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a b s t r a c t

Charge recombination at the conductor substrate/electrolyte interface has been prevented by using effi-
cient blocking layers of TiO2 compact films in dye-sensitized solar cell photoanodes. Compact blocking
layers have been deposited before the mesoporous TiO2 film by the layer-by-layer technique using titania
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eywords:
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locking layer

nanoparticles as cations and sodium sulfonated polystyrene, PSS, as a polyanion. The TiO2/PSS blocking
layer in a DSC prevents the physical contact of FTO and the electrolyte and leads to a 28% increase in the
cell’s overall conversion efficiency, from 5.7% to 7.3%.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells, DSCs, have been recognized for their
igh efficiency on converting light into electricity by using readily
vailable and environmentally friendly materials [1–5]. As a new
hotovoltaic technology, they hold a promise for large scale solar
nergy conversion with relatively lower production costs [6–8].
SCs based on TiO2 mesoporous photoanodes sensitized by Ru(II)
olypyridine complexes have achieved solar energy conversion effi-
iencies beyond 10% [9–11]. Despite that, an understanding of the
imiting factors in the DSC performance is crucial to develop sys-
ems with higher efficiencies, stability and lifetime [7,12–14].

Charge recombination is a common process in DSCs that
imits their performance [15–17]. It takes place mainly at the
iO2/sensitizer and FTO/TiO2 interfaces. According to the kinetic
eatures of the interfacial charge-transfer processes in DSCs [18],
harge recombination at the TiO2/sensitizer interface is negligi-
le. Nevertheless, such a recombination can be further minimized
y applying core-shell structured electrodes [19], surface silaniza-
ion, using co-adsorbents or coating the TiO2 surface with TiCl4,
reviously to the sensitizer adsorption [20,21].

At the FTO/TiO2 interface, charge recombination occurs due to
he physical contact between the electrolyte and the FTO surface.

he mesoporous structure of the TiO2 layer allows the percola-
ion of the electrolyte and the electron transfer on the FTO surface
ecomes feasible. A way to prevent that consists in applying a
ompact oxide layer on the FTO before the semiconductor meso-

∗ Corresponding author. Tel.: +55 11 3091 2151; fax: +55 11 3815 5579.
E-mail address: neydeiha@iq.usp.br (N.Y. Murakami Iha).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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porous layer [22,23]. This so-called blocking layer physically blocks
the reaction of the photoinjected electrons and the I3− ions at the
FTO/electrolyte interface.

In solid DSCs with hole-transport materials, blocking layers are
essential to avoid the cell’s short-circuit [24]. In liquid electrolyte
based solar cells, the role of the blocking layer is still under debate,
but recent studies have shown an improvement on the cell’s effi-
ciency after the use of blocking layers [25–30].

Blocking layers of Nb2O5 [28,29,31] and TiO2 [25,32], have been
deposited by different methods such as spray pyrolysis, dip-coating,
spin-coating and chemical vapor deposition [30,31,33]. In this con-
tribution, metal oxide layer-by-layer (LbL) films are used as effective
blocking layers in DSCs. For this purpose, TiO2 nanoparticles in
acidic pH and sodium sulfonated polystyrene were used as cationic
and anionic species respectively and the resulting LbL film has been
spectroscopically and morphologically characterized before pho-
toeletrochemical experiments to evaluate its effectiveness.

2. Experimental

All chemicals, analytical or HPLC grade, were used as received,
with the exception of 3-methyl-2-oxazolidinone (Aldrich), which
was purified by distillation under reduced pressure. The N3
dye, cis-[Ru(dcbH2)2(NCS)2], dcbH2 = 4,4′-dicarboxylic acid-2,2′-
bipyridine, was synthesized as previously reported [34].

TiO2 nanoparticles were prepared by the sol–gel method accord-

ing to procedures reported elsewhere [34,35]. 24 mL of titanium(IV)
isoproxide (Strem, 98%) were slowly added to 140 mL of 0.1 mol L−1

HNO3 aqueous solution under vigorous stirring. The mixture was
left under stirring and heated (80 ◦C) for 8 h. TiO2 particles of
5–10 nm in diameter, as determined by STEM microscopy, were pro-

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:neydeiha@iq.usp.br
dx.doi.org/10.1016/j.jphotochem.2009.04.008
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hold the nanoparticles together within the film and to minimize
electrostatic repulsions.

It is reasonable to assume that a major part of PSS is still within
the film after its sinterization, as it was not detected any visible
changes on the morphology of the TiO2/PSS film after sintering
4 A.O.T. Patrocínio et al. / Journal of Photochemis

uced. An aliquot of the sol was separated for the blocking layer
eposition. The remaining aliquot was autoclaved for 8 h at 200 ◦C

n a titanium pressure vessel to increase particles’ size to 20–30 nm.
he autoclaved sol was then concentrated to ∼180 mg mL−1 and
tabilized with Carbowax 20 M (Supelco) to produce a paste for the
eposition of the mesoporous layer.

