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A
dye-sensitized solar cell (DSC) also
called a Grätzel cell, represents an
attractive alternative to solid state

photovoltaics owing to high efficiency, low
cost, and ease of fabrication.1�3 The generic
device is a photoelectrochemical DSC,
whose key components are dye-sensitized
photoanode, electrolyte solution with a re-
dox mediator, and the cathode material.
The latter is typically an optically transpar-
ent film of Pt nanoparticles on F-doped
SnO2 (Pt-FTO) and the former is the I3

�/I�

redox couple in aprotic electrolyte medium.
There were several attempts to replace

Pt-FTO by othermaterials such as carbons,4�13

conducting polymers,14�16 and others,5,17�21

but none of the alternative materials was
superior to Pt-FTO in terms of optical tran-
sparency and electrochemical activity for
the I3

�/I� redox couple. In general, the
quality of a catalytic electrode is character-
ized by a charge transfer resistance, RCT
which scales inversely with the exchange
current density, jo:

j0 ¼ RT

nFRCT
(1)

where R is the gas constant, T is tempera-
ture, n is the number of electrons, and F is
the Faraday constant. Assuming typical
photocurrent densities on the TiO2 photo-
anode working under full sun illumination3

to be ca. 20 mA/cm2, eq 1 provides an esti-
mate of RCT of 1.3 Ω cm2 for the same jo
value on the cathode. Such values are ac-
cessible for I3

�/I� on a Pt-FTO cathode4,22,23

as well as on thick (nontransparent) carbon
layers.4,24,25

Trancik et al.6 stipulated that the carbo-
naceous film, which would, eventually, re-
place Pt-FTO for a cathode of DSC should
have the following parameters: 80% optical
transparency at a wavelength of 550 nm,
RCT of 2�3 Ω cm2 and sheet resistance of

20 Ω/sq. Such a film was not yet demon-
strated experimentally. The problem is that
the electrocatalytic activity of carbon for the
I3
�/I� reaction is generally low and is pro-

moted only by defects and oxidic functional
groups at the edge of graphite crystal.6�8

Consequently, defect-free graphene is hardly
the suitable material for a DSC-cathode,
and power conversion efficiencies as low
as ca. half of the efficiency of the reference
device with Pt-FTO cathode were reported.10

However, better performance was found for
oxygen-functionalized graphene nano-
sheets7,8,26,27 or reduced graphene oxide.28,29

Recently, Kavan et al.7 reported on the
promising activity of commercial graphene
nanoplatelets. They were used for the fab-
rication of an optically transparent cathode
for the I3

�/I�-mediated DSCs, but their per-
formance was not competitive compared to
that of the usual DSCs with the Pt-FTO
cathode.7

Recent progress in the field of DSC has
been highlighted by replacing the traditional
I3
�/I� mediator by various organic30,31 or

organometallic30,32�34 couples with more
positive redox potentials than that of I3

�/I�

(ca. 0.35 V vs SHE). The obvious motivation
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ABSTRACT Graphene nanoplatelets (GNP) in the form of thin semitransparent film on F-doped

SnO2 (FTO) exhibit high electrocatalytic activity for Co(L)2; where L is 6-(1H-pyrazol-1-yl)-2,20-

bipyridine. The exchange current densities for the Co2þ/3þ(L)2 redox reaction scaled linearly with the

GNP film's optical absorbance, and they were by 1�2 orders of magnitude larger than those for the

I3
�/I� couple on the same electrode. The electrocatalytic activity of GNP films with optical

transmission below 88% is outperforming the activity of platinized FTO for the Co2þ/3þ(L)2 redox

reaction. Dye-sensitized solar cells with Y123 dye adsorbed on TiO2 photoanode achieved energy

conversion efficiencies between 8 and 10% for both GNP and Pt-based cathodes. However, the cell

with GNP cathode is superior to that with Pt-FTO cathode particularly in fill factors and in the

efficiency at higher illumination intensities.
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consists in enhancing the open-circuit voltage of DSC,
which would further improve the solar conversion
efficiency. Polypyridine complexes of Co(III)/(II) coupled
with donor-bridge-acceptor sensitizers, turned out to
be particularly promising for this purpose.33�36 De-
pending on the polypyridine ligand, the redox poten-
tial of Co(III)/Co(II) can be tuned between ca. 0.4 and 0.7
V vs SHE.33,37 The corresponding DSCs exhibited open-
circuit voltages (Voc) around 0.8�0.9 V which is signi-
ficantly larger than that of the reference cell with I3

