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Abstract

Thick porous TiO2 films have been prepared at low temperature from a mixture of a commercial TiO2 powder (Degussa P25) and an
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asy-to-handle water-soluble titania precursor: titanium(IV)bis(ammonium lactato)dihydroxide. Films have been obtained spreadin
ixture using “doctor blade” technique. UV light treatment using a medium-pressure mercury vapor lamp leads to decomposit

itania precursor as a result of the photocatalytic activity of nanocrystalline TiO2 present in the blend. The additional titanium oxide t
ormed assures both, necking between particles and film adhesion to the substrate. Porous nano-structured TiO2 films were fabricated by th
ow-temperature method (always lower than 80◦C) on transparent conducting oxide-covered glass and flexible plastic substrates (
in-oxide on glass and on PET, and fluorine-doped tin oxide on glass). The photoelectrodes obtained by this method have been c
y scanning electron microscopy, attenuated total reflection Fourier transform infrared spectroscopy, photoluminiscence, mon

ncident photon-to-current conversion efficiency (IPCE) andI–V measurements. Results obtained with dye-sensitized solar cells (DSSC
ith these films are promising.
2005 Published by Elsevier B.V.
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. Introduction

Dye-sensitized solar cells (DSSC) based on nano-
tructured TiO2 photoelectrodes are intensively studied due
o their low cost and promising efficiency values reached
o far. At the present time, research pursues the develop-
ent of this inexpensive solar cell based on a nanocrystalline
iO2 layer deposited on a flexible plastic substrate[1–2].
his type of substrate allows a continuous-mode production
rocess, which should lower production costs; in addition, it

acilitates fabrication of light-weight and thin DSSC[3–5].
onventional DSSC technology includes an annealing step in
hich temperatures as high as 400–500◦C are needed. This

∗ Corresponding author. Tel.: +34 935812176; fax: +34 935812920.
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temperature range, adequate for glass substrates, is
the allowed temperature for possible polymer-based fle
substrates. It must also be mentioned that these temper
increase the resistivity of the conducting substrate, par
larly ITO (In2O3:Sn). This has favored the use of conduc
SnO2 glass (FTO) over ITO in DSSC, even though the
one has a greater availability in the market and lower pr

These relatively high temperatures normally used in
annealing step are needed for two key reasons conce
TiO2 photoelectrodes production. The first one is to e
inate the organic substances present in the colloidal2
suspension or paste used to make the photoelectrodes. O
ics are added to the TiO2 precursor formulations to improv
the quality of the film by breaking down agglomerates
stabilize TiO2 suspensions, and to increase the wetting ca
ity of the precursor mixture. Thus, more regular TiO2 thick
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films are produced without too large pores or cracks. The
second key reason is to improve the connection between the
nanocrystallites that constitute the film (necking), as well as,
to guarantee their adherence to the transparent conducting
oxide (TCO) film acting as substrate. Annealing at high tem-
peratures improves the diffusion coefficient of electrons, and
thus the efficiency of DSSC[6,7]. It is to be expected that the
quality of these contacts determines both, electrical proper-
ties of the porous thick film and also its mechanical sturdiness.
Some authors[8,9] have used chemical treatment of TiO2
porous electrodes, with titania molecular precursor solutions,
followed by re-annealing to produce a freshly grown titania.
Depositing TiO2 all over the porous layer should improve the
necking of the grains, and it should decrease carrier-trapping
defects.

On the other hand, there are reports on TiO2 film fabri-
cation procedures that are compatible with the use of non-
conducting plastic substrates, although the purpose has been
to exploit TiO2 photocatalytic or UV blocking properties
[10–18]. However, they produce thin films not suitable for
DSSC fabrication due to their thickness and non-porosity.
Besides, deposition on TCO-covered substrates poses an
extra requirement of no modification of the TCO layer,
which limits the experimental conditions to be employed.
For example, deposition from solution with extreme pH
values is not possible because the conducting layer is
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the TiO2 obtained using an electrophoretic method and thus
improves the efficiency of their DSSC.