TiO2 compact films used as blocking layers were deposited onto
leaned FTO substrates (Pilkington TEC–15, 15 ��−1) using the
bL technique, following a similar procedure reported in the lit-
rature [36]. The substrate was immersed alternately for 5 min in
10 mg mL−1 suspension of the non-autoclaved TiO2 sol at pH 2

nd in an 1.0 mg mL−1 sodium sulfonated polystyrene, PSS, (Aldrich;
W = 70,000 g mol−1) aqueous solution at pH 5. After each immer-

ion, the films were rinsed with reagent-grade water (30 s, under
agnetic stirring) and dried with compressed air. In this approach,

iO2 nanoparticles were used as cations and PSS as a polyanion.
The mesoporous TiO2 layer (∼6 �m thickness) was deposited by

ainting onto either the bare FTO substrates or those containing the
ompact TiO2/PSS blocking layer. The film was dried at room tem-
erature and sintered at 450 ◦C for 30 min. The sensitization was
chieved by immersion of electrodes in a N3 saturated ethanolic
olution. The cell, with 0.25 cm2 active area, was assembled in a
andwich-type arrangement using the sensitized TiO2 photoanode
nd a transparent Pt-covered FTO (Pilkington, TEC-15) as a counter-
lectrode. A solution of 0.03 mol L−1 I2/0.3 mol L−1 LiI/0.5 mol L−1

yridine in 90:10 mixture of acetonitrile (Aldrich) and 3-methyl-2-
xazolidinone was used as an electrolyte mediator.

Three different types of photoanodes were prepared to evaluate
he effectiveness of the TiO2/PSS films as blocking layers: mesoTiO2,

reference in which only the mesoporous TiO2 layer has been
eposited on a FTO substrate, TiO2/PSS-mesoTiO2, which contains
he TiO2/PSS film onto FTO before the TiO2 mesoporous layer and
iCl4-mesoTiO2, in which the FTO substrate was treated with a
iCl4 solution before deposition of the mesoporous TiO2 layer, as
escribed in the literature [37].

UV–vis absorption spectra were obtained by using an 8453
V–vis spectrophotometer (Hewlett Packard). The size of TiO2
anoparticles and the morphology of the films were evaluated
y scanning transmission electron microscopy (STEM) and field-
mission scanning electron microscopy (FESEM) using a JSM 7401F
JEOL) microscope. The film thicknesses were measured with an
lpha step (KLA Tencor) perfilometer. Thermogravimetric analysis
as conducted in air by using a TGA 50 (Shimadzu) thermoanalyser.

Photoelectrochemical characterization of DSC was carried out
y current-potential measurements using a PAR270 galvanos-
at/potentiostat (EG&G Instruments) system at simulated AM 1.5
olar radiation (78 mW cm−2) provided by a solar simulator (New-
ort/Oriel) as previously described [35,38]. All parameters were
etermined from the average values measured with at least five

ndividual cells of each type of photoanode.

. Results and discussion

The deposition of the TiO2/PSS bilayers on a quartz slide was
onitored by UV–vis spectroscopy, Fig. 1. A linear increase on the

bsorbance at 270 nm can be observed as the number of TiO2/PSS
ilayers increases (Fig. 1, insert), due to a same amount of PSS being
dsorbed in each deposition cycle. Since the films are assembled via
lectrostatic interactions, the amount of TiO2 nanoparticles should
lso be constant at each deposition to compensate the negative

harges of PSS and allow the regular stepwise growth of the films.
imilar observations were made by He et al. [39] using different
ypes of polyelectrolytes.

The transmittance spectra of both substrates, bare FTO and those
ontaining a TiO2/PSS film, are presented in Fig. 2. In the visible
Fig. 1. UV–vis absorption spectra of TiO2/PSS LbL films on quartz slide with 1, 5, 10,
15, 20, 25, and 30 bilayers. The insert shows the absorbance increase at 270 nm with
the number of bilayers.

region, transmittance of the bare FTO decreased from 80% to 60%
after deposition of 30 TiO2/PSS bilayers. A similar decrease observed
by Yu et al. [40] for optical fibers coated with 24 TiO2/PSS bilay-
ers was attributed to the light reflection produced by the oxide
nanoparticles. On the other hand, the TiCl4 treatment did not sig-
nificantly change the substrate transmittance since a very thin layer
was obtained.