�/I�

redox shuttle.33�36 Recently, a novel Co(III)/(II)-complex
with tridentate pyridine�pyrazole ligand was intro-
duced as a redox shuttle, rendering Voc over 1 V due to
its higher redox potential.38

The Co-mediated DSCs33�35,37,38 employedmostly a
Pt-FTO cathode. Recently, Yum et al.38 used nanopor-
ous poly(3,4-propylenedioxythiophene) (PProDOT)
showing significant improvement in electrocatalytic
activity leading to a higher power conversion effi-
ciency. To the best of our knowledge, there are only
two reports on a carbon cathode in conjunction with
a Co(III)/(II)-redox mediator.37,39 Bignozzi et al.37 re-
ported briefly on spray-coated carbon on FTO which
worked initially well, even outperforming platinum,
but was unstable. Later on, the screen-printed carbon
was tested to the same purpose, but its performance

was worse than that of platinum.39 This is somewhat
surprising, because Co�polypyridine complexes are
known to exhibit faster electron-transfer kinetics on
glass-like carbon electrodes compared to that on Pt-
electrodes.37 Here we show that, indeed, Pt-FTO is not
necessarily the optimal cathode for Co-mediated DSCs.
We report here that the graphene nanoplatelets ex-
hibit excellent activity in this device, outperforming the
Pt-FTO in many respects.

RESULTS AND DISCUSSION

The performance of functionalized graphene in Co-
(III)/(II)-mediated DSCwas evaluated by using the same
starting material as in our earlier work,7 that is, com-
mercial graphene nanoplatelets (GNP), but several
upgrades were carried out in the synthetic and char-
acterization techniques (see Experimental Section for
details). The used redox shuttle was Co2þ/3þ(L)2; where
L is 6-(1H-pyrazol-1-yl)-2,20-bipyridine (see the chemi-
cal formula in Supporting Information Figure S1) in
acetonitrile medium. This complex is a particularly pro-
mising redox mediator, because it allows the achieve-
ment of open-circuit voltages larger than 1 V in dye-
sensitized solar cell.38

Figure 1 presents electrochemical behavior of sym-
metrical dummy cells with this electrolyte solution and

Figure 1. (Left top chart) Cyclic voltammograms of symmetrical dummy cells; scan rate 10 mV/s. (Right top and bottom
charts) Nyquist plot of electrochemical impedance spectrameasured from 65 kHz to 0.1 Hz on symmetrical dummy cells (bias
0 V). Lines are fitted curves to the equivalent circuit. (Left-bottom) Optical absorbance at a wavelength of 550 nm plotted as a
function of exchange current determined from electrochemical impedance spectra.
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two identical GNP electrodes with graphene nanopla-
telets deposited on FTO (see Figure 2 bottom for the
cell configuration). The GNP loading on each electrode
is labeled arbitrarily as the corresponding optical
transmission of the active layer measured at the
wavelength of 550 nm, T550. For instance, G95 denotes
a sample with T550 = 95%, etc. (Representative optical
spectra are shown in the Supporting Information,
Figure S2). The top-left panel in Figure 1 shows cyclic
voltammograms of dummy cells with GNP electrodes
and also with pure FTO for comparison. The latter
material has almost no electrochemical activity at
these conditions.
All our voltammograms except for those with very