In this paper, we propose an alternative method to prepare
TiO2 porous thick films, suitable to work as photoelectrodes
in DSSC. It combines photocatalytic activity of TiO2 with the
use of a mixture of nanocrystalline TiO2 powder and a solu-
ble precursor of TiO2. This precursor, after photodegradation,
will produce new TiO2 that allows necking between parti-
cles and also provides adherence to the substrate. A stable
water-soluble titania precursor, titanium(IV)bis(ammonium
lactato)dihydroxide (TALH), is used to preserve the simplic-
ity of the method.

2. Experimental

2.1. Reagents

All chemicals mentioned hereafter were, at least, of
reagent grade and used as received. All water used in the
experiments was previously purified in a Millipore Milli-Q
system. TiO2 Degussa P-25 (80% anatase–20% rutile) was
kindly gifted by Degussa (Spanish delegation). Titanium(IV)
bis(ammonium lactato)dihydroxide (Aldrich) was purchased
as a 50% aqueous solution and diluted with water prior to its
utilization.

2

s
1 ),
F -
t with
I
t ut-
t aned
j s of
a ning
fi n in
3 he
s sub-
s ITO
fi eived.
M face
c

2

M
T en
i mL
o and
t bath
w . The
m in-
u cers
amaged.
Different approaches appear in the literature to avoid h

emperature annealing of the thick porous TiO2 layer. Picho
t al. have studied the performance of electrodes trea

emperatures as low as 100◦C, avoiding the use of organ
urfactants in the formulation of the precursor paste, bu
erformance of the cells thus obtained is limited compar

he annealed ones[19]. A promising alternative to substitu
interization at high temperature is to compress the p
le layers using high pressure during a short time inte
echanically stable, electrically conducting, nano-struct
orous films are thus obtained[3–5,20]. Recently, a sophis

icated method that employs a shower of low-accelera
lectron beams has been demonstrated as a further op
ure TiO2 films [21].

Some authors employ a mixture containing both nano
alline TiO2 and a molecular TiO2 precursor[22–23]. Under
ydrothermal treatment at low temperature (100◦C) in the
olid–gas (water vapor) interphase, the molecular prec
ydrolyzes acting as glue. This method has some drawb
uch as incomplete necking of the particles and pres
f residual organics in the film[24]. These organics ca
e eliminated later using UV/ozone treatment[25]. A dif-

erent low-temperature method proposed by De Paoli
o-workers[1] takes advantage of the photocatalytic acti
f TiO2 in order to eliminate organic substances present i
ommercial TiO2 colloidal precursor used. TiO2 thick film
abrication is completed by a heat treatment at 140◦C during
h. UV treatment has also been employed by Murakam
l. [26] in order to eliminate adsorbed organic impuritie
.2. Substrate cleaning

The substrates used were ITO (In2O3:Sn)-covered glas
3–18�/sq, 1.1 mm thick optical glass (Opticalfilters UK
-doped SnO2-covered glass 15�/sq (Flabeg, Pilking

on Group) and poly(ethylene terephthalate) coated
n2O3:Sn (PET-ITO, T-MOX 60/175, 60�/sq on 175�m
hick PET)—a sample kindly supplied by Innovative Sp
ering Technology N.V. Glass-based substrates were cle
ust before performing the deposition process. Sample
dequate size were subjected to 5-min ultrasonic clea
rst in acetone, then in absolute ethanol, next for 1 mi
0% nitric acid and finally for 5 min in water. After that t
ubstrates were dried under a nitrogen flow. PET-ITO
trates, which do not support this kind of treatment (
lms are detached from the substrate), were used as rec
aximum precautions were taken to maintain their sur

lean.

.3. TiO2 porous film preparation

A mixture of TiO2 Degussa P-25 (2.0 g) and 0.416
ALH solution (10 mL) were stirred mechanically and th

ntroduced into an ultrasonic bath for 15 min. Then, 0.50
f a Tritron X-100 solution in water (1:10) was added

he mixture sonicated for 15 min. Water in the ultrasonic
as changed periodically to avoid temperature increase
ixture thus obtained was allowed to stand for a few m
tes. With the help of Scotch (3 M) adhesive tape spa
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and microscope slides, the paste was deposited using “doctor
blade” technique as was described by Smestad[27]. After
the films dried at room temperature, they were irradiated.
Films were located at 8 cm from a medium-pressure Hg lamp
(125 W, HPK Cathodeon) and no filter was placed between
the lamp and the sample. For comparison, reference TiO2
films were prepared by the conventional procedure described
as method B by Nazeeruddin et al.[9].

