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The incident photon-to-current conversion efficiency (IPCE) of
a porous electrode sensitized by cyanine dyes increasedTiO

2with decreasing distance between the skeleton of the dye and the
surface. The photocurrent of oxide semiconductor elec-TiO

2trodes sensitized by a cyanine dye increased with the positive
shift of the conduction band potential of the oxide semicon-
ductor in the following order : Nb

2
O

5
Æ TiO

2
Æ ZnO Æ SnO

2
.

The semiconductor cell showed the best light-to-electricSnO
2conversion efficiency among the four semiconductors.

There is much intense research being carried out on solar
light-to-electrical energy conversion using porous oxide semi-
conductor electrodes combined with charge transfer sensitizers
such as Ru polypyridyl complexes.1,2 The sensitizer is directly
attached onto the semiconductor surface using anchoring
groups such as carboxyl, and the dye sensitizer, excited by a
photon, injects an electron into the conduction band of the
semiconductor. Therefore, in order to improve the photo-
current efficiency, studies of the interface linkage between dye
sensitizer and semiconductor surface are very important.
Meyer et al. reported3,4 that an intimate electronic coupling
between dye sensitizer and semiconductor was not essential,
and that the photocurrent efficiency of theRu(bpy)2bpyÈCOOH
complex (bpy : bipyridyl) was higher than that of the

complex. The position of theRu(bpy)2bpyÈ(CH2)3ÈCOOH
carboxyl group of the bipyridyl ligands also a†ects the photo-
current efficiency.5 On the other hand, in the case of a
porphyrin sensitizer on a gold electrode without a semicon-
ductor oxide layer, a study of the e†ect of chain length
between the dye sensitizer and the electrode carried out
systematically found that the photocurrent decreased with
decreasing chain length because of quenching of the excited
sensitizer by the electrode.6 However, a systematic study of
the e†ect of interfacial structure on the photoelectrochemical
properties is not sufficient in the case of semiconductor elec-
trodes sensitized by various dye sensitizers. Recently, some
organic dye sensitizers, as well as metal complexes, on porous
semiconductor electrodes have been extensively studied, and it
was reported that some dyes such as merocyanine showed an
excellent efficiency.7 A number of merocyanine and cyanine
dyes have been employed for photographic sensitization. In
order to Ðnd a guiding principle for designing an efficient sen-
sitizer, we have systematically investigated the photoelec-
trochemical properties of porous oxide semiconductor
electrodes sensitized by various cyanine dyes that have di†er-
ent anchoring groups. Here, we report the signiÐcant inÑuence
of the distance between the skeleton of the cyanine and the
semiconductor surface on the photocurrent efficiency.

Table 1 shows the photoelectrochemical properties of
porous electrodes sensitized by indolenine-type cyanines,TiO2a typical cyanine dye. The C1@ dye containing no carboxyl
group could hardly adsorb onto and the cell efficiencyTiO2was quite low. All other dyes adsorbed strongly onto the TiO2surface due to the presence of anchoring groups. Therefore, it
is suggested that the presence of a carboxyl group to Ðx dyes
onto the semiconductor surface is essential for efficient dye
sensitization. Fig. 1 shows the absorption spectra of Cn-D
(n \ 0È3) dyes in ethanol solution. The light absorption peak
shifts to longer wavelength by ca. 100 nm with each increase
of one in n (increasing length of the conjugated methine
chain). It was reported that some cyanine dyes formed J-
aggregates, showing a sharp and strong absorption in the
longer wavelength region on Ag halide or ZnO surfaces.8,9 In
our experiments, the typical absorption of J-aggregates was
not observed ; however, a slight red shift of the absorption
threshold as well as a broadening of the absorption spectra
were observed when the dye was adsorbed on a surface,TiO2as shown in Fig. 2. It is speculated that an interesting inter-
action occurs between the dye and the surface orTiO2between adjacent dye molecules, just like aggregates.

The best incident photon-to-current conversion efficiency
(IPCE\ 11.8%) was observed on the electrode withTiO2cyanine dye C1-D (n \ 1), and the efficiency dramatically
decreased for n P 2. The dyes of the Cn-N series also showed
the same behavior. The light absorption regions of both C0-D
dye and in the electrolyte overlapped, therefore, the IPCEI3~of C0-D was lower than that of C1-D. The low IPCE for
n P 2 is ascribed to a positive shift of the redox potential of
the excited dyes with the increase in n. The dye potentials in

Fig. 1 Absorption spectra of Cn-D (n \ 0È3) dyes in ethanol solu-
tion.

