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bstract

Thin titania-gel films containing dispersed fluorescein or alizarin were prepared by the sol–gel method and treated with steam in order to promote
rystal growth of the titania particles. The incident photon to current efficiency (IPCE) value and the quantum efficiency of the photocurrent
eneration increased with an increase in the steam-treatment duration of the fluorescein-doped films. The quantum efficiency was improved by 14

imes after 12-h steam treatment. The growth and crystallization of the titania particles by the steam treatment improved their electric conductivity.
n the other hand, the photocurrent only slightly changed and the crystal slightly grew by the steam treatment in the alizarin-doped films. Alizarin
olecules prevented the crystal growth of the titania gel due to their strong interaction with Ti around them.
2007 Published by Elsevier B.V.
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. Introduction

Energy conversion properties of dye-sensitized solar cells
ased on titania are being actively investigated all over the
orld. The conversion efficiency has attained more than 10%

1–3]. In a conventional method to prepare electrodes for a dye-
ensitized solar cell, an organic dye is adsorbed onto the film.
he titania films can be easily prepared by the sol–gel method,

.e., dip-coating the materials in a sol of titanium alkoxide and
eating them at 400–500 ◦C. It is important to study new dye-
ensitized titania systems prepared in a different concept from
he conventional procedures for the further development of such
olar cells. In our original investigation, the dye-doped titania-
el films were prepared by a simple sol–gel process such that
he materials are dip-coated in a sol including an organic dye
ithout the normal heating process [4]. This method allows the
ye molecules to be dispersed into the network of the titanium
olymer compounds at a molecular level. The preparation of

itanium dioxide at low temperature using a wet process, such
s the sol–gel method, has also been widely investigated because
f the advantages of uniform nanoparticle formation and saving

∗ Corresponding author. Tel.: +81 26 269 5536; fax: +81 26 269 5550.
E-mail address: nishiki@shinshu-u.ac.jp (H. Nishikiori).
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rystal growth

nergy [5–14]. The following two advantages are expected in
ur preparation method of the electrode compared with the con-
entional samples: one is that the higher dispersion of the dye
nto the titania gel can improve the efficiency of light absorp-
ion. The other is that the higher contact area between the dye
nd titania can improve the efficiency of the electron transfer.
owever, the electric conductivity is very low in the unheated

itania gel due to the high number of defects [4]. Treatment of the
itania gel at low temperature is required in order to improve the
onductivity of the gel without dye decomposition. A hydro- or
olvo-thermal treatment at around its boiling point is expected
o be effective in promoting the condensation and crystallization
f the gel [6,9,12–14].

In our previous study [4], a photocurrent was observed in the
uorescein-doped titania-gel films during visible light irradia-

ion. The photocurrent results from the electron transfer from the
xcited state of the entrapped dye to the conduction band-like
tates of the titania gel. An anatase-type crystal was produced
y the steam treatment of the titania gel. The photocurrent value
ncreases with the duration of the steam treatment because the
rystallization of the titania gel increases its electric conductiv-

ty.

Organic dye molecules, such as rhodamine B [15,16] and
ethylene blue [17], tend to be separately encapsulated into the

ores of the sol–gel reaction systems of silicon alkoxide as the

mailto:nishiki@shinshu-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.06.010
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eaction proceeds. On the other hand, rhodamine B molecules
end to be aggregated in the sol–gel reaction systems including
itanium alkoxide as the reaction proceeds [18], because of the
trong interaction between the dye molecules and the TiOH
roups [19]. It is important for energy conversion in the dye-
ensitized solar cell to clarify the bonding and donor–acceptor
nteraction between the dye molecules and the titania matrix
20–26]. Developing such systems promises not only to improve
he solar cell efficiency, but also to provide new application
evices using other photofunctional materials. Furthermore, the
nvestigation of this interaction allows determining new knowl-
dge which is expected to be applicable to conventional solar
ystems from a different viewpoint. In this study, the thin titania-
el films containing dispersed fluorescein or alizarin were
repared by the sol–gel method and treated with steam. The inci-
ent photon to current efficiency (IPCE) and quantum efficiency
f the photocurrent in the electrodes were observed as a function
f the steam-treatment duration. Alizarin is expected to strongly
nteract with Ti and has been well-studied as a sensitizer for
itania [27–31]. Therefore, alizarin is suitable to compare with
uorescein due to their difference in the coordination properties.
his paper describes the steam-treatment effect on the properties
f the light-to-electric conversion in the dye-doped titania-gel
lm and discusses the interaction between the dye and the

itania.