2.4. TiO2 films characterization techniques

The composition of TiO2 films was analyzed by ATR-
FTIR performed with a Bruker apparatus (Tensor model
equipped with MKII Golden Gate). TiO2 powder samples
were obtained by scrapping off the film and pulverizing the
sample in an agate mortar. To test the adhesion of TiO2 films
to the substrate, we used ultrasound disruption: the elec-
trodes were immersed completely in a beaker with water
and sonicated for different time intervals (Ultrasonic bath
Selecta, 50 W). Surface characteristics of gold-covered films
were further investigated by SEM, using a Hitachi S-570
electron microscope. TiO2 film thickness was studied with
SEM. TiO2 films were easily distinguished from the sub-
strate because of their different roughness. Low-temperature
unpolarized photoluminescence (PL) experiments were per-
formed in a backscattering geometry. Samples were placed
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Photocurrent–voltage measurements were made in a two-
electrode sandwich configuration. The active area of the cells
was 1.9 cm2. Counter electrodes were prepared by spread-
ing a drop of 10 mM hexachloroplatinic acid solution in
2-propanol on a SnO2:F covered glass, followed by heating
at 380◦C for 30 min in air [28–29]. A spacer was placed
between the two electrodes to avoid short-circuit and the
previously mentioned electrolyte was used. Visible light
was generated with a 50 W halogen lamp with a UV filter
(λ < 325 nm). In order to decrease the temperature change
caused by IR heating, a water filter (3.0 cm optical path
length) was used. Lamp distance was adjusted in order to
obtain a light intensity of 100 mW/cm2. I–V curves were
traced with the help of a simple multimeter and variable resis-
tances.

3. Results and discussion

Our first objective was to define a good TiO2 precursor
suspension, which must contain a mixture of photoactive
nanocrystalline TiO2 and a molecular titania precursor. The
first ingredient must supply the necessary photoactivity to
decompose the second component, the titania precursor. The
additional titanium oxide formed after TALH photodegra-
dation must act as cement and assure electrical connection
a sub-
s was
u eat-
m igh
p iO
p tita-
n even
u taken
d ble
a

he
m mong
p uired
f n in
t tire
c mix-
t cay.
T
b om-
p eral
p sition
f t
a tion
w ime,
i onic
b is
a kers
w of
T all
a cil-
nside a helium close-cycle cryostat and the 325.2 nm lin
30 mW He–Cd laser was used. The emitted light was

yzed by a Jobin-Yvon HR460 spectrometer using a G
MT detector optimized for the 350–650 nm range.

.5. Sensitization of the films and photoelectrochemical
easurements

The dye, cis–bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-
icarboxylato)ruthenium(II) (Greatcell Solar S.A., Switz

and) commonly named N3, was used as sensitizer. Fo
urpose of eliminating water in the TiO2, before sensit
ation, samples were heated for 1 h near 100◦C (80◦C in
he case of ITO-PET samples). They were dipped w
till warm, in a 0.5 mM solution of N3 in ethanol for 24
nd subsequently rinsed with ethanol. They were dippe
thanol to desorb any excess dye. These films were drie
itrogen stream before using them as photoelectrodes.

ocurrent action spectra were measured with a Pye Un
P 600 UV monochromator system to which a 35 W halo

amp for sample illumination was added. A Keithley 64
icoammeter was coupled to this system for photocu
easurements. For obtaining IPCE values from meas
hotocurrent, samples were substituted by a spectrally
rated photodiode to measure incident light intensity at
avelength. A two-electrode photoelectrochemical cell
sed for photocurrent measurements with a Pt counter

rode. Radiation was incident on the TCO side. The re
lectrolyte consisted 0.50 M LiI, 0.050 M I2, and 0.50 mM

ert-butylpyridine in 3-metoxy-propionitrile.
mong particles, as well as, between titania and the
trate. The criteria used to find an optimal formulation
niformity and adherence of the film obtained after UV tr
ent. TiO2 Degussa P-25, easily available and with a h
hotocatalytic activity was chosen as the crystalline T2
owder component of the mixture. TALH was chosen as
ia molecular precursor because it is a stable compound
nder open atmosphere and special care must not be
uring its manipulation. Besides, it is commercially availa
nd it allows the use of water as a solvent.

