity, the TiO2HS/CNT composite films are thought to enhance the
transport of the electrons within TiO2 films and their photoelectric
conversion efficiencies. Thus, the PL spectra were used to deter-
mine the efficiency of the charge recombination, as shown in Fig. 6.
The pure TiO2 film shows a broad PL emission band, which was sim-
ilar to our previous reported results [49,50]. The peak intensity of
the PL spectra of the composite samples is lower than that of pure
TiO , and decreases with increasing CNT loading. This indicates that
Wavelength (nm)

Fig. 6. PL spectra of the CT-0, CT-0.05, CT-0.1, CT-0.2, CT-0.5 and CT-1.0 composite
film electrodes.
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ig. 7. Transient photocurrent and high-magnification curves (inset) of DSSCs based
n  the CT-0, CT-0.1, CT-0.2 and CT-0.5 composite film electrodes.

ye can effectively inject the conduction band of TiO2, and, then be
ollected by CNT, decreasing the charge recombination (electrons
nd oxidized dye (D+)) within the DSSCs. Furthermore, CNT possess

 light-harvesting property (like dyes) (see Fig. 5). This also results
n the low PL peak intensity of the composite films. Hence, in order
o further understand the effects of CNT on the charge recombi-
ation of DSSCs, the transient photocurrent of DSSCs with various
omposite anodes was investigated. Fig. 7 shows the rise and fall
f the ISC during one on–off cycle of illumination at 100 mW cm−2.
he time required for the fall of the ISC by 90% in the case of the
SSCs with composite is faster than that with pristine TiO2 film.
lso, the required time decreases with increasing the amount of
NT. This indicates that the photogenerated electrons from dyes
re more easily trapped by the surface electron trap of pure TiO2
lectrode than that of the composite films, resulting in a slower
hotocurrent response [52–54].  Generally, the transportation of
hotogenerated electrons in the DSSCs is strongly influenced by (1)
rapping and (2) detrapping of the photoinduced electrons in the
iO2 film electrodes. Electronic trapping is much more rapid than
lectronic detrapping (by ∼3 orders of magnitude), thus resulting
n almost all photoinjected electrons located in trap states [52,55].
urthermore, the charge recombination are mainly from the recap-
ure of injected electrons in these traps by the oxidized dye (D+)

nchored on the TiO2 surface (3) or back reaction with the oxidized
omponent of the electrolyte, I3− (4) [56,57]. Hence, supposing
lectronic detrapping can be enhanced and the charge recombina-
ion of DSSCs is expected to be inhibited by incorporating CNT into
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Fig. 9. Nyquist plots of DSSCs based on the CT-0, CT-0.05, CT-0.1, CT-0.2, CT-0.5 and
CT-1.0 composite film electrodes.

the TiO2 films due to its good electrical conductivity. Based on the
above PL and transient photocurrent experiments, we confirm that
introducing CNT into TiO2 electrodes can reduce the recombination
of charge carriers and enhance the performance of DSSCs.

3.6. IPCE and impedance analysis

Fig. 8 displays the comparison of IPCE curves of the DSSCs made
from the CT-0, CT-0.1 and CT-0.2 film electrodes, in which IPCE were
normalized to a common value of 1 at their maximum (530 nm). As
can be seen, the CT-0.1 solar cell shows much higher IPCE values
than that of the CT-0 solar cell, implying that the incorporation
of a small amount of CNT into TiO2 films enhance the photoelec-
tric conversion efficiency of the DSSCs. However, the IPCE values
decreases at a higher CNT content (0.2 wt%). This is due to the fact
that CNT can absorb visible light at the wavelengths above 400 nm,
they display light-harvesting competition with the dye molecules,
and thus reduce the photovoltaic conversion performance for the
TiO2HS/CNT DSSCs [5].

Electrochemical impedance spectroscopy (EIS) has been widely
used to investigate electronic and ionic reaction in dye-sensitized
solar cells (DSSCs). A theoretical model has been proposed to inter-
pret the frequency response of the device. The high-frequency

response is due to the charge transfer (or electrochemical reac-
tion) at the Pt counter electrode, while the intermediate-frequency
response is associated with the electron transport and transfer at
TiO2/dye/electrode interface. The low-frequency region reflects the
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arburg diffusion process of I−/I3− in the electrolyte [58]. The EIS
ynquist plots of the DSSCs based on the TiO2HS/CNT composite
lms are shown in Fig. 9. The semicircle in the middle-frequency
egion is assigned to charge transfer at the TiO2/dye/electrode
nterface [59,60]. Compared with that of the CT-0 solar cell, the
alue of the charge transport resistance at the TiO2/dye/electrolyte
nterface of CT-0.05 DSSC slightly decreases. It is due to the 1D
NT in favor of the photogenerated charges transfer, thus low-
ring the charge recombination [61]. The CT-0.1 DSSC has the
mallest interfacial resistance, which indicates a fastest interfacial
lectron transfer and high energy conversion efficiency. However,
ith further increases in the CNT loading (from 0.2 to 1.0 wt%), the

nterfacial resistance increased. This is due to the fact that higher
NT loading causes light-harvesting competition between the dye-
ensitizer and CNT [5],  resulting in fewer electrons injected from
he dye to the TiO2HS/CNT composite electrodes.

