The Ceramic Society of Japan

150 Yogyo- Kyokai-Shi 95 [ 2] 1987

T. YOKOetal. 12

Photoelectrochemical Properties of TiO, Films Prepared
by the Sol-Gel Method

Toshinobu YOKO, Kanichi KAMIYA and Sumio SAKKA*

Department of Industrial Chemistry, Faculty of Engineering, Mie University

Kamihama-cho, Tsu-shi, Mie 514

*Institute for Chemical Research, Kyoto University

JIb s FIKEICE)IAB L = TIO, BlEOXRES{LFHME

BERE -

s E— - B R

(Eék?ﬁ TR I%itf%ﬂ)
*FERRF ALEPTSEe

TiO, films of more than 2um thick which are an n-type semiconductor have been prepared on a nesa glass substrate by a
dip-coating technique using TiO, sol solution. Heating temperature of 500°C was adopted to convert TiO, gels into TiO,
(anatase) crystalline films. The TiO, films show a maximum photocurrent (~14 mA cm™2) at the film thickness of about
1.8 um. It is also found that the additional heating at 500°C improves remarkably the photocurrent of the TiO, films, although
too long heating rather deteriorates it. These results are explained on the basis of the changes in both the surface structure and

carrier concentration of the films with the additional heating time,
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1. Introduction

Ti0, of n-type semiconductor has been of great
interest as a material for solar energy conversion,
since Fujishima et al. " found that it can decom-
pose water without any deteriorations under illu-
mination, Ti0, (rutile) single crystal was origi-
nally used as a photoanode. It is, however, too
expensive for practical applications. This is also
the case for the sintered polycrystalline bodies.

In order to overcome this problem, many
attempts have been made to prepare thin TiO,
films for a photoanode, for example, by chemical
vapor deposition(CVD)?*  anodization and ther-
mal oxidation of Ti metal®® and dip-coating from
Ti0, sol solution”, It should be mentioned here
that the last method was first applied for sun-
shielding pane by Dislich and Hussman',

The present paper will deal with the photoelec-
trochemical properties of TiO, films in the ana-
tase form prepared by the sol-gel method. In
particular, the effect of heat treatment on the
photocurrent of TiO, film electrode will be dis-
cussed in detail,

2. Experimental
2.1 TiO, film preparation
Ti0, sol solution was prepared by mixing Ti

(0-1-C,H,;),, anhydrous C,H,OH and H,0 as
shown in Fig. 1. Half of the prescribed amount of
anhydrous C,H;OH was added slowly to Ti
(0-1-C,H,;), which was cooled with ice and
stirred. The rest of anhydrous C,H,OH is mixed
with H,0 and HCl as a catalyst. The
C,H,OH-H,0-HClI solution is added dropwise to
the Ti(0-i-C,H,),-C,H,OH solution with a buret

Ti(O-i—CBH7)4 Anhydrous
0.1 mol CZHSOH
0.4 mol

Mixing under stirring
at room temperature

Addition of alcoholic solution with buret
0.4 mol CZHSOH
0,1 mol HZO at 0 °C
0.008 mol HC1

Hydrolysis at room temperature

l'I‘iO2 sol solutiorTl

Dipping of nesa glass substrate

Repeat Heat treatment at 500 °C for 10 min

[ 4
TiO2 (anatase) film

0.02 - 0.1 um/operation

Additional heat treatment at 500 °C
for 10 - 120 min

Fig. 1. Preparation process of the TiO, film on nesa
glass substrate,
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under stirring. The chemical composition of the
starting alkoxide solution prepared in the present
work 1s also shown in Fig.1.

Ti0, gel films were obtained by dipping nesa
glass substrate in the TiO, sol solution and
subsequently pulling it up at constant speed (~
0.15 mms™') using an apparatus shown in Fig. 2.
The TiO, gel films thus obtained were subjected
to heat treatment at 500°C for 10 min. By
repeating the above operations, TiO, films up to
about 24m thick could be obtained.

2.2 Photoelectrochemical measurements

Photoelectrochemical behavior of the Ti0, film
electrode was determined in 0.1 N H,SO, solution
using a potentiostat with three electrodes as
shown in Fig. 3; besides Ti0, photoelectrode Pt
plate of 35X 25 mm and SCE were employed as a
counter electrode and a reference electrode,
respectively. A 500 W Xenon lamp was used to
illuminate the Ti0, electrode. Impedance analy-
sis for the Ti0, film electrode was also performed
using a lock-in amplifier at a fixed frequency
(1015 Hz).