small GNP loading (G99, G98) exhibit a limiting current
density of ca. 8.5 mA/cm2, which is controlled by the
mass transport in our electrolyte solution. The inverse
slope of a voltammogram at the potential of 0 V
characterizes the catalytic activity of an electrode; it
is, actually, the overall cell resistance (RCV) which can be
attained at low current densities.40 The found RCV
values are collected in Table 1.
Electrocatalytic activity of our GNP films is more

accurately characterized by electrochemical impe-
dance spectra shown in Figure 1 right panels. The
experimental data can be fitted to the equivalent
circuit in Figure 2 (top), where RS is the ohmic serial
resistance, ZW,pore is the Nernst diffusion impedance in
the pores of carbonaceous material,8 ZW is the Nernst
diffusion impedance in the bulk electrolyte between
electrodes and CPE is constant phase element describ-
ing deviation from the ideal capacitance, due to the
roughness of the electrodes.4,22,25,41,42 The corre-
sponding impedance of a constant phase element,
ZCPE equals

ZCPE ¼ B(iω)�β (2)

where B and β are frequency independent parameters
of CPE (0e βe 1; for β = 1, the ZCPE transforms into the
usual double-layer capacitance).

The parameter ZW,pore was introduced by Roy-
Mayhew et al.8 for electrodes made from functionalized
graphene sheets in contact with I3

�/I� electrolyte solu-
tion. This additional impedance manifests itself as a third
semicircle, which shows up in the high-frequency region
of the spectrummeasured at applied bias. The parameter
ZW,pore can be omitted for Pt-FTO where the catalytic
reaction occurs on virtually nonporous surface.8,22 Also in
our case, the diffusion in pores can, obviously, be ne-
glected, because the amount of GNP is too small to
create a porous layer on top of FTO. The validity of
this assumption is documented by the absence of
a third semicircle in the impedance spectra at any
bias voltage (cf. Supporting Information, Figure S3).
Furthermore, the fitted RCT values increased mono-
tonically with bias (Figure S3) which is another princi-
pal difference between our GNP|Co(III)/(II) interface
and graphene|I3

�/I� interface8 and also the Pt-FTO|-
I3
�/I� interface22).
All our impedance spectra (Figure 1) exhibit just two

separated semicircles, which allow simple decoupling
of RCT in the high-frequency domain and ZW in the low
frequency domain. The fitting of experimental data to
the equivalent circuit shown in Figure 2 (with ZW,pore

omitted) is plotted by solid lines in Figure 1. (Several
other examples are shown in Supporting Information
S4). The low-frequency semicircle has a similar shape
independently of the GNP loading (see, e.g., the plots
for G35, G81, and G89 electrodes in Figure 1) which
expectedly confirms that ionic diffusion in the electro-
lyte solution is invariant with electrocatalytic activity of
electrodes. At zero bias, fitting of this semicircle to ZW
allows determination of the diffusion coefficient; the
corresponding values were found between 2� 10�6 to
4 � 10�6 cm2/s for all our cells with GNP electrodes as
well aswithPt-FTOelectrodes (cf.Supporting Information

Figure 2. (Top) equivalent circuit diagram for fitting the
electrochemical impedance spectra of a dummy cell with
two identical electrodes. (Bottom) Scheme of the used cell.

TABLE 1. Electrochemical Parameters of the Studied

Cathode Materials in Symmetrical Dummy Cells

electrode RCV (Ω 3 cm
2) Rs (Ω 3 cm

2) RCT (Ω 3 cm
2) CPE:B (S.s β) CPE: β

FTO-pure ∼50 000a ∼50 000a 8 � 10�6a 0.9a

G99 350 1.9 158 4.4 � 10�6 0.95
G98 200 1.5 95 9.4 � 10�6 0.93
G96 40 1.6 13 1.4 � 10�5 0.92
G95 37 1.7 12 1.1 � 10�5 0.92
G92 36 1.8 5 2.0 � 10�5 0.90
G89 30 1.7 3.7 2.2 � 10�5 0.90
G88 20 1.6 3.6 2.2 � 10�5 0.90
G85 18 1.5 3.0 2.4 � 10�5 0.90
G84 18 1.5 2.8 3.4 � 10�5 0.90
G83 16 1.6 1.5 4.6 � 10�5 0.89
G81 16 1.6 1.1 9.4 � 10�5 0.86
G66 15 1.7 0.70 1.2 � 10�4 0.86
G52 14 1.6 0.41 2.0 � 10�4 0.86
G35 12 2a 0.3a 1 � 10�3a 0.9a