. Experimental

.1. Preparation of electrodes

Titanium tetraisopropoxide, ethanol, fluorescein, alizarin,
ydrochloric acid, diethylene glycol, iodine, and lithium iodide
Wako Pure Chemicals, S or a regent grade) were used
ithout further purification. Water was ion-exchanged and dis-

illed. Glass plates coated with the ITO transparent electrode
Yamakyu Tokushu Glass) were soaked in hydrochloric acid
1.0 mol dm−3) for 1 h and then rinsed with water. The elec-
rolyte for the electrical measurement consisted of a diethylene
lycol solution of iodine (5.0 × 10−2 mol dm−3) and lithium
odide (0.50 mol dm−3).

The sol–gel reaction system was prepared by mix-
ng 15.0 cm3 of titanium tetraisopropoxide, 15.0 cm3 of
he ethanol solution of fluorescein or alizarin (1.0–5.0 ×
0−2 mol dm−3), and 8.0 × 10−2 cm3 of hydrochloric acid
1.0 × 10−5 mol dm−3) as the catalyst of the sol–gel reaction. A
ystem without the dye was also prepared. Since it took 90–100
ays for gelation of these systems, our dip-coating had been per-
ormed before the gelation to prepare a titania-gel film on a glass
late coated with the ITO transparent electrode. The dip-coated
hin films were made from the sol–gel systems reacting for 50
ays to prepare the electrodes in this study.

In order to prepare the electrode samples coated with crys-
alline titania, the glass plates with the ITO transparent electrode

ere dip-coated with the dye-free system and then heated at
00 ◦C for 1 h. Furthermore, some of these electrodes were
oated with the sol–gel system including the fluorescein or
lizarin dye.
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The conventional dye-sensitized electrode was also prepared
n order to compare them with our original samples. The pow-
ered titania (Nippon Aerosil, P25), 6.0 g, was dispersed in a
ixture of 10.0 cm3 of water, 0.20 cm3 of acetylacetone (Wako
ure Chemicals, S grade), and 0.05 cm3 of 20% aqueous solution
f polyoxyethylene(10)octylphenylether (Triton X-100, Wako
ure Chemicals, reagent grade) using a planetary ball mill
Retsch PM200). The resulting paste was spread on the glass
late with the ITO transparent electrode and heated at 450 ◦C for
0 min. The electrode sample was soaked in an ethanol solution
f fluorescein (1.0 × 10−2 mol dm−3) for 24 h.

.2. Measurements

The UV–visible absorption spectra of the prepared electrode
amples were observed using a spectrophotometer (Shimadzu
V-2500). The iodine-based electrolyte was allowed to soak

nto the space between the electrode sample and the counter
TO electrode. Visible lights of wavelengths longer than 400 nm
btained from a fluorescence spectrophotometer (Shimazdu RF-
300) with a 150 W Xe short arc lamp (Ushio) were irradiated
n the electrodes for the spectroscopy. Under light irradiation,
he short circuit currents of the electrodes were measured by an
lectrometer (Keithley model 617). The crystalline phase was
etermined using a X-ray diffractometer (Rigaku RINT-2200V).
otassium ferrioxalate actinometry was carried out in order to
stimate the IPCE and quantum efficiency for the photocurrent
rom the excited dye in the electrode samples. The intensity of
he light source was determined to be 1.15 × 10−8 einstein/s at
34 nm. The intensity at each wavelength of the light source
as obtained from its radiation spectrum supplied by the lamp
aker.

.3. Steam treatment

The steam-treatment effect on the UV–visible absorption and
hotocurrent spectra of the electrode samples was investigated.
ater was heated at 100 ◦C and the electrode samples were

xposed to its steam for 1–18 h. The pressure of the steam was
bout 100 kPa.

. Results and discussion

.1. Photocurrent of fluorescein-doped electrodes

Fig. 1 shows the visible absorption and IPCE spectra of the
uorescein-doped titania-gel film untreated and steam-treated
or 3–18 h. The untreated film exhibits the visible absorp-
ion spectrum that is located around 480 nm and ranging over
onger wavelength than that observed in solvents. This result
ndicates that main fluorescein species were the anion (at
round 450–480 nm) and some fluorescein molecules existed
s the dianion (at around 490 nm) [32]. In addition, the longer

avelength band indicates that a small amount of fluorescein
olecules formed the dianion-like species resulting from the

trong interaction and an ester-like linkage between the car-
oxyl group of the anion and the TiOH group [22,23,32–34].
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ig. 1. Changes in (a) visible absorption spectra and (b) IPCE spectra of the
uorescein-doped titania-gel film by the steam treatment for 0, 3, 12, 15, and
8 h.

he absorbance decreased and the spectral peak of the film was
ed-shifted from around 480–485 nm with an increase in the
team-treatment time [4]. These results indicate that the anion
as preferentially desorbed from the inside of the titania-gel
lm because the species was weakly trapped in the pores of the
el.