[ Reversible motor
with gear box

Tape

Substrate
(Nesa glass)

TiO; sol
solution

Apparatus for dip-coating,

E I

Potentiostat
and

Ramp generator

Fig. 2.

Xenon lamp
500 W

Si0, glass le Pt counter
/ electrode
Sp—pe
Ti0; 01 N H;S0,
working
electrode

Fig.3. Schematic diagram for measuring photoelec-
trical current.
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3. Result

3.1 Thickness and coloration of TiO, film

Figure 4 shows a linear relation between the
Ti0, film thickness and the number of application
of the sol. The average film thickness per
application is estimated to be about (.09 xm at
the pulling speed of 0.15 mms™. The film
thickness was measured using a profilometer with
a diamond stylus,

The Ti0, film thus prepared shows coloration
phenomenon'’. The color strongly depends on
the film thickness and those by transmitting and
reflecting light are complementary each other, As
the thickness of TiO, film increases up to more
than 1 gm, the coloration becomes indistinct,
while the films remain still transparent. There-
fore, it can be concluded from these results that
the coloration is caused by the interference of
light.

3.2 Transformation of TiO, gel into crystalline
form

A typical DTA curve of TiO, gel powders is
shown in Fig.5. A broad endothermic peak
between 100° and 200°C and a relatively sharp
exothermic peak at 258°C are due to dehydration
and combustion of organic substances contained
in the gel, respectively, although their positions
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Number of application
Fig.4. Relation between the TiO, film thickness and
the number of application of the sol.

TiO, gel powders
Heating rate:10°C/min
I}
>
18]
organic
substances
anatase anatase anatase
! ru{ile rutile
i i
o
2 H20
L
0100 200 390 400 500 600 700 800 900 1000
Temperature / °C
Fig.5. A typical DTA curve of TiO, gel powders.
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and intensities are strongly dependent on the gel
preparation process.

According to X-ray diffraction analysis, ana-
tase crystal formation was found to begin at
around 450°C. At 468°C a very sharp exothermic
peak was observed due to anatase crystal forma-
tion. A part of anatase crystal started to transform
into rutile crystal at around 720°C. On further
heating up to 1000°C, only rutile crystal was
observed.

Similarly to the Ti0, gel powders, the Ti0, gel
films coated on the nesa glass were found to
transform into anatase crystal on heating at
500°C. Because of the lack of the heat-resistance
of nesa glass used, the heating temperature more
than 500°C was not attainable. Therefore, the
Ti0, film of rutile crystal was not used as a
photoelectrode in the present study.

3.3 Photoelectrochemical (PEC) behavior of
TiO, film electrode

Figure 6 shows polarization curves of TiO, film
electrodes with different thicknesses taken at scan

TiO2 thickness
1.80 um

Scan rate:
10mV s

Dark

1 n " 1 1

-10 0 10 20
E /V vsSCE
Fig.6. Polarization curves of Ti0, film electrode with
different thicknesses.
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Bias potential
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Fig.7. Variations of photocurrent with the TiO, film
thickness at several bias potentials (vs. SCE).
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rate of 10 mVs™ under and without illumination.
Without illumination it is not until the potential
reaches about 2 V (vs. SCE) irrespective of the
film thickness that the current probably due to
oxygen evolution becomes detectable, On the
other hand, under illumination the PEC current
starts to flow at around —0. 3- —0.5V (vs. SCE)
and shows a plateau at around 0.5-1.0 V (vs.
SCE), where vigorous evolution of gases was
observed on the both Ti0, anode and Pt cathode.
The PEC behaviors observed for TiO, film
electrode are quite similar to that for single
crystal TiO, electrode”, although the present
Ti0, film electrode is in the anatase form as
previously described.

