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bstract

Silica-modified titania (Si–TiO2) was synthesized by the glycothermal method and applied for dye-sensitized solar cells (DSCs). Si–TiO2

rystallized in anatase structure and was found to be thermally stable. Crystallite size of Si–TiO2 became smaller as Si loadings in Si–TiO2

ncreased, and Si–TiO2 of small crystallite size adsorbed large amount of dyes on the surface. The photoelectrochemical conversion efficiency of
he DSC using Si–TiO2 was influenced mainly by the electron transfer between Si–TiO2 particles. The Si–TiO2-based DSCs showed a maximum
n the conversion efficiencies when the crystallite size of Si–TiO2 was around 15 nm, irrespective of the Si loadings. To improve the connectivity

etween Si–TiO2 particles, Si–TiO2 particles were mixed with TiO2 sol, which was synthesized by the hydrothermal method. Dye-sensitized solar
ells prepared using these pastes were able to reduce the influence of the resistance between the particles and improved their conversion efficiencies
temming from the increase of short circuit currents, since Si–TiO2 could adsorb large amount of dyes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, nanocrystalline semiconductor oxide-based dye-
ensitized solar cells (DSCs) have been recognized as reason-
ble solar energy conversion devices [1]. DSCs consists of a
anocrystalline semiconductor film adsorbing dyes such as a
u-bipyridyl complex, a redox couple such as I−/I3

−, and a
ounter electrode. The high efficiency of the DSC is achieved
hen a high surface area of the semiconductor film, which is
ecessary to adsorb large amount of dyes on its surface, is real-
zed. Therefore, synthesis of semiconductor oxide having large
urface area is one of the effective methods for preparation of
he high performance DSC. At the present time, TiO2 has been

ainly used for high performance DSCs [2,3]. Although some
inds of nanocrystalline semiconductor oxide such as SnO2

4,5], ZnO [6–8], and Nb2O5 [9] were synthesized and applied
o DSCs, their conversion efficiencies have not surpassed the
riginal TiO2-based DSC. Studies of DSCs using mixed-oxide

∗ Corresponding author. Tel.: +81 75 383 2519; fax: +81 75 383 2520.
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lectrodes have been mainly carried out on core-shell (bilayer)
tructure. This technique contributed to increase open circuit
oltage (Voc) in the case of TiO2 core [10,11]. In the SnO2-based
lectrodes, increase in both Voc and short circuit current den-
ity (jsc) have been reported and high conversion efficiency was
ecorded by SnO2–ZnO system [11–13]. This improvement was
xplained as follows: the shell-oxide, which has more negative
onduction band energy, covered the core-oxide and suppressed
he recombination between the injected electrons in the core-
xide and electrolyte. In addition, the DSCs with composite
xides have also been investigated. Yoshikawa and co-workers
repared nanostructured TiO2-based composite oxide such as
iO2-ZrO2 [14] and TiO2-GeO2 [15] with a surfactant assisted
ol–gel method. They reported Voc and jsc improved in TiO2-
rO2, and jsc improved in TiO2-GeO2. This result indicates
ddition of small amount of another element to TiO2 has possi-
ility for improvement of DSCs.

This time, we focused on composite oxide, silica-modified

itania (Si–TiO2). This material has been reported by Iwamoto et
l. as a high performance photocatalyst [16,17]. They reported
hat the Si–TiO2 was directly synthesized by the reaction of
aw materials, and the product possessed large surface area with

mailto:eguchi@scl.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2006.04.001
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mall crystallite size and high thermal stability [17]. These fea-
ures can lead to DSCs’ advantages such as improvement of jsc
aused by adsorption of large amount of dyes on Si–TiO2 par-
icles. Therefore, we applied Si–TiO2 to electrodes of DSCs in
arious conditions, and investigated that the effects of Si loading
y impedance spectroscopy and potential of improvement in the
erformance of DSCs.

. Experimental

.1. Synthesis of TiO2 and silica-modified TiO2 powders

TiO2 and silica-modified TiO2 powders were synthesized
y glycothermal method [18]. A 25 mL of titanium tetraiso-
ropoxide (TTIP) and suitable amount of tetraethylorthosilicate
TEOS) were added into a glass tube with 100 mL of 1,4-
utanediol, and this glass tube was set in the autoclave. A gap
etween the glass tube and the autoclave was filled with 1,4-
utanediol. The sample was autoclaved for 2 h at 300 ◦C. After
hat, a valve on the autoclave was unclenched keeping its tem-
erature at 300 ◦C to remove the solvent. The resultant powders
ere calcined at or above 400 ◦C for 2 h to remove the organic

olvent on surface of powders completely. Hereafter, the powder
repared by TTIP and TEOS containing x at.% of Si, is abbre-
iated as x at.% Si–TiO2.

