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a b s t r a c t

The low-temperature fabrication of a counter electrode (CE) with low cost and high catalytic activity
is one of the key steps for the practical realization of flexible dye-sensitized solar cells (DSSCs). Elec-
trophoretic deposition is found to be an efficient method for room-temperature deposition of platinum
nanoparticles on plastic substrates with low cost. The plastic CEs show increased catalytic activity and
reduced transmittance when the deposited time is increased from 0 to 8 min. Under optimized conditions,
eywords:
lectrophoretic deposition
ow-temperature fabrication
lexible counter electrode
ye-sensitized solar cell

flexible DSSCs based on electrophoretic deposition plastic Pt CEs and nanocrystalline TiO2 photoanodes
on Ti foil reach an energy-conversion efficiency (�) of 5.8% (under a rear-side illumination of AM 1.5
100 mW cm−2), which is better than that for a device (� = 5.3%) fabricated under the same conditions
with a sputtered Pt CE.

© 2010 Elsevier B.V. All rights reserved.

lectrochemical impedance spectra
ear-side illumination

. Introduction

Dye-sensitized solar cells (DSSCs) have been considered as
otential candidates for next-generation solar cells due to the use
f low-cost materials and facile fabrication methods [1–3]. A typical
SSC is comprised of a dye-sensitized semiconductor photoanode,
n electrolyte-containing redox couple and a counter electrode (CE)
1]. The function of the CE is to collect electrons from the exter-
al circuit and catalyze the reduction of the redox couple [3]. To
ate, several materials have been used as CEs, such as platinum
3–6], carbon [7,8], conductive polymers [9–11], TiN [12], and CoS
13]. Among these materials, devices with a Pt CE have the high-
st efficiency of over 11% (under AM 1.5, 100 mW cm−2) [3], due
o its excellent electrocatalytic activity toward triiodide reduction.
he Pt-based CEs are generally prepared by means of a thermal
ecomposition method of a Pt precursor, and display high catalytic
erformance with good mechanical stability. This method, how-
ver, requires a high temperature of up to 390 ◦C [3], which is not
uitable for plastic substrates, such as polyethylene terephthalate
PET) and polyethylene naphthalate (PEN).
To fabricate flexible DSSCs, one of the key processes is the prepa-
ation of plastic CEs at low temperature with low cost [14]. So
ar, the most popular plastic Pt CEs have been prepared through
puttering [7] or electrochemical deposition [2]. Sputtering pro-
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378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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duces platinized electrode with high performance, but requires an
ultrahigh vacuum environment and wastes source materials dur-
ing deposition [5]. For the electrochemical method, platinum is
deposited on the substrate surface by the reduction of a Pt (IV)
salt solution under an electric field [14]. Although several DSSCs
have been fabricated using Pt CEs prepared from electrochemical
deposition [2], it was reported that these Pt CEs have low cat-
alytic activity due to the inhomogeneity and poor crystallinity of
the obtained Pt film [10]. Plastic CEs have also been prepared by
pressing Pt-enriched Sb:SnO2 powder on a ITO-PET substrate at
room temperature [15]. This kind of CE is not, however, suitable
for rear-side illumination model (lighting from CE, shown in Fig. 1)
flexible DSSCs due to the opaque powder layer of CEs [16,17]. The
advantages of such DSSCs based on metal foil substrates and plastic
CEs are as follows: (i) no need for transparent conductive oxide; (ii)
low sheet resistance; and (iii) a Ti substrate is able to endure high-
temperature processing [14,16]. Considering rear-side illumination
is essential for this type of flexible DSSC, it is highly desirable to
develop convenient low-temperature processes for the fabrication
of plastic Pt CEs with high transparency and high catalytic activity
[17].

In this study, it is found that electrophoretic deposition
(EPD) can be used to fabricate a Pt CE on a plastic sub-

strate from platinum colloids at room temperature. The effects
of Pt deposition conditions on the catalytic activity of CE to
triiodide reduction and on the performance of DSSCs are inves-
tigated. Flexible DSSCs are fabricated with an EPD Pt CE and a
nanocrystalline TiO2 photoanode on Ti foil to show an energy-

dx.doi.org/10.1016/j.jpowsour.2010.09.047
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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have been successfully deposited on a plastic substrate via EPD.
The magnified view of Pt4f is shown in Fig. 2b. The binding energies
of Pt4f7/2 and Pt4f5/2 electrons are 71.1 and 74.4 eV, respectively,
which indicate that Pt on the ITO-PEN surface has zero valence [18].
A representative TEM image of Pt nanoparticles on an electrode via
Fig. 1. Rear-side illumination model of flexible DSSCs.

onversion efficiency of 5.8% under rear-side illumination of AM
.5 100 mW cm−2.