G24 12 2a 0.2a 1 � 10�3a 0.9a

a Approximate values due to inaccurate fitting of experimental data.
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S4). However, ZW grows dramatically with applied
bias (see Figure S3) which is another concomitant
effect of fast interfacial electron transfer at our GNP
electrodes.
Our RCT values (Table 1) are considerably better than

those for the same GNP electrodes in contact with
I3
�/I�-containing electrolyte solution.7 Furthermore,

there is two-orders of magnitude difference between
the RCT values of G99 and pure FTO (Table 1). This could
serve as a sensitive analytical tool for trace amounts of
graphene on the FTO surface. The GNP loading of the
G99 electrode was about 1 μg/cm2, as estimated from
the concentration and amount of the used precursor
solution, see Experimental Section and Figure S1. (We
may note that single-layer graphene would be theore-
tically G97.7 in our notation, with ca. 0.08 μg/cm2).
The CPE parameter, B, is roughly proportional to RCT

which gives evidence that the electrocatalytic activity
is related to the surface area of our graphene nano-
platelets. This further manifests itself as a linear fit
between the optical absorbance of our electrodes
(�log T550) and the inverse charge transfer resistance,
1/RCT as in the case of GNP|I3

�/I� interface.7 Since the
exchange current, jo is proportional to 1/RCT (cf. eq 1)
we can also express this fit in the coordinates of
(�log T550) vs jo (Figure 1 left bottom chart). According
to Lambert�Beer law, absorbance is proportional to
concentration (cf. Figure S1). Hence, this confirms
simple proportionality between jo (or 1/RCT) and the
concentration of active sites for both the I3

�/I� and
Co(III)/(II) redox reactions. However, if we compare our
actual data for the GNP|Co(III)/Co(II) interface (Figure 1
left bottom chart) with the corresponding values for
the GNP|I3

�/I� interface,7 we note that our exchange
currents jo (or our 1/RCT values) for Co(III)/(II) are larger
by a factor of about 25 or 160 (depending on the
reference electrolyte used) than those of the I3

�/I� for
the given optical transparency. For instance, our
G85�G81 films already meet the criteria of Trancik
et al.6 in terms of transparency (T550g 80%) and charge
transfer resistance (RCT e 3 Ω cm2). However, the film
must be FTO-supported which still leaves this target
open for further experimental efforts. The low serial
resistances, Rs, for small graphene loading (Table 1), are
obviously due to the conductive FTO support.
We also tested the electrochemical stability of our

graphene films. Figure 3 shows the impedance plots
for a freshly assembled cell with the G84 electrodes
and those after 2 to 11 days of aging. A similar aging
effect was reported also for Pt-FTO|I3

�/I� interface7

and was ascribed to the “poisoning” of platinum.7,22

However, the aging of GNP in contact to Co(III)/(II)
redox electrolyte is slower at comparable conditions.
(Note that the Pt-FTO|I3

�/I� system increased its RCT by
a factor of almost five during eleven days of aging (cf.
Figure 1 in ref 7). Cyclic voltammograms of our G84
dummy cell (data not shown) exhibited nomarked aging-

dependent changes of their shapes, and also the limiting
currents were identical within the experimental errors.
The electrocatalytic activity of our GNP films with

graphene loading exceeding G88 compares favorably
to that of the traditional Pt-FTO electrode in the same
Co(III)/(II) electrolyte medium. Supporting Information,
Figure S4 shows that reference symmetrical dummy
cellswith Pt-FTOelectrodes achieve RCT = 4.7Ω cm2 in the
freshly assembled state, and there is a similar aging effect
as that observed for GNP (cf., Figure 3 and Figure S4).
The occurrence of limiting current plateau on

cyclic voltammograms (cf., Figure 1 top left) is typical
for Co(III)/(II) redox electrolytes (also on the Pt-FTO
electrode, cf., Figure S4 and ref 35), and was not
observed for Pt-FTO|I3

