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Nanocrystalline semiconductor film electrodes have been prepared by sintering three different sizes of TiO-
nanoparticle sols on conducting indium-tin-oxide (ITO) glass substrate. The electrochemical and
photoelectrochemical properties of the prepared electrodes were comparatively investigated. The particle sizes.
surface morphologies and crystallinities of the films were studied by scanning electron microscopy.
transmission electron microscopy. and X-ray diffraction. Cyclic voltammetry and capacitance measurements
in the dark implies the formation of depletion layer in the semiconductor films which was usually neglected in
the previous studies and shows that flat band potential (E¢) of TiO- films depends on the size of the composing
particles. The band gap excitation of the filin electrodes in aqueous electrolyte solution generated the anodic
photocurrents from the oxidation of water. The photocurrent quantum vield of these TiO- films at the
wavelength where all photocurrents are saturated increased as the particle size decreased. The photocapacitance
measurements show that band edges of all three electrodes herein investigated were unpinned and shifted
anodically under illumination. The pH dependence on band edge shift under illumination was different from
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that. which followed normal Helmholtz potential shift. in the dark.
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Introduction

Nanocry stalline semiconductor film electrodes have recently
become a central research topic in the field of photoelectro-
chemistry. following the introduction of the dye-sensititzed
nanocrystalline semiconductor solar cell by Griitzel ef o/ "
“Gréatzel's cell” exhibited almost 100% quantum efficiency
in a certain wavelength range and about 10% solar conver-
sion efficiency. As with photoelectrochemical solar cells.
nanocrystalline semiconductor film electrodes also have
shown the possibility of wide practical applications in such
as electrochromic devices.” batteries® and photocatalysis.”
The film is composed of a three-dimensional network of
interconnected nano-sized particles and has huge internal
surface area. It exhibits novel optical and electrical proper-
ties compared with that of bulk semiconductor. The charge
separation and charge transport process in this electrode
have been explained differently from that of normal bulk
semiconductor electrode. In nommal semiconductor elec-
trode. a space charge laver forms at the interface of the
semiconductor and electrolyte solution and charge carrier
separation occurs as a result of the internal electric field
formed at the depletion laver. However. in a nanocrystalling
semiconductor electrode the interfacial kinetics have been
considered more important than the internal electric field
because the individual particles seem to be too small to form
a depletion laver. The charge separation of photoexcited
electron-hole pairs has been considered dominated by
diffusion rather than by migration in the potential difference
of the depletion laver’
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Although numerous studies have been published on these
nanocrystalline semiconductor electrodes. most of them are
devoted to the dve-sensitized systems. Not many were found
for direct band-gap excitation. To understand the nano-
crystalline electrode system further in its fundamental
aspects. we prepared the nanocryvstalline TiO: film elec-
trodes that consisted of different sizes of nanoparticle TiO-
and studied their electrochemical and photoelectrochemical
properties in water oxidation by band-gap excitation,
comparatively.

Experimental Section

Materials. Degussa P23 TiO- was purchased from Sanghyun
Industry (Seoul. Korea). Titanium(IV) isopropoxide (97%).
acetylacetone (99+%) and Triton X-100 were obtained from
Aldrich. ITQ glass (40 Q/cm-) was purchased from Delta
Technology (MN. USA). Acetonitrile was distilled with P-Os
before use. All other chemicals and solvents were reagent
grade and used as received. Distilled water was deionized to
resistivity 18 M€em with a Barnstead Nanopure D4700
deionization system.