.2. Preparation of TiO2 and Si–TiO2 pastes

Two kinds of TiO2 and Si–TiO2 pastes for electrodes of DSCs
ere prepared. One was consisting of TiO2 or Si–TiO2 pow-
ers alone. One gram of TiO2 or Si–TiO2 powder, 30 wt.%
olyethyleneglycol 20000 (PEG20000), and 5 mL of 0.1 M
NO3 aqueous solution were added and ground vigorously in

n automatic mortar, until the paste became reasonably viscous.
fter that, pastes were dispersed for 30 min by ultrasonication.
The other was that TiO2 sol synthesized by the hydrothermal

ethod was mixed with these powders. TiO2 sol was prepared
ased on the method reported before [19]. A 125 mL of TTIP
as dropped into 750 mL of a 0.1 M HNO3 aqueous solution
nder stirring vigorously at room temperature. After that, the
lurry was heated at 80 ◦C and stirred vigorously for 8 h. The
esultant solution was then filtered, and distilled water was added
nto the filtrate to adjust the total volume to 700 mL. After that,
he solution was autoclaved under hydrothermal condition for
2 h at 230 ◦C. The growth of particles in the solution occurred
uring the autoclaving, and the particles were redispersed with
ltrasonic wave. The colloidal suspension was concentrated with
rotary evaporator to a final TiO2 concentration of 11 wt.%. A
0 wt.% of TiO2 or Si–TiO2 and PEG20000 were added in this
olloidal sol (10 mL) and ground vigorously in an automatic
ortar.

.3. Characterization of TiO2 and Si–TiO2 powders and

lectrodes

Crystallite phases of TiO2 and Si–TiO2 powders were iden-
ified by X-ray diffraction (RINT1400, Rigaku Co., Ltd.) and
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o
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a
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rystallite sizes were calculated from their patterns by Scher-
er’s equation. Presence of Si in Si–TiO2 powders was confirmed
y FT-IR (FT/IR-410, JASCO Co., Ltd.), and XPS (ESCA-
50, Shimadzu Co., Ltd.). The charging effect in XPS was
orrected by adjusting the binding energy of the main C 1s
eak to 284.6 eV. Amount of dyes on electrodes were mea-
ured by inductively coupled plasma spectroscopy (ICP). Dyes
n electrodes were dissolved with 10 mL of 0.1 M NaOH aque-
us solution. The amount of TiO2 and Si–TiO2 on electrodes
as also estimated from Ti concentration obtainedetermined
y ICP.

.4. Assembly of dye-sensitized solar cells

Two parallel edges of F-doped SnO2 glass (FTO) were cov-
red with adhesive tape (thickness: 50 �m) to control the thick-
ess of the TiO2 or Si–TiO2 film. The paste was applied to one
f the free edges of the FTO and spread by sliding a glass rod
n the tape-covered edges. The thin film of TiO2 or Si–TiO2,
hus obtained after calcination, was ca. A 20 �m thick. After
he electrode was dried in air, it was calcined for 1 h at 500 ◦C
n air. A dye, cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-
icarboxylato)-ruthenium(II) bis-tetrabutylammonium, gener-
lly called N719, was used as a sensitizer. Dye adsorption on
he TiO2 and Si–TiO2 electrodes were carried out by immers-
ng the electrode into an ethanol solution with a dye con-
entration of 3 × 10−4 M (M = mol dm−3). Electrode area was
bout 0.25 cm2. As a counter electrode, a thin Pt layer was
eposited on In-doped SnO2 glass substrate (ITO) by sputter
echnique. A 50 �m thick thermoplastic resin film (Mitsui-Du
ont Polychemical Co., Ltd.) with a 7 mm × 7 mm window
as sandwiched between these two electrodes, and then the

ssembly was heated on a hot plate to tighten the seal. The elec-
rolyte solution was filled between the two electrodes. As the
lectrolyte solution 0.6 M 1-propyl 2,3-dymethylimidazolium
odide (DMPImI), 0.1 M LiI, 0.5 M 4-t-butylpyridine (t-
uPy) and 0.05 M I2 in methoxyacetonitrile (MeAN) were
mployed.

