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The performance of solid-state hybrid dye-sensitized solar
cells (DSSC), based on polythiophene polymers as hole-
transporting materials, have been compared by varying TiO,
mesoporous n-semiconductor film microstruture parameters
such as the crystalline phase (brookite and anatase), initial
crystallite size and sintering temperature conditions. For both
crystalline phases a rise in the TiO, mesoporous film curing
temperature from 450 °C to 600 °C produces a twofold in-
crease in the energy conversion efficiency leading to a sig-

nificant current density improvement. When using the same
solar-cell preparation process and a 500-nm-thick photo-
active layer, the cells made up of brookite and anatase meso-
porous materials give a reproducible solar energy conversion
efficiency that reaches 0.48 % and 0.74 %, respectively (at
standard AM 1.5).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Alternative energy sources are of increasing interest be-
cause of the diminishing petroleum reserve and are needed
to replace the environmentally damaging fossil fuels. Solar
power is obviously one of the most attractive solutions. Up
to now, the main photovoltaic (PV) devices are based on
P-N silicon solid-state junctions and expensive technology
ensues directly from the development of the semiconductor
industry. In this situation, a challenging new generation of
solar cells is merging in which the P-N junction photovol-
taic device is replaced by a system of interpenetrating net-
works of nanocrystalline oxide and conducting electrolytes.
The so-called dye-sensitized solar cells (DSSC) are a techni-
cally and economically viable alternative to the conven-
tional silicon photovoltaic devices because of easy fabrica-
tion and low cost.'! They use a mesoporous TiO, layer as
a semiconductor layer, a ruthenium-based complex as a dye
and a redox couple-containing liquid as an electrolyte. For
such liquid solar cells a 10% higher energy conversion effi-
ciency is achieved under standard white solar-light illumi-
nation (1000 Wm™2, i.e. standard AM 1.5) with good du-
rability.”d But, to the best of our knowledge, this has not
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provided any commercial applications because of techno-
logical issues induced by the use of a highly corrosive liquid
electrolyte (cell sealing, handling, maintenance and device
production). The all-solid-state dye-sensitized solar cells
have been developed by replacing the liquid electrolyte with
ionically conducting gels,”®! or inorganic p-type materials
such as Cul and CuSCN,™ or organic hole-conductive
polymers such as triphenyldiamine, polypyrole or polythio-
phene.l>° This third generation of hybrid organic—inorganic
PV cells is very promising with attractive overall efficien-
cies.>7 Because of the potential development of low cost
photovoltaic cells deposited onto large-size and flexible
substrates, such all-solid-state dye-sensitized photovoltaic
devices are currently under intensive investigation.™®

The TiO, layer plays two key roles in the all-solid dye-
sensitized solar cells. The main purpose of the inorganic
semiconductor is to accept electrons from the light absorp-
tion excited-state dye. The second one is to present an ex-
tremely high surface area in order to improve the cell energy
conversion efficiency. The polymorphs of TiO,, rutile, ana-
tase and brookite exhibit specific physical properties,
bandgaps and electronic surface states.’] These three poly-
morphs can be synthesized by thermolysis of titanium tetra-
chloride (TiCly) in an aqueous medium, and the precipi-
tation conditions (acidity, nature of anions, ionic strength,
titanium concentration) enable the control of the crystalline
structure, size and particle morphology.'% Spheroidal
nanoanatase platelets of pure nanobrookite and rutile with
different shapes (needle, rod or platelets) can be prepared
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in this way. For photovoltaic applications the anatase phase
is commonly used. But recently, the first liquid dye-sensi-
tized solar cells using brookite as the n-semiconductor ma-
terial were reported with promising results.['!]