. Experimental

.1. Preparation of platinum counter electrode via EPD

A platinum colloid was prepared according to the literature with
inor modifications [18]: 50 mL of 0.5 mol L−1 NaOH (Aldrich) gly-

ol solution (Aldrich) was added to a glycol solution of H2PtCl6
0.0193 mol L−1, 50 mL, Aldrich). The mixed solution was stirred
t room temperature for 30 min and then heated at 120 ◦C for 6 h
nder an argon atmosphere. A dark-brown platinum nanoparticle
olution was obtained after cooling to room temperature. For the
lectrophoretic deposition experiment, a pair of plastic ITO-PEN
ubstrates (15 ohm �−1, Kintec) was vertically immersed in the
latinum colloid and then a 1.6 V cm−1 d.c. field was applied. The
eposition time was set at 0.5, 1, 2, 4, 6 and 8 min, respectively. The
latinum deposited electrode was rinsed with deionized water and
thanol, respectively. The electrode was heated at 60 ◦C for 30 min
o remove water and ethanol to yield an EPD Pt CE. For compari-
on, flexible Pt CEs were also prepared by sputtering Pt on ITO-PEN
ubstrates using an Auto Fine Coater (JEOL JFC-1600).

.2. Fabrication of DSSCs

N719-sensitized TiO2 photoanodes with a thickness of 15 �m
n Ti foil (Aldrich, 0.25 mm) were prepared by the doctor-blade
ethod according to the literature [2]. The electrolyte was a

olution of 0.6 M 1-methyl-3-buytlimidazolium idode, 0.03 M I2,
.1 M guanidinium thiocyanate, and 0.5 M 4-tert-butylpyridine in
mixed solvent of acetonitrile and valeronitrile (v/v, 0.85/0.15).
SSCs were fabricated by sandwiching a TiO2 photoanode and a
ounter electrode with electrolyte in a 25 �m thick spacer made by
thermobonding film (Surlyn, Dupont). The active area of the cells
as 0.158 cm2.

.3. Characterization

X-ray photoelectron spectroscopy (XPS) of an EPD Pt/ITO-
EN electrode was obtained with a Kratos Axis Ultra instrument
Shimadzu). A transmission electron microscope (TEM) (JEOL JEM-
010F) was employed to investigate the morphology and distri-
ution of the platinum nanoparticles. Electrochemical impedance
pectroscopy (EIS) was carried out with an AutoLAB PGSTAT 320N
otentiostat (ECO Chemie B.V.). The EIS for two identical platinized
exible electrodes [19] was conducted with zero bias potential

n the frequency range between 105 Hz and 0.05 Hz with a 5 mV
.c. amplitude. The EIS for a DSSC was recorded over a frequency
ange between 0.01 Hz and 106 Hz under a rear-side illumination

−2
f 100 mW cm . The applied bias voltage and a.c. amplitude were
et at the open-circuit voltage of the DSSC and 10 mV, respectively.
he EIS spectra were analyzed using an equivalent circuit model.
ransmittance of flexible CEs was measured using a UV–Vis spec-
rophotometer (Shimadzu, UV-1700). The photovoltaic parameters
ces 196 (2011) 2422–2426 2423

of DSSCs were performed by an AutoLAB PGSTAT 320N Potentiostat
with simulated light (AM 1.5 100 mW cm−2, San Ei, Japan).

3. Results and discussion

3.1. Characterization of Pt electrode prepared via EPD

The surface composition of an EPD Pt/ITO-PEN electrode was
investigated by XPS analysis. As shown in Fig. 2a, peaks for Pt4f and
Pt4d electrons appear in the spectra, indicating that Pt particles
Fig. 2. (a) XPS spectra of EPD Pt/ITO-PEN electrode; (b) magnified view of Pt4f XPS
spectra; and (c) TEM image of Pt nanoparticles prepared via EPD for 6 min. Inset
shows distribution of Pt nanoparticles.
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Fig. 3. Nyquist plots of thin layer electrochemical cell consisting of two identical
EPD Pt/ITO-PEN electrodes with different deposition times. Inset shows equivalent
circuit.