Hereinafter, the DSC based on TiO2 is abbreviated as Ti-
SC, Ti-DSC based on TiO2 calcined at 500 ◦C as Ti-500, the
SC based on Si–TiO2 as Si-DSC, and Si-DSC based on 5 at.%
i added Si–TiO2 calcined at 600 ◦C as 5-Si-600.

.5. Photoelectrochemical measurements

Current–voltage characteristics measurement (I–V measure-
ent) and ac impedance spectroscopy were carried out as photo-

lectrochemical measurements. A potentiostat (Solartron 1287)
nd frequency response analyzer (Solartron1260) were used for
hese measurements. The light source was a solar simulator
K-0206, Bunko Keiki), and the light power was calibrated by
ilicon photodiode (BS-520, Bunko Keiki). In this experiment,
–V and impedance measurements were carried out without the

ask for cutting off ambient light. The impedance measurement

f cells was recorded over a frequency range of 0.01–100,000 Hz
ith ac amplitude of 10 mV. The measurement was carried out

fter open circuit voltage became stable (about 15 min).
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. Results and discussion

.1. Characterization of TiO2 and Si–TiO2 powders

The XRD patterns of silica-modified TiO2, with Si load-
ngs of 0–5 at.%, are shown in Fig. 1. All samples had the
natase structure and other peaks were not obtained, as reported
reviously [16]. Presence of Si in Si–TiO2 powders could be con-
rmed by IR and XPS. Fig. 2 shows IR spectra of Si–TiO2 with
ifferent Si loadings. The spectra in Fig. 2 consist of two main
bsorption bands, which are attributed to characteristic bonds of
i–O–Si asymmetric stretching (near 1070 cm−1) and Ti–O–Si
symmetric stretching (near 950 cm−1), in Si–TiO2 [20,21].
hese absorption bands became conspicuous, as Si loadings in
i–TiO2 increase. Fig. 3 shows Si 2p spectra of Si–TiO2 with
ifferent Si loadings. In Si 2p spectra, main peak was observed
t 101.5 eV, and this peak was larger with an increase in the
mount of Si loaded. This binding energy is smaller than that of
ure SiO2 (103.6 eV). Iwamoto et al. have explained that a low
inding energy of Si 2p was due to the decrease of the effective
ositive charge on the Si atoms. Since electronegativity of Si
s higher than that of Ti, the formation of the Si O Ti bonds
auses a less effective positive charge on the Si atoms, as com-
ared to that of pure SiO2. This result suggests that the strong
nteraction of Si atoms with TiO2 lattice [17].

The crystallite sizes of Si–TiO2 with various amount of Si
alcined at various temperatures for 2 h are shown in Fig. 4.
he crystallite size was calculated by Scherrer’s equation. As Si

oadings increased, the crystallite size of Si–TiO2 became small.
he crystallite size was small for the sample containing larger
mount of Si, even after the calcination at high temperatures.
wamoto et al. reported that increase in Si loadings retarded the
rain growth of anatase and trans formation of anatase to rutile,
nd that addition of Si decreased the OH group concentration on
he surface of the Si–TiO2, which contributed to improvement
f the thermal stability of Si–TiO2 due to decrease in the surface
nergy of Si–TiO2 particles [16,17]. This result indicates that
he addition of Si to TiO2 can create the smaller particle size of

i–TiO2 at the same calcination temperature. These particles are
xpected to adsorb larger amount of dye-adsorption on particles
s semiconductor electrodes of DSCs.

ig. 1. XRD patterns of TiO2 and silica-modified TiO2 calcined at 600 ◦C for
h; 1, 3, and 5 at.% Si were added in Si–TiO2.
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ig. 2. IR spectra of TiO2 and silica-modified TiO2 calcined at 600 ◦C for 2 h;
, 3, and 5 at.% Si were added in Si–TiO2.

.2. Dye-adsorption on silica-modified TiO2 electrodes

The relation between amount of dyes on Si–TiO2 electrodes
nd their crystallite sizes is shown in Fig. 5. Amount of dyes
n the electrodes were expressed as number of moles per unit
eight of TiO2 and Si–TiO2 electrodes. Higher Si loadings of
i–TiO2 electrodes, whose powders had smaller crystallite sizes
ompared with TiO2, enabled to adsorb more amount of dyes
n electrodes. In addition, inverse of crystallite sizes of TiO
2
nd Si–TiO2 and amount of dyes on their electrodes have linear
elation. This result suggests that dyes adsorb uniformly on the
uter surface of original TiO2 and Si–TiO2 particles. And Fig. 5
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substrate and solvent resistance in electrolyte. The arcs at 7000,
10, and 0.5 Hz have been attributed to electron transfer at Pt|
electrolyte interface, at dye adsorbing TiO2| electrolyte inter-
face, and diffusion of I3

