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Abstract

Mechanically stable porous thick film electrodes of nano-crystalline TiO2 have been prepared at a low temperature from mixed pastes
of nano-crystalline TiO2 particles and Ti-monomers such as TiCl4, TiOSO4, and Ti-tetraisopropoxide, which are converted into crystalline
rutile or anatase TiO2 by hydrothermal treatment at the solid/gas interface and chemically connect the TiO2 particles. Rigid and flexible
dye-sensitized solar cells (DSSCs) employing these materials achieved conversion efficiencies as high as 4.2 and 2.5% under AM 1.5
simulated sunlight (1 sun), respectively. These electrodes exhibited a linear increase ofIsc against the light intensity beyond 2 sun level,
suggesting an ideal porous structure of the film. However, imperfectness of the low-temperature materials has been indicated from the
significant improvement of the cell efficiencies by post-heat treatment of the films at 450◦C. Incomplete necking of the particles as well
as the presence of residual organics are thought as the reasons which limit the efficiencies of the low-temperature materials.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Flexible dye-sensitized solar cells (DSSCs) and its
counterpart of other flexible photovoltaic devices using
transparent conductive plastic substrates have attracted a
number of interests recently[1–8] because it would re-
duce not only the weight but also the cost of the device.
Behind it, low-temperature preparation of efficient porous
nanoparticulate thick semiconductor film electrodes is a
key issue[1–15]. Although the conventional preparation
method using organic additives for crack-free coating and
high-temperature, thermal–chemical calcination can achieve
good interconnection between particles as well as good ad-
herence of the films to the substrates, thus yielding porous
nano-crystalline electrodes with an optimum microstructure
for photosensitization[16–18]; the same method can not
be employed for plastic substrates. Recently, some efforts
have been made to develop methods compatible with plas-
tic substrates such as chemical deposition[9], sintering of
colloids at a low temperature[1,4,10,11], mechanical com-
pression of crystalline particles[2,13], and electrophoretical
deposition [6,15]. However, electrochemical impedance
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spectroscopy study has revealed a larger inherent resistance
of such films than that of the conventional material[4b].
Time- and frequency-resolved photoelectrochemical mea-
surements have also shown that the diffusion coefficient
and the lifetime of the electrons are lower[9a,11], result-
ing in the lower photocurrent, fill factor, and conversion
efficiency of the cells. It is therefore important to develop
low-temperature methods with respect to the interparticu-
late connectivity and the adherence of the film to the con-
ducting substrate, in order to improve the performance of
the cells.

Recently, we have developed a novel low-temperature
chemical method to prepare porous TiO2 thin films based
on hydrothermal crystallization at the solid/gas inter-
face [3,14]. Titanium monomers such as TiCl4, TiOSO4,
and Ti(IV)-tetraisopropoxide (TTIP) mixed with nano-
crystalline TiO2 powder are hydrolyzed and crystallize into
TiO2 when they are treated by hot steam. The newly formed
crystalline TiO2 acts as “interconnects” of the TiO2 parti-
cles as well as that between the film and the substrate. The
resultant films are mechanically stable, strongly adherent to
the substrate, and present high performances when they are
used as photoelectrodes.

The present paper aims to update the current status
of this novel low-temperature method for realization of
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efficient flexible plastic DSSCs. Details of the synthesis,
structural, chemical, and photoelectrochemical character-
izations as well as the effect of post-heat treatment are
reported. Through these investigations, the usefulness of the
hydrothermal treatment for the interparticulate connection
has been proven. At the same time, however, the limitation
under the presently adopted preparation conditions has been
elucidated when the low-temperature cell was compared
with the cell employing a film subjected to a post-heat
treatment which in fact presented a significantly better per-
formance. Strategies to improve the performance of the
plastic cells are discussed based on the present results.

2. Experimental details

2.1. Preparation of porous nano-crystalline thick
TiO2 films

Pure TiCl4 (Kishida) was dropwisely added into ice-cold
distilled water under vigorous stirring to obtain 1 M stock
solution. The solution could be stored for more than 1
year in a refrigerator without precipitation. 1 M aqueous
TiOSO4·xH2O solution was prepared by dissolving into
distilled water at room temperature. This solution also
remained stable for more than 1 year in a refrigerator.
Ti(IV)-tetraisopropoxide (TTIP) was added into dry ethanol
at 1 M. The water content in ethanol was less than 0.05%
as controlled by Karl Fischer titration. In a closed bottle, it
could be stored for about 50 days without precipitation at
room temperature. After 50 days, however, some white par-
ticles were produced probably due to hydrolysis of TTIP.
Fresh solutions without precipitates were only used for
experiments.