Table 1
Impedance parameters of CEs prepared with different deposition times estimated
from Nyquist plots in Fig. 3.

Deposition time (min) RS (ohm cm2) RCT (ohm cm2)

0.5 29.97 8.51
1 29.87 4.03
2 29.82 3.16
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4 29.60 2.61
6 29.50 2.16
8 29.35 1.96

PD for 6 min is shown in Fig. 2c. The diameter of Pt particles is in
he range of 1–4 nm with an average particle size of 2.5 nm.

.2. Electrocatalytic activity of EPD Pt counter electrode

The electrocatalytic activity of plastic Pt CEs was evaluated using
IS by measuring the charge-transfer resistance (RCT), which is an
ndex of the catalytic performance of Pt electrodes. Nyquist plots
f EPD Pt electrodes deposited with different deposition times are
hown in Fig. 3. The semicircle in the high frequency corresponds to
he RCT of a Pt electrode|electrolyte interface, while the semicircle
t low frequency represents the Nernst diffusion impedance (ZN)
f the I−/I3− redox species. The intercept of the real axis at high
requency is the ohmic series resistance (RS), corresponding to the
verall series resistance of the device [19]. The equivalent circuit
s shown in the inset of Fig. 3. These devices show a similar value
f RS of about 30 ohm cm2. The RCT value was calculated as half of
he value obtained from the equivalent circuit, and the values of
S and RCT are listed in Table 1. As shown in Fig. 3, the circle at
igh frequency becomes smaller with an increase in the deposition
ime from 0.5 to 6 min. When the deposition time is above 6 min,
here is no significant change in RCT. The RCT values are 8.52, 4.03,
.16, 2.61, 2.16 and 1.96 ohm cm2 for a deposition time of 0.5, 1, 2,
, 6 and 8 min, respectively. The decrease in RCT value is related to
cceleration of triiodide reduction by the Pt layer, and lower RCT
alue indicates higher catalytic activity of CEs. Since a RCT value

2
f less than 10 ohm cm has been generally acceptable for DSSCs
7,14], these results clearly indicate that the flexible Pt electrodes
repared through EPD at low temperature can be applied as CEs in
SSCs.
Fig. 4. (a) Light transmittance of CEs prepared with different deposition times and
(b) change in energy conversion efficiency of flexible DSSCs with deposition time of
CEs.

3.3. Photovoltaic performance of DSSCs

As shown in Fig. 1, since rear-side irradiation is required for
flexible DSSCs with a nanocrystalline TiO2 thin film on Ti foil as
the photoanode, the transparency of plastic CEs is an important
determinant of the device performance [16,17]. The light transmit-
tance of CEs prepared with different deposition times is given in
Fig. 4a. The CE transparency decreases with increased deposition
time from 0 to 8 min, but the transmittance of the obtained CEs is
over 70% within the range of 500–800 nm, and this indicates that
EPD CEs are good for rear-side illumination. When these CEs are
used to fabricate DSSCs under the same conditions, the changes
in device energy conversion efficiency (under rear-side illumina-
tion, 100 mW cm−2 AM 1.5) with deposition time are presented in
Fig. 4b. There is a significant increase in energy-conversion effi-
ciency (�) from 0.03% with a fill factor (FF) of 0.04% to � = 5.42% and
FF = 0.53 when the deposition time is increased from 0 to 2 min. The
conversion efficiency increases slightly to 5.80% with a FF of 0.65
when the deposition time is extended to 6 min. Further increasing
the deposition time to 8 min leads to a reduced device efficiency
with a � of 5.55% and a FF of 0.65.

The effect of Pt CEs with different deposition times on the pho-

tovoltaic characteristics of the DSSCs can be investigated with the
aid of EIS conducted under light illumination. The EIS spectra for
DSSCs fabricated with Pt CEs prepared at different deposition times
are shown in Fig. 5, and the equivalent circuit is given in the
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ig. 5. Electrochemical impedance spectra of DSSCs with different deposition times
f CEs, measured under rear-side irradiation of 100 mW cm−2 AM 1.5 at open-circuit
oltage. Solid lines show fitted results, and inset shows equivalent circuit.