In the present work, the stable colloidal brookite sol syn-
thesis proposed by Pottier et al.l'” has been optimized in
order to control nanoparticle size (diameter from 10 to
20 nm) and to provide a homogeneous coating by the spin-
coating technique. The aim of this paper is to evaluate the
performances of all-solid-state dye-sensitized solar cells
based on Ru-based complexes as the dye and regioregular
poly(3-octylthiophene) as the hole conductor. In particular,
we are focusing on the TiO, mesoporous n-semiconductor
film structure and texture. Then we will study the influence
of the titania crystalline phase (anatase from Solaronix SA
Co. as reference and brookite), nanoparticle size and pro-
cessing parameters such as the TiO,-film sintering tempera-
ture.

Results and Discussion
1. Characterization of Brookite Colloidal Material

1.1. Thermolysis of TiCl, in an Acidic Medium

The influence of the synthetic route on the brookite nano-
particle size has been studied. For the thermolysis route
([Ti] = 0.42 m, [HCI] = 3.1 m), after 48 h of ageing at 100 °C,
TEM micrographs show strongly-aggregated brookite par-
ticles with a mean diameter (&) of 10 nm (Figure 1, a). The
size of the aggregates varies from 30 to 40 nm, in compli-
ance with the results of QELS measurements (Figure 1, b).
After one month of thermolysis at 100 °C the mean size of
the aggregates does not change significantly (Figure 2, b).
However, the mean particle size evaluated from TEM (Fig-
ure 2, a) is notably increased (@ = 16 nm), suggesting that
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Figure 1. TEM micrograph (a) and hydrodynamic particle-size dis-
tribution (b) of the brookite material prepared by the thermolysis
route ([TiCly] = 0.42 m; [HCI] = 3.1 m at 100 °C for 48 h).
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the growth of the early particles has occurred by the
Ostwald ripening process. A particle anisotropy enhance-
ment is observed with thermolysis-time duration.
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Figure 2. TEM micrograph (a) and hydrodynamic particle-size dis-
tribution (b) of the brookite material prepared by the thermolysis
route ([TiCly] = 0.42 m; [HCI] = 3.1 m at 100 °C for one month).

By using the hydrothermal-coupled thermolysis route
(see Experimental Section), TEM pictures show aggregated
particles (Figure 3, a) with nonhomogeneous particle distri-
bution including two types of particles: quasi-spherical par-
ticles (15 nm =@ =40 nm) and larger platelets (L = 60 nm
and / = 16 nm). The size of the aggregates is in agreement
with QELS measurements, which give an object distribution
with a mean diameter of about 50 nm (Figure 3, b).
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Figure 3. TEM micrograph (a) and hydrodynamic particle-size dis-
tribution (b) of the brookite material prepared by the hydrother-
mal-coupled thermolysis route {[TiCly] = 0.42 m; [HCI] = 3.1 M at
100 °C for 48 h. and in an autoclave at 220 °C (23 X 10° Pa) for
22 h}.
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Whatever the synthetic route and conditions (thermolysis
or hydrothermal-coupled thermolysis routes) used, the
XRD patterns of TiO, powders are characteristic of pure
brookite, as shown in Figure 4 for the thermolysis synthesis
([Ti] = 0.42 m, [HCI] = 3.1 M), for one month of ageing at
100 °C. The brookite crystallite sizes (Jc) estimated from
the Scherrer equation applied to the (121) peak are given in
Table 1 for the different particle synthetic routes. An in-
crease of crystallite size (from @c = 10 nm to Q¢ = 20 nm)
is observed with increasing the thermolysis duration or tem-
perature and pressure ageing conditions (hydrothermal-
couple thermolysis route). The brookite crystallite sizes
evaluated from the XRD pattern are in accordance with the
particle mean diameter determined from TEM observa-
tions.
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Figure 4. XRD pattern of brookite colloids prepared by the ther-
molysis route ([TiCly] = 0.42 m; [HCI] = 3.1 m at 100 °C for one
month). The pattern was compared with the brookite JCPDS data.

Table 1. Brookite crystallite size estimated from the Scherrer equa-
tion applied to the XRD (121) peak.