Preparation of Nanocrystalline Electrodes. Three dif-
ferent tvpes of the nanocrystalline TiO- film were prepared.
The first electrode was prepared with Degussa P23 TiO-.
Our method mainly followed that of Nazeeruddin er a/.s."
0.3 g of TiO- (Degussa P23) was ground in a mortar with 1
mL of water and 0.1 mL of acetylacetone. After the powder
was well dispersed. 4 mL of water and 0.03 mL of Triton X-
100 were slowly added to give a colloidal sol. The colloidal
sol was dropped on ITO glass and spread with a glass rod by
sliding over the tape-covered edges of the ITO. After being
dried in air for 30 min. the film was sintered at 420-430 °C
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for 2 hours. This TiO- electrode is denoted as TD electrode.
The second electrode was prepared with TiOs sol which was
made from the hydrolysis of titanium(lV) isopropoxide. The
colloidal sol was prepared by a method similar to that of
O'Regan ef al.'* 2.5 mL of titanium(IV) isopropoxide and
0.4 mL of isopropanol were slowly dropped in 13 mL of
water as the combination was vigorously stirred under
nitrogen. After the addition was finished. 0.106 mL of 70%
HNO:; was added to the mixture and refluxed at about 83 °C
for 8 howrs. This TiO» sol was spin-coated on ITO glass at
3000 rpm. The TiO--coated ITO was heated at 420 °C for 10
min. This spin coating and heating were repeated totally
three times and the TiO: film on ITO was finally annealed at
430 °C for 2 howrs. The second electrode is denoted as TS
electrode. For the third electrode. the colloidal sol that was
used for TS electrode was autoclaved at 200 °C for 12 howrs.
The sedimentation occurred during autoclaving. The sol and
precipitates were ground together in a mortar with 0.1 mL of
acetylacetone, 4 mL of water and 0.03 mL of Triton X-100
until the well-dispersed colloidal sol formed. This auto-
claved sol was cast on ITO glass and annealed to prepare the
third electrode (TA) in the same way as TD electrode. The
average amounts of TiO- films on ITO substrate were 6.9 x
107, 2.0 x 107" and 14 x 107 g/em- for TD. TA and TS
film. respectively. The geometrical area of the electrodes
exposed to the electrolyte solution was 1.5 cm-.

Apparatus. All electrochemical measurements were done
in a standard three-electrode cell by EG&G PAR 263A
potentiostat. Pt counter. SCE reference electrode and KCl
electrolyte were used for the measurement in an aqueous
solution. The pH of electrolyte solution was adjusted with
0.1 M KOH and HCI solutions. For nonagueous solution. a
quasi-silver reference electrode and tetraethylammonium
perchlorate (TEAP) electrolyte were used and the measured
potential was calibrated from the potential of ferrocene.
Photocwrrent measurements were performed in a three-
electrode cell that had a flat quartz window. using PAR 263A
potentiostat and 300W Xe arc lamp made by ILC Technol-
ogy as light source. The cell was equipped with 10 ¢m water
filter and appropriate optical filters. To discriminate dark
current, the optical chopper of Scitec Instnunents was used.
The light intensity was measured with a Molectron PM 10
power meter probe. Spectroelectrochemical experiments
were performed with a Varian Cary 1 spectrophotometer and
PAR 263A potentiostat. Photocurrent action spectra were
measured with an SLM Aminco AB2 luminescence spectrom-
eter and an PAR 263A potentiostat. The capacitance
measurements for the Mott-Schottky plot were done with an
PAR 263A potentiostat and Stanford S830 digital lock-in-
amplifier. Transmission electron micrographs (TEM) of the
colloidal sols were taken with a Jeol JFM 2000fxIl trans-
mission electron microscope and scanning electron micro-
graphs (SEM) of nanocrystalline TiOs film electrodes were
taken with a Hitachi U-4200 scanning electron microscope.
X-ray diffraction patterns (XRD) were measured by a Rigagu
D/Max-200 X-ray diffractometer with a CuKa scource and
0.01°/sec scan rate.