− in electrolyte, respectively [22–24].
ig. 3. Si 2p spectra of TiO2 and silica-modified TiO2 calcined at 600 ◦C for
h; 1, 3, and 5 at.% Si were added in Si–TiO2.

howed plots of TiO2 and Si–TiO2 were on the same sequence.
his indicates ability for adsorption of dyes on Si–TiO2 was
qual to that on TiO2. Larger amount of dyes on Si–TiO2 can
ead to accomplish higher short circuit current in DSCs.

.3. Si–TiO2-based dye-sensitized solar cells

Fig. 6 shows (a) I–V curves and (b) impedance spectra of TiO2
Ti-500) and 5 at.% Si–TiO2 (5-Si-500)-based dye-sensitized
olar cells. Open circuit voltage, jsc, fill factor and conversion

−2
fficiency were 0.669 V, 10.6 mA cm , 0.703, and 4.99% in Ti-
00 and 0.629 V, 3.69 mA cm−2, 0.726, and 1.69% in 5-Si-500,
espectively. The impedance spectrum of the Ti-500 consisted of
our components. The ohmic resistance, which was represented

ig. 4. The relation between crystallite size of TiO2 and silica-modified TiO2

alcined various temperatures for 2 h; 1, 2, 3, and 5 at.% Si were added in
i–TiO2.

F
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ig. 5. The relation between amount of dyes on TiO2 and Si–TiO2 electrodes
nd their crystallite sizes; 1, 2, 5, and 10 at.% Si were added in Si–TiO2. Powders
ere calcined at various temperatures to adjust the crystallite sizes.

to Z′-intercept of impedance spectra at high frequency side
left side), did not appear as semicircle due to its very short time
onstant. This resistance includes the sheet resistance at glass
ig. 6. (a) I–V curves and (b) impedance spectra at Voc of TiO2 and 5 at.%
i–TiO2-based dye-sensitized solar cells under 100 mW cm−2 light irradiation.
i–TiO2 powders were calcined at 500 ◦C. Numbers in impedance spectra stand
or frequency at each point. (�) TiO2; (©) 5 at.% Si–TiO2.
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n the impedance spectrum of 5-Si-500, the impedance compo-
ent around 1000–100 and at 10 Hz were larger than those in the
pectrum of Ti-500. The large component around 1000–100 Hz,
hich is often observed when calcination temperature of the
iO2 electrode is lower than 400 ◦C [25], indicates that the elec-

ron transfer in Si–TiO2 electrode was not smooth due to weak
onnectivity between the particles. Another large arc at 10 Hz,
hich becomes small when the amount of dyes on TiO2 and light

ntensity increase [24,25], indicates that electron density in the
i–TiO2 electrode was low. These impedance components rep-
esent low short circuit current and low conversion efficiencies
n the Si-DSCs.

Fig. 7 shows (a) I–V curves and (b) impedance spectra of dye-
ensitized solar cells based on 5 at.% Si–TiO2 calcined at 500,
50, 800, and 900 ◦C. Open circuit voltage increased slightly
ith higher calcination temperature (0.629, 0.628, 0.633, and
.653 V), and fill factor was almost the same (0.726, 0.727,
.721, and 0.729). Short circuit current density had the maxi-
um at 800 ◦C (9.05 mA cm−2). Consequently, the sample 5-

i-800 showed the best conversion efficiency in these DSCs.
he impedance spectrum of 5-Si-800 was smaller than that of
ther three DSCs. The impedance spectra of DSCs consisting of

ig. 7. (a) I–V curves and (b) impedance spectra at Voc of TiO2 and 5 at.%
i–TiO2-based dye-sensitized solar cells under 100 mW cm−2 light irradiation.
i–TiO2 powders were calcined at 500, 650, 800, and 900 ◦C. Numbers in

mpedance spectra stand for frequency at each point. (�) 500 ◦C; (©) 600 ◦C;
�) 800 ◦C; (�)900 ◦C.
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ig. 8. XRD patterns of TiO2 calcined at 800 ◦C and silica-modified TiO2 cal-
ined at 900 ◦C for 2 h; 1, 2, 5 and 10 at.% Si were added in Si–TiO2.