Synthetic route Synthesis conditions Crystallite size [nm]

Thermolysis 48 h; 100 °C 10
1 month; 100 °C 14
Hydrothermal-coupled 48 h; 100 °C 20

and 22 h; 220 °C
(23 X 10° Pa)

thermolysis

Well-defined particles of pure brookite have been pre-
pared by the thermolysis and hydrothermal-coupled ther-
molysis routes. Their mean size is controlled by using
Ostwald ripening-based synthetic conditions. Moreover,
only one crystalline phase is obtained and the synthetic
routes used prevent the brookite to rutile transformation. In
this way, the as-prepared brookite nanoparticles are easily
peptized in nitric acid solutions and give stable sols that can
easily be coated by standard industrial techniques.

1.2. Thermal Stability of TiO, Colloids

Typical TGA-TDA curves from investigations of the
brookite nanomaterials are represented in Figure 5. The
weight loss occurs at three levels, below 200 °C, between
200 and 500 °C and from 500 to 1000 °C. Below 200 °C the
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weight loss (3.90%) is typical of the elimination of surface-
adsorbed molecules. The coupled mass spectrometry (MS)
measurements show a single peak, which is characteristic of
water. Between 200 and 500 °C the weight loss (2.66%) is
attributed to adsorbed water and HNOj; elimination, in
agreement with MS measurements for which NO, elimi-
nation is observed. Between 500 and 1000 °C the small
weight loss (0.76%) associated with an exothermic peak at
865 °C is observed. Such phenomena can be assigned to
brookite-to-rutile phase transformation. The TGA-TDA in-
vestigations on anatase colloids show anatase-to-rutile
phase transformation occurring at 836 °C.
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Figure 5. TGA-TDA curves of brookite material prepared by the
thermolysis route ([TiCly] = 0.42 m; [HCI] = 3.1 m at 100 °C for one
month). The heating rate is 30 °Cmin! in flowing air.

XRD measurements performed on the sintered TiO,
powders (450 and 600 °C) show that no rutile phase is pres-
ent after the curing step. In this range of sintering tempera-
ture, the brookite and anatase crystalline phases are pre-
served as observed from the XRD investigations in agree-
ment with the TGA-DTA measurements. The crystallite
sizes of brookite and anatase have been estimated for dif-
ferent curing temperatures using the Scherrer equation
(Table 2). For the brookite synthetic thermolysis route ([Ti]
= 0.42wm, [HCI] = 3.1 M, 100 °C), the crystallite size in-
creases from 10-14 nm at room temperature to 15-17 nm
and to 22-23 nm after sintering at 450 °C and 600 °C,
respectively. In spite of a larger as-prepared crystallite size
(@c = 20 nm), the sintering of brookite prepared by the
hydrothermal-coupled thermolysis route leads to a small
crystallite size increase (J¢c = 23 nm), which does not de-
pend on the curing temperature (450 or 600 °C). Moreover,
it appears that the 600 °C-sintered brookite powders pres-
ent a similar crystallite diameter (Jc = 23 nm), independent

Table 2. Influence of sintering temperature on brookite and anatase
crystallite size.[*]

Crystallite size After drying After sintering  After sintering

[nm] at 20 °C at 450 °C at 600 °C
10 15 22
Brookite 14 17 23
20 24 23
Column 1 14 16 15

[a] Estimated from the Scherrer equation applied to the XRD (121)
peak.
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of the as-prepared crystallite size and consequently of the
liquid medium synthetic route.

On the other hand, the anatase crystallite size is not in-
fluenced by the sintering temperature (450 or 600 °C): it
remains constant at 14-16 nm.

The XRD results are in accordance with TEM micro-
graph observations performed on sintered powders (Fig-
ure 6). For the brookite thermolysis route and anatase
powder, the particle shape does not change notably with
sintering temperature, and colloid size distribution seems to
remain homogeneous. A significant anisotropy and
multimodal diameter distribution are observed for the sin-
tered brookite particles prepared by the hydrothermal-cou-
pled thermolysis route. In all cases, the mean crystallite
sizes are close to the corresponding mean particle diameters
of the sintered powders.