Nano-crystalline TiO2 powder (0.8 g; Degussa P25, 30%
rutile, and 70% anatase; BET surface area, 55 m2 g−1; par-
ticle size, 25 nm) was added to 3.2 g of the 1 M TiCl4 or
TiOSO4 aqueous solutions, and ground in an agate mortar
for about 2 h to get a viscous paste. Since TTIP solution is
highly unstable in air, a mixture of 0.8 g P25 and 2.8 g 1 M
TTIP solution was prepared in a closed bottle and stirred
by a magnetic sitter for 1 day to get a viscous paste. These
pastes were coated on a fluorine-doped SnO2-coated con-
ductive glass (FTO) (Asahi Glass, 10�/�) or an indium tin
oxide (ITO)-coated poly(ethylene terephthalate) (PET) film
(sheet resistance, ca. 70�) by a glass rod and using Scotch
tape as spacers. However, the ITO/PET film substrates could
not be used for the pastes with TiCl4 and TiOSO4 precursors
because these acidic pastes damaged the ITO layer, while
the paste with TTIP could be used for both substrates. Af-
ter drying in air at room temperature, the coated substrates
were put into a Teflon-lined autoclave as shown inFig. 1. A
small amount of distilled water was added at the bottom of
the reactor so that the sample is not in direct contact with
water but with steam during the reaction. The reactor was
placed in an oven at 100◦C for 12 h. After the hydrothermal

Fig. 1. Experimental set-up for hydrothermal treatment of the films.

treatment, the films were taken out, rinsed with water, and
dried in an oven at 100◦C for 1 h. The resulting film thick-
ness was typically 10�m, but could be easily controlled by
changing the thickness of the spacer. A film thickness up to
18�m has been achieved by one coating, without causing
any problems in the mechanical stability of the film. In order
to confirm the effect of the hydrothermal treatment, a sam-
ple without hydrothermal treatment was also prepared. A
film was prepared by coating the paste with TTIP precursor
and simply drying at 100◦C in an oven for a control experi-
ment. The hydrothermally-treated film prepared on an FTO
glass substrate has also been subjected to a heat treatment
at 450◦C for 30 min to study the effect of post-annealing.

2.2. Physico-chemical characterization

The film thickness was measured by using a Kosaka
Lab. SE-2300 surface profilometer. The surface morphol-
ogy of the films was observed on a Topcon ABT-150FS
scanning electron microscope (SEM). The crystallization
of the Ti-monomers into TiO2 during the hydrothermal
reaction has been investigated by measuring X-ray diffrac-
tion patterns (XRD) of the films prepared by drop-coating
of the solutions of the Ti-monomers without P25 on a
Rigaku RAD-2R using Cu K� radiation. X-ray photoelec-
tron spectra (XPS) were measured for C 1s signal using a
ESCA-3400 spectrometer (Shimadzu) with the Al K� X-ray
line (1486.6 eV) for the hydrothermally-treated film and that
subjected to the post-heat treatment. The films were pre-
pared from P25+ TTIP paste for this purpose. The spectra
were calibrated for charging of the sample by using Ti 2p
peak position (459.5 and 465.2 eV) as the standard which
was dominated by the signal arising from the added P25.

2.3. Sensitization of the films and photoelectrochemical
measurements

The dry, warm electrodes were immersed in a 0.5 mM
ethanol solution of Ru(II)(dcbpy)2(NCS)2 (dcbpy: 2,2′-
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bipyridine-4,4′-dicarboxylic acid) (hereafter called N3) dye
overnight at room temperature for sensitization. The dye
loading was determined by desorbing the dye from the sen-
sitized film of a known area in a measured volume of ethanol
containing NaOH, and measuring its absorption spectrum.