The mass of TiO2 obtained from the decomposition of t
olecular precursor must be enough to assure necking a
reformed nanocrystals. On the other hand, the time req

or TALH decomposition increases with its concentratio
he initial mixture. Besides, TALH could cover the en
atalyst surface if present in a high percentage in the
ure and this probably causes photocatalytic activity de
herefore, it seems reasonable that the amount of TiO2 to
e formed from the molecular precursor must be low c
ared to TiO2 added as a crystalline powder. After sev
aste compositions were essayed, the optimized compo

ound contains 1 mol of TALH per 7.4 mol of TiO2 presen
s powder. The qualitative criteria used for this optimiza
as endurance of the obtained layer with sonication t

.e., area that remained covered after 10 min in the ultras
ath. The TiO2 powder to precursor molar ratio selected
pproximately half the value used by Yoshida and co-wor
ith their hydrothermal method[24]. A smaller percentage
ALH does not allow the production of stable films. A sm
mount of Triton X-100 was added to the mixture to fa



168 D. Gutiérrez-Tauste et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 165–171

itate substrate wetting and to produce uniform films using
“doctor blade” technique. The organic nature of the surfac-
tant allows its elimination after UV activation of photocalytic
TiO2. Ultrasound was used to break as much as possible the
large agglomerates usually present in TiO2 Degussa P-25
aqueous suspensions, and to facilitate the intimate mixture of
the three components. It was found that additives normally
employed to break TiO2 aggregates, like acetylacetone, acetic
acid, etc., lead to loosely adhered films. Probably, their pres-
ence and/or their degradation products avoid or make difficult
the adsorption of the titania molecular precursor to the TiO2
nanocrystallites. Besides, the presence of these substances,
which strongly adsorb on the TiO2 surface, can block activity
center and the photodegradation processes[30–31].

The temperature attained in the film during UV irradia-
tion was lower than 80◦C. As no UV filters are used, it must
be considered that both direct photolysis and TiO2-activated
photocatalytic degradation are possible pathways for precur-
sor decomposition. It is well known that under TiO2 irradi-
ation with photon energy higher than its band gap, strong
oxidant species are formed that promote the complete min-
eralization of organic compounds. Different UV treatment
times were essayed from 1 to 6 h. ATR-FTIR spectroscopy
was used to assess the effect of the UV treatment, using sam-
ples representative of the whole film thickness. The reference
sample was obtained simply by drying the precursor paste,
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Fig. 1. ATR-FTIR spectra of the TiO2 film after different times of irradiation
(from bottom to top: 0, 1, 2, and 6 h, respectively). Spectra are representative
of the whole film thickness composition as samples were obtained pulveriz-
ing film portions scrapped from the substrate.

If we consider the low optical transmittance of TiO2 for
λ lower than 385 nm approximately, then the upper layer
of the film hinder the illumination of the material below.
Nonetheless, the lactate that remains in the deeper layers,
where the intensity of incoming radiation is smaller, could
also be degraded because oxidizing species are able to dif-
fuse through the pores to deeper regions of the film[32–33].

Films prepared by this new method are more opaque
than those prepared by the conventional method, which are
translucent. This indicates that bigger aggregates are still
present in our method. In the Nazeeruddin’s method[9],
the use of acetylacetone helps to break the agglomerates
present in P-25. As mentioned before, the use of acetylace-
tone or other disaggregating substances must be avoided in
our method because it worsens the adherence of the films
produced. SEM analysis (Fig. 2a and b) shows larger aggre-
gates but comparable crystallite dimensions when comparing

F ported ed using
N a) deta
.e., prior to irradiation treatment, when all the TALH was s
resent. In the spectra (Fig. 1), intense peaks assignable
ALH are clearly visible (2983 and 2940 cm−1 C–H stretch
376 cm−1 symmetric stretch carboxylate group, 1114
051 cm−1 methyl group skeletal vibration). After only 1

reatment, their intensity has diminished strongly. Broa
ng of peaks is to be expected considering that a blen
ifferent degradation products could be formed. The r
limination of the organic species could be due to the fo

ion and diffusion of volatile intermediates. Treatment
erformed for 6 h to eliminate more refractive compou
esponsible of weak signals that remain and require lo
reatment (Fig. 1). After this longer treatment, most of t
rganic substances are eliminated.