200 New J. Chem., 2001, 25, 200È202 DOI: 10.1039/b007840i

This journal is The Royal Society of Chemistry and the Centre National de la Recherche ScientiÐque 2001(



Table 1 Photoelectrochemical properties of a porous solar cell sensitized with various cyanine dyesTiO2

Dye structure
jmax a jthreshold a IPCEb Jscc Voc c Ðll factorc

Dye n X Y /nm /nm (%) /mA cm~2 /V (%)

C0-D 0 COOH CH3 440 (470) 500 (530) 4.1 0.23 0.52 72
C1-D 1 COOH CH3 560 (570) 600 (630) 11.8 0.97 0.59 71
C2-D 2 COOH CH3 650 (660) 720 ([700) 0.4 0.09 0.50 62
C3-D 3 COOH CH3 750 ([750) \0.1 0.06 0.34 48
C1-N 1 H C2H4COOH 550 (580) 590 (630) 6.5 0.57 0.75 72
C2-N 2 H C2H4COOH 650 (650) 700 ([700) 0.2 0.03 0.47 53
C3-N 3 H C2H4COOH 750 ([750) \0.1 \0.01 0.37 57
C1@ 1 H CH3 550 (540) 590 (570) \0.1 0.02 0.48 68
C1-Dd 1 CH2COOH CH3 560 (570) 600 (630) 5.7 0.55 0.67 70
C2-Ns 2 H CH2COOH 650 (650) 700 ([700) 0.7 0.14 0.56 62
C2-ND 2 COOH C2H4COOH 620 (620) 700 ([700) 1.2 0.15 0.45 68

a In ethanol. Values in parentheses were measured on b IPCE was measured by monochromatic light near using a bandpass Ðlter.TiO2 . jmaxc Under white light from a Xe lamp ([420 nm, 80 mW cm~2).

the excited state were roughly estimated by measuring the
redox potential of the dye and the excitation energy ; the esti-
mated dye potential in the excited state shifted positively with
increasing n. For example, the excited state oxidation poten-
tials of C0-D, C1-D, C2-D and C3-D were estimated to be
[1.58, [1.39, [1.14 and [1.02 V (vs. NHE), respectively, by
theoretical calculations.

Moreover, we investigated the photoelectrochemical
properties of various semiconductor electrodes, as shown in
Table 2. The open-circuit potential is expressed as the(Voc)

Fig. 2 Absorption spectra of (a) electrode without dye, (b)TiO2C1-D dye on electrode and (c) C1-D dye in ethanol solution.TiO2The spectra of electrode Ðlms were converted from reÑection to
absorbance by the KubelkaÈMunk method.

di†erence between the redox potential and the ÑatI~/I3~band potential close to the n-type semiconductor conduction
band. The conduction band potential of these electrodes was
estimated to lie in the following order : TiO2\ ZnO\ SnO2 .
Therefore, the conduction band of single crystal liesSnO2approximately 0.3 V to more positive values than that of

Generally, the conduction band potential ofTiO2 .10 Nb2O5is more negative than that of however, the of theTiO2 ,11 Voccell was smaller than that of the cell because theNb2O5 TiO2photocurrent of the cell was signiÐcantly smaller thanNb2O5that of the other semiconductor cells. The order of the con-
duction band potentials was experimentally estimated by the
dark current-potential curve to be as follows : Nb2O5 \

The photocurrent increased in theTiO2 \ ZnO\ SnO2 .
same order, consistent with that of the conduction band
potentials.

The IPCE value of a (or electrode sensitizedTiO2 Nb2O5)by C2-D was one order of magnitude lower than that of an
electrode sensitized by C1-D, while the di†erence of the IPCE
between C1-D and C2-D was not so large on the andSnO2ZnO electrodes. Therefore, it is suggested for cyanine dyes
that the photocurrent is governed by the relationship of the
potential level between the excited dye and the conduction
band of the semiconductor electrode ; it is also suggested that
the positive shift of dye potential in the excited state with
increasing n is the main reason for the decrease in the IPCE.
Similar behavior was also reported in the case of Ru complex-
es on and From a comparison of the light-to-TiO2 SnO2 .10
electric energy conversion efficiency in Table 2, is theSnO2

Table 2 Photoelectrochemical properties of cyanine dyes on several porous semiconductor electrodes

Dye Semiconductor IPCE (%) Jsc/mA cm~2 Voc/V Ðll factor (%) ga (%)

C1-D Nb2O5 6.2 0.27 0.49 53 \0.1
TiO2 11.8 0.97 0.59 71 0.5
ZnO 14.0 1.22 0.49 59 0.4
SnO2 35.5 2.67 0.39 52 0.7

C2-D Nb2O5 \0.1 0.02 0.31 43 \0.1
TiO2 0.4 0.09 0.50 62 \0.1
ZnO 3.8 0.54 0.43 55 0.2
SnO2 17.6 1.85 0.36 43 0.4

a The light-to-electric energy conversion efficiency.
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best semiconductor for the C1-D and C2-D dyes, due to the
contribution of the large photocurrent.