Photocurrent-voltage measurements were made in a
two-electrode sandwich configuration. The dye-sensitized
electrode with an effective area of ca. 0.2 cm2 was em-
ployed as a working electrode and a platinized ITO/PET
or FTO glass as a counter electrode. The electrolyte was
3-methoxypropionitrile containing 0.5 M LiI, 0.05 M I2,
and 0.5 Mtert-butylpyridine. Bunko–Keiki CEP-2000 sys-
tem provided means of photocurrent-voltage measurements
under illumination with an AM 1.5 simulated sunlight
(100 mW cm−2) as well as the measurements of photocur-
rent action spectra under monochromatic light illumination
with a constant photon number (1016 cm−2 s−1). The con-
version efficiencies reported here were from yields that
were not corrected for losses due to light absorption and
reflection by the substrates. Visible light generated from a
500 W Xe arc lamp (Ushio) equipped with aλ > 420 nm
longpass and an IR cutoff filters was also used as the light
source for the purpose of studying the linearity of pho-
tocurrent to the light intensity. Use of neutral density (ND)
filters could vary the light intensity without changing the
spectrum for this light source. The number of photons for
this light source at the highest light intensity used in this
measurement (104.2 mW cm−2) is equivalent to that of 2.2
suns for the AM 1.5 spectrum in the range useful for the
N3 dye (between 400 and 700 nm).

3. Results and discussion

3.1. Hydrothermal crystallization at solid/gas
interface

Hydrothermal technique is a popular method for prepara-
tion of ceramic powders. Usually, the reaction is carried out
in the solution phase, where the metastable precursors are
hydrolyzed and converted into crystalline particles. Such a
reaction is therefore extensively employed and investigated
for the synthesis of monodispersed nano-crystalline powders
of metal oxides used in DSSCs such as TiO2 [16c,19,20].
However, the gas phase of such reaction environment has
been rarely regarded as a useful reaction medium. Inter-
estingly, we have found that similar hydrothermal crys-
tallization is achieved at the solid/gas interface when the
gas phase is saturated with water. This reaction, therefore,
allows direct conversion of solid precursor into crystalline
films [3,14]. Several Ti-monomers were tested for their
conversion into crystalline TiO2. Fig. 2(1) compares XRD
patterns for the films prepared by spreading the solutions of
the Ti-monomers on FTO glass substrates which are either
simply dried under air at room temperature or exposed to
steam at 100◦C for 12 h. When TiCl4 aqueous solution is
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Fig. 2. (1) XRD patterns of the TiO2 film prepared from TiCl4 solution
by drying in air at room temperature for 12 h (a); the same film after
the hydrothermal treatment at 100◦C for 12 h (b); the film prepared from
the TiOSO4 solution after the hydrothermal treatment at 100◦C for 12 h
(c); and the film prepared from the TTIP solution after the hydrothermal
treatment at 100◦C for 12 h (d). (2) XRD patterns of the TiO2 films
prepared from the TiOSO4 solution after hydrothermal treatment for 12 h
at 80 (a); 100 (b); 150 (c); and 180◦C (d).

drop-coated and kept at room temperature, it remains amor-
phous as noticed from the absence of any diffraction peaks
(a). The coatings from the aqueous solutions of TiOSO4
and ethanolic solution of TTIP are also not crystallized after
drying. However, when they are treated by hot steam, they
are selectively crystallized either into rutile (TiCl4 (b)) or
anatase (TiOSO4 (c) and TTIP (d)) TiO2. It should be noted
that heating of these samples in a dry-oven at 100◦C or
higher temperatures up to 300◦C does not lead to a forma-
tion of crystalline materials. This clearly indicates that the
hydrothermal crystallization can occur at the solid/gas in-
terface even at a temperature as low as 100◦C. It is evident
that the presence of water in the gas phase is very important
for this process. Park et al.[21] have also reported formation
of highly crystallized ZrO2-compact thin film by hydrother-
mal dehydration of amorphous Zr hydroxide film at 200◦C.
They did not observe crystallization of ZrO2 when the raw
material was heated in a dry-oven even at a much higher
temperature. The phase-selective crystallization of TiO2 is
in agreement with the results of hydrothermal synthesis of
TiO2 powders in solution phase using the same precursors
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[20], suggesting that the reactions at the solid/gas interface
are similar to those in the solution bulk.

