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bstract

Solid-state dye-sensitized TiO2 solar cells using commercially available ruthenium dye (Z907) as an hydrophobic sensitizing dye and poly(3,4-
thylenedioxythiophene) (PEDOT) as a hole conductor and a platinum-free counter electrodes were fabricated. The nanospace of the dyed TiO
2

ayer was filled with PEDOT through the in situ photoelectrochemical polymerization of bis-ethylenedioxythiophene (bis-EDOT). In this study,
e revealed several factors for the photoelectrochemical polymerization and obtained the conversion efficiency of 2.6% with high open circuit
oltage over 0.8 V.

2007 Elsevier B.V. All rights reserved.

itized

h
t
t
T
t
P
g
t
a

2

eywords: Photoelectrochemical polymerization; PEDOT; Solid-state dye-sens

. Introduction

As for dye-sensitized TiO2 solar cells (DSC) introduced by
’Regan and Grätzel in 1991 [1], more than 10% conversion

fficiency has been achieved with novel ideas and through inten-
ive researches. Many advantages such as low production cost
nd diversity in manufactures have made DSC promising as
ext-generation photovoltaic devices. On the other hand, DSC
aces high-temperature stability issue (>85 ◦C) to pass stan-
ardized packaging durability tests of solar cells. One of the
olutions is the solidification of DSC using iodine-free organic
ole-conducting materials such as solid organic hole conductors
2–6] and conducting conjugated polymers [7–9]. The highest
onversion efficiency of 4% achieved using spiro-MeOTAD as

hole conductor [3]. The important factor to achieve the high

erformance is the optimum filling of pore spaces of mesoscopic
lectrodes with the hole-conducting material.

∗ Corresponding author. Tel.: +81 6 6879 7351; fax: +81 6 6879 7351.
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We recently reported that PEDOT works as an excellent
ole-conductor like iodide/iodine electrolytes. The in situ pho-
oelectrochemical polymerization of bis-EDOT was elucidated
o be one effective way to fill the nano-size pore spaces of the
iO2 electrodes with hole-conducting PEDOT [10–12]. Herein

aking into account the excellent electron transfer catalysis of
EDOT on fluorine-doped SnO2 (FTO) likewise platinum or
old [13], we present the optimization studies of photoelec-
rochemical polymerization of bis-EDOT using commercially
vailable ruthenium complex dye (Z907).

. Experimental

The solar cell device is composed of FTO with compact
iO2 layer (CL) as a conducting substrate, dyed nanoporous
iO2 as a photoactive layer and PEDOT as a hole-conducting

aterial and as a substitute of Pt counter electrode. To avoid

lectron leakage through the direct electrical contact of FTO
nd the in situ formed PEDOT, the compact TiO2 as an elec-
ron blocking layer was introduced by spin coating method [14].

mailto:yanagida@mls.eng.osaka-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.06.009
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Fig. 1. Current–time curves of in situ photoelectrochemical polymerization: the
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Fig. 2 shows I–V curves of the assembled cells using photoelec-
trode of TiO2/DCA-Z907/PEDOT obtained from Fig. 1 with
different concentration ratio of DCA to Z907. The higher effi-
ciency could be obtained when more than double amount of
8 Y. Kim et al. / Journal of Photochemistry an

he commercially available Nanoxide-T paste (Solaronix) was
sed for fabrication of nanoporous TiO2 layer. The 7 �m thick
iO2 layer on the blocking-layered FTO were prepared by twice
octor blade coating and sintered at 450 ◦C for 30 min. The
esulting TiO2 electrode was immersed into 3 × 10−4 M solution
f cis-RuLL′(NCS)2 (L = 2,2′-bipyridyl-4,4′-dicarboxylicacid,
′ = 4,4′-dinonyl-2,2-bipyridine, NCS = isocyanato: Z907, Sola-

onix) with and without deoxycholic acid (DCA) in 50:50
ixture of acetonitrile and tert-butanol by volume for 4 h at

5 ◦C. The dye adsorbed TiO2 electrode was fully immersed
nto the solution composed of 0.01 M bis-EDOT and 0.1 M
iClO4 in acetonitrile. Through the TiO2 anode side illumina-

ion [11] using white light with UV-cut and 25% neutral density
lters (30 mW/cm2, λ > 500 nm) and using chronoamperometry
potentiostat: BAS 100B), photoelectrochemical polymerization
f bis-EDOT was carried out. The dyed TiO2 film was used
s a working electrode and Pt wire as a counter electrode and
g/AgCl as a reference electrode for electrochemical process.
After in situ photoelectrochemical polymerization, the result-