The changes in the IPCE spectra of the fluorescein-doped
itania-gel film by the steam treatment are shown in Fig. 1b.
ome of these values were estimated from the photocurrent
ata reported in a previous paper [4]. In spite of the absorbance
ecrease, the photocurrent of the electrode increased with an
ncrease in the treatment time until while the peak at around
00 nm was only slightly changed. The results suggest that the
ncrease in the IPCE values is due to electric conductive improve-

ent of the titania gel and the dianion-like species plays an
mportant role in generating the photocurrent in this system.
he IPCE values were almost constant after the 3–12 h steam

reatment and then decreased after 15 h due to further dye des-
rption.

.2. Photocurrent of alizarin-doped electrodes

Fig. 2 shows the changes in the visible absorption and
PCE spectra of the alizarin-doped titania-gel film versus the
team-treatment time. The absorption spectrum observed before

he steam treatment (0 h) exhibits a peak at around 490 nm.
he absorbance hardly decreased and the spectral peak was
lue-shifted to around 480 nm by the steam treatment. This
light spectral shift indicates the structural change of alizarin

g
o
t
F

ig. 2. Changes in (a) visible absorption spectra and (b) IPCE spectra of the
lizarin-doped titania-gel film by the steam treatment for 0, 3, and 12 h.

y the electrostatic change in the titania [31,35]. It is sug-
ested, for example, the pH-dependent change from the 2,9-
o 9,10-antraquinoid structure because the absorption peaks of
he metal complex with their anion are 500–515 and around
60 nm, respectively [35]. For the fluorescein-doped films, the
ye molecules were transferred to the water and the absorbance
ecreased by 25% during the 12-h steam treatment. The slight
ecrease in the absorbance of alizarin indicates that the strong
nteraction between alizarin and Ti prevents dye desorption
rom the sample surfaces and only a small amount of alizarin
olecules were transferred to the water. The slight increase

n the absorbance of alizarin after the 12-h steam treatment
s suggested to be due to an increase in the amount of the
,10-antraquinoid complex with the structural change of alizarin
nstead of the dye desorption. As expected, the photocurrent
lightly decreased and the spectra were slightly blue-shifted sim-
lar to the absorption spectra. The IPCE value of the non-treated
lizarin sample is higher than that of the fluorescein sample
ue to the stronger interaction with Ti. However, no remarkable
ncrease was observed as seen in the fluorescein-doped samples.

.3. Dependences of dye concentration on photocurrent and
RD patterns of fluorescein- and alizarin-doped electrodes

The dye concentration dependences of the visible absorption
nd IPCE spectra of the fluorescein- and alizarin-doped titania-

el films were investigated. The absorbance and IPCE values
f the dye-doped films before the steam treatment were propor-
ional to their concentration although these results are not shown.
ig. 3 shows the results of the fluorescein-doped samples at the
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Fig. 3. (a) Visible absorption spectra and (b) IPCE spectra of the fluorescein-
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Fig. 4. (a) Visible absorption spectra and (b) IPCE spectra of the alizarin-doped
t
p
a

w
T
a
T
orption of a large amount of dye molecules during the steam
treatment. The pattern of the alizarin sample at the concentra-
tion of 1.0 × 10−2 mol dm−3 is broader after even the 12-h steam
treatment than that of fluorescein. The patterns of the alizarin

Fig. 5. XRD patterns of the fluorescein- and alizarin-doped titania-gel
oped titania-gel films steam-treated for 12 h. The films were prepared from
he sol–gel precursor solutions containing (1) 1.0 and (2) 3.0 × 10−2 mol dm−3

uorescein.

oncentration of 1.0 and 3.0 × 10−2 mol dm−3 after the 12-h
team treatment. Both the absorbance and IPCE values in the
uorescein-doped film did not almost depend on dye concentra-

ion. This result is because a certain amount of the dye molecules
emained in the films regardless of the concentration after the
ye desorption into the water by the steam treatment. The dye
oncentration dependences of the visible absorption and IPCE
pectra of the alizarin-doped titania-gel film steam-treated for
2 h are shown in Fig. 4. Unlike the fluorescein-doped samples,
oth the absorbance and IPCE values in the alizarin-doped films
omewhat increased as a function of dye concentration. The
bsorbance of alizarin in the films is proportional to its concen-
ration in the sol–gel precursor solutions. This result indicates
hat only a small amount of alizarin molecules were desor-
ed into the water by the steam treatment because the strong
nteraction between alizarin and Ti prevents the dye desorption.
owever, the IPCE value of the film did not increase as much

s the absorbance increased with alizarin concentration.
The dye concentration dependence of the XRD patterns of the

uorescein- and alizarin-doped titania-gel films steam-treated
or 12 h was examined and shown in Fig. 5 [4]. These con-
entrations denote those in the sol–gel precursor solutions. The
atterns of the fluorescein samples were independent of its con-
entration and the results of the samples at the concentration