nset [16,20]. Generally, three characteristics semicircles can be
btained from EIS spectra in the frequency range between 106 Hz
nd 0.01 Hz. The high-frequency arc is ascribed to the charge-
ransfer resistance at the interface of the counter electrode and the
lectrolyte (RCT1). The middle frequency arc is related to charge
ransfer and recombination at the TiO2–dye–electrolyte interfaces
RCT2). The low-frequency arc is attributed mainly to Nernst dif-
usion of I−/I3− within the electrolyte (ZN) [16,20,21]. As shown in
ig. 5, two main semicircles are observed and the third semicircle of
N is not obvious and overlapped by RCT2 because of the low viscos-
ty of the present electrolyte [16]. The fitted values of RCT1 and RCT2
re summarized in Table 2. The RCT1 rapidly decreases with increase
n deposition time from 0.5 to 2 min, indicating enhancement of the
atalytic ability of the Pt layers. The decrease in RCT1 can result in a
igher FF and conversion efficiency [20,21]. The RCT1 stays almost
nchanged with further deposition. When the deposition time is
ver 4 min, the RCT2 shows a similar value for different deposition
imes. In addition, the value of RCT2 is about 4 times larger than that
f RCT1, and the RCT2 is the main factor in determining the photo-
oltaic characteristics of DSSCs. The change in conversion efficiency
s related to a change in the total resistance (RTOTAL), which deter-

ines the photovoltaic performance of the DSSC [20,21]. In a DSSC,
he total resistance can be expressed as:

TOTAL = RS + RCT1 + RCT2 + ZN (1)

here RS is the substrate resistance [21]. The ZN is overlapped by
CT2, so that Eq. (1) can be reduced to:
TOTAL = RTCO + RCT1 + RCT2 (2)

he resistance RS can be taken as constant for devices fabricated
nder the same conditions. The decrease in the sum of RCT1 and

able 2
lectrochemical impedance parameters of DSSCs with different deposition times of
Es, measured under rear-side irradiation of 100 mW cm−2 AM 1.5.

Deposition time (min) RCT1 (ohm) RCT2 (ohm) RCT1 + RCT2 (ohm)

0.5 29.01 29.16 58.17
1 21.58 28.52 50.10
2 12.61 29.78 42.39
4 7.98 33.03 41.01
6 7.83 30.00 37.83
8 7.74 31.73 39.47
Fig. 6. Photovoltaic characteristics of flexible DSSCs with plastic EPD Pt CE (Device
a) and plastic sputtered Pt CE (Device b), measured under rear-side irradiation of
100 mW cm−2 AM 1.5.

RCT2 with increased deposition time thus leads to a reduction in
RTOTAL, which helps to improve the FF and conversion efficiency.
The results are consistent with the data obtained from the photo-
voltaic characteristics. The energy-conversion efficiency shows a
peak value of 5.8% at the deposition time of 6 min for the fabricated
flexible DSSCs.

To compare the performance of CE prepared from EPD with
that from sputtering, CEs were also prepared by sputtering Pt on
ITO-PEN to reach the same transparency (72% at 500 nm) as that
for an EPD CE for a Pt deposition for 6 min. The corresponding
devices were fabricated under the same conditions, and the pho-
tovoltaic characteristics are shown in Fig. 6. The DSSCs (Device b)
with sputtered Pt CE exhibit an open-circuit voltage (Voc) of 0.77 V,
a short-circuit current density (Jsc) of 10.71 mA cm−2, and a FF of
0.64, which yield an energy-conversion efficiency of 5.3%. This is
slightly lower than that based on EPD CE (Device a, 5.8%, 0.78 V,
11.44 mA cm−2, 0.65). These results demonstrate that EPD CEs have
shown a similar catalytic activity for triiodide as that of CEs pre-
pared by sputtering, and EPD is an effective low-cost method for
CE fabrication at low temperature with high catalytic activity for
flexible DSSCs.

4. Conclusions

A low-cost, low-temperature fabrication method for Pt CE on
plastic substrates via electrophoretic deposition has been devel-
oped. The optimized EPD Pt CEs display high catalytic activity,
which is comparable to that of CEs obtained through sputtering and
are ideal for flexible DSSC fabrication. An energy-conversion effi-
ciency of 5.8% is achieved for flexible DSSCs with EPD Pt/ITO-PEN
CE, and TiO2 photoanode on Ti foil. The low-temperature fabrica-
tion procedure also eliminates the need for a high vacuum and
a large amount of source material and is thus ideal for flexible
DSSCs.
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