Figure 6. TEM micrographs of powders sintered at 600 °C: (a)
brookite particles obtained by thermolysis at 100 °C for one month
(b) brookite particles obtained from the autoclave route (c) anatase
from Solaronix Co. (common dimension bars: 50 nm).

The textural characteristics of the brookite and anatase
powders as a function of sintering temperature are given in
Table 3. For both brookite (prepared by the thermolysis
and hydrothermal-coupled thermolysis route) and anatase,
the surface areas decrease when the sintering temperature
increases from 450 to 600 °C and no significant pore vol-
ume decrease is observed. With regard to the pore-size de-
duced from the BJH analyses applied on the BET measure-
ments, the results show a thermolysis-route brookite mate-
rial pore coarsening with the sintering temperature increase.
The pore diameter of anatase and brookite powders pre-
pared by the hydrothermal-coupled thermolysis route re-
mains constant.

Table 3. Influence of sintering temperature on the texture of the
TiO, material.

TiO, powders Sintering  Surface area Pore volume Pore dia-
as-prepared temp. [°C] [m2g] [em3g] meter [nm)]
(crystallite size)

Brookite 450 77+3 0.30x£0.02 11.1*x0.4
(D¢ = 10 nm) 600 53*2 0.26£0.02 133x04
Brookite 450 76+1 0.21%0.02 7.5%0.3
(D¢ = 14 nm) 600 43+1 0.18x£0.02 12.0x0.4
Brookite 450 69+5 0.31%£0.03 17.1x1.5
(D¢ = 20 nm) 600 65*5 0.33x£0.03 17.7x1.5
Anatase 450 82=x1 0.23 £0.02 85*0.3
(D¢ = 14 nm) 600 64+3 0.20 £0.02 8.6x0.3

A correlation of the XRD and TEM investigations gives
rise to a relationship between the grain size and pore dia-
meter changes with sintering temperature. For anatase pow-
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ders, the observed surface area decreases while the mean
particle size is maintained: this obvious contradiction could
be explained by the changes in the pore surface properties
with the differing sintering temperatures. For the thermoly-
sis-route brookite powders, the pore diameter coarsening
and the surface area decrease could have their origin in the
crystallite size increase on sintering. The material texture
characteristics of the brookite prepared by the hydrother-
mal-coupled thermolysis route remain constant with the
curing temperature, which is related to the small crystallite
size increase deduced from the XRD and TEM investi-
gations.

On the other hand, different pore diameters are found
(11.1 0.4 and 7.5£0.3 nm for brookite, 8.5+ 0.3 nm for
anatase at 450 °C) for very similar mean particle sizes (15—
17 nm). Besides the surface properties, the difference be-
tween the brookite and anatase pore diameters could be
due to an effect of particle size distribution and brookite
colloid shape anisotropy. With regard to the TEM observa-
tions and adsorption—desorption isotherm hysteresis shape
(Figure 7), the particle distributions seem to be more irregu-
lar for brookite than for the anatase samples. Indeed, the
Kelvin model approximations used to estimate pore dia-
meter are based on regular pore geometry and do not inte-
grate complex pore shape induced by large particle size dis-
tribution and colloid anisotropy.['?]
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Figure 7. Adsorption—desorption isotherms for powders sintered at
600 °C: (a) brookite (square) obtained by the thermolysis route (at
100 °C for one month) and (b) anatase (triangle) from Solaronix.