ng TiO2/dye/PEDOT electrode was rinsed using ethanol
nd dried, and then 1 drop of BMImTFSI (1-butyl-
-methyimidazolium bis(trifluoromethansulfonyl)amide) with
.2 M of tBP (4-tert-butylpyridine) and 0.2 M of LiTFSI (lithium
is(trifluoromethanesulfonyl)amide) was added on the surface.
he photoelectrode of TiO2/dye/PEDOT was kept in the dark
lace for 24 h before measurements. As a cathode, PEDOT
as prepared on FTO by chronoamperometry of 0.8 V for
80 s using the same electrolyte. A sandwich-type cell of
TO/CL/TiO2/Dye/PEDOT-PEDOT/FTO was assembled using
lips. The photoenergy conversion efficiency was measured
sing simulated light of 100 mW/cm2 with AM 1.5 (YSS-80,
amashita Denso) at room temperature. The incident photon-

o-current conversion efficiency (IPCE) was obtained using
onochromic light of 5 mW/cm2 (PV-25DYE, JASCO).

. Results and discussions

Photoelectrochemical polymerization is initiated by the
hoto-excitation of the Z907 dye molecules on the TiO2 under
isible light irradiation. The oxidized dye gives an active site
o polymerize bis-EDOT to PEDOT presenting a good contact
f the hydrophobic Z907 molecules and the hole-conducting
EDOT at the interface. In this study, we investigated the effect
f the applied potential and reaction time on in situ photo-
lectrochemical polymerization and the effect of deoxycholic
cid (DCA) as a co-adsorbent of Z907 on the in situ photo-
lectrochemical polymerization and photon-to-electron energy
onversion efficiency.

First, the effect of DCA as a co-adsorbent of Z907 during dye
dsorption was examined. During dye adsorption to the TiO2
urface, some dye molecules aggregate with each other on the
iO2 surface, resulting in lower efficiency. To prevent dye aggre-
ation, acids with carboxylate or phosphonate groups which

an be strongly anchored on the TiO2 surface are used as co-
dsorbents of the dye molecules [15–17]. To verify the effect of
o-adsorbent, four kinds of dye solutions with different concen-
ration ratio of DCA as a co-adsorbent were prepared; the molar

F
o
t

ffect of concentration ratio of Z907 to DCA in the dye adsorption, chronoam-
erometry of 0.2 V vs. Ag/AgCl (the labels represent molar ratio of Z907 to
CA in the dye solution).

atio of Z907 to DCA is 1:0, 1:0.5, 1:2 and 1:6. Z907 molecules
nd DCA adsorbed on the TiO2 surface competitively during dye
dsorption process. Fig. 1 shows the current–time curves of pho-
oelectrochemical polymerization of bis-EDOT at 0.2 V versus
g/AgCl for 1800 s; the current increased at the beginning more

apidly in the case of co-adsorbent and dye mixture adsorbed
iO2 than pure dye adsorbed TiO2 film. And the total polymer-

zation charge also increased as increasing the concentration
atio of co-adsorbent, DCA. In photoelectrochemical polymer-
zation, bis-EDOT starts to grow on the oxidized dye molecule.
he aggregated dyes on the TiO2 surface provide relatively small
umber of active sites due to crowded narrow space compared
ith non- (or less) aggregated dyes on TiO2, and smaller size of

o-adsorbent attached on the TiO2 surface could provide more
ffective space for initiation and propagation of polymerization.
ig. 2. I–V curves of the assembled solar cells: the effect of concentration ratio
f Z907 to DCA in the dye adsorption (the labels represent molar ratio of Z907
o DCA in the dye solution).
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1800 s. The highest performance was obtained from the sample
ig. 3. IPCE curves of the assembled solar cells: the effect of concentration ratio
f Z907 to DCA in the dye adsorption (the labels represent molar ratio of Z907
o DCA in the dye solution).

CA to Z907 was used. Fig. 3 shows IPCE data of a series of
he assembled cells.

Secondly, the effect of the electric field and reaction time
f photoelectrochemical polymerization was examined. Fig. 4
hows the cyclic voltammetry of bis-EDOT using the same elec-
rolyte. The bare FTO, Pt wire and Ag/AgCl was used as a
orking, counter and reference electrode, respectively. Fig. 4

ndicates that bis-EDOT starts to be deposited electrochemically
round 0.75 V. Then the potential of in situ photoelectrochem-
cal polymerization was applied from 0.1 to 0.6 V with the
xed time and using dyed TiO2 prepared using the dye solution
Z907:DCA, 1:2). Under visible light irradiation the oxidation
f the dye molecules occurs and the potential of oxidized dye
olecules is higher than one applied by potentiostat. For in

itu photoelectrochemical polymerization, LiClO4 was used as
supporting electrolyte and the perchlorate anion (ClO4

−) acts
s a dopant, i.e., counter anion of the oxidized PEDOT state.

