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bstract

New type counter electrodes comprised of Pt and a metal oxide biphase, Pt–NiO and Pt–TiO2, were prepared by RF magnetron co-sputtering
ystem for use in dye-sensitized solar cells. Transmission electron microscope images confirmed the formation of ∼3 nm nanosized Pt polycrystalline

ixed with metal oxide phase, which has higher active surface area than a conventional Pt electrode. When the Pt–TiO2 counter electrode was

sed in the cell, the power conversion efficiency was increased up to ∼1.56 times, compared to conventional devices composed of a Pt electrode
nder 1 Sun with air mass 1.5 Global illumination due to its superior electrocatalytic activity and efficient reflection of incident light at the counter
lectrode.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The dye-sensitized solar cell (DSSC) comprised of a
ye-modified wide band semiconductor electrode, a counter
lectrode, and an electrolyte containing a redox couple (I−/I3

−)
s an alternative to conventional silicon or compound semicon-
uctor solar cells due to its low fabrication cost, permanence,
nvironmental compatibility, and simple fabrication process
1,2]. The photoexcitation of dye molecules under illumination
eads to the injection of an electron from the excited state of the
ye to the conduction band of the semiconductor, which flows
hrough the external circuit. Simultaneously, the oxidized dye is
educed by a redox mediator in the electrolyte and returns to the
round state. The electrons that flow through the external circuit
rrive at the counter electrode and participate in the regeneration
f triiodide, according to reaction I3

− + 2e− = 3I− [3–5].
In spite of the cost-efficiency of DSSC, for practical appli-
ations, many groups have attempted to improve efficiency
nd long-term stability focusing on some aspectsm, such as
inimization of recombination at the electrode and electrolyte

∗ Corresponding author. Tel.: +82 2 880 1889; fax: +82 2 888 1604.
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nterface using coupled semiconductor systems and passiva-
ion of the semiconductor surface [6–11], the development of
ew dye molecules which absorb all the visible and near infra
ed light [12–14], and the fabrication of a solid-state DSSC by
eplacing the liquid electrolyte [15–19], etc., whereas, only a few
tudies of the counter electrodes in DSSC have been reported
20–28]. The best candidate for use as a counter electrode is
t metal due to its superior electrocatalytic activity. Papageor-
iou et al. prepared nanosized Pt metal clusters by the thermal
ecomposition of H2PtCl6 from isopropanol on a transparent
onducting oxide (TCO) coated substrate to maximize the cat-
lytic activity of Pt on the reduction of iodine or triiodide
20]. Hauch and Georg prepared several Pt electrodes by var-
ous methods including electron beam evaporation, sputtering,
nd the thermal decomposition of H2PtCl6 and characterized
he electrolyte/Pt interface by electrochemical impedance spec-
roscopy [21]. They concluded that the sputtered Pt electrode
as superior to the others due to its low charge transfer resis-

ance, moderate porosity that provides a high effective surface
rea, and good adhesion of the Pt layer onto the transparent

onducting oxide (TCO) substrate.

In addition, Saito et al. and Suzuki et al. reported the use
f a chemically produced conducting polymer and carbon nan-
tubes in the counter electrode, respectively [22–24]. In these
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ases, although the cost of fabrication can be decreased, the con-
ersion efficiency is relatively low compared to a cell with a Pt
ounter electrode. Based on these reports, we demonstrated the
reparation of a new type of counter electrode consisting of a Pt
anosized phase in a porous NiO phase using a co-sputtering sys-
em [25]. This procedure not only improved the electocatalytic
ctivity of counter electrode by increasing the active surface area
nd adhesion, but also permitted the manufacturing cost to be
educed.

In this paper, we report on the characterization of DSSCs
ith a new type counter electrodes comprised of Pt and a metal
xide biphase, Pt–NiO and Pt–TiO2, prepared by RF magnetron
o-sputtering system.

. Experimental

Two types of biphase counter electrodes, Pt–NiO and
t–TiO2, were prepared by means of an RF magnetron co-sput-

ering system on Fluorine-doped SnO2-layered glass substrates
FTO glass substrate, Asahi glass Co., Ltd., sheet resistance:
0 �/�). Elemental Pt, NiO, and TiO2 were used as the tar-
et materials. The base pressure was less than 5 × 10−6 Torr
nd the working pressure was 5 × 10−3 Torr for all electrodes.
he sputtering was performed under an atmosphere of Ar at
0 sccm at room temperature. The power of the Pt, NiO, and
iO2 sputtering guns was individually manipulated to fabricate
t–NiO and Pt–TiO2 electrodes which have similar Pt crys-