Fig. 2(2)shows XRD patterns for the films prepared from
the TiOSO4 precursor which were hydrothermally-treated at
different temperatures. It is noticed that formation of crys-
talline anatase TiO2 occurs even at a fairly low temperature
of 80◦C. The diffraction peaks become sharper and increase
their intensity with increasing the temperature, indicating
that further crystal growth is indeed possible at slightly ele-
vated temperatures. However, PET film decomposes at tem-
peratures above ca. 130◦C under hydrothermal condition,
although it survives 150◦C when it is heated for a short time
in a dry-oven. It was also noticed that ITO layer increased
its resistance after the hydrothermal treatment, while FTO
seemed to be stable. Hydrothermal treatment at temperatures
higher than 100◦C was therefore not practical as far as the
ITO/PET film substrates are concerned.

3.2. Synthesis of porous TiO2 thick films

By dispersing nano-crystalline TiO2 powders such as P25
into these solutions of Ti-monomers, homogeneous pastes
can be prepared. In case of aqueous precursors, the mixture
can be ground in an agate mortar, because hydrolysis of
TiCl4 and TiOSO4 are fairly slow process under ambient
conditions. However, the mixed paste with TTIP has to be
prepared in a closed bottle, because it quickly decomposes
by reacting with water in air. In fact, the raw films prepared
by coating of the pastes with TiCl4 and TiOSO4 are quickly
dissolved into water, while that with TTIP did not, because
the added TTIP is quickly converted into solids upon drying.
In case of the mixture with TTIP, overnight stirring by mag-
netic stirrer yielded adequately homogeneous dispersion of
the P25 particles, although we have also tested several other
methods to apply higher mechanical stress such as ball
milling and ultrasonication. It is supposed that slow chemi-
cal disgregation of TiO2 particles proceeds in ethanol, so that
high shear stress is not needed for this mixture. All of the
films prepared from these mixed pastes withstand gas phase
hydrothermal treatment and the resultant films are strongly
adherent to the substrates and do not dissolve to water.

Change of the surface morphology of the film before and
after the steam treatment has been observed by SEM for
those prepared with the TTIP precursor (Fig. 3). The fresh
raw film has a non-porous structure in which particles of P25
are seemingly covered with another amorphous material (a).
After the steam treatment, the individual particles become
apparent and the film becomes highly porous (b). The aver-
age size of particles is ca. 25 nm, which matches that of P25
particles. No cracks are found even in the low magnification
image (c), suggesting that the particles are nicely dispersed
even in the absence of organic surfactants. In fact, this mor-
phology is very similar to that of the porous nano-crystalline
TiO2 film prepared by the standard high-temperature method
[16]. Similar morphological changes were found for the
films prepared with the other Ti-monomers in the paste. It

Fig. 3. SEM photographs of the TiO2 films prepared from the P25
+ TTIP-mixed paste before (a) and after (b) the hydrothermal treatment
at 100◦C for 12 h; the same as (b) at lower magnification (c).

should also be noted that post-annealing of the film at 450◦C
following the hydrothermal preparation did not cause any
noticeable change of the film morphology (not shown), in-
dicating that the porous structure is formed already at the
stage of the hydrothermal treatment.

According to the information from SEM and XRD, the
film formation in the present hydrothermal process can be
depicted asFig. 4. In the raw film, the Ti-monomers added
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Fig. 4. Schematic representation of the film formation during the hy-
drothermal crystallization at the gas/solid interface.

in the paste are converted into amorphous solids which sur-
round nano-crystalline TiO2 particles. During the hydrother-
mal treatment, the amorphous solids are crystallized into
TiO2 and reduce their volume so that the film becomes
porous. Consequently, the added Ti-monomers act just like
a “glue” to connect the TiO2 particles as well as to attach
the film to the substrate. The resultant films are therefore
mechanically highly stable. A film thickness up to 18�m
could be reached by one coating using a thick spacer, with-
out causing problems in the stability of the film, although
the thickness was adjusted to 10�m in the following exper-
iments. Assuming that the P25 particles are perfect spheres
with 25 nm diameter and that crystalline TiO2 which orig-
inate from the added Ti-monomers forms uniform layers
around the P25 particles, the expected thickness of the newly
formed TiO2 layer can be calculated. It is as thin as 1.4 nm
for the paste composition used in this study. In reality, how-
ever, it is supposed that the added Ti-monomers are con-
densed at the grain boundaries upon drying the paste for
necking of the particles. The interparticulate connection with
crystalline TiO2 should also be beneficial in terms of the
efficient electron transport through the porous network.