he different applied potential provides different electric field

n electrochemical system influencing the migration of redox
ouples. The current–time curves with different applied poten-
ials are shown in Fig. 5, indicating that the current peak is

ig. 4. Cyclic-voltammetry of bis-EDOT with scan rate of 20 mV/s using elec-
rolyte of 0.01 M of bis-EDOT and 0.1 M of LiClO4 in acetonitrile.

o
c
p

F
o

ig. 5. Current–time curves of in situ photoelectrochemical polymerization with
arious applied potentials using co-adsorbent and dye mixture adsorbed TiO2

lectrode prepared from the dye solution (Z907:DCA, 1:2).

eeper at higher applied potential and the polymerization charge
ncreased with increasing applied potential. The high electric
eld accelerates reactivity of bis-EDOT and increases migra-

ion of anion, ClO4
− therefore PEDOT grew not only on the

xidized dye molecules but also on any sites on the anode.
hen 0.6 V was applied, the current rapidly increased again

fter 600 s. This was originated from direct electrodeposition on
he substrate and slightly blue color on the compact TiO2 layer
as detected. The assembled cell using this TiO2/dye/PEDOT

at 0.6 V) electrode was not operated because of the short cir-
uit. The optimum applied potential window was confirmed to
e between 0.2 and −0.3 V from the I–V curves in Fig. 6. At the
bove 0.4 V applied potential, the open circuit voltage and the fill
actor decreased. And the effect of in situ polymerization time
as examined with the fixed applied potential (0.2 V) and dye

olution (Z907:DCA, 1:2). The photoelectrochemical polymer-
zation was stopped at the chosen time of 300, 600, 1200, and
f 1200 s not from the one of 1800 s with higher polymerization
harge (listed in Table 1). The optimum photoelectrochemical
olymerization time window would be different depending on

ig. 6. I–V curves of the assembled solar cells: the effect of applied potential
n in situ photoelectrochemical polymerization.
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Table 1
The charge of in situ photoelectrochemical polymerization and the photovoltaic
performance of the assembled cells: the effect of photoelectrochemical polymer-
ization times at the fixed applied potential of 0.2 V using co-adsorbent and dye
mixture adsorbed TiO2 electrode prepared from the dye solution (Z907:DCA,
1:2)

Time (s) 300 600 1200 1800
Charge of polymerization

(mC/cm2)
8.6 12.8 15.8 16.9

Voc (V) 0.88 0.83 0.85 0.86
Jsc (mA/cm2) 2.21 4.18 4.48 4.10
Fill factor 0.68 0.70 0.69 0.67
Efficiency (%) 1.32 2.42 2.62 2.39
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ig. 7. I–V curves of the assembled solar cells: the effect of treatment time of
he ionic liquid mixture of BMImTFSI, tBP and LiTFSI.

he applied potential and the state of adsorbed dye molecules on
he TiO2 surface and vice versa.

Finally, the effect of the treatment time of the ionic liquid
ixture of BMImTFSI and tBP and LiTFSI after adding it onto

he TiO2/dye/PEDOT electrode was examined. The ionic liquid
mproves the dark current property of the cells, being accompa-
ied by the increase of the open circuit voltage and the fill factor
n photocurrent characteristics [18–20]. Fig. 7 shows the pho-
ovoltaic performances with the ionic liquid treatment time of
0, 20, and 40 h using photoelectrode of TiO2/dye/PEDOT pre-
ared using the fixed dye solution (Z907:DCA, 1:2) and under
hotoelectrochemical polymerization condition of 0.2 V applied
otential for 1800 s. For deep penetration at least 20 h is needed
ecause of the high viscosity of the ionic liquid mixture and the
esults reported here were all obtained after 24 h treated with the
onic liquid mixture as mentioned in the experimental section.

. Conclusions
In situ photoelectrochemical polymerization of bis-EDOT
s an effective way to fill the pore of dyed nanoporous TiO2
ayer with the hole-conducting PEDOT and to achieve a good
hrough-space electronic contact between dye molecules and

[

[

[

tobiology A: Chemistry 193 (2008) 77–80

he hole-conducting materials. We obtained 2.6% of conver-
ion efficiency with high open circuit voltage (∼0.8 V) from
ye-sensitized solar cells using PEDOT as a hole-conducting
aterial and as a platinum-free counter electrode. There are two

rocesses in polymerization, one is how many PEDOT are made
initiation) and the other is how long they are with distribution
propagation). Quantitatively we could get a numeric value of
otal polymerization charge and it is hard to assign exactly how

any and how long from the current–time curve. The optimum
lling of hole-conducting materials is related with both poly-
erization processes and the pore (pore size and porosity) of

anoporous TiO2 is important. The effective filling of PEDOT
nto the dyed mesoscopic TiO2 electrode is an important factor
o achieve the high conversion efficiency.
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