-Si-500 and 5-Si-600 have almost the same spectra. Therefore,
he low efficiencies and low jsc obtained from these DSCs can be
scribed to the low connectivity between particles and low elec-
ron density in Si–TiO2 as mentioned above. The sample 5-Si-
00 has a relatively small arc at 100 Hz and large one arc at 10 Hz.
ig. 8 shows XRD patterns of TiO2 and Si–TiO2 calcined at high

emperature. Even the TiO2 calcined at 800 ◦C and Si–TiO2 cal-
ined at 900 ◦C consisted of only anatase phase, hence it is not
ecessary to consider the effects of crystallite phase on I–V char-
cteristics of DSCs in this experiment. Impedance spectrum of
-Si-900 indicates that the electric connectivity between the par-
icles is sufficient to transfer injected electrons. The number of
he injected electrons, however, becomes less due to decrease of
yes on the high-temperature calcined Si–TiO2 and leads to low

sc. This result suggests that Si–TiO2 powders have an optimal
alcination temperature for good performance DSCs.

I–V characteristics of various kinds of Si-DSCs calcined at
ifferent temperatures are shown in Fig. 9. Open circuit volt-
ge of the Ti-DSC increased with calcination temperature was
igher. The Voc of Si-DSCs slightly increased as calcination
emperature was raised. And the Voc decreased as Si loadings
ncreased. Small particle size and/or large Si loadings can con-
ribute to decrease of Voc. Short circuit current and conversion
fficiency of these DSCs have almost the same tendency to calci-
ation temperatures. This indicates that conversion efficiencies
f these Si-DSCs are mainly controlled by short circuit current.
aximum values of short circuit current and conversion effi-

iencies shifted to higher calcination temperatures as Si loadings
ere increased. Fill factor did not exhibit tendency to Si loadings

nd calcination temperatures.

Fig. 10 shows relation between crystallite size of TiO2 and

i–TiO2 for DSCs and their I–V characteristics. A trend can be
ound for open circuit voltages to increase with an increase in
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Fig. 9. Relations between calcination temperatures and I–V characteristics of
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iO2 and 1, 2, 5, and 10 at.% Si–TiO2-based DSCs under 100 mW cm−2 light
rradiation. (�) TiO2; (©) 1 at.% Si; (�) 2 at.% Si; (�) 5 at.% Si; (�) 10 at.%
i.

rystallite sizes of TiO2 and Si–TiO2. It is considered that very
mall semiconductor oxide particles like nanoparticles are hard
o keep the electric barrier (space charge layer) in their interface
ue to their small size. This electric barrier serves as inhibition
f back reaction such as the reaction between the injected elec-
rons in the electrode and oxidized electrolyte. As a consequence,
lectron densities in the electrode and Fermi level increase and
ead to increase in the open circuit voltage. Large particles are
asier to create the electric barrier than small ones, and there-
ore, DSCs with particles of large crystallite size have high open
ircuit voltage [25]. The highest short circuit current and con-
ersion efficiencies were obtained around 15 nm of crystallite
ize. It is difficult for excessively small particles to sustain the
lectrode film, and there are often cracks on the film and peeling
rom FTO. The film consisting of large particles does not have

arge surface area, therefore, the amount of dyes on the electrode
ecreases with an increase of the crystallite size.

Fig. 11 is I–V curves and impedance spectra of the Ti-DSC
nd Si-DSCs that displayed best conversion efficiencies in the

s
m
t
e

ig. 10. Relations between crystallite sizes and I–V characteristics of TiO2 and
, 2, 5, and 10 at.% Si–TiO2-based DSCs under 100 mW cm−2 light irradiation.
�) TiO2; (©) 1 at.% Si; (�) 2 at.% Si; (�) 5 at.% Si; (�) 10 at.% Si.

espective calcination temperatures in Fig. 9. The DSCs based
n TiO2, 1, 5, and 10 at.% Si–TiO2 exhibited the maximum con-
ersion efficiencies at calcinations temperature of 600, 650, 800,
nd 900 ◦C, respectively, in this preparation condition. The I–V
haracteristics of 1-Si-650 was the almost same as that of Ti-
00. The Voc and jsc of 5-Si-800 and 10-Si-900 were inferior
o those of Ti-600. In the impedance spectra of these DSCs, the
mpedance of Ti-DSC consisted of three arcs and that of Si-
SC consisted of four components, although total impedances
ere almost the same. A new impedance component appeared at