alline sizes and surface areas. For comparison, a Pt electrode
as also grown with the same thickness with biphase electrodes,
t–NiO and Pt–TiO2. To confirm the formation of nanosized Pt
olycrystalline phase mixed with the metal oxide phase, high
esolution transmission electron microscopy (HRTEM, Phillips
M20T/STEM Electron Microscope at an accelerating voltage
f 200 kV) images were obtained. For the preparation of a sam-
le for use in an HRTEM measurement, a Cu grid was used as the
ubstrate during the growth process. The light reflecting proper-
ies of various counter electrodes, a Pt electrode and two types
f biphase electrodes, Pt–NiO and Pt–TiO2, were compared by
easuring the UV–vis reflection spectra.
The active surface area and electrocatalytic activity of three

ypes of counter electrodes, Pt, Pt–NiO, and Pt–TiO2, was veri-
ed by measuring cyclic voltammograms (CVs). By comparing

he charge corresponding to the hydrogen adsorption/desorption
n the three types of electrodes in a cyclic voltammogram of
queous solutions containing 0.1 M NaOH at room tempera-
ure saturated with nitrogen using a conventional three electrode
ystem, active surface area was verified.

The cyclic voltammetry of I−/I3
− redox mediator on three

ypes of counter electrodes was carried out in an acetonitrile
olution of 10 mM LiI, 1 mM I2 and 0.1 M LiClO4 with three
lectrode systems to compare the electrocatalytic activity of
lectrodes on the regeneration of redox mediator.

To compare the performance of the Pt single phase and two

ypes of biphase electrode, Pt–NiO and Pt–TiO2, as a counter
lectrode, solar cells were fabricated by a conventional method.
ommercial TiO2 paste (Ti-Nanoxide T, Solaronix Co., Ltd.)
as cast on the FTO glass substrates with a doctor-blade and
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hen sintered at 450 ◦C for 30 min. These TiO2 coated films
ere immersed in a solution of Ru 535 dye (Solaronix Co.,
td.) for a day. The dye-modified TiO2 electrode and various
ounter electrodes, Pt, Pt–NiO, and Pt–TiO2, were sandwiched
nd the inner space was filled with a liquid electrolyte containing
.5 M LiI and 0.05 M I2 as a redox mediator. Cell perfor-
ance was measured under 1 sun using a xenon light source

nd an air mass 1.5 global filter. Photocurrent–voltage (I–V)
easurements were performed using an Autolab PGSTAT30
otentiostat/Galvanostat. Here, the area of the fabricated cells
as constant at 0.5 cm × 0.5 cm.

. Results and discussion

When the Pt was sputtered, the atoms that arrived at the
ubstrate diffuse and form islands due to preferentially strong
inding to each other than to the substrate. The coalescence of
slands then leads to the formation of smooth films as shown in
ig. 1(a). In contrast, when the Pt was simultaneously sputtered
ith the metal oxide, thermodynamically stable phase separation
ccurred between Pt and the metal oxide and the coalescence of
t islands was limited due to the presence of metal oxide, thus

eading to the formation of new types of electrodes composed
f a Pt nanocrystalline phase mixed with a metal oxide phase,
s shown in Fig. 1(b) [29]. In this new electrode system, the
ncrease of the active surface area of the Pt compared to that of
single Pt film electrode would be expected. The formation of a
t nanocrystalline phase mixed with metal oxide was confirmed
rom the TEM images.

Fig. 2 shows HRTEM images of Pt, Pt–NiO, and Pt–TiO2
eposited on a Cu grid under the same conditions which were
sed in the preparation of Pt and Pt–metal oxide on the FTO
lass substrate. In contrast to Fig. 2(a), which shows an image
f a Pt film deposited on a Cu grid, Fig. 2(b and c) shows the
uccessful formation of a Pt nanocrystalline phase mixed with
iO and TiO2, respectively, as the result of the thermodynami-

ally stable phase separation between Pt and the metal oxide and
lso limitations in the extent of coalescence of Pt islands due to
he presence of the metal oxide. Here, the size of Pt crystals in
he NiO and TiO2 matrix was found to be ∼3 nm as shown in
ig. 2(b and c). In addition, the lattice spacings of the Pt (1 1 1)
nd (2 0 0) planes were observed to be 0.227 nm and 0.196 nm,
espectively (see the (1 1 1) spacing in the inset of Fig. 2(d)).
he formation of Pt nanostructures with crystallinity was also
onfirmed by the diffraction patterns and these data are shown
n the inset of Fig. 2(d). In contrast to the appearance of clear
pot in the TED patterns of only Pt part, in the TED pattern of
iO, a cloudy area was observed. This indicates the formation
f amorphous NiO (not shown here). The formation of polycrys-
alline Pt mixed with amorphous NiO was also confirmed by the
RD patterns of Pt and Pt–NiO electrode. The (1 1 1) peak at
9.8◦ was dominant and (2 0 0) peak was also present at 46.2◦
see the (2 0 0) peak in the inset of Fig. 2(e)). This indicates

