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Abstract: The photovoltaic characteristics (short circuit current, open circuit voltage, fill factor, and photon-to-electron conversion effi-
ciency) and electrochemical impedance measurements of normal and inverse-opal dye-sensitized electrodes were carried out in a transpar-
ent electrolyte (0.6 M triethhanolamine/0.5 M lithium perchlorate in acetonitrile) using three different methods, electrophoretic deposition,
TiCl, coating, and liquid-phase deposition (LPD). X-ray diffraction (XRD) analysis revealed that each electrode was composed of anatase
TiO;. The impedance elements discussed previously were substrate resistance (Ry), interface resistance at indium tin oxide (ITO)/titanium
oxide (TiO;) (R,), contact resistance between TiO, particles (R;), interface resistance at TiO,/dye/electrolyte and counter elec-
trode/electrolyte (R3), and diffusion resistance of the electrolyte (R,). The internal resistances of inverse opal electrodes were varied with
the preparation methods, especially in relation to the contact resistance between R, and R;. The electrode prepared by LPD exhibited the
smallest internal resistances and the highest photon-to-electron conversion efficiency among the three methods.
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1. INTRODUCTION

An inverse opal [1-7], a kind of self-assembled photonic crystal,
has been applied in dye-sensitized electrodes with a view to im-
proving the light-harvesting effect [8]and photon-inhibition effect
[3.9]. Packings of submicrometer-sized spheres were initially used
as highly diffusive reflecting layers [10]. In 2003, an inverse opal
was employed as a novel optical element to further improve the
efficiency of DSSCs and was reported on by Mallouk [11]. An
enhancement of up to 26% of the photogenerated current effi-
ciency of the DSSCs was achieved compared to the standard ones
by coupling a TiO, inverse opal layer to a conventional DSSC. In
later research Mallouk reported that the bilayer architecture, rather
than enhanced light harvesting within the inverse opal structures,
was responsible for the bulk of the gain in photogenerated current
efficiency [12]. Conversely, a theoretical investigation by Miguez

*To whom correspondence should be addressed:
Email: matsushita.s.ab@m.titech.ac.jp
Phone: +81-3-5734-2525, FAX: +81-3-5734-3355

229

et al. revealed that the effect of the presence of an inverse opal on
the optical absorption of the DSSC was mainly the consequence of
partial localization of light within the TiO, layer and there was no
need to sensitize the scattering layer; efficient absorption could be
attained as long as a highly reflective inverse opal was imple-
mented [13,14]. Miguez suggested that slow photon resonant
modes or photon localization partially confined within the absorb-
ing part of a cell by the mirroring behavior of the photonic super-
lattice was the origin of the observed efficiency enhancement in
photonic-crystal-coupled DSSCs, and a large efficiency enhance-
ment of about 60% in a broad spectrum range (450-720 nm)
should be possible. Very recently, Tao et al. theoretically predicted
that the combination of the photon localization mode and the dou-
ble layer scattering as mirrors lead to efficient enhancement of the
absorption of DSSCs in the whole visible spectrum (400-800 nm)
and a distinct increment of about 80% of photocurrent efficiency
with respect to standard cells [4].

However, it is currently thought that the effect of inverse opals
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as DSSCs were still ambiguous because the above reports had not
discussed the electrochemical internal resistances of the inverse
opals. It should be noted that the obtained photon-to-electron con-
version efficiency of inverse opals (without nanocrystalline layers)
was relatively low (~3.7 % [15]). This result suggests that the mass
transport of electrolyte ions, which is not a major source of loss in
high performance cells, should be significant in the inverse opal
electrodes. An understanding of the internal resistances of the in-
verse opals would accelerate the understanding of the photonic-
crystal photoelectrodes. The current research is the report on the
electrochemical impedance of DSSCs in a transparent electrolyte
coupling to inverse opals prepared by three practical methods;
electrophoretic deposition [16], TiCls coating [17], and liquid-
phase deposition (LPD) [11], as well as their photovoltaic charac-
teristics; short-circuit current density (Jsc), open-circuit voltage
(Voo), fill factor (FF), and photon-to-electron conversion efficiency
(n). Five impedance elements; substrate resistance, interface resis-
tance at indium tin oxide (ITO)/titanium oxide (TiO,), contact re-
sistance between TiO, particles, interface resistance at
TiO,/dye/electrolyte, interface resistance at a counter elec-
trode/electrolyte, and diffusion resistance of electrolyte, are dis-
cussed in conjunction with the results of scanning electron micros-
copy (SEM) and X-ray diffraction analysis (XRD).