2. Investigation of the All-Solid-State Hybrid Solar Cells

2.1. Influence of Sintering Temperature on SnQOy:F
Electrode Conductivity

SnO,:F glasses were fired at 450, 500 and 600 °C at a
rate of 30 °Cmin~! in air to study the influence of the heat-
treatment temperature on the SnO,:F-electrode conduction
properties. Figure 8 shows that a temperature increase
(from 450 to 600 °C) leads to a slight rise in the SnO,:F
resistivity from 6.58 X 10 # to 7.73 X 10 % Qcm ! because of
the insertion of interstitial oxygen atoms during the sinter-
ing step under air.['3] The loss in the charge conductor

Eur. J. Inorg. Chem. 2008, 903-910
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number is induced by the increase in the annealing tempera-
ture, but it is compensated by the improved mobility of the
charge conductors in the SnO,:F-electrode (Figure 9). Thus,
the mobility exhibits a jump between 450 and 500 °C be-
cause of the combination of a decrease in carrier concentra-
tion and an improvement in the purity of the SnO, matrix
induced by removing defaults from the annealing treatment.
These opposed effects compensate each other and the an-
nealing temperature does not impact on the global SnO,:F-
film conductive properties. Consequently the SnO,:F film
can be considered as a good conducting transparent elec-
trode for our TiO,-sintering temperature range of interest
(450 to 600 °C).
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Figure 8. SnO,:F-film resistivity as a function of sintering tempera-
ture (thickness of 1 um).
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Figure 9. Hall effect characteristics of SnO,:F electrode: charge
conductor numbers (circles) and charge mobility (squares) for dif-
ferent sintering temperatures.

2.2. Influence of the As-prepared Brookite Particle Size on
Energy Conversion Efficiency

In all cases, the brookite and anatase powders are clearly
stable under heat treatment in air with sintering tempera-
tures between 450 and 600 °C. It is worth noting that film
uniformity was maintained upon heating. Crack-free and
transparent mesoporous TiO, films were thus obtained.

Figure 10 shows the current-voltage (I-7) characteristics
of the all-solid-state hybrid solar cells based on brookite
layers with different initial crystallite sizes (O = 10, 14 and
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20 nm): the same device preparation process has been ap-
plied (porous brookite-layer sintering at 600 °C and single
organic polymer impregnation) and the TiO,-film thickness
is the same i.e. 500 nm. A decrease in the open circuit volt-
age (V,.) and the fill factor (FF) parameters is observed
with an initial particle size increase. However, a significant
enhancement of the short circuit current (/) is obtained
for the 14 nm-as-prepared crystallite size, involving an opti-
mization of the energy conversion efficiency (7. =
0.48 £0.04%). Previously, it has been shown that the
600 °C-sintered brookite crystallite mean size is indepen-
dent (Oc = 22-23 nm) of the size before curing (Jc = 10,
14 and 20 nm). The lower overall efficiency level for 10 nm-
colloid-based photovoltaic devices could be explained by a
higher grain-boundary density inside the porous material.
Indeed, the electron conduction properties of the colloid
inside the shell are different from those of the core and do
not promote electrical conduction between particles in the
mesoporous brookite electrode. In the case of a larger initial
particle size (J¢ = 20 nm), the energy conversion efficiency
drop is observed. In this case, the particle growth by
Ostwald ripening has been performed using the hydrother-
mal-coupled thermolysis route i.e. at high temperature and
pressure (220 °C and 23 X 103 Pa, respectively). Besides the
textural brookite-material property changes (widening of
crystallite size distribution, more heterogeneous colloid
morphology), the synthetic route probably has an influence
on the state of the nanoparticle surface properties and the
ability of brookite colloids to form the grain-boundary net-
work under sintering conditions. Using the hydrothermal-
coupled thermolysis route, the intrinsic electron conductiv-
ity in nanoporous brookite material is clearly not pro-
moted.
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Figure 10. Current-voltage characteristics of the all-solid-state hy-
brid solar cells prepared by the 600 °C-sintered brookite layer
(thickness: 500 nm) with different as-prepared crystallite sizes:
10 nm (circles), 14 nm (squares) and 20 nm (triangles).