3.3. Dye-sensitization and cell performances

The porous thick films, prepared by the present method,
were deeply colored by soaking them into the solution of
N3 dye. For comparison, the raw film prepared with TTIP
precursor without hydrothermal treatment was also sensi-
tized. The amount of the adsorbed N3 dye per projected film
area was checked by desorbing the dyes from the film and
measuring Vis absorption spectrum. The values are listed
in Table 1. The hydrothermally-treated films have high dye

Table 1
Dye loading, maximum IPCE, and the cell parameters of the sandwich cells (effective area, 0.2 cm2) employing porous nano-crystalline TiO2 electrodes
prepared from different precursors and on different substrates

Precursor Substrates Dye loading (10−7 mol/cm2) IPCE (% at 520 nm) Isc (mA/cm2) Voc (V) FF η (%)

TiCl4 FTO 1.5 58 9.4 0.71 0.63 4.2
TiOSO4 1.7 27 3.6 0.70 0.69 1.8
TTIP 1.2 52 7.4 0.72 0.64 3.3
TTIPa 0.76 4 0.8 0.68 0.64 0.4
TTIP ITO/PET 1.1 41 6.1 0.70 0.61 2.5

The cell parameters were measured under illumination with AM 1.5 simulated sunlight (100 mW cm−2).
a The electrode without steam treatment.

loading exceeding 1× 10−7 mol cm−2 for the film thick-
ness of 10�m, indicating their high porosity. The raw film
can also be colored, although its dye loading goes down
to 0.76× 10−7 mol cm−2, as expected from its less porous
structure (Fig. 3(a)).

The sandwich cells fabricated with the sensitized TiO2
film electrodes exhibited high performances. The cell pa-
rameters measured under illumination with AM 1.5 simu-
lated sunlight (100 mW cm−2) are summarized inTable 1.
The highest conversion efficiency of 4.2% has been achieved
for the cell, employing the film prepared with the TiCl4 pre-
cursor, followed by 3.3 and 1.8% of those prepared with
the TTIP and TiOSO4 precursors, respectively. The differ-
ence of the efficiency arises mainly from that of short circuit
photocurrent. The maximum IPCE values (at 520 nm) mea-
sured for these cells are 58, 52, and 28%, which follow the
order of their efficiencies. The importance of the hydrother-
mal treatment is obvious, as the cell fabricated with the raw
film has a much lower efficiency of 0.4%, although it does
work as a solar cell, which is quite surprising on considering
the fact that the interparticulate connection in this material
is made with amorphous insulating Ti oxide/hydroxide.

In order to realize fabrication of flexible solar cells, the
films have to be prepared on plastic substrates. However,
the pastes containing TiCl4 and TiOSO4 unfortunately could
not be used, because these acidic precursors dissolve the
ITO layer, which is the only choice of transparent conduct-
ing layer for plastic films. Films could be prepared on the
ITO/PET flexible substrates with the paste containing TTIP
as it does not damage the ITO layer. However, the sheet re-
sistance of the ITO layer slightly increased from 70 to 90
�/�after the hydrothermal treatment. TheI–V curve mea-
sured for the flexible solar cell is shown inFig. 5. The cell
parameters are slightly worse than those obtained with the
same film prepared on an FTO glass substrate, achieving an
overall energy conversion efficiency of 2.5%. The maximum
IPCE value for this cell was 41%.