2. EXPERIMENTAL

2.1. Preparation of artificial opals with polystyrene
particles

Artificial opals were prepared by a self-assembly method using a
0.1 wt% aqueous solution of polystyrene particles (204 nm, 10
wt%, Duke Scientific Co.). Distilled water was used to adjust the
suspension concentration. Twenty milliliters of the particle suspen-
sion was poured in a glass bottle (diameter 4.0 cm, height 4.1 cm).
An ITO substrate (10 Q/o, 4x3 cm?, Geomatec Co.) was rinsed
with pure water (Wako Industries, Ltd.). A silicone (Si) plate
coated with platinum (Pt) was also used as an electrode substrate.
The Si substrates made hydrophilic using an ozone cleaner (NL-
UV253, Nippon Laser & Electronics Lab). The oxygen pressure
was 0.02 Pa and the UV light exposure time was 3 min. These sub-
strates were fixed with a clip and hung on a bamboo skewer, and
then soaked in the bottle filled with the particle suspension. The
dipping depth was approximately 2 cm. The glass bottles were
dried at 50 °C for 5-7 days in an incubator (DRN420DA, Toyo
Seisakusho Co.) while the water composed of the particle suspen-
sion was completely evaporated.

2.2. Preparation of TiO; inverse opals

The inverse opals with TiO, were prepared by three methods:
electrophoretic deposition, TiCl, coating and LPD. As the refer-
ences, TiO, electrodes without opal (normal electrode) were also
prepared on bare ITO substrates by the three methods.

2.2.1. Electrophoretic deposition

The prepared artificial opals were soaked in a 10% metatitanic
acid slurry (Sakai Chemical Industry Co.). Constant voltage of 1 V
was applied for 30 sec by a potentiostat (HSV-100, Hokuto Denko
Co.). The counter electrode was a Pt electrode. The substrates after
the electrophoretic deposition were dried in air at room tempera-
ture, and sintered at 500 °C for 1 h in air with a heating rate of 0.8

°C/min (KDF-S70, Denken Co.) to calcinate the template and an-
neal the TiO,.

2.2.2. TiCl, coating

Ten microliters of 2% titanium (IV) chloride (TiCly, Wako In-
dustries, Ltd.) in methanol was added using a micropipette onto a
2x2 cm? artificial opal surface. The hydrolysis spontaneously oc-
curred at room temperature within 30 min. After hydrolysis, the
sample was heated to 80 °C in air. This drop-and-dry process was
repeated three times to ensure the filling of all voids. Finally, the
sample substrate was sintered at 500 °C for 1 h in air with a heating
rate of 0.8 °C/min (KDF-S70, Denken Co.)[18].

2.2.3. Liquid-phase deposition (LPD)

The artificial opals were soaked in a 0.15 wt% titanium isopro-
poxide ((CH;),ChO],Ti, 95.0%, Wako Industries, Ltd.) in etha-
n0l/0.015% nitric acid (HNO;, Wako Industries, Ltd.) solution for 5
min., and dried in air at room temperature [19]. Subsequently, the
substrates were soaked in an aqueous solution of 0.1 M ammonium
hexafluorotitanate ((NH4),TiFs, Wako Industries, Ltd.) and 0.2 M
boric acid (H3;BOs;, Wako Industries, Ltd.) at 60 °C for 30 min. The
pH of the solution was adjusted to approximately 3 by adding hy-
drochloric acid (Wako Industries, Ltd.). The substrates were rinsed
with pure water and dried in air at room temperature, and sintered
at 500 °C for 1 h in air with a heating rate of 0.8 °C/min (KDF-S70,
Denken Co.).