.7. Photocurrent–voltage characteristics

Comparison of the I–V characteristics of the DSSCs based on
iO2HS/CNT and P25/CNT composite film electrodes is shown in
ig. 10 and Table 2. The photoelectric conversion performances of
he DSSCs based on the TiO2HS/CNT composite film electrodes are
trongly dependent on the CNT loading in the electrodes. The value
f VOC increases from 0.596 to 0.609 V with the increase in CNT
ontent from 0 to 0.1 wt%. This is due to the fact that the incorpo-
ation of a small amount of CNT into the TiO2 films can reduce the
harge recombination rate and resistance [61]. Therefore, it is not
urprising that the values of VOC and ISC of a DSSC increase in the
resence of a small amount of CNT. The enhanced ISC (from 10.5 to
2.1 mA  cm−2) is ascribed to the enhancement of the collection and
ransport of electrons [19,59]. Under optimal conditions, the effi-

iency of the CT-0.1 solar cell is 4.71%. The improvement in energy
onversion efficiency is due to the decrease in the charge trans-
ort resistance at the TiO2/dye/electrolyte interface, the decreased

able 2
omparison of the I–V characteristics of DSSCs based on TiO2HS/CNT and P25/CNT
omposite films.

Samples ISC (mA  cm−2) VOC (V) FF � (%)

CT-0 10.5 0.596 0.630 3.94
CT-0.05 11.1 0.605 0.634 4.26
CT-0.1 12.1 0.609 0.639 4.71
CT-0.2 9.72 0.586 0.593 3.38
CT-0.5 6.11 0.556 0.568 1.93
CT-1  3.63 0.503 0.537 0.98
CP-0 9.98 0.589 0.643 3.78
CP-0.05 10.3 0.613 0.618 3.90
CP-0.1 11.0 0.605 0.618 4.11
CP-0.2 11.7 0.607 0.636 4.52
CP-0.5 9.78 0.587 0.535 3.07
CP-1 7.21 0.526 0.382 1.45
ces 196 (2011) 7891– 7898 7897

charge recombination of excited electrons and holes, and the effi-
cient electron transport by CNT, which enhance the transport of
electrons from the films to FTO substrates (see Fig. 11). However, at
higher CNT contents, the conversion efficiencies decrease. A higher
CNT loading causes CNT agglomeration and light-harvesting com-
petition between the dye and CNT, and consequently increases
the charge transport resistance at the TiO2/dye/electrolyte inter-
face and reduces the efficiency. Further experiments show that the
� (4.71%) of the CT-0.1 DSSC is higher than that (3.78% for CP-0,
4.11% for CP-0.1 and 4.52% for CP-0.2) of P25/CNT composite DSSC
with the same thickness. P25 is well known to have a superior
photocatalytic activity and photoelectric conversion efficiency. The
enhanced performance of TiO2HS/CNT cells is due to their high spe-
cific surface areas and hierarchically nanoporous structures. The
higher specific surface areas enhance adsorption of dye molecules
and the light harvesting, the hollow spheres are also expected to
enhance the diffusion of electrolyte in the cell because the pore vol-
ume  of hollow spheres is higher than that of P25 particle films. It is
well known that the efficient diffusion of I3−/I− to regenerate the
dye is important to the photovoltatic response of the solar cells.

4. Conclusions

Dye-sensitized solar cells (DSSCs) based on anatase TiO2 hol-
low spheres/multi-walled carbon nanotube nanocomposite films
are fabricated by a direct mechanical mixing and doctor blade
method. The CNT loading clearly influences the textural prop-
erties (including crystallite size, specific surface areas, porosity
and pore volume) and photoelectric conversion efficiency of
the TiO2HS/CNT nanocomposite film electrodes. As a result, the
TiO2HS/CNT nanocomposite films with low loadings (<0.1 wt%)
show enhanced photoelectric conversion efficiency, as compared
with pristine TiO2 counterparts. On the other hand, high CNT
loadings (>0.1 wt%) result in the decrease in the efficiency. Under
optimal conditions, the efficiency of the CT-0.1 solar cell is 4.71%,
which is higher than that (3.94%) of pure TiO2 cells. The improve-
ment in the conversion efficiency is due to the fact that CNT reduce
the electrolyte/electrode interfacial resistance, the recombination
rate of excited electrons and holes, and enhance the transport of
electrons from the films to FTO substrates. The decrease of the
conversion efficiency at high CNT loadings (>0.1 wt%) is due to light-
harvesting competition between CNT and dye molecules, which
influences the light adsorption of the dye-sensitizer, and conse-
quently reduces the efficiency. The performances of TiO2HS/CNT
cells are also compared with P25/CNT composite cells at the same
film thickness and their optimal efficiencies under the experimen-
tal conditions are 4.71% and 4.52%, respectively. The enhanced
performance of TiO2HS/CNT cells is due to their higher surface area
and hierarchically nanoporous structures. This study will provide
new insight into fabrication and structural design of highly efficient
dye-sensitized solar cells.
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