�/I� interface in methoxypropio-
nitrile medium, the latter exhibiting an almost ideal
ohmic behavior between (1 V bias.7 This indicates

Figure 3. Nyquist plot of electrochemical impedance spec-
tra measured from 65 kHz to 0.1 Hz on symmetrical dummy
cell with the G84 electrodes (bias 0 V). Data points were
collected for a freshly assembled cell (red) and for that after
2 days (blue), 4 days (black), 7 days (green), 9 days
(magenta), and 11 days (cyan) of aging at room
temperature.

Figure 4. Potential-step chronoamperometry on symme-
trical dummy cell with the G84 electrodes. Potential step
was from 0 to 0.75 V; time = 10 s.

A
RTIC

LE



KAVAN ET AL . VOL. 5 ’ NO. 11 ’ 9171–9178 ’ 2011

www.acsnano.org

9175

mass-transport limitation of our Co(III)/(II) system. In a
symmetrical dummy cell, such effects can be conve-
niently investigated by potential-step chronoam-
perometry.40 Figure 4 shows an example plot for the
G84 cell. Shortly after the potential step, the current
follows the semi-infinite Cottrell-like decay. The cur-
rent drops linearly with t�1/2 (t is time) as long as the
concentration profiles in front of each electrode
merge to form a single linear profile. At this stage,
the current attains a constant value, similar to the
limiting current observed in cyclic voltammograms,
∼8.5 mA/cm2 (cf., Figure 1 top left). Extrapolation of
both linear components of the chronoamperometric
plot provides intersection at the so-called transition
time, τ, which defines the diffusion coefficient, D:

D ¼ δ2

4πτ
(3)

(δ is the distance between electrodes, see Figure 2).
From the data in Figure 4 and eq 3 we can calculate
D = 2� 10�6 cm2/s for our system. Obviously, there is
a reasonable agreement with values from impedance
spectroscopy, see above. In this context, we should
note that Wang et al.35 found a limiting current of 39
mA/cm2 in a dummy cell with Pt-FTO electrodes and δ
≈ 30 μm for a similar electrolyte medium, that is,
tris(1,10-phenanthroline)Co(III)/(II) in acetonitrile so-
lution (with D = 7� 10�6 cm2/s and concentration c =
0.1 mol/L of Co(III)). As the limiting current density,
jL scales linearly with Dc/δ,

jL ¼ 2nFcD=δ (4)

there is a good matching of this limiting current with
our value (jL = 8.5 mA/cm2) considering the different
Dc/δ parameters. Second, our diffusion coefficient
is similar to that reported for I3

�/I� electrolyte solu-
tion in methoxypropionitrile (1.5 � 10�6 to 3.3 �
10�6 cm2/s) where jL = 28 mA/cm2 was achieved
due to a larger concentration of I3

� and, presumably,

also a smaller δ value.43 This leads to an optimistic
conclusion that the mass-transport problem in Co-
mediated DSC can be addressed successfully.
Finally, we tested the performance of dye-sensitized

solar cells with our GNP cathode and Pt-FTO cathode
for comparison. Figure 5 and Table 2 show the corre-
sponding data from current�voltage characteristics
under simulated solar irradiation. Even though our
DSC devices were not optimized, they demonstrate
high power conversion efficiencies between 8 and 10%
for both cathode types. The cell with GNP cathode is
outperforming that with Pt-FTO particularly in fill
factors and in the conversion efficiency at higher
illumination intensities. This is an obvious effect of
larger electrocatalytic activity (smaller RCT) at the GNP
cathode. However, there is also a slight increase of dark
current for the GNP-based device, which reduces the
efficiency at 0.1 sun and the Voc. In summary, this study
confirms that the combination Co�redox�shuttle
with a GNP cathode is a promising strategy for further
development of dye-sensitized solar cells.