AMyung Soon Lee et al.
Results and Discussion

Characteristics of Nanocrystalline TiO; Films, Figure 1
shows the TEM pictures of TiO-» nanoparticle sols that were
used to prepare nanocrystalline TiO- film electrodes. The
particle sizes of the colloidal sol from Degussa P23 TiO-
were between 10-33 nm in diameter. The average diameter
was about 25 nm. which is similar to the value previously
reported.” The TiO: particles that were prepared from the
hydrolysis of titanium(IV) isopropoxide for TS electrode
ranged in diameter from 4-6 nm. The diameters of particles
in the autoclaved sol for TA electrode ranged from 10-12
nm. Figure 2 shows SEM micrographs of the nanocrystalline
TiO: films. From the pictures. we can see clearly the
nanocrystalline characteristics of the TiO- films on ITO and

Figure 1. Transmission electron micrographs of the colloidal Ti0;
sols that are used tor (a) TD, (b) TA and (c) TS electrodes. Scales
and magnifications are indicated on the photographs.
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Figure 2. Scanning electron micrographs of the Ti0; films of (a)
TD, (b) TA and (c) TS electrode. Scales and magnifications are
indicated on the photographs.

the porosity of the three films increases as the order of
increasing size of composing particles. The particles com-
posing the films were apparently larger than those of the
comesponding colloidal sols. This could be due to the
aggregation of particles during the annealing processes at
450 °C. The film of the TS electrode is most compact and
dense. as shown in Fig. 2(c). The cross sectional views of
these films in the SEM pictures (not shown here) led to an
estimate of the thicknesses of the films of about 3 fm for
TD. ca. 0.8 ym for TA and ¢a. 0.6 pm for TS film.

Figure 3 shows the XRD pattems of these three TiO-
films. For TD film, the XRD pattem consists of the peaks
corresponding to both crystal structures of anatase and rutile
as indicated in Figure 3(a). From the peak intensity ratio of
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Figure 3. XRD pattems of the nanocrystalline Ti0; films of (a)
TD., (b) TA and (c) TS electrode.

anatase vs. rutile. it can be ascertained that the composition
of TD film follows that of original Degussa P23 TiO-. which
is known to be approximately 23% rutile and 73% anatase.
For TS and TA films only the anatase phase was observed in
the XRD patterns (Figure 3b and 3¢). From the line widths
of XRD peak (anatase 101) of the films. we have also
roughly estimated the particle sizes of TiO» in the films
using the Debye-Scherrer equation®: 32.6 nm for TD. 21.7
nm for TA and 153.0 nm for TS. These results are consistent
with those estimated from TEM pictures.

Figure 4 shows the absorption spectra of these nano-
crystalline TiO- films. which are normalized by the absorb-
ance at 230 nm. For TD film. the absorption was measured
in diffuse reflectance mode since the film was not trans-
parent enough for transmission mode. The absorption edges
were blue-shifted as the particle sizes of the films decreased.
The band gap energy of a semiconductor is generally
determined by the following relationship between the
absorption coefficient ¢ and band gap energy E.: &= ¢thv —

1.2
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Figure 4. UJV-Vis absorption spectra of TiO: films. (For the TD
film the spectrum was measured at dittuse retlectance mode).
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E.)". where »=1/2 for direct band gap semiconductor and
n =2 for indirect band gap.” Since TiOs is known to be an
indirect band gap semiconductor.'” plots of the square root
of absorbance vs. photon energy gave band gap energies
roughly as 3.6 34 and 3.1 eV for TS. TA and TD.
respectively. The band gap energies of TiO- for TA and TS
electrodes are slightly larger than the known value of anatase
TiO- and that for TD electrode is close to the band gap
energy of rutile TiO»."! The increased band gap energies for
TA and TS films can be attributed to size quantization effect.
although the interconnection between particles in the films
makes the situation complicated. According to the calcu-
lation of the modified particle-in-a-sphere model for the size
dependence of semiconductor band gaps.’ the TiO- particle
having a diameter of 2 nm demonstrated that the band gap
energy increased as 0.2 eV compared with that of bulk TiO-.
Therefore. the increased band gap energies for TA and TS
electrodes (0.2-0.4 eV for the particles of 4-10 nm) are a
little high to be entirely explained by size quantization effect.
For the TD electrode of which TiO- particles are the largest
in size. the determined band gap is mainly ascribed to the
nitile particles therein rather than to anatase TiOs, which is a
major component. This is because the absorption edge is
determined by the species absorbing the longest wavelength.
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Figure 3. Cvclic voltammograms of the nanocrystalline Ti0; film
electrodes and ITO at (a) pH 6 and (b) pH 13 in 0.1 M KC1
solution. {The scan rate is 25 mV/s)
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In this particle size. there is no band gap increment observed.