2.3. SEM observation
The electrodes were observed using an SEM (S-5200, Hitachi).

2.4. XRD measurement

X-ray powder diffraction (XRD) measurements were carried out
on the inverse opals using an X-ray diffractometer (50 kV, 250
mA, RINT2500 VPC, Rigaku) equipped with a graphite monochro-
mator using the Cu Ka line (A = 1.54 A) at room temperature from
10 to 50° at 0.02 steps, and the results were compared with the
database of the Joint Committee on Powder Diffraction Standards
(JCPDS)[20].

2.5. Dye adsorption

Chlorine e6 trisodium salt (Chl, C54H33N4O6 - 3Na, Tama Bio-
chemical Co.) was used as the dye for the DSSCs[21]. The pre-
pared inverse-opal electrodes were heated on a hot plate (HP-400A,
Azuwan Co.) at 200 °C for 10 min. After heating, the electrodes
were dipped in 3x10* M dye/30 mM chenodeoxycholic acid
(C4H4004, Wako Industries, Ltd.) methanol solution at 15 °C for
about 1 day.

2.6. Measurements of photovoltaic characteristics
and electrochemical impedance

A silicon rubber (2x2x0.1 cm®) with a hole of 3 mm radius was
used as the spacer. The spacer was put on the inverse-opal elec-
trode. An electrolyte (0.6 M triethanolamine (N(CH,CH,OH);,
Wako Industries, Ltd.)/0.5 M lithium perchlorate (LiClO4, Wako
Industries, Ltd.) in acetonitrile) was poured in the hole. A Pt sheet
(2x3 cm?) was used as a counter and reference electrode. The cell
was connected to a potentiostat (HSV-100, Hokuto denko) for the
measurement of photovoltaic characteristics and a potentio-
stat/galvanostat (VersaSTAT 3, Toyo Co.) for the impedance meas-
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urement at open circuit voltages. Light (AM 1.5) was illuminated
on the ITO side of the cell using a solar simulator (JASCO Co.).
The measured frequency was 1 Hz-10 kHz and the effective volt-
age was 10 mV. The obtained data was analyzed from the Nyquist
diagrams using the software Z-View for Windows. Whole meas-
urements were carried out at room temperature.

3. RESULTS AND DISCUSSION

3.1. Quality of the artificial opals

The artificial opal exhibited a light blue color when viewed with
the naked eye. The sample area was 1.5x2 - 2x2 cm”. Several artifi-
cial opals had stick-slip patterns[22]. The contact angle of the bare
ITO substrate after hydrophilic treatment was 79.2+1.60°, as meas-
ured by the tangent line method. The SEM observation revealed
that the number of layers in the artificial opal was over 20 (Figure
1). Several defects were observed in the artificial opals; however, it
can be said that the particles in the artificial opals were well or-
dered as a base material for the preparation of inverse opals.

3.2. The quality of TiO, inverse opals

The inverse opals prepared by different methods exhibited emi-
nent differences even with the naked eyes. The details are as fol-
lows.

3.2.1. Electrophoretic deposition

The colloidal particles in a water solution generally have nega-
tive charges; consequently, the nanoparticles were deposited on a
substrate with an applied positive bias. The substrate prepared by
the electrophoretic deposition was white. The void diameter in the
inverse opal was approximately 226.7+5.8 nm. The thickness of the
inverse opal and normal electrode was 600 nm. It seems that some
parts of the TiO, inverse opals were exfoliated from the substrate
when the artificial opals were soaked in a metatitanic acid slurry
because the slurry had high viscosity. The exfoliated length was
around 5 mm in the worst case and became more extensive after
applying the voltage. This was thought to have been caused by the
electro-decomposition of water owing to the applied voltage of
over 1 V, resulting in the generation of oxygen and hydrogen gases
on the ITO substrate.

Our metatitanic acid slurry was composed of crystalline titanium
particles (around 14 nm). Thus, in the case of the artificial opals
prepared using small polystyrene particles (such as 200 nm diame-
ter in our experiments), titanium particles could not enter the small
spaces between the polystyrene particles. Even if some titanium
particles could enter the small spaces, the contact area between the
titania particles would be small, resulting in the easy collapse of the
inverse opals. For this reason, electrophoretic deposition may not
be the best method for deposition on the artificial opals composed
of small polystyrene particles.