3.4. Linearity to the light intensity and the effect of
post-annealing

Although the conversion efficiencies obtained with the
porous TiO2 films prepared by the hydrothermal method are
still not achieving the highest level, one can reach by the
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Fig. 5. I–V curves of the plastic solar cell prepared on ITO/PET film
substrates measured under illumination with AM 1.5 simulated sunlight
(100 mW cm−2).
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Fig. 6. The linearity of theIsc vs. light intensity measured for the cells
employing porous nano-crystalline TiO2 photoelectrodes prepared by hy-
drothermal treatment of the P25+ TTIP mixed paste at 100◦C for 12 h
(a) and the same film subjected to post-annealing at 450◦C for 30 min (b).

conventional high-temperature methods, one of the favor-
able characters of the present materials can be found in the
fact that they exhibit a linear increase ofIsc against the inci-
dent light intensity (Fig. 6(a)). In this measurement, a 500 W
Xe arc lamp filtered for visible light with aλ > 420 nm
longpass and IR cutoff filter was used as the light source,
in order to allow attenuation of light intensity by ND fil-

Table 2
The cell parameters measured under different light intensities for the cells employing porous nano-crystalline TiO2 photoelectrodes prepared by hydrothermal
treatment of the P25+ TTIP-mixed paste at 100◦C for 12 h, and the same film subjected to post-annealing at 450◦C for 30 min

Light intensity (mW cm−2) Hydrothermal only Hydrothermal+ post-annealing

Isc (mA cm−2) Voc (mV) FF η (%) Isc (mA cm−2) Voc (mV) FF η (%)

5.26 0.736 446 0.749 4.68 1.75 504 0.614 10.3
18.2 2.33 536 0.681 4.68 4.53 571 0.687 9.79
45.2 6.38 593 0.621 5.19 10.1 635 0.696 9.90
87.7 11.5 650 0.586 5.01 19.1 668 0.651 9.46

104 13.4 682 0.586 5.14 21.8 692 0.666 9.61

A 500 W Xe arc lamp filtered for visible light with aλ > 420 nm longpass and an IR cutoff filters was used as the light source for these measurements.

ters without changing the light spectrum. TheIsc increases
linearly to the light intensity reaching the highest value of
13.4 mA cm−2 at 104 mW cm−2. It should be considered
that this light source at the highest intensity contains visi-
ble light equivalent to that of 2.2 times of sunlight by the
number of photons in the range where the dye can absorb,
thus proving the current linearity of the present material be-
yond 2 sun level. The non-linearity of photocurrent against
the incident light intensity has been reported as a problem
with the porous semiconductor film electrodes prepared by
mechanical compression[13a]. Although a high conversion
efficiency of 4.5% is achieved under a weak light illumi-
nation at 1/10 of sunlight, it dropped to 3% at the 1 sun
level due to the non-linearity of photocurrent. Limitation
of photocurrent due to the limited transport of electrolyte
and/or the increase of electrical resistance of the conducting
layer due to its cracking during the mechanical compres-
sion at high pressure are supposed as the reasons. By con-
trast, the cell fabricated with the present material prepared
by hydrothermal reaction achieved almost constant conver-
sion efficiencies around 5% over a wide range of light in-
tensity in this measurement (Table 2) owing to the linearity
of the photocurrent, although, the absolute value of the con-
version efficiency is not to be compared directly because the
light source used in this measurement is focused in the vis-
ible range. It is, however, evident from these measurements
that the present material does not suffer from the limited
photocurrent, owing to the ideal porous structure similar to
that obtained by the conventional high-temperature sintering
method. It is also obvious that the transparent conducting
layer cannot be mechanically damaged even in the case of
the soft plastic film substrates because the film formation is
made by simple coating of the pastes.

A large room of further improvement has been indicated
by the fact that post-annealing of the hydrothermally pre-
pared film at 450◦C results in a dramatic improvement of the
cell performance. The photocurrent is almost doubled, and
the overall conversion efficiency as high as 10% is achieved
under illumination with the filtered Xe lamp (Table 2). The
linear increase of photocurrent against light intensity has
been confirmed also for the sintered electrode, achieving a
photocurrent density of 21.8 mA cm−2 at the highest inten-
sity (Fig. 6(b)).
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Fig. 7. Photocurrent action spectra measured for the cells employing
porous nano-crystalline TiO2 photoelectrodes prepared by hydrothermal
treatment of the P25+ TTIP mixed paste at 100◦C for 12 h (a) and the
same film subjected to post-annealing at 450◦C for 30 min (b).