Cyclic Voltammetry of Nanocrystalline TiQ; Electrodes.
Figure 3 shows cyclic voltammogams of the nanocrystalling
TiO: and bare 1TO electrodes in an aqueous KCI solution at
pH 6 and 13. For all three TiO- film electrodes. the apparent
reduction current appeared and increased steadily as the
applied potential increased in the negative potential region.
The oxidation current occurred as the potential sweep
reversed. whereas such a current was not observed for the
substrate ITO electrode. The onset potential of the reduction
current varied at three different electrodes. The electrode that
consisted of smaller TiO- particles showed more negative
onset potential. The onset potential was also shifted to
negative potential as the pH of electrolyte solution increased.

Since there is no faraday component in the electrolyte
solution except solvent water. the observed current can be a
charging current that is associated with several capacitance
components or can be a reduction current of proton in the
electrolyte solution. The cvclic voltammogram of a single
crystal TiO: electrode in an aqueous electrolyte solution had
a shape similar to that of the nanocrystalline TiO- elec-
trode ' The voltammogram was interpreted as consisting of
a slowly increasing charging current that was proportional to
the space charge capacitance and sharply increasing proton
reduction current at potentials more negative than flat band
potential (Ep). However. the sharp increase in the reduction
current for the nanocrystalline TiO: electrodes. as shown in
Figure 3. cannot be simply attributed to the reduction of
proton because the same voltammograms were obtained in
nonaqueous aprotic solvents."* Gritzel ef «f. also reported
similar cvclic voltammograms of nanocrystalling TiQ-
electrodes in nonaqueous propylene carbonate.'™'" At first.
they interpreted the smoothly increasing current as the
capacitive charging cwrrent that is due to filling of the
surface states below the conduction band edge and estimated
the surface state density by simply integrating the charging
current to a certain potential.'* Later. they reported the
characteristic peak near the current onset in the voltammo-
gram and the peak was attributed to filling of the surface
states or resistance-induced effects. The voltammetric charge
during negative scan was interpreted as two components that
are the trapped charge in empty swface states and the
accumulated charge in a space charge laver.'® In another
report they interpreted the voltammogram as the capacitive
effect associated with the formation of accumulation layer.
which is related to the surface redox process. Ti'” + ¢ <
Ti*" " The arguments of Grétzel ef ¢/ are not consistent and
very controversial. On the other hand. according to the
electrochemical quartz crystal microbalance studies by Hupp
et ol " the cathodic current was interpreted as due to the
charge compensating cation intercalation into the accumu-
lation region in the semiconductor filn.

In a normal n-doped semiconductor electrode the accumu-
lation laver is formed at potentials more negative than a flat
band potential. and the electrode become metallic.’™" And
the charging current will start at a flat band potential due to
double laver capacitance. becoming constant at a constant
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scan rate of potential. Contrary to a normal semiconductor
electrode. the observed charging currents on the nanocrystal-
line TiOx electrodes were dependent on the applied potential.
At this point the origin of the current in the voltammograms
is not clear. It can be due to the complex capacitive compo-
nents that consist of space charge capacitance. swface state
capacitance and double laver capacitance as well as due to
charge compensating cation intercalation. However. the
current onset potential can be assigned to the flat band
potential since the onset potential shows the clear pH-
dependent shift roughly following the well-known Helmholtz
potential shift (-39 mV per ApH 1) for a metal oxide
semiconductor electrode. -