3.2.2. TiCl, coating

The substrates prepared by TiCls coating exhibited a white-
yellow iridescent color. The void diameter in the inverse opals was
180.943.5 nm. The thickness of the inverse opal was over 3 um.
The TiO, film prepared by TiCl, coating had a honeycomb-like
structure (Figure 2b). This was thought to be caused by the low
viscosity of the TiCly solution, resulting in the deep intrusion into
the artificial opal. The low viscosity also became a disadvantage.

Figure 1. Scanning electron microscopy images of (a, b) the sur-
face and (c) the cross section of self-assembled polystyrene parti-
cle structures.

The TiCly solution was difficult to adsorb onto the polystyrene
particle surface during the intrusion. Thus, the inverse opal struc-
ture had a honeycomb-like networked structure, instead of the
multi-spherical air atoms.
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Figure 2. Scanning electron microscopy images of various inverse
opals prepared by (a) electrophoretic deposition, (b) TiCl4 coating,
and (c) liquid-phase deposition (LPD).

3.2.3. Liquid Phase Deposition

The substrate prepared by LPD exhibited a yellow iridescent
color. Any difference with the substrate prepared by TiCl, coating
was not visible with the naked eye. However, SEM observations
revealed that spherical air atoms were formed in the inverse opals
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Figure 3. X-ray diffraction patterns of the inverse-opal electrodes
prepared by (a) liquid phase deposition (LPD), (b) TiCl4 coating,
and (c) electrophoretic deposition. The peaks of the anatase-type
TiO2 are indicated by black straight lines.

prepared by LPD. The void diameter in the inverse opal was
196.345.5 nm. The thickness of the inverse opal was over 3 pm,
almost same with TiCl, coating. The formation of the spherical
atoms suggests that each polystyrene particle was well coated with
TiCly solution (Figure 2¢). TiCly coating and LPD include hydroly-
sis. The TiCly process was carried out in air; in contrast, LPD was
carried out in a controlled pH solution at 60°C. Thus, in the LPD
process, we could control the electric double layer on the titania
particles, resulting in the formation of the fine mold of artificial
opal structure.

3.3. XRD measurements

XRD measurements were carried out to confirm the crystalline
type of TiO, in the inverse opals (Figure 3). The electrodes pre-
pared by these three methods were composed of only anatase-type
TiO,.



Comparison of the Photoelectrochemical Characteristics of Dye-Sensitized Inverse-Opal electrodes Prepared by Various Liquid-Phase Methods 233
/J. New Mat. Electrochem. Systems

0.030
0026
0.020
0015
0.010
0.005
o L (0,000
e Vos!WV FF %
im Alem
0.7 r 10.025
| =LFD
05 B Electro. '
04 10.015
0.3 10,010
0.2
01 4 0,00k
0 L0000
Jse Voas!V FF it
fmAlem

Figure 4. Photovoltaic characteristics of normal dye-sensitized
electrodes (a) and dye-sensitized inverse-opal electrodes (b) pre-
pared by LPD, TiCl4 coating, and electrophoretic deposition. The
left y-axis is for Jsc, Voc, and FF, and the right y-axis is for n.

3.4. Photovoltaic characteristics and Electrochemi-
cal Impedances

The photovoltaic characteristics; short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (FF), and photon-to-
electron conversion efficiency (1) of flat electrodes and inverse-
opal electrodes prepared by various methods are shown in Figure 4.
It is important to discuss those photovoltaic characteristics with
consideration of our electrochemical impedance results (Figure 5).

With reference to the equivalent circuit model for ac impedance
spectroscopy in the analysis of DSSCs, Hoshikawa, et al. discussed
five resistance elements (discussed below)[23]. Han et al. discussed
four resistance elements (substrate resistance, counter-electrode
resistance, TiO,/dye/electrolyte interface, and Nernstian diffusion

within the electrolyte)[24][25] in DSSCs. The relationship between
the DSSC’s photovoltaic characteristics and internal resistances
were precisely reviewed by Koide et al. with the view of complete
cell design using the conventional pn-junction solar cell con-
cept[25]. Here, our equivalent circuits of the impedance spectrum
followed Hoshikawa’s equivalent circuit, because we would like to
focus on the resistances of the TiO, electrode rather than total cell
resistances.