hat polycrystalline Pt was formed. In addition, the absence of

peak corresponding to NiO at 43.2◦ indicates the formation
f polycrystalline Pt mixed with amorphous NiO. Generally,
hen the oxide is prepared by sputtering at room temperature,
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Fig. 1. Schematic growth process of (a) Pt electrode and (b) P

t has amorphous property, in contrast to the formation of poly-
rystalline Pt by sputtering at room temperature. In the Pt–TiO2
lectrode, same structural properties are observed. As can be
een in Fig. 2, we prepared the Pt–NiO and Pt–TiO2 electrodes
hich have the same sized Pt nanocrystalline phase. The aim of

his study is to demonstrate the effect of the reflectance of the
ounter electrode on the device performance of DSSCs using
igh refractive index TiO2 instead of NiO, because one of the
ost important requirements for a counter electrode in DSSC

s light-reflecting ability to improve light-harvesting efficiency.
ased on the following equation, the increase of reflectance with
igher refractive index can be expected and we measured the
eflectance of thee types of electrodes with the perfect mirror
eference under the assumption of no absorption or scattering
based on the R (reflectivity) + T (transmissivity) = 1).

= (n − 1)2 + k2

(n + 1)2 + k2
(1)

here n is the refractive index and k is thedamping constant, for
ielectrics 10−7.

The light-reflecting property of various counter electrodes,
t, Pt–NiO, and Pt–TiO2, was compared by measuring UV–vis
eflection spectra. Here, we prepared thin Pt or Pt and metal
xide biphase electrodes which are relatively transparent and do
ot have a mirror-like surface property, in order to more accu-
ately investigate the effect of the reflectance of the counter elec-
rode on device performance. As shown in Fig. 3, the reflectance
f Pt–TiO2 was increased about 1.5 times compared to the single
t or Pt–NiO biphase electrode at the wavelength region corre-

ponding to the absorption maximum of Ru 535 dye molecules
hich is used as the sensitizer in the fabrication of DSSCs.
e conclude that the increase in the reflectance of the Pt–TiO2

lectrode is due to the high refractive index value for TiO2.

n
s
t
f

metal oxide biphase electrode using a co-sputtering system.

When the incident light arrives at the photoelectrode through
he transparent electrodes, the light induces the excitation of
he sensitizer, Ru 535 dye molecules, and pass through the
ounter electrode (the process 1 in Fig. 4) or are reflected at
he counter electrode (the process 2 in Fig. 4). In the latter case,
fficient excitation of dye molecules can be expected, as shown
he schematic representation in Fig. 4. Here, the application of

high reflectance Pt–TiO2 electrode as the counter electrode
n DSSCs, can result in the improvement in the photocurrent
s the result of the efficient excitation of dye molecules by the
ncreased 2 process in Fig. 4.

Before applying various counter electrodes to the fabrication
f DSSCs, the active surface area of Pt was verified by compar-
ng the charge corresponding to hydrogen adsorption/desorption
n a Pt electrode, a Pt–NiO, and Pt–TiO2 biphase electrode in
cyclic voltammogram of aqueous solutions (not shown here).
he surface area of Pt–NiO and Pt–TiO2 biphase electrodes are

wo times that of the Pt electrode with the same thickness. From
his result, increased electrocatalytic activity and reduced man-
facturing cost can be expected by using Pt–metal oxide biphase
lectrode as a counter electrode in DSSCs.

The CVs of I−/I3
− redox mediator on the three types of

ounter electrodes are shown in Fig. 5. As shown in Fig. 5, the
xidation and reduction peaks of I−/I3

− on the three types of
lectrodes were similar and an increased current density was
bserved when the Pt–NiO and Pt–TiO2 electrode was used
s the working electrode. The higher current density means
uperior electrocatalytic activity of Pt–metal oxide biphase elec-
rodes to the conventional Pt electrode, which is attributed to
he increase of active surface area due to the formation of

anosized Pt crystalline by co-sputtering systems. In addition,
imilar electrocatalytic activity of Pt–NiO and Pt–TiO2 elec-
rode on the regeneration of redox mediator can be expected
rom the similar current density in Fig. 5. Here, the electrical
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ig. 2. Transmission electron microscope (TEM) image of (a) Pt, (b) Pt–NiO, a
ransmission electron microscope (HRTEM) image of Pt nanophase in TiO2 m
atterns. (e) X-ray diffraction (XRD) patterns of Pt, Pt–NiO and Pt–TiO2 electr