It is also clearly seen from Fig. 6 that the PEC
currents strongly depend on the film thickness.
Figure 7 shows the variations of the PEC current
with the TiO, film thickness at bias potentials of
0.5, 1.0and 1.5 V (vs. SCE), respectively, At
any bias potentials the PEC current increases
with increasing film thickness, reaches a max-
imum at about 1. 8 xm and then falls with further
increase in the film thickness. It is noteworthy
that the TiO, (anatase) film electrode of 1.8 xm
thick shows a maximum PEC current as high as 14
mAcm™ at the bias potential above 1.5 V (vs.
SCE), which 1s comparable to or slightly higher
than the values reported for single crystal and
polycrystalline Ti0,, and much higher than those
for the TiO, film electrode prepared by other
methods such as CVD?9,
anodization” of Ti metal,

3.4 Effect of additional heating (AH) on the
PEC behavior of as-prepared TiO, film electrode

Figure 8 shows polarization curves for TiO,
film electrode of 0.9 gm thick which was sub-

oxidation®® and

Scan rate:
10 mv s’
8.0 AH20
N AH10
E AHO
<
£ AH30
= AH60
4,
0 AH120
AH200
J dark
0 1.0 2.0

Potential / V (vs. SEC)
Fig.8. Polarization curves of TiO, film electrode

subjected to additional heating for various time periods
at 500°C.
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jected to the additional heating for various time
periods from 10 to 120 min. As can be clearly seen
from the figure, the PEC behavior is greatly
dependent on the AH time. Although the onset
potentials do not shift appreciably, the slope of
current rise becomes steeper and the saturation
current increases with increasing AH time up to 20
min, and then both of them decrease with further
increase in the AH time. Figure 9 shows the
variations of photocurrent at bias potentials of
0.0, 0.5and 1.0V (vs. SCE) with the AH time.
It is quite noteworthy that the photocurrents at all
the bias potentials are found to give a maximum at
the AH time of about 20 min,

4. Discussion

4.1 Film thickness dependence of photocur-
rent of the as-prepared TiO, films

It is generally known that the space charge
layer at the semiconductor surface in contact with
electrolyte, where the separation of electrons and
holes takes place under illumination, is 0. 1-1000
pm, depending on the carrier concentration'”, In
the present study as shown in Figs. 6 and 7, the
Ti0, film electrode shows a maximum photocur-
rent at the film thickness of about 1.8 um,
although the photocurrent should be expected to
increase with increasing film thickness because a
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Additional heating time / min

Fig.9. Variations of photocurrent of TiO, film elec-
trode with the additional heating time (AH time).
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Fig.10. Variation of resistance of TiO, film electrode
with the thickness.
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film thickness of about 1 gm is considered to be of
the order of the space charge layer thickness.
In order to make this point clear, the impedance
analysis'™ has been conducted for the TiO, film
electrode. Figure 10 shows a variation of the
resistance of Ti0, film electrode with thickness,
which was determined by assuming a simple
equivalent circuit consisting of series of bulk
resistance and space charge layer capacitance.
The resistance does not change significantly up to
about 1.8 yum but increases sharply above it.
Higher bulk resistance causes a larger voltage
drop, resulting in a promotion of the recombina-
tion of photogenerated electrons and holes in the
space charge layer due to a decrease in the
potential gradient across it'". It is, therefore,
concluded thar the decrease in photocurrent of
Ti0, film electrode above about 1.8 xm thick is
mainly ascribed to an increase in the resistance.
Figure 11 shows the variations of the flat band
potentials V;, determined by the Mott-Schottky
plot® under illumination and in the dark, and
their difference AV, (the flat band shift) with
film thickness. The behavior of AV, is quite
similar to that of photocurrent in Fig. 7. That is,
the larger the AV,,, the larger the photocurrent.
This reason will be discussed in the next section.
4.2 AH time dependence of photocurrent of
the as-prepared TiO, films
It has been found that the photocurrent of the
as-prepared Ti0, film electrode of 0.9 um thick
increases with increasing AH time, reaches a
maximum at the AH time of 20 min and then
decreases with further AH time. The impedance
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> —025- .
Dark
1 1 i 1 1
-0500 1.0 20

TiO:2 thikness /um
Fig.11. Variations of V;, and AV, obtained from the
Mott-Schottky plot with the thickness for TiO, film
electrode.
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analysis was also performed in this case as in the
previous section. The plot of the resistance of the
TiO, film electrode vs. the AH time (Fig.12)
shows a minimum at 20 min, corresponding to the
maximum in photocurrent (Fig. 7). This is also
the case for the plots of the donor density
(Fig.13) and the AV, (Fig. 14) vs. the AH time.