2.3. Influence of TiO,-Sintering on Energy Conversion
Efficiency

The I-V characteristics of the all-solid state hybrid solar
cells prepared by 450 °C- and 600 °C-sintered brookite-
films are compared in Figure 11 by plotting the /-7 charac-
teristics (as-prepared particle size: O = 14 nm). The char-
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acteristic values (Vo., Iy and FF) are 0.59 V, 0.55 mA cm2
and 58%, respectively, for a 450 °C-curing temperature,
yielding an overall efficiency of 0.19+0.02% at AM 1.5
illumination (1 sun). For the 600 °C-sintered brookite-films
an open circuit voltage of 0.53 V, short circuit currents of
up to 1.5mAcm 2 and a fill factor of 57% are obtained,
with an associated energy conversion efficiency of
0.48 £0.04% under standard AM 1.5 conditions.
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Figure 11. A current-voltage characteristics comparison of the all-
solid-state hybrid solar cells based on the brookite-layer (thickness
500 nm) sintered at 450 °C (open circles) and 600 °C (solid circles).

Figure 12 shows the I-V plots of the all-solid-state hybrid
solar cells based on 450 °C- and 600 °C-sintered anatase
films. For a 450 °C-densification temperature, the charac-
teristic values are Vo, = 0.43V, I, = 2.0l mAcm 2 and FF
= 42%. For the 600 °C-sintered anatase films, V., I, and
FF are 0.54 V, 2.59 mA cm™2 and 54%, respectively. The an-
atase-based hybrid solar cells present an overall energy con-
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Figure 12. A current-voltage plot comparison of the all-solid-state
hybrid solar cells based on the anatase layer (thickness 500 nm)
sintered at 450 °C (open circles) and 600 °C (solid circles).

version efficiency of 0.36 +=0.03% and 0.74 = 0.05% under
AM 1.5 illumination, for 450 °C- and 600 °C-densification
temperatures, respectively.

The photovoltaic cell performances (energy conversion
efficiency) and the textural and structural characteristics of
the TiO, electrodes (brookite and anatase) are summarized
in Table 4 for comparison. The results are given for the sim-
ilar as-prepared particle size (Jc = 14 nm) and for the same
hybrid solar-cell fabrication process [similar mesoporous
TiO,-film thickness (around 500 nm) and a single organic
polymer impregnation].

In both cases (anatase and brookite), an increase of the
porous TiO,-film sintering temperature from 450 to 600 °C
induces a rise in the energy conversion efficiency, mainly
coming from an I, enhancement. However, the energy con-
version efficiency is systematically lower for brookite-based
cells than for anatase-based ones, whatever the TiO,-elec-
trode curing temperature was.

Such cell performance differences can not only be ex-
plained by the intrinsic property differences between the an-
atase and brookite crystalline phases, especially since the
bandgap values are very close (ca. 3.2 eV).['* The textural
properties of the porous TiO, films such as surface area
and pore volume are of the same order of magnitude
(<100 m?>g ! and around 0.2 cm3g!, respectively, Table 4)
for anatase and brookite materials. The main difference is
the sintering behaviour of the TiO, material: a significant
growth of the brookite crystallite size (from 14 to 23 nm)
after 600 °C sintering has been observed while the anatase
nanoparticle diameter remains about constant (from 14 to
15 nm). In the case of brookite material, the ratio of the
particle shell part (evaluated to 60%) is greater than the
core one. Consequently, the grain boundary has a prepon-
derant influence on the mesoporous TiO, properties and on
the surface structural properties of the nanoparticles (crys-
talline state, density of surface defects). Particularly, it im-
pacts on the effective means of electron conduction between
nanoparticles, and on the ability of the dye to inject elec-
trons into the TiO, network. Moreover, further characteri-
zations (mesoporous TiO,-layer electrical conductivity,
grain-boundary structural characterizations) are needed to
understand the phenomena and to enhance the solar cell
conversion efficiency.