ig. 2. SEM images of porous TiO2 films produced by (a) the method re
azeeruddin method B[9]; and (c) small film fragment prepared as in (
in the present work, after 6 h. UV light irradiation; (b) sample obtain
ched from the substrate after ultrasound treatment.
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samples prepared by the present technique with samples pre-
pared using acetylacetone for disaggregating TiO2. The larger
aggregates give rise to larger pores, since they do not pack
as well as small particles. This should reduce the total real
area of the device. InFig. 2c, the typical thickness of layers
obtained is shown—around 12�m.

Adhesion to the conducting glass substrate was tested
studying resistance to sonication. Tests showed that adhesion
is irregular, some areas been detached while others remain
firmly attached. Although the percentage of area lost after a
certain time varies from sample to sample, it was possible to
obtain results comparable to those obtained with the conven-
tional method that includes an annealing step. Spots in the
TiO2 film are detached as platelets (seeFig. 2c). This shows
that powder nanocrystallites hold firmly together; that a good
necking among particles is obtained. It also indicates that the
ITO/TiO2 interface contact is not uniform. The same prob-
lem was found in other low-temperature sintered TiO2 films
[19]. The fact that in some areas the adhesion is much better
than that in others suggests that an adequate substrate acti-
vation or pre-treatment could probably homogenize the firm
adhesion of the film to the conducting glass. This aspect is
under investigation. It is also possible to deposit films on ITO-
PET substrates. In this case, the sonication test is not possible
because the ITO layer detaches. It must be stressed, though,
that the film does not peel off when the substrate is bent.
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Fig. 3. PL spectra of porous thick TiO2 films prepared by produced by (a) the
method reported in the present work (dashed line) before UV light treatment
and (solid line) after 6 h. UV light irradiation; (dotted line) sample obtained
using Nazeeruddin’s method B[9].

that corresponding to the film prepared by thermal annealing
(dotted line). This indicates that defect concentration is very
similar in both samples, since non-radiative recombinations
are favored at defects, e.g., those due to internal surfaces or
boundaries formed by particles necking. Since the shape of
the PL emission is the same for different treatments, this indi-
cates that the kind of defects (or emissive centers) responsible
of the PL signal has not changed due to the treatment.

The photovoltaic properties of the electrodes obtained by
our method were characterized and compared to electrodes
made by the more conventional method, which includes
annealing at high temperature. First, we measured IPCE of
N3-sensitized (Fig. 4) electrodes prepared on ITO-glass sub-

F s
p ); con-
v cles),
a sub-
s LiI,
0

The absence of strong IR bands, as well as the fact th
ydroxides and carbonates of titanium are not stable, su

hat TiO2 has been formed as a final TALH photodegra
ion byproduct. We have tried XRD to know more ab
he crystal structure of the generated material. The patt
ominated by the intense signals due to the nanocryst
iO2 present in the initial mixture (Degussa P-25), wh
onstitutes most of the TiO2 layer. One tends to think tha
s it is to be expected, the deposited materials reprod

he crystalline structure on top of which it grows given
imilarity between XRD of the layer obtained with “pai
n” and the one obtained with our method. The presence
inor XRD-silent component (amorphous phase) could
e completely excluded, though.