Fig. 7 compares the photocurrent action spectra of the
cells with and without the post-annealing of the film. The
increase of maximum IPCE from 52 to 88% reasons the sig-
nificant improvement of the cell by post-annealing. A careful
observation of the action spectra reveals that the enhance-
ment of the IPCE by post-annealing is pronounced especially
at the red end of the spectra. While an enhancement by a fac-
tor of about 1.7 is estimated at the maxima, the IPCE values
at 700 nm increases by a factor of almost 3. At the wave-
length close to dye absorption maximum, photon extinction
is completed within the region close to the back contact, so
that the photoinjected electrons do not need to travel a long
distance. On the other hand, at the red end of the spectra,
light penetrates much deeper into the film because of the
smaller absorbance of dyes and the smaller degree of light
scattering, so that a substantial contribution in photoinjec-
tion of electrons is expected from the dye molecules far apart
from the back contact. The fact that a much higher portion
of the photoinjected electrons lead to current generation in
the post annealed material indicates a large improvement in
the charge transport property of the TiO2 layer. It is likely
that the necking of the TiO2 particles is still imperfect in the
hydrothermally prepared film, and that the post-annealing
of the film at a high temperature completes the connection
of the particles. It is however obvious that the annealing
at a high temperature is not applicable to the plastic film
substrates. It is therefore necessary to develop methods to
achieve more complete necking of the TiO2 particles else
than heating.

Another important effect from the post-annealing should
exist in the removal of residual organics from the film.
X-ray photoelectron spectra of the porous TiO2 films were
measured before and after the heat treatment. The spectra
of the films gave major peaks assignable to Ti and O with
chemical shifts expected for TiO2. Additionally, small peaks
of C 1s emission were also detected. While the signals of
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Fig. 8. XPS (C 1s) of the porous nano-crystalline TiO2 films prepared by
hydrothermal treatment of P25+ TTIP-mixed paste at 100◦C for 12 h (a)
and the same film subjected to post-annealing at 450◦C for 30 min (b).

Ti and O remained the same, a change was noticed for
the C 1s signal (Fig. 8). The hydrothermally prepared film
exhibits two equally large peaks at 284.2 and 285.5 eV and
one minor peak at 289.6 eV. After the heat treatment, the
double peak changes to a single one at 285.5 eV. It has been
reported that the C 1s peaks at 285.5 and 289.6 eV arise
from organic contaminants from the ex situ preparation pro-
cess and/or the transfer process of the sample[22,23]. On
the other hand, the peak at 284.2 eV is characteristic for the
hydrothermally prepared sample and probably originates
from the added TTIP. It is likely that the conversion of TTIP
molecules into TiO2 is incomplete after the hydrothermal
treatment and that 2-propanol or its decomposition products
partly remain in the film. They are, however, completely re-
moved from the film by heating at a high temperature. It has
been indicated that these residual organics on the surface of
TiO2 enhance charge recombination, so that their removal
leads to an extension of lifetime of photoinjected elec-
trons, and thus, improvement of charge collection efficiency
[24].

4. Conclusion

We have developed a novel low-temperature method
to prepare mechanically stable porous thick films of
nano-crystalline TiO2 by employing hydrothermal crystal-
lization at solid/gas interface. Dye-sensitized solar cells
employing these TiO2 film electrodes achieved the highest
conversion efficiency of 4.2% under illumination with AM
1.5 simulated sunlight. The conversion efficiency of the
plastic cell was somewhat smaller (2.5%) because of the
limited choice of the TiO2 precursor (TTIP) and the lim-
ited conductivity of the ITO/PET substrate. The favorable
feature of the materials prepared by the present method
is the linearity of the photocurrent against the light inten-
sity, probably owing to the ideal porous structure of these
materials for unlimited transport of electrolytes. Post-heat
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treatment of the hydrothermally prepared porous films at
450◦C significantly improved the efficiency of the cell due
to the more complete necking of the particles as well as
the removal of residual organics from the film. This in-
dicates the limitation of the hydrothermal method under
the present condition; at the same time, however, the pres-
ence of large room of further improvement. The following
study should therefore concentrate in the optimization of
the paste composition and the reaction conditions, as well
as the development of post treatments else than heating for
the complete conversion of the Ti-monomers into TiO2. In
addition, the flexibility in the choice of the materials should
also be the merit of the present method, namely, variety of
a core-shell structured composite films may be prepared by
combining metal oxide particles else than TiO2, and metal
salts and alkoxides as precursors of other metal oxides
[18,25,26].
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