In the circuit (Figure 5a), we used the resistance (R), capacitance
(C) and constant phase element (CPE). The CPE is generally used
as the capacitance of porous surfaces as are our electrodes (Fig. 1).
Here, we would like to focus on R, rather than the capacitance fac-
tors. The Cole-Cole plots of the normal and inverse opal DSSCs are
depicted in Figures 5b and 5c. Our Cole-Cole plots were not ob-
served as arc shapes, as are frequently presented in other papers,
because the resistances in the low frequency range was not meas-
ured in our experiments. The average, maximum, and minimum
experimental R values in the normal and inverse-opal DSSCs are
plotted in Figures 5d and Se, respectively. The element at ~5 Hz,
which is presented as R, in Figure 5, should be attributed to the
ITO substrate because this resistance was less observed when a Pt-
coated Si substrate was used. Thus, R, is not discussed in this pa-
per. The R, at approximately ~7.5 kHz was reported as the imped-
ance factors at the substrate/TiO, interface. The R, at approxi-
mately ~750 Hz was the impedance factors between TiO, particles.
R; at approximately ~10 Hz was the impedance factors at the
Pt/electrolyte interface and electrolyte/dye/TiO, interface. Diffu-
sion resistance of the electrolyte (R,) was also confirmed at ~0.3
Hz.

3.4.1. Normal electrodes

Let us start our discussion from Jgc The Jsc of the electrodes
prepared by LPD and TiCl, coating were relatively small (~0.05
mA/cmz). On the other hand, the Jsc of the electrodes prepared by
electrophoretic deposition was large ( ~0.2 mA/cm?). The electrode
surface prepared by electrophoretic deposition was covered by
aggregated metatitanic acid particles (the original particle diameter
was ~20 nm) during the preparation process. The aggregation
formed a larger surface area than those prepared by other methods.
This larger surface area may be one of the reasons for such a large
JS()

The internal resistance of the cell is also an important factor
when discussing the J,.. The R,value was strongly dependent on
the preparation method employed (Figure 5 d). The R, of the nor-
mal electrode prepared by LPD was more than double that of other
electrodes. In our electrodes, macro pores(> 50 nm) were observed
at the electrode surface prepared by TiCly coating and electropho-
retic deposition (Figure 2). Micro-(< 2 nm) and meso(2-50 nm)
pores were dominant at the normal electrode surface prepared by
LPD. It is considered that the smaller pore size is a contributing
factor toward such a large R,. This hypothesis was supported by the
fact that the R, of inverse opal electrodes, which were composed of
electrolyte atoms as macro pores, were approximately equal
(Figure 5Se). It should be mentioned that our R4 values were larger
than other reported results; this is thought to be because of our
thick spacer. It can be concluded that electrophoretic deposition is
the best method to employ in preparation of larger J;. for flat elec-
trodes.
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Figure 5. Equivalent circuit model of the electrochemical impedance (a), cole-cole plots of the normal electrodes (b) and of the inverse-opal
electrodes (c), resistance elements in the normal electrodes (d) and in the inverse-opal electrodes (e¢). RO; resistance at substrate. R1; resis-
tance at substrate/Ti02 interface, R2; resistance between TiO2 particles, R3; resistance at Pt/electrolyte interface and electrolyte/dye/TiO2
interface, R4; Diffusion resistance of the electrolyte. The electrodes were prepared by LPD, TiCl4 coating and electrophoretic deposition.