Photoluminescence spectra were also used to charac
he TiO2 films. In Fig. 3, we can see the low-temperat
pectra (T = 15 K) of a film made from the TiO2 + TALH
ixture before (dashed line) and after the 6 h UV treatm

solid line). For comparison, the spectrum of a film p
uced by Nazeeruddin method including 450◦C annealing

s also showed (dotted line). Considering the same
oluminescent emission, the peak intensity depends o
oncentration of other competing non-radiative recomb
ion centers. The lower intensity of the sample prior to
reatment (about 20% less) is due to the fact that the2
urface is covered with photodegradable substances, a
ecombination process is less probable, i.e., adsorptio
he TALH precursor on the crystalline TiO2 quenches pa
ially their PL [34–35]. The intensity of the PL signal
50 nm of the sample after the UV treatment is very simila
ig. 4. Dependence of the IPCE values for N3 sensitized TiO2 electrode
repared on ITO-glass substrates by our UV-based method (squares
entional method including annealing at high temperature (open cir
nd photoelectrode prepared by our UV-based method on ITO-PET
trate (inverted triangles). The redox electrolyte consisted of 0.50 M
.050 M I2, and 0.50 mMtert-butylpyridine in 3-metoxy-propionitrile.
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Fig. 5. Current–potential curves for N3-sensitized TiO2 electrodes prepared
on SnO2:F glass substrates (solid line) by our method; (dotted line) conven-
tional method including annealing at high temperature (dashed line) photo-
electrode prepared by our method on ITO-PET substrate. The redox elec-
trolyte consisted of 0.50 M LiI, 0.050 M I2, and 0.50 mMtert-butylpyridine
in 3-metoxy-propionitrile. The radiant power is 100 mW/cm2. For compar-
ative intention, in all the cases the counterelectrode was a platinized SnO2:F
glass substrate.

strates. Results indicate that the photoelectrodes prepared by
the TiO2–TALH mixture method have a satisfactory behav-
ior comparable with electrodes prepared by the traditional
method. However, it must be pointed that, since we used ITO
based substrates, the traditional method is penalized as the
resistivity of this oxide increases during the annealing step.

To facilitate comparison of both methods, photocurrent
density (J) versus voltage (V) curves were measured for cells
obtained but in this case, SnO2:F covered glass was used,
which maintains its low resistivity with temperature. As can
be observed inFig. 5, very similar results were obtained. It
must be said that we have not attempted to optimize the cells
contacts and geometry. Our first objective is only to compare
the two methods of TiO2 film preparation; this is why the
efficiency of the cell is only around 2% and the fill factor
is in the 0.60–0.65 interval. Results corresponding to elec-
trodes prepared at low temperature are slightly better. Poorer
results, though, have been obtained with electrodes prepared
on plastic substrates. As known, the inverse of the slopes at
points whereV = 0 (short-circuit currentIsc) and whereI = 0
(open-circuit voltageVoc) give the so called, parallel resis-
tanceRp and series resistanceRs, respectively. Ideally, the
parallel resistance should be infinitely large and the series
resistance 0. Therefore, for the plastic substrate, as seen in
Fig. 5, the parallel resistance is too low and the series resis-
tance too high. This must be due to the higher resistivity of the
I ger
t ently,
h ut also
h This
c e at
t rease
p lower
r

4. Conclusions

A new procedure to the preparation of porous thick TiO2
photoelectrodes is proposed and studied. Its essence is the
use of the photocatalytic properties of nanocrystalline TiO2
to decompose a molecular titania precursor. The thus pro-
duced titania serves to neck previously crystallized TiO2,
as well as to improve TiO2 porous layer adherence to the
TCO. The highest temperature reached with this method is
approximately 80◦C; therefore, it is suitable for ITO-covered
plastic substrates. The use of an open-atmosphere-stable and
water-soluble titania precursor is another clear advantage.
A first evaluation of the performance of the films obtained
as photoelectrodes for DSSC has given promising results:
photoelectrodes obtained using the proposed technique show
characteristics equal to or better than those obtained with the
traditional method. Good mechanical properties were shown
by the films obtained with the new method related to sat-
isfactory necking among nanocrystallites and very strong
adhesion in some areas (which could be made uniform for the
whole area in the future). These characteristics should also
favor electron transport from particle to particle and finally,
to the TCO.

A

Plan
o was
c r
E 2-
0

R

l. A:

248

.
02)

L.

-
Rev.

kata,
02)

em.

n, V.
1.
E.

em.

[

TO layer on this flexible substrate, which is four times lar
han that of the glass substrates as said before. Evid
igher contact resistance increases series resistance; b
igh contact resistance might lower electron extraction.
ould lead to electron recombination with the electrolyt
he contact, which represents a leakage current and dec
arallel resistance. Further studies are required using
esistivity plastic substrates.
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