Capacitance Characteristics of Nanocrystalline TiO,
Electrodes. To elucidate the formation of space charge laver
at the interface with electrolyte solution and determine the
band edge position. we have measured the potential depend-
ence of capacitance at the interface between the electrode
and electrolyte solution under depletion condition. Accord-
ing to Mott-Schottky (M-S) equation. the differential
capacitance of space charge laver is dependent on the
applied potential as follows: 1/C- o< E-Eg-kT/e. where C is
the differential capacitance of the space-charge layver and Ep
is a flat band potential. Figure 6 shows the M-S plots for the
nanocrystalline TiOz electrodes and a bare ITO electrode.
measured at the frequency of 10 Hz and pH 6. While there
was no dramatic change of capacitance for the bare 1TO
electrode as the bias potential increased to positive. all the
TiO- film electrodes showed sudden increases in 1/C- at
certain potentials as the bias potential increased. In Figure 7.
the pH dependence of M-S plots is shown. If we assume that
the intercept potential is the flat band potential shown in
M-S equation. the flat band pofentials can be obtained from
the linear fit of the data at three different pHs shown in
Figure 6 and 7 as follows: =0.18 — 0.043pH. -0.2 - 0.044pH
and —0.25 - 0.05pH V vy. SCE for TD. TA and TS electrode.
respectively. Therefore. the potential was shifted to negative
value systematically as the TiOs particle size composing the
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Figure 6. Mott-Schottky plots of the nanocrvstalline TiO» film
electrodes at 0.1 M KCl and pH 6 with the modulation frequency of
10 Hz.

Bull. Korean Chem. Soc. 2003, Vol. 24, No. 8 1159

20x10°
.\. (a)
\.
1.5x%10° \.\
) *
&L: \O\ .\.\
= 10x10°{ o LN
o~ AN [
Q \o\
™ ‘ L]
0.5x10°4 O Vo \
AN \
AN e} P
NI R %
0.0 A 0-p-0-8:0-0-0-0-0-0-0-0-0-0-0-0-¢
0.0 0.2 04 0.6 0.8 -1.0
6.0 x 10°
e (b)
.\.
9 \.
4.0x10° - e
N\ \.
— i \.
T mo AN
~ n| LN ®
o N N
O \ N .
= 20x10°4 B QR '\
D\
D\D\ \ .\
o &
N
0.0 D\\B:Q=D-D—O—Ofait}ofo{)fo{l{[
0.0 0.2 04 0.6 08 1.0
1.0 x 10° o
e (c)
80x10° 4 e,
\I .\
Q \I .\
. 60x108 N g °
& Q \
v AR 'Y
-~ g 4 @) [ ] \
Q@ 4.0x10 \ \ \
= .
g o = \
20x10° ]\ \. .
] NN
N o, m L J
O ~ Ny O ~
0.0 D‘D~9:9:Qf9:8:939:—9=@:g—&O:o—o—cl
00 02 0.4 0.6 0.8 -0

Paotential {(V vs SCE)

Figure 7. Mott-Schottky plots of the nanocrystalline TiO: film
electrodes at pH 3 (squares) and pH 11 (circles) in dark(dark
syimbol) and under illumination{blank svmbol): (a) TD, (b) TA and
(c) TS electrode.

electrodes decreased and the pH dependence of Eq followed
roughly the potential shift of Helmholtz double layver. The
estimated Ep of the three electrodes shows somehow the
difference from the reported value of the nanoporous TiO-
film (similar to our TS electrode). which was estimated by
spectroscopic measurement of conduction band electrons in
the film: —0.4 — 0.06pH V vs SCE.-’