The occurrence of a minimum in the resistance
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Fig.12. Varation of resistance of the TiO, film elec-
trode with the additional heating time.
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Fig.13. Vanation of donor density of TiO, film elec-
trode with the additional heating time.
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Fig.14. Variations of V;, and AV, for TiO, film
electrode with the additional heating time,
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of the TiO, film at a certain AH time may be
explained as follows. It is well known that a
resistance of semiconductor is controlled by
charge carriers of electrons and/or holes. Since
Ti0, is an n-type semiconductor, the concentra-
tion of Ti** in Ti0, which forms a donor level
between the band gap of Ti0, should govern the
resistance of T10,. The decrease in the resistance
of TiO, films with the AH time is due to the
increase in donor density occurring as a result of
reduction of Ti** to Ti** by organic residue such
as alcohol and unhydrolyzed alkoxide groups.
However, once it is used up for the reduction of
T1** or burnt out on further heating in air, the
donor density starts to decrease due to reoxida-

tion of Ti** resulting in the increase in the
resistance.

bulk
resistance of the semiconductor electrode causes
a reduction of photocurrent and, on the contrary,
a decrease in the bulk resistance of the semicon-
ductor electrode results in an increase in the
photocurrent due to the reduction of the recom-
bination of photogenerated electrons and holes

As stated above, an increase in the

due to a decrease in potential drop across the
space charge layer. Therefore, the maximum in
photocurrent 1s possibly related to the minimum
resistance of the TiO, film. It should be noted
here that too low resistance, on the contrary,
decreases a photocurrent due to a decrease in the
space charge layer thickness, and consequently a
decrease in effective photon absorption within the
space charge layer®.

Moreover, the surface structure of TiO, film
must be taken into account. The space charge
layer thickness calculated from the slope of the
Mott-Schottky plot is of the order of 10-20 nm,
which is too thin compared with the generally
expected value as stated previously. This prob-
ably reflects a large surface area of the sol-gel
derived T10, film resulting from its porous struc-
ture, because a smaller surface area than the
actual one provides too thin space charge layer
thickness in the calculation. Accordingly, the
decrease in photocurrent above AH time of 20 min
may be ascribed to both the reduction of carrier
concentration due to the reoxidation of Ti** and
the disappearance of porous structure,

The coincidence between the maxima in photo-
current and AV,, may be explained as follows. In
acidic solution of pH=1, the surface of TiO, film
1s 1n equilibrium with solution in the followings,
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=TiOH+H*2=TiOH;.

Photooxidation of water has been recently
proposed to take place mainly via =Ti10OH; in the
acid solution®. Nevertheless, there are also
present OHz, groups adsorbed on the T10,, which
fill the extrinsic surface of Ti0,",
Although these surface states may not be a major
origin for the evolution of 0, photogenerated
holes can be trapped by this surface state, causing
a positive flat band shift in the TiO, film
electrode. This suggests that the larger the
surface area, the more the surface states (de-
fects), and consequently the larger the flat band
shift becomes. It may be, therefore, concluded
that up to the AH time of 20 min at 500°C, some
alkoxide groups still remain and continue to
decompose at the surface, leaving surface defects
behind, which act as surface states.

states

5. Summary

Ti0, films up to about 2 gm thick have been
prepared on a nesa glass substrate by dip-coating
technique using the TiO, sol solution derived
from Ti(0O-i-C,;H,),. Photoelectrochemical prop-
erties of the TiO, film electrode thus obtained
have been investigated as a potential candidate
for solar energy conversion device, The results
obtained are summarized as follows :

(1) The sol-gel derived TiO, film shows a
very large photocurrent due to porous surface
structure and a maximum ( ~14 mA cm™) at about
1.8 ym in thickness. A decrease in the photocur-
rent of the T10, film above 1. 8 xm thick is due to
an increase in the resistance.

(2) An additional heating at 500°C improves
remarkably the photocurrent of the TiO, film,
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although too long heating rather deteriorates it.
These results are explained on the basis of the
changes in the surface structure and -carrier
concentration with the additional heating time.
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