round 500 Hz in Si-DSC, and this impedance became large as
i loadings were increased. This suggests electrons in the elec-

rode of high Si contents do not transfer smoothly due to poor
onnectivity between the particles. Arcs around 10 Hz became

omewhat small with increase of Si loadings. This phenomenon
eant that more dyes were adsorbing on Si–TiO2 than TiO2

he more electrons were injected from dyes into the Si–TiO2
lectrode. These results indicate that if the contribution of the
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Fig. 11. (a) I–V curves played the best performances in TiO2 and Si–TiO2-
based DSCs in Fig. 9 or Fig. 10 and (b) their impedance spectra. Numbers in
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Fig. 12. (a) I–V curves and (b) impedance spectra at Voc of TiO2 sol-based DSCs
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able to adsorb more amount of dyes on the surface. jsc and the
reciprocal of the resistance characterized by the arc at around
10 Hz displayed some correlations, as shown in Fig. 13. This
mpedance spectra stand for frequency at each point. (�) Ti-600; (©) 1-Si-650;
�) 5-Si-800; (�) 10-Si-900.

mpedance around 500 Hz on the Si-DSC is lowered, the con-
ersion efficiency of these DSCs are expected to improve.

To improve the connectivity of Si–TiO2 electrodes, TiO2 sol
ere mixed with Si–TiO2 powders. I–V curves in Fig. 12 showed

hat DSCs based on TiO2 sol with TiO2 and Si–TiO2 powders
ave higher jsc than that of the DSC without the additive. The
SCs with Si–TiO2 additives recorded the jsc equivalent to or
igher than that with TiO2 additives. Their impedance spectra
n Fig. 12 had the relatively small arcs at high frequency range
left arcs), compared with the spectra in Fig. 11. This means that

he electron transfer in electrodes becomes more smoothly by

ixing with TiO2 sol. Arcs at 10 Hz became small as their jsc
ncreased. Similar behavior was observed when light intensity

F
a

nder 100 mW cm−2 light irradiation. 30 wt.% of TiO2 and 1, 3, and 5 at.%
i–TiO2 calcined at 600 ◦C were added in TiO2 sol. (�) without additive; (©)
iO2; (�) 1 at.% Si; (�) 3 at.% Si; (�) 10 at.% Si.

as changed. The arc at 10 Hz became small as light inten-
ity was raised [22]. Therefore, the behavior in the impedance
pectra in Fig. 12 was caused by difference in number of the
njected electrons in the electrode. Higher performances of DSCs
ontaining Si–TiO2 were realized, since Si–TiO2 powders were
ig. 13. The relation between impedance components around 10 Hz of DSCs
nd jsc shown in Fig. 12.
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esult suggests that jsc of these DSCs were mainly affected by
he impedance at 10 Hz, and the impedances around 500 Hz,
hose influence was observed in Fig. 11, did not affect so signifi-

antly their conversion efficiencies. TiO2 sol containing Si–TiO2
owders-based DSCs could improve the connectivity in elec-
rodes and utilize the advantage of Si–TiO2.

. Conclusions

Si–TiO2 with various Si loadings were synthesized by the
lycothermal method and applied to dye-sensitized solar cells.
hese Si–TiO2 powders had anatase structure and their crys-

allite size became small, as the Si loadings increased. This
uggested that Si–TiO2 had high thermal stability compared with
iO2. Consequently, small particles were obtained from Si–TiO2
nd these particles adsorbed large amount of dye on their sur-
ace. Conversion efficiencies and jsc of Si-DSCs were lower than
hose of Ti-DSCs and the maximum values were obtained when
rystallite size of Si–TiO2 was around 15 nm. Impedance spectra
f these DSCs had arcs around 500 Hz and implied that conver-
ion efficiencies of these DSCs were influenced by the electron
ransfer in the Si–TiO2 electrodes. To improve the connectivity
etween Si–TiO2 particles, Si–TiO2 particles were mixed with
iO2 sol, which was synthesized by the hydrothermal method.
ye-sensitized solar cells using these pastes were able to lower

he resistance between particles and to improve their conversion
fficiencies derived from the increase of short circuit currents.
his improvement was due to large amount of dyes adsorbing
n Si–TiO2 surface.

Si-DSCs in this experiment showed that conversion efficien-
ies of DSCs were influenced strongly by the morphology of
i–TiO2 electrode such as crystallite size rather than electro-
hemical properties of Si–TiO2. Therefore, optimizations of
reparation methods have possibility to improve conversion effi-
iencies of Si-DSCs.
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