To the best of our knowledge, it is the first time that
brookite-based all-solid-state dye-sensitized solar cells are
investigated. Their performances (7. = 0.48%) are interest-
ing in comparison with all-solid-state polythiophene based
cells. But for the 500-nm-photoactive layer they remain
lower than the equivalent anatase-based cells (1. = 0.74%).

Table 4. Comparison of textural and structural characteristics between brookite and anatase, and the energy conversion efficiency of the

corresponding solar cells.

Brookite Anatase
Sintering temp. [°C] 450 600 450 600
Crystallite size [nm] 17 23 16 15
Surface area [m>g '] 76+ 1 43+ 1 82+1 64+3
Pore volume [cm3g ] 0.21 £0.02 0.18 £0.02 0.23+0.02 0.20=0.02
Efficiency 7. [%0] 0.19+0.02 0.48+0.04 0.36+0.03 0.74+0.05
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Conclusions

Mesoporous brookite-TiO, thin coatings with different
initial particle size have been successfully prepared by a sol-
gel process. Crack-free TiO, films made of pure brookite
nanoparticle structures have been used as n-semiconductor
layers in the investigation of all-solid-state dye-sensitized
hybrid solar cells with high energy conversion efficiency. In-
creasing the TiO,-film sintering temperature from 450 to
600 °C enables the energy conversion efficiency to be en-
hanced twofold, because of a significantly enhanced current
density. High performances (3. = 0.74%) have been
achieved with anatase and P30T-based hybrid solar cells
(600 °C-sintered TiO, film thickness of 500 nm). An opti-
mum of conversion efficiency has been reached (3. =
0.48%) for the as-prepared 14 nm-sized brookite colloid
using the same photovoltaic-device fabrication process. This
difference probably results from the significant influence of
the shell ratio in the brookite material coming from sinter-
ing-induced particle growth. It leads to intrinsic property
changes and the grain boundary quality impacting on the
effective ways of electron conduction between nanoparticles
in the porous TiO, electrode.

Experimental Section

The anhydrous titanium tetrachloride (i.e., TiCly) and the regio-
regular poly(3-octylthiophene) (P30T, M,, ca. 142000, conductiv-
ity: 107 Sem™') were obtained from Aldrich and used as received.
The Ru-based complex dye (II) [RuL2(NCS)2:2 TBA, i.e. cis-bis-
(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium]
was provided by Solaronix SA Co.

Synthesis of Brookite Colloids: Two routes have been used to pre-
pare the brookite nanoparticles: a thermolysis route and a hydro-
thermal-coupled thermolysis one. The first preparation route con-
sists of the synthesis of brookite colloids by the thermolysis of
TiCly in a concentrated hydrochloric acid solution (HCI). TiO, par-
ticles were formed by adding pure TiCl, dropwise to a HCl medium
(3.1 m). The final titanium concentration in the mixture was 0.42 M.
The solution was heated and maintained at 100 °C in an oven. Af-
ter ageing, the solid was centrifuged and washed with distilled
water. At this stage the mixture was composed of brookite and
rutile naonoparticles. The difference in size of both crystalline
phases allows a selective peptization of brookite in a nitric acid
medium (HNO3).' The solid that was collected after distilled-
water washing was treated with a HNO; solution (3 M) for ca.
30 min. The suspension was again centrifuged and the recovered
solid phase was dispersed twice in water. The pH of the final sol
was around 1.5.

For the hydrothermal-coupled thermolysis route, thermolysis age-
ing of TiCly in concentrated HCI was fixed for 48 h at 100 °C. The
necessary steps to isolate brookite from rutile were performed.
Then, the aqueous brookite sol was diluted in a HNO; (0.1 M) solu-
tion ([TiO,] = 0.2 M) and subjected to a hydrothermal Ostwald rip-
ening for 22 h at 220 °C in an autoclave (23 X 10° Pa). The solid
collected after centrifugation was treated with a HNO; solution
(3 m) at reflux for 15 h. The recovered solid phase was dispersed in
water as previously (pH = 2).