V. is essentially decided by the Fermi levels of TiO, (~-0.2 V
vs. NHE) and the energy levels of redox ion couples in the electro-
lyte. Instead of redox ion couples, a transparent electrolyte, LiClO,
in acetonitrile, was used so as to ignore the absorbance wavelength
dependence of the electrolyte. Thus, our open circuit voltage was
dependent on the transparent electrolyte ion conductivity[26]. The
V,. of our electrodes prepared by LPD and TiCl, coating were ap-

proximately 0.55 V, which were smaller than that of the electrode
prepared by electrophoretic deposition (0.65 V) (Fig.4a). The XRD
spectra suggest that all our electrodes are anatase TiO, and have
less amorphous character (Fig. 3). The impedance results suggested
that R, of the electrode prepared by LPD and TiCly coating was
larger than R, of the electrode prepared by electrophoretic deposi-
tion (Fig. 5d). The TiO, particles in the wall prepared by electro-
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phoretic deposition are thought to have large contact area. The R;
and R,, (which are related to the electrolyte ion conductivity[27]) of
the electrode prepared by electrophoretic deposition exhibited the
smallest values. These smaller resistances may cause a larger open
circuit voltage of the electrode prepared by electrophoretic deposi-
tion.

The chemical modification on the electrode surface is also dis-
cussed as a factor that affects V,.. However, in our experiments, the
same tendency was not observed between normal electrodes and
inverse-opal electrodes from the perspective of the preparation
methods. We may ignore the influences of chemical modification
in our experiments. It can be concluded that electrophoretic deposi-
tion is the best in relation to obtaining larger Vo for flat electrodes.

The FF values of the normal electrodes provided no clear point
of difference (Fig. 4a). FF value depends on the shape of the I-V
curve. Sometimes it became larger even with larger internal resis-
tances. The electrode prepared by electrophoretic deposition exhib-
ited the largest #, followed by the electrodes prepared by TiCly
coating and LPD, respectively. This result is a combination of J,.
and V,. and suggests that electrophoretic deposition is the best
preparation method among those three methods for flat electrodes
in terms of the aforementioned parameters.

3.4.2. Inverse-opal electrodes

The normal and inverse-opal electrodes exhibited some differ-
ences in their electrochemical impedance characteristics similar to
their photovoltaic characteristics. Here it should be mentioned that
R;, the substrate/TiO, interface resistance, of the inverse-opal elec-
trodes exhibited a similar tendency to that of the flat electrodes.

Unlike the normal electrodes, the inverse-opal electrode prepared
by LPD exhibited the largest Jsc(Fig.4b). The inverse-opal pre-
pared by LPD was considered to be a better replica of the artificial
opals and had a larger surface area than other inverse opals (as
shown in Figure 2) resulting in a larger Jsc. On the other hand, the
inverse-opal electrode prepared by TiCl, coating, comprised of tens
of layers, produced a lower photocurrent than the electrode pre-
pared by electrophoretic deposition, constructed of few layers.
Generally, the Jscshould increases as the thickness increase be-
cause of the increase of the incident light absorption in the case of
less than 10 um thickness. The reason for the low photocurrent of
the inverse opal electrodes prepared by TiCly coating is expected
from their resistances. The inverse-opal electrode prepared by TiCly
coating had the largest Rj; electroyte/dye/TiO, interface resistance
(Fig. 5e), which has the greatest effect on the photocurrent and
short circuit current. The large R; value may be one of the influenc-
ing factors on the low J;.of the electrode prepared by TiCl, coat-
ing. It can be concluded that LPD was the best method when con-
sidering obtaining a larger J;. for inverse opal electrodes.

The inverse-opal electrode prepared by TiCly coating exhibited
the lowest V,. (0.5 V). As described above, our electrodes were not
composed of amorphous components (Fig.3). Thus, this low V,.
was caused by internal resistance. In regards to the preparation
methods, the difference in R; became more eminent among the
inverse-opal electrodes compared to those of the normal electrodes
(Fig. 5d and 5e). The R; of the inverse-opal electrode prepared by
TiCl coating was more than twice the R; of the normal electrode
prepared by the same method, resulting in a lower V. It can be
concluded that LPD is the best method for obtaining a larger V..

The FFs of normal electrodes exhibited almost equal values;
however, large differences were found in those of inverse-opal
electrodes. The inverse-opal electrode prepared by TiCl, coating
exhibited the highest FF, even though it had the lowest J,. and V.
(Fig. 4). This may be because the I-V curves of other electrodes
were far from rectangular in shape. Eventually, the # of the inverse-
opal electrodes were of the same order of magnitude as J,. and V.
It can be simply put that LPD is the best preparation method among
those three methods for producing inverse opal electrodes.