CONCLUSIONS

Graphene nanoplatelets (GNP) deposited in the
form of thin semitransparent film on F-doped SnO2

Figure 5. Current�voltage characteristics of dye sensitized solar cells. (Left chart) DSC with Pt-FTO counterelectrode; (right
chart) DSC with GNP counterelectrode (G66).

TABLE 2. Characteristics of Solar Cells with Y123-

Sensitized TiO2 Photoanode and Pt or GNP (G66)

Cathodes under Various Light Intensities (I0)
a

cathode Io (sun) jSC (mA/cm
2) VOC (mV) FF η (%)

GNP 1 12.7 1030 0.70 9.3
GNP 0.5 6.52 1013 0.73 9.7
GNP 0.1 1.34 956 0.76 9.7
Pt 1 12.1 1047 0.63 8.1
Pt 0.5 6.62 1033 0.68 9.2
Pt 0.1 1.37 984 0.74 10.0

a Short circuit photocurrent density = jSC, open-circuit voltage = VOC, fill factor = FF,
solar conversion efficiency = η.
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(FTO) exhibit high electrocatalytic activity for Co(L)2;
where L is 6-(1H-pyrazol-1-yl)-2,20-bipyridine. This com-
plex is a promising redox mediator for a novel type of
iodine-free dye-sensitized solar cell with open-circuit
voltage exceeding 1 V.
Interfacial charge transfer and mass transport in

acetonitrile solution of Co(L)2 were characterized by
using cyclic voltammetry, potential-step chronoam-
perometry, and electrochemical impedance spectros-
copy on symmetrical thin-layer dummy cells. The
exchange current density for the Co2þ/3þ(L)2 redox
reaction scaled linearly with the GNP film's optical
absorbance, as in the case of the previously studied
I3
�/I� redox reaction.7 However, the exchange currents

for Co2þ/3þ(L)2 couple on the GNP-electrode are larger
by a factor of about 25 or 160 than those for the I3

�/I�

couple on the same electrode (depending on the
reference electrolyte used).

The electrocatalytic activity of GNP films with
optical transmission below 88% is outperforming
the electrocatalytic activity of platinized FTO for
the Co2þ/3þ(L)2 redox reaction. Since Pt-FTO is still
the most often used counterelectrode for both for
the I3

�/I� mediated as well as Co-mediated solar
cells, our study asks for revision of this convention for
the Co-mediated DSCs.
Dye-sensitized solar cells with Y123þTiO2 photo-

anode demonstrate energy conversion efficiencies
between 8 and 10% for both GNP and Pt-based
cathodes. The cell with GNP cathode is outperform-
ing that with Pt-FTO particularly in fill factors and in
the efficiency at higher illumination intensities. This
is an obvious effect of smaller RCT at the GNP
cathode, but there is also a slight increase of dark
current for GNP-based devices, which reduces effi-
ciency at 0.1 sun and the Voc.

EXPERIMENTAL SECTION
Materials. Graphene nanoplatelets, grade 3 (GNP) were pur-

chased from Cheap Tubes, Inc. (USA). According to the manu-
facturer's specification, they consisted of several sheets of
graphene with an overall thickness of approximately 5 nm
(ranging from 1 to 15 nm) and particle diameters less than
2 μm and surface area of 600�750 m2/g. The platelets were
dispersed in 2-propanol by sonication (ca. 1 min), and the
solution was left overnight to separate big particles by sedi-
mentation. The supernatant dispersion containing about 1.2
mg/mL was stable for several days without marked sedimenta-
tion. FTO glass (TEC 15 from Libbey-Owens-Ford, 15 Ohm/sq)
was ultrasonically cleaned in isopropyl alcohol followed by a
30 min treatment in a UVO-Cleaner (model 256-220, Jelight Co.,
Inc.). The stock GNP dispersion, which was sometimes diluted to
concentrations 0.6 mg/L and 0.3 mg/mL, was then drop-casted
on the cleaned FTO. A uniform semitransparent film was
obtained after drying at room temperature. The amount of
deposited graphene was adjusted by concentration of the used
dispersion and/or by repeating the drop casting deposition.
The film was finally annealed in Ar atmosphere at 500 �C for
1 h. Platinized FTO was prepared by deposition of ca. 5 μL/cm2