The morphology of the mesoporous TiO2 and the TiO2/PSS films
was evaluated by FESEM micrographs, Fig. 3. Unlike the meso-
porous TiO2 film, Fig. 3a, the TiO2/PSS film, Fig. 3b, is compact, with
plates of nanoparticles aggregates. We have attributed this unusual
morphology to the reduced size of the TiO2 nanoparticles and the
presence of the PSS chains. These small nanoparticles can be more
efficiently packed onto the substrate surface, since voids among
particles are reduced as their size decreases. As the bilayers are
being deposited, layers of TiO2 nanoparticles stack onto each other,
preferably on the voids left by the previous layer. Thus, nanoparti-
cles of adjacent layers are in close contact and the result is a densely
packed film. Meanwhile, the adsorbed PSS chains act as a “glue” to
Fig. 2. Transmittance spectra of bare FTO substrate (—), after TiCl4 treatment (- - - -)
or after 30 bilayers deposition of TiO2/PSS (. . .).
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reported by Cameron and co-workers [25,26,44] attained with DSC
having TiO2 films deposited by spray pyrolysis as blocking layers
confirmed such a prediction and corroborated the results presented
here.
Fig. 3. FESEM micrographs of the mesoporous TiO2 layer

t 450 ◦C, Fig. 3c, and the thermogravimetric analyses of the PSS
mployed shows that only 18% of the mass is lost at 500 ◦C.

The surface concentration of the N3 dye (∼1 × 10−7 mol cm−2)
as identical, within the experimental error, on the mesoporous

iO2 film of the three types of photoanodes investigated. Thus, the
ye adsorption preferably occurred onto the mesoporous TiO2 layer
nd was practically negligible onto the blocking layers.

LbL TiO2 films have been already employed in DSCs, although
ith different approaches. He et al. [39] used them as mesoporous

ayer and, more recently, Agrios et al. [41] as mesoporous and scat-
ering layers.

The dark current–voltage characteristics of DSC for different
ypes of TiO2 photoanodes are shown in Fig. 4. It is noteworthy
o see that the blocking layers increase the open-circuit voltage,
oc. The highest Voc under dark conditions is for the DSC having
he TiO2/PSS film (30 bilayers), which indicates the effectiveness
f such a film as a blocking layer due to inhibition of the electron
ecombination in the FTO/electrolyte interface.

Under illumination, Fig. 5, the solar cell with the TiO2/PSS-
esoTiO2 photoanode provided the highest photocurrent among
he other cells. Photoelectrochemical parameters determined for
SCs with different photoanodes are listed in the Table 1.

A slight increase, ∼50 mV, on the cells’ Voc can be observed when
iCl4 or TiO2/PSS blocking layers were employed. Jsc was also higher

able 1
hotoelectrochemical parameters of DSCs with different photoanodes (AM 1.5 solar
adiation; Pirr = 78 mW cm−2).

hotoanode Voc/V Jsc/mA cm−2 ff �/%

esoTiO2 0.68 ± 0.02 10.2 ± 0.5 0.64 ± 0.03 5.7 ± 0.3
iCl4-mesoTiO2 0.70 ± 0.02 10.9 ± 0.5 0.64 ± 0.03 6.5 ± 0.3
iO2/PSS-mesoTiO2 0.73 ± 0.01 12.6 ± 0.5 0.62 ± 0.03 7.3 ± 0.3
O2/PSS film, 30 bilayers, before (b) and after (c) sintering.

for those devices, approximately 6.8% and 19%, respectively, for
solar cells with TiCl4-mesoTiO2 and TiO2/PSS-mesoTiO2 photoan-
odes. The cell’s overall efficiency increased 28% going from 5.7% to
7.3% with the use of TiO2/PSS-mesoTiO2 photoanodes.

These results are in accordance with theoretical studies [42,43]
that predict an increase on both Jsc and Voc when the recombination
rate at the FTO/electrolyte interface decreases. Experimental results
Fig. 4. Dark current–voltage curves of DSC with different photoanodes: TiO2/PSS-
mesoTiO2 (—), mesoTiO2 (- - - -) and TiCl4-mesoTiO2 (. . .).
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ig. 5. Current–voltage curves under illumination (AM 1.5; 78 mW cm−2) of DSCs
ith different photoanodes: TiO2/PSS-mesoTiO2 (—), mesoTiO2 (- - - -) and TiCl4-
esoTiO2 (. . .).

It can be inferred that the TiO2/PSS film is a more effective block-
ng layer than the TiCl4 film due to its morphology and thickness.
he compact film with reduced porosity acts as an efficient block-
ng layer capable to prevent the physical contact of the I3− anions to
he FTO surface. Further studies to determine the role of the block-
ng layer thickness and the influence of the PSS residues on their
ffectiveness are in progress.

. Conclusions

TiO2/PSS films deposited via LbL technique were successfully
sed as blocking layers in dye-sensitized solar cells based on liq-
id electrolytes, due to their compact structure. This avoided direct
ontact between the FTO substrate and electrolyte and prevented
he electron recombination. As a consequence, higher Voc and Jsc

alues were achieved and the overall cell’s efficiency was improved
8%. This result has proven the importance of the compact oxide
locking layer in liquid based DSC to control the charge recombi-
ation processes [45].
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