An important point of discussion is the comparison between
normal and inverse-opal electrodes. The inverse-opal electrode
prepared by LPD exhibited an approximately four-fold higher effi-
ciency than the normal electrode prepared by LPD. Conversely, the
inverse-opal electrodes prepared by TiCly and electrophoretic depo-
sition exhibited lower efficiency compared with each normal elec-
trode, around 1/3 and around 1/20, respectively. The inverse-opal
electrode is normally imagined to have a larger surface area than
that of the normal flat electrode; however, the bare ITO substrate
surface in Figure 2a revealed that the surface area of the inverse
opal electrode prepared by electrophoretic deposition was smaller
than that of the normal electrode prepared by electrophoretic depo-
sition.

The increase of R, and the increase/decrease of R, are expected
in inverse opal electrodes in comparison to the normal electrodes.
The R, values of inverse opal electrodes prepared by the LPD
method and TiCl, coating were almost equal to that of the normal
electrode prepared by each method, however, regarding the elec-
trode prepared by electrophoretic deposition, the R, of the inverse
opal electrode became ten times larger than that of the normal elec-
trode. These results suggest that we should consider the influence
of contact resistance between the TiO, particles in discussing the
characteristics of inverse opal electrodes prepared by electropho-
retic deposition. The R, values became nearly equal in the inverse
opal electrodes, though the normal electrode prepared by the LPD
method was two times larger than that of other normal electrodes.
These results suggest that the difference in preparation methods
could be ignored with a view to electrolyte diffusion in inverse
opals, at least the atom size was larger than 204 nm.

The diffusion resistance was the largest resistance in both normal
and inverse-opal electrodes (Figure 5). Generally speaking, this
diffusion resistance has little effect on DSSC characterization[23].
It should be noted that the R4 values of inverse-opal electrodes
were equal to the normal electrodes prepared via TiCly coating and
electrophoretic deposition; those values were different in the case
of LPD. The enhancement of photon-to-electron conversion effi-
ciency combined with inverse-opal electrodes was widely dis-
cussed using various cell types theoretically[4] and experimen-
tally[7,11,12,28,29]. It is sometimes suggested that the enhance-
ment was caused by a nano/mesoscopic effect related to electrolyte
diffusion. Our discussions in relation to R4 suggest that we may
ignore the nano/mesoscopic effect in the case of the TiCly coating
and electrophoretic deposition; but it is preferable to consider that
the diffusion resistance of the inverse opal electrode became less
than half that of LPD[8,30,31] for particles larger than 204 nm in
diameter.
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4. CONCLUSIONS

The current researched examined the photovoltaic characteristics
(Jse» Voer FF, and #) and the electrochemical impedance of normal
electrodes and inverse-opal electrodes prepared by three methods;
electrophoretic deposition, TiCly coating, and liquid-phase deposi-
tion. All electrochemical analysis was carried out in a transparent
electrolyte system. Each electrode was confirmed as anatase TiO,
by XRD analysis. Five resistance elements were investigated in the
electrodes: the substrate resistance (Ry), interface resistance at the
ITO/TiO; interface (R;), contact resistance between TiO, particles
(Ry), interface resistance at the TiO,/dye/electrolyte interface and
resistance at the Pt electrode/electrolyte inlterface (R;), and diffu-
sion resistance of the electrolyte (R4). The photovoltaic characters
were discussed using the resistance elements.

The internal resistances of inverse opal electrodes were varied
with the preparation methods, especially in relation to the contact
resistance between TiO, particles (R,) and interface resistances at
the electrode (R;). The LPD was the best preparation method
among these three methods in regards to preparing inverse-opal
electrodes using 200-nm polystyrene particles. The above results
also suggested that the difference in resistance between normal and
inverse-opal electrodes should not be ignored in the context of the
LPD method. Further experiments, the measurement of incident
photon-to-electron conversion efficiency for example, would reveal
more useful information regarding with the inverse-opal electrode.
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