The Ñuorescence of C1-D on various semiconductors and
on as a typical insulator was measured. C1-D on aSiO2 SiO2Ðlm had a strong Ñuorescence at 580 nm. The intensity of the
Ñuorescence on ZnO and was signiÐ-Nb2O5 , TiO2 , SnO2cantly smaller than that on and in particular the Ñuo-SiO2 ,
rescence of the dye on was completely quenched. It isSnO2suggested that the Ñuorescence of the excited dye is quenched
by electron injection into the conduction band of the semicon-
ductors, and that the quenching of Ñuorescence takes place
e†ectively on the semiconductor electrode due to theSnO2positive potential of the conduction band. TheSnO2 SnO2electrode in this experiment is not completely optimized,
therefore the efficiency will be increased by improving the
preparation of the Ðlm.SnO2In the series of C1 dyes, which have similar absorption
spectra, the IPCE of a electrode sensitized by C1-D wasTiO2about twice as large as those sensitized by C1-N and C1-Dd,
in which the carboxyl anchoring group is connected to a non-
conjugated chain. The higher efficiency of C1-D can beÈCH2Èexplained on the basis of two factors : (i) the shorter distance
from the dye to the surface and (ii) the presence of theTiO2conjugated linkage with carboxyl group directly connected to
the dye skeleton. From the comparison of photoelec-
trochemical properties between C2-N and C2-Ns, the current
efficiency increased with a decrease of the chain lengthÈCH2Èbetween the dye skeleton and the carboxyl group. The C2-ND
dye containing four carboxyl groups showed a higher IPCE
than those of C2-D, C2-N and C2-Ns containing two carbox-
yl groups. It is speculated that the distance between the TiO2semiconductor surface and the skeleton of the C2-ND dye is
very short when the dye is anchored by three or four carboxyl
groups, because the plane of the dye frame is supposed to lie
parallel to the surface. We have also investigated otherTiO2semiconductor electrodes (ZnO, and and theNb2O5 SnO2),behavior of the IPCE of the cyanine dyes on these semicon-
ductors were generally similar to that on TiO2 .

Therefore, from all the results obtained here, an intimate
electronic coupling between sensitizer and semiconductor by a
conjugated linkage is not essential, as pointed out by Meyer
and co-workers,3,4 but it is concluded that the photocurrent
increases with decreasing distance between the skeleton of the
dye and semiconductor due to an efficient charge transfer
through a short distance. These conclusions on the cyanine/
semiconductor electrode are consistent with the results on the
Ru electrode ;3 however, they are not consistentcomplex/TiO2with the results of the sensitizer/metal electrode in which
backward electron transfer caused quenching of the excited
sensitizer.6 It is speculated that the semiconductor surface
plays an important role in preventing backward electron
transfer. In the case of Ru complexes on electrodes, it isTiO2reported that the backward reaction, the electron transfer

from the conduction band to the oxidized dye sensitizer, was
very slow compared to electron injection into the conduction
band.12 Kinetic studies for the cyanine dyes on semicon-
ductors are now in progress.

Experimental
All dyes were synthesized by Hayashibara Biochemical Labor-
atories Inc. The preparation of the porous semiconductor Ðlm
electrode (ca. 7 lm thickness) on a conducting glass support
(F- 10 ) sq~1), with a slurry of semiconductor powderSnO2 ,

Nihon Aerosil P-25, Central Glass Co., ZnO(TiO2 : N2O5 :
and Kanto Chemical), was carried out according to theSnO2 :
published procedure.2,11 The thickness and area of the semi-
conductor Ðlm are ca. 7 lm and 1 cm2, respectively. Adsorp-
tion of dye on the semiconductor surface was carried out by
soaking the semiconductor electrode in a dry ethanol solution
of the dye (220 mg dm~3) at 80 ¡C for 1 h ; the electrode was
then washed with sufficient ethanol to remove excess dye. The
light source was a 500 W Xe lamp (USHIO Denki Co.).
Appropriate band pass Ðlters (3È4 mW cm~2) near the
absorption peak were used for the IPCE measurements. A UV
cuto† Ðlter was used for white light irradiation ([420 nm, 80
mW cm~2). The electrolyte solution was a mixture of tetra-
propylammonium iodide (0.5 M) and iodine (0.05 M) in ethyl-
ene carbonateÈdry acetonitrile (60 : 40 v/v).
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