In all cases, the TiO, solution was concentrated ([TiO,] = 10% wt)
and dialyzed in distilled water until pH = 2. The TiO, solution
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was concentrated again ([TiO,] = 20% wt) and diluted in methanol
(MeOH; 1:1 wt).

TiO, Electrode Preparation: The 500-nm-thick mesoporous films
of anatase or brookite-synthesized TiO, were deposited onto the
working electrode consisting of a stack of a dense TiO, layer and
a conducting fluorine-doped tin oxide SnO,:F electrode covered
glass substrate. Brookite-TiO, films were spin-coated (2.000 rpm)
from the colloidal sol (10 wt.-% TiO, in H,O:MeOH = 1:1, wt.).
Anatase-TiO, layers were also prepared by spin-coating (1000 rpm)
from a paste provided by Solaronix SA Co. dissolved in ethanol
(EtOH). In both cases, TiO, films were sintered at 450 or 600 °C
(ramp of 30 °Cmin!) for 30 min.

Solid State Hybrid Solar Cell Fabrication: After the curing step, the
mesoporous TiO, films were dye-functionalized by soaking them
for 24 h in a solution of RuL,(NCS),:2 TBA dye (5X 10* m) in dry
ethanol at room temperature in the dark. The hole-transport layer
was immediately spin-coated (500 rpm) from a P3OT solution in
toluene (30 gL !). Finally, a 300-nm-thick gold back electrode was
deposited onto the organic semiconductor film by sputtering. The
thickness of the hole-conducting polymer on top of the TiO, was
typically in the range of 200-300 nm, as determined by Dektak
profilometer measurements.

Characterization Techniques: For the TiO, nanoparticle characteri-
zations, the X-ray diffraction patterns (XRD) were performed with
a D500 powder diffractometer operating in the reflection mode
with monochromatized Co-K,, radiation (1 = 1.79026 A). The crys-
tallite size (Dc) was estimated by applying the Scherrer equation
to the full width at half maximum (FWHM) of the (121) and (110)
peak for brookite and anatase, respectively. TiO, powders were ob-
tained by drying TiO, sols at room temperature. Transmission elec-
tronic microscopy (TEM) was carried out with a Philips CM 20
instrument (200 kV) coupled with a CCD Gatan camera. Samples
were prepared by evaporating very dilute sols of the prepared sam-
ples or sintered powders onto carbon-coated grids. Measurements
of quasi-elastic light scattering (QELS) were performed on stable
suspensions (10! gL"!) using a Malvern instrument equipped with
a He-Ne laser. A SETRAM TAG24-1600 was used for TGA-TDA
measurements. Samples of powder (50 mg) were obtained from the
colloidal sol by drying at room temperature and were put into an
Al,Oj; crucible. The heating rate was 30 °Cmin ' in flowing air. The
recorded temperature range was from room temperature to
1200 °C. Brunauer—-Emmett-Teller (BET) measurements were per-
formed with a Tristar 3000 apparatus. Powders were previously de-
gassed for 8 h at room temperature under vacuum.

For the conducting fluorine-doped tin oxide SnO,:F electrode, the
resistivity (p), the mobility (1) and the carrier concentrations (N)
were measured with a commercial Biorad system (HC 5500PC),
using the Van Der Pauw method.

For the solid hybrid solar cell performance characterizations, the
current-voltage (/-V) characteristics were measured with a So-
laronix SA Co. light source solar simulator using a xenon light
source that was focused to give 1000 Wm 2, the equivalent of one
sun at standard air mass (AM) 1.5 conditions. To test the reprodu-
cibility of the results, each measurement was made simultaneously
on five identical prototype cells. The devices were not sealed or
otherwise protected. The illuminated active area was 0.25 cm?.
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