Cao ef ¢l studied the capacitance of a nanoporous TiO-
film electrode that was almost the same as our TD electrode
and showed that there was a large frequency dispersion in
the Mott-Schottky plot for the electrode and the high
potential dependence at high frequency was due to ITO
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substrate and the low potential dependence at low frequency
was due to TiOx film. They concluded that the capacitance of
TiO- film measured at low frequency was independent of
potential because the TiO- particles were fully depleted of
electrons and behaved as a dielectric due to the small size.
Hagfeldt ez /. also asserted that the measured capacitance in
a nanocrystalline TiO- electrode was dominated by the back
contact of the conducting substrate rather than by TiO-
film.-> Although the Mott-Schottky plots obtained here were
not as linear as expected in a bulk semiconductor electrode.
there is an obvious potential dependence in the measured
capacitances. as shown in Figure 6 and 7. Since TiOs
particles of the nanocrystalline film electrodes were inter-
connected and partly fused together. we think that the all
films can show some bulk properties of semiconductor
rather than being completely dominated by the individual
particles as Cao and Hagfeldt ef o/ assumed. In that case
there is a possibility of the formation of a space charge layer
in the film and the observed potential dependence of
capacitance can be due to the space charge laver capacitance
at least under the deletion condition. albeit the complexity
exists under the accumulation condition.

Hagfeldt ef af. also reported that a differential capacitance
of a nanocrystalline TiO- film electrode was measured under
band gap illumination and the conduction band edge was
shifted positivelv. while the capacitance in the dark was
dominated by the back contact substrate as mentioned
above = They interpreted that the shift of band edge was due
to the trapping of photogenerated holes in midbandgap
surface states leading to the unpinning of the energy band.
We have also measured the capacitance of the nanocrystal-
line TiO: electrodes prepared here under band gap
illwmination. The M-S plots were shown as blank symbols in
Figure 7. The onset potentials were shifted by about +0.4 V
at pH 11 and about +0.2 V at pH 3 for TS electrode and
about +0.3 V at pH 11 and +0.1 V at pH 3 for both TD and
TA electrode. respectively. Thus. the pH dependence of the
potential shift under band gap illumination became much
smaller (about 13 mV/unit pH) than in the dark (about 40-30
mV/unit pH). This band edge unpinning under illumination
could be due to the trapping of minority carriers in the
surface states as Hagfeldt et al. interpreted. It is not primarily
necessary. however. because the minority carriers can be
accumulated at the surface by the internal electric field if the
space charge laver is formed and leads to changes in the
potential distribution. It is an interesting finding that the
band edge shift under illumination did not follow the same
pH dependence as in dark. At this point the reason is not
clear and further investigation is needed.

Photocurrent Characteristics of Nanocrystalline TiO;
Electrodes. TiO- electrodes have been known to generate
photocurrents from water oxidation by generated holes
under band gap illumination=* Figure § shows the photo-
current-potential characteristics of our nanocrystalline TiOs
electrodes in 0.1 M KCI aqueous solution under white light
illmmination. The photocurrent onset pofentials are roughly
—1.2 and —0.7 V vs SCE at pH 13 and 3. respectively in all
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Figure 8. Photocurrent-potential characteristics of (a) TD, (b) TA
and (¢) TS electrode at pH 3 ( T ). 6 =) and I3 (2 )m0.1 M
KCl solution (light intensity: 346 mW/cm®).

three electrodes. These potentials are not coincident with the
flat band potentials from M-S plots shown in Figure 6 and 7.
The pH dependence of the onset potential follows the shift of
Helmholtz potential as shown in M-S plots. The saturation
photocurrents are larger at lower pH for the TD and TA
electrode. whereas the neutral pH gave the largest photo-
current in the TS electrode. The larger photocurrents at
lower pH can be understood by the more positive potential of
photogenerated holes due to the Helmholtz potential shift.
The decreases of the saturation photocurrents at more
positive potentials for TD and TA electrodes were due to the
time dependent decays of the photocurrents at those pHs.
Figure 9 shows the time dependence of the photocurrents at
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electrodes. (The potential was held at +(1.5 V vs. SCE)