onnectivity between Pt is one of the most important factors
o determine the charge transfer resistance at the counter elec-
rode. One of the advantages of co-sputtering method to fabricate
anophase Pt mixed with oxide is tunable size and density of
t nanophase. The electrical connectivity and electrocatalytic
ctivity of biphase electrode are strongly dependent on the den-
ity of Pt nanophase, which can be changed by controlling the
F power during co-sputtering process. If the RF power on

he oxide target is increased, relatively low density of Pt may

e observed due to the relatively fast deposition rate of oxide.
ased on this point, we optimized the conditions for the fabri-
ation of excellent Pt-oxide counter electrode, which has higher
ctive surface area without increase in the charge transfer resis-

o

c
t

) Pt–TiO2 electrode prepared using a co-sputtering system. (d) High resolution
showing the (1 1 1) spacing of Pt and Transmission electron diffraction (TED)

ance resulting from the poor electrical connectivity between Pt
anophases. As shown in Fig. 2(b and c), the density of Pt is suf-
ciently high and the Pt nanophases are connected each other.
ence, improved electrocatalytic activity of biphase electrode,

esulting from the higher active surface area without increase
f charge transfer resistance at the counter electrode, can be
btained as shown in Fig. 5. In addition, similar charge transfer
esistance was observed in the measurements of ac impedance
pectra with the sandwich type electrochemical cells consisting

f two identical counter electrodes (not shown here).

Based on these results, three types of DSSC were fabri-
ated using Pt, Pt–NiO, and Pt–TiO2 as counter electrodes and
heir performances were compared. Fig. 6 shows the resulting
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Fig. 3. UV–vis reflection spectra of the three types of electrodes, Pt, Pt–NiO,
and Pt–TiO2.

Fig. 4. Expected process at the counter electrode after the excitation of dye
molecules by incident light. (1) Transmit through the counter electrode and (2)
Reflect at counter electrode and lead to the excitation of dye molecules.

Fig. 5. Cyclic voltammograms of the electrodes in acetonitrile solution of
10 mM LiI, 1 mM I2 and 0.1 M LiClO4.
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ig. 6. I–V curves for conventional liquid-state DSSCs fabricated using Pt,
t–NiO and Pt–TiO2 counter electrodes.

hotocurrent–voltage curves for conventional DSSCs fabricated
ith a liquid electrolyte using three types of counter electrodes,
t, Pt–NiO, and Pt–TiO2 electrode. When the Pt–metal oxide
iphase electrode was used, the short-circuit current density and
ell efficiency were increased as the result of the increased active
urface of the nanosized Pt in the Pt–metal oxide biphase elec-
rode. Specially, when the Pt–TiO2, which has a high reflectance
ompared to the Pt and Pt–NiO electrode and similar active sur-
ace area with the Pt–NiO electrode, was used as the counter
lectrode, the efficiency was increased up to 56% compared
o the cell with a conventional Pt counter electrode due, not
nly to increased active surface area but also to efficient reflec-
ion of incident light at the counter electrode results in a high
ight-harvesting efficiency. The overall conversion efficiency
as increased from 2.70 to 3.62 and 4.21% via the use of Pt–NiO

nd Pt–TiO2 biphase electrodes, respectively.
In contrast to the increase in short-circuit current as the result

f using the Pt–NiO and Pt–TiO2 biphase electrode, the open-
ircuit voltage remained unchanged. Because the open-circuit
s considered as the difference between the fermi level of the
emiconductor and the redox potential of the redox couple, con-
tant open-circuit voltage can be explained indirectly from the
imilar CVs for I−/I3

− (shown in Fig. 5).

. Conclusions

Two types of new counter electrodes, composed of a nano-
ized Pt polycrystalline phase mixed with NiO or TiO2, for
SSC were fabricated by means of a co-sputtering system to

mprove cell performance and reduce manufacturing costs. The
ormation of a ∼3 nm nanosized Pt polycrystalline phase mixed
ith NiO or TiO2 was confirmed by HRTEM images and TED
atterns. By applying Pt and a metal oxide biphase electrode, the
hort-circuit current density and cell efficiency were increased
s the result of the increased active surface of the nanosized

t in the Pt and metal oxide biphase electrode. Specially, when
t–TiO2, which has high reflectance compared to Pt and Pt–NiO
lectrodes, was used as the counter electrode, the efficiency was
ncreased up to 56% compared to a cell with a conventional Pt
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ounter electrode. This was due to, not only an increase in active
rea but also the efficient reflection of incident light at the counter
lectrode, which result in a high light-harvesting efficiency. The
verall conversion efficiency was increased from 2.70 to 3.62
nd 4.21% by applying Pt–NiO and Pt–TiO2 biphase electrode,
espectively, under 1 sun with an air mass 1.5 Global filter.
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