−2 −3
f 1.0 and 3.0 × 10 mol dm are shown. These patterns are
imilar to those of the dye-free titania-gel films steam-treated
or 3–12 h, which were reported in previous paper [4]. The peak
t around 25◦ appeared in the XRD pattern of the sample treated

fi
g
1
r

itania-gel films steam-treated for 12 h. The films were prepared from the sol–gel
recursor solutions containing (1) 1.0, (2) 3.0, and (3) 4.0 × 10−2 mol dm−3

lizarin.

ith steam for 1 h and it became sharp with the treatment time.
hese results mean that a small anatase-type crystal was formed
fter the 1-h treatment and the crystal grew by further treatment.
he independence of the dye concentration is due to the des-
lms steam-treated for 12 h. The fluorescein- and alizarin-doped titania-
el films were prepared from the sol–gel precursor solutions containing
.0–3.0 × 10−2 mol dm−3 fluorescein and 1.0–5.0 × 10−2 mol dm−3 alizarin,
espectively.
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ig. 6. A schematic interaction model between the dye molecules and titania.

ample are much broader as the dye concentration increased. The
esults can be interpreted as the dye molecules prevent crystal-
ization of the gel around them. Therefore, the IPCE value did
ot increase as much as the alizarin concentration. This study
uggests that the crystal growth of titania is more important than
he interaction between the dye and titania in order to improve
he photocurrent in the present systems. In addition to this, the
trong interaction also promotes a back electron transfer in the
lizarin-adsorbed titania system which results in a low efficiency
27–31]. However, the IPCE values improved with increasing in
lizarin concentration in the films because the dye amount was
redominant over the crystallinity as shown in Fig. 4b.

The differences in the results between the dyes reflect the
ifference in the interaction between the dyes and titania. Fig. 6
hows a schematic model of the interaction between the dyes
nd titania. Alizarin is expected to be strongly bonded by the
oordination of Ti on the titania surface to two hydrate groups
f the dianion. On the other hand, fluorescein is expected to
e bonded in the dianion form by the interaction between its
arboxylate group and Ti of the titania surface.

.4. Quantum efficiencies of photocurrent generation of
lectrodes

The quantum efficiencies of the photocurrent for the excited
ye in the electrode samples were estimated as shown in
ig. 7. The values for the fluorescein and alizarin samples were
stimated at 500 and 470 nm, respectively, which are the wave-
engths of the IPCE maxima for each dye. The efficiency of
he fluorescein-doped sample was 0.17% before the steam treat-

ent and increased with the treatment time to 2.3% after the

2-h treatment, whereas that for the alizarin-doped sample was
bout 1.2% and did not significantly change. The crystalliza-
ion of titania was found to remarkably improve the efficiency
f the photochemical process including the injection from the

G
f
T
u

ig. 7. Changes in quantum efficiencies of photocurrent in the fluorescein- and
lizarin-doped titania-gel films due to the steam treatment.

xcited dye to the conduction band-like state of titania. How-
ver, the remarkable dye desorption from the fluorescein-doped
amples by further steam treatment lowered the quantum effi-
iency. The IPCE spectrum of the conventional dye-sensitized
lectrode coincided with its absorption spectrum. Both the IPCE
nd quantum efficiency at 500 nm were 0.63% because the thick
lm of the electrode absorbed almost all of the photons from

he light source. Compared with the conventional sample, the
PCE of the 12-h treated fluorescein sample is lower, but its
uantum efficiency is much higher. The IPCE values and the
uantum efficiency of the photocurrent in the fluorescein-doped
lectrodes are not much higher than in the other studies of the
ye-sensitized solar cells. However, the present study suggests
he ability to improve the photocurrent efficiency under certain
onditions. The moderate interaction between the dye and tita-
ia and the high crystallinity allow the absorbed light energy to
e effectively utilized.

. Conclusions

A photocurrent was observed in the fluorescein- or alizarin-
oped titania-gel film during visible light irradiation, resulting
rom the electron transfer from the excited state of the dye to the
onduction band-like states of the titania gel. An anatase-type
rystal was produced by the steam treatment of the titania gel.
he IPCE value and the quantum efficiency of the photocurrent

n the fluorescein-doped electrode remarkably improved with
he duration of the steam treatment because the crystallization
f the titania gel increased its electric conductivity. The quantum
fficiency increased by 14 times after the 12-h steam treatment.
n the other hand, the photocurrent hardly changed and the

rystal slightly grew by the steam treatment of the alizarin-doped
lms. Alizarin molecules prevented the crystal growth of the

itania gel due to the strong interaction with the Ti around them.
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