various pHs for the anodically biased three electrodes. For
TA and TD electrodes. the current decays are serious at low
pHs in the time scale of several tens of seconds. whereas the
decays at TS electrode are not significant at all pHs
measured here. The results show that the observed photo-
current decay af acidic condition also depends on the particle
sizes of TiO- in the electrodes. The current decay's cannot be
attributed to the photocorrosion of TiOs since the electrodes
showed the same results repeatedly when the electrode was
reused after one experiment. And the anodic photocorrosion
of TiO-~ was not known at all for even nanoparticles of TiO»
as well as single crystal or polycrystalling TiO-. This kind of
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Figure 10. Photocurrent action spectra of the nanocrystalline TiO:
film electrodes in 0. 1M KCI, measured at 0.5 V vs. SCE.

photocurrent decays at other TiO- electrodes when the
photocurrent was generated by water oxidation has not been
reported so far as we know. Although the origin is not clear
at this point. the decay may be related with the very slow
trapping of photogenerated holes in surface defect sites of
nanocrystalline TiO: particles.

The photocurrent action spectra of the TiO- film elec-
trodes in the same illumination condition are shown in
Figure 10. The current-onset wavelengths are consistent with
the absorption edge wavelengths from the absorption spectra
shown in Figure 4. Although the quantitative quantum yield
was not calculated since the light intensity at each wave-
length could not be measured. the relative comparison for
the three electrodes is possible from the action spectra. At
the wavelength where all the photocurrents are mostly
saturated (<320 nm). the photocurrent quantum yield is the
highest for TS electrode and the lowest for TD electrode.
Since the thickness of the films in three tvpes of electrodes is
different. the difference of photocurrent efficiency between
those electrodes may not be due to only the difference of the
intensive characteristics of those films. However. we have
prepared a few of electrodes with different thickness for each
tvpe of electrode and used the electrode herein with
optimized results within the available range of thickness.
Therefore. the difference of photocurrent efficiency can
mostly be ascribed to the difference of the intensive
properties of the films. There are two major factors that
affect photocurrent efficiency: one is the different band gap
energy due to different particle size. and the other is different
density of surface states. The increased band gap will shift
the oxidation potential of photo-generated holes positively
and result in the increased photocurrent. This factor is easily
rationalized since the electrode with a smaller particle size
and larger band gap energy gave the larger photocurrent. In
the second factor. the surface states are well known to play a
role of charge trapping and charge recombination center and
decrease photocurrent efficiency. Therefore. the difference
of density of surface states between three types of films must
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have contributed partly to the difference of photocurrent
efficiency. Since the difference of the swurface-state density
between those electrodes could not be determined quantita-
tively. it is hard to tell which factor had the biggest effect on
efficiency at this point.

Conclusions

We have prepared three different types of nanocrystalline
TiO- film electrodes. which were consisted of three different
sizes of composing particles. and studied their photoelectro-
chemical properties comparatively. The measured differ-
ential capacitance implies the formation of a space charge
laver that was usually neglected in the studies of dye-
sensitized nanocrystalline semiconductor electrodes. The
flat band potentials determined from M-S plots shifted
negatively as the particle sizes composing the film electrode
decreased. The band gap excitation of the film electrodes in
aqueous electrolyte solution vielded the anodic photo-
currents due to the oxidation of water depending on pH of
the electrolyte solution. The photocurrent action spectra
shows that the photocurrent quantum vield at the wavelength
where all photocwrrents are saturated increases as the
composing particle sizes decreases. The photocapacitance
measurements shows that the band edges of all three
electrodes herein investigated were unpinned and shifted
anodically under illumination and the pH dependencies were
different from that in the dark. which follows normal
Helmholtz potential shift. The photocurrent decay in the
time scale of several tens of seconds was observed and the
decay rates were dependent on the composing particle sizes.
To clarify the results presented here. further investigations
are needed.
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