of 10 mM H2PtCl6 in 2-propanol and calcination at 400 �C for
15 min.4,44

The symmetrical sandwich dummy cell was fabricated from
two identical FTO sheets which were separated by 70 μm thick
Surlyn (Solaronix, Switzerland) tape as a seal and spacer leaving
0.6 � 0.6 cm2 active area. The sheet edges were coated by
ultrasonic soldering (Cerasolzer alloy 246, MBR Electronics
GmbH) to improve electrical contacts. The distance between
electrodes was measured by a digital micrometer, and the
average value was 61 ( 5 μm. To present comparable electro-
chemical data, avoiding small sample-to-sample variations in
cell thicknesses, the measured current densities were corrected
by a coefficient of 61/δG, where δG is the measured thickness of
the actual dummy cell. The cell was filled with an electrolyte
through a hole in one FTO support and was finally closed by a
Surlyn seal. The electrolyte solution was 0.22 M Co(L)2(PF6)2,
0.05 M Co(L)2(PF6)3, 0.1 M LiClO4, and 0.2 M 4-tert-butylpyridine
in acetonitrile; L is 6-(1H-pyrazol-1-yl)-2,20-bipyridine.

Photoelectrochemical tests, were carried out with TiO2 films
with a “double layer” architecture: The transparent layer
(thickness, 4.5 μm) was composed of nanocrystalline anatase
of ∼20 nm particle size which was deposited on top of TiCl4-
treated FTO. The scattering layer (thickness, 4.2 μm) was from
400 nm sized particles (CCIC, HPW-400) and the final film was
again treated with TiCl4. The TiO2 electrode was sensitized with

3[6-[4-[bis(20 ,40-dihexyloxybiphenyl-4-yl)amino-]phenyl]-4,4-di-
hexyl-cyclopenta-[2,1-b:3,4-b']dithiophene-2-yl]-2-cyanoacrylic
acid, coded Y123 by overnight dipping. Details about photo-
anode fabrication are described elsewhere.34,38 The DSC was
assembled with a counterelectrode using a Surlyn tape (25 μm
in thickness) as a seal and spacer (see above). The cell active area
for illumination was 0.2 cm2, defined by a mask.

Methods. Electrochemical measurements were carried out
using the PAR 273 potentiostat (EG&G) interfaced to a Solartron
1260A frequency response analyzer and controlled by CorrWare
program. Electrochemical impedance data were processed
using Zplot/Zview software. The impedance spectra were ac-
quired in the frequency range from 65 kHz to 0.1 Hz, at 0 V bias
voltage; the modulation amplitude was 10 mV. The optical
spectra were measured by Varian Cary 5 spectrometer with
integrating sphere in transmission mode. A blank FTO sheet
served as a reference. Hence, all our optical spectra (and the
transmittance values quoted in the text for each particular
electrode) are normalized by subtracting the absorbance of
the FTO support. For photoelectrochemical tests, the light
source was a 450 W xenon light source (Osram XBO 450,
Germany) with a filter (Schott 113). The light power was
regulated to the AM 1.5G solar standard by using a reference
Si photodiode equipped with a color-matched filter (KG-3,
Schott) to reduce the mismatch in the region of 350�750 nm
between the simulated light and AM 1.5G to less than 4%. The
differing intensities were regulated with neutral wire mesh
attenuator. The applied potential and cell current were mea-
sured using a Keithley model 2400 digital source meter.
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