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Correlations between the photocatalytic and photoelectrocatalytic decolorization of methyl orange,
using TiO; thin films sputtered under various conditions, were made. Three types of systems, namely:
two photocatalytic systems, one with and one without a Pt counter electrode, and a third with a Pt
counter electrode having an applied potential, were used to evaluate photocatalytic activity.

The crystal structure, morphology, bandgap energy, flatband potential, and the resistances of the
TiO, films were characterized by X-ray diffraction, scanning electron microscopy, UV/vis spec-
troscopy, a photocurrent method, and electrochemical impedance spectroscopy, respectively. The re-
sults showed that the decolorization of methyl orange only occurred on the anode of the TiO,/Ti
electrode and that the decolorization rate increased 67% when the photocatalyst was coupled to a Pt
electrode (0 V applied potential), and 275% when connected with the Pt cathode and 1 V vs. Ag/AgCl
applied potential. The benefits of high crystallinity, a high quantity of the anatase, and a more neg-
ative flatband potential were found in the photocatalytic reaction, whereas the resistance of the film
was the main factor affecting the photoelectrocatalytic activity.
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Introduction

Metal oxide semiconductor photocatalysts have re-
cently attracted attention because of their potential ap-
plication to the purification and treatment of air and
water as well as solar energy conversion and stor-
age [1-7]. Among the photocatalysts, TiO, is the most
promising material due to its non-toxicity, good long-
term stability, and low price [8—12].

Photoelectrochemical cells are constructed as semi-
conductor photocatalysts are immobilized on a con-
ductive substrate and connected with a counter elec-
trode. When an appropriate potential is applied, a de-
pletion layer is formed on the surface of the semi-
conductor at the interface with the solution. This de-
pletion layer decreases the recombination of photo-
excited electron-hole pairs resulting in a significantly
increased photo-efficiency. When holes in TiO, are
conducted to the surface of the semiconductor and
electrons are transferred from the conductive substrate
through an external circuit to the counter electrode, a
measurable current will arise from photo-irradiation.
As the reactions of electrons and holes are at dif-

ferent electrodes, the problem of product separation
is avoided. Due to the advantages mentioned above,
the application of the photoelectrocatalytic system has
been studied extensively [13-18].

Several researches have explored the relationship
between material behavior and the photocatalytic ac-
tivity of photocatalysts in order to obtain the best light
energy conversion efficiency [19-23]. However, most
of the studies have focused on the photocatalytic ac-
tivity of TiO, powders or thin films in the absence
of an applied potential. For the photocatalytic reac-
tion in the presence of an applied potential, only a
few researchers have investigated the correlation be-
tween material behavior and photoelectrocatalytic ac-
tivity. M. Takahashi reported that the photocurrent den-
sity was influenced by the thickness of TiO thin films
prepared by the sol-gel method [24]. T. V. Nguyen has
worked out the effect of flatband potential of the TiO»
film prepared by the sol-gel method on the photocur-
rent density [25]. F. Gracia discussed the relationship
between the microstructure and the photocurrent den-
sity of TiO, films prepared by the CVD method [26].
In our previous work, the effect of the microstructure
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Table 1. Reactive sputtering conditions for preparing TiO, films and summary of their resulting properties.
— Sputtering condition —
Sample  Oxygen mole  Total pressure  Sputtering power  Grainsize ~ Bandgap energy ~ Flatband potential Resistance
[%] [10-2 mbar] W] (Dg) [nm] (Epg) [eV] (Vo) [V] (Re) [2 cm?]
1 20 1.6 100 29 3.27 —0.29 789
2 100 1.6 100 36 3.21 -0.15 380
3 20 6.4 100 31 3.25 —-0.21 454
4 100 6.4 100 25 3.29 -0.14 315
5 20 1.6 210 42 3.19 —0.01 27
6 100 1.6 210 33 3.23 —0.01 92
7 20 6.4 210 49 3.10 -0.24 583
8 100 6.4 210 22 3.30 -0.18 227

of the sputtered TiO; film on the photocurrent density
was investigated [27].

The effect of the applied potential on the photocat-
alytic activity was found to be quite significant. The
photocatalytic activity was increased by applying a
potential [16—18]; semiconductors that do not have
any photocatalytic activity, however, can have photo-
electrocatalytic activity [13—15]. This implies that the
photoactivity strongly depends on material properties
as well as on the presence and absence of an applied
potential. However, our knowledge of the influence of
a material’s electric properties on the photoelectrocat-
alytic reaction system is still very limited. A detailed
investigation of material properties in the presence and
absence of an applied potential is also necessary to
evaluate appropriate photocatalysts for further applica-
tion.

Photocurrent cannot be directly measured from pho-
tocatalytic reactions. In order to compare the activi-
ties of photocatalysts under the conditions of photo-
catalytic and photoelectrocatalytic reactions, the rate
of reactant disappearance was measured. Methyl or-
ange (MO), a typical azo dye, was chosen as our model
compound since MO is a serious pollutant in textile
wastewater [28]. The rate of decolorization of MO was
monitored and used to evaluate the activity of pho-
tocatalytic and photoelectrocatalytic reactions in this
work. TiO» thin films with various characteristics were
deposited onto a Ti plate using reactive sputtering. The
sputtering technique allows the fabrication of large-
scale uniform coatings which have good adhesion to
substrates at relatively low substrate temperatures [29].

Material properties including: crystal structure,
morphology, bandgap energy, flatband potential, and
the resistance of the TiO, films were characterized.
The relationships of various material properties to pho-
tocatalytic and photoelectrocatalytic activities are dis-
cussed. In addition, the photocurrent was measured to

compare the different methods used to evaluate the
photoelectrocatalytic activity including the rate of de-
colorization and photocurrent density. The photocur-
rent efficiency of photoelectrocatalytic decolorization
of MO was also evaluated.

Experimental Section
Sample preparation

TiO, film was deposited on a titanium metal target
(5.08 cm diameter, 99.7% purity, Target Materials, Inc.) inan
argon-oxygen atmosphere by controlling preparation factors
including oxygen mole percentage, total pressure, and sput-
tering power. The setting of sputtering conditions is shown
in Table 1. The deposition time was controlled for different
sputtering conditions to obtain the same thickness of 500 nm.
The details of the sputtering procedure were described in
a previous study [27]. All TiOy thin films were used di-
rectly after sputtering without further calcination. The pre-
pared electrode was partially sealed with Teflon tape to define
the working electrode area of 12.25 cm?. In addition, TiO,
was deposited on Si wafers in order to accurately measure
the thickness of the film because the thickness measurement
at a Ti substrate was limited by a hackly surface.

Film characterization

A surface profilometer (Alpha-Step 200, Tencor) was used
to measure the thickness of the TiO, films. The crystal struc-
ture of the TiO, films was analyzed using XRD with a Cu-
K radiation source. The applied current and voltage of the
X-ray diffractometer (D/max3.V, Rigaku) were 30 mA and
40 kV, respectively. The patterns obtained were identified ac-
cording to the PCPDFWIN Powder Diffraction File (Interna-
tional Center for Diffraction Data). The morphology of the
film was investigated using high-resolution analysis electron
microscopy (SEM, S4100, Hitachi). Before SEM was carried
out, a Pt thin film was sputtered onto the sample to prevent
charge build up. The mean particle size was obtained by mea-
suring 100 particles in a specified area. The UV/vis absorp-
tion spectrum of the TiO, film was measured by the diffuse
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reflection method using a spectrophotometer (Jasco 7850,
Japan Spectroscopic Co., Ltd.) equipped with an integrating
sphere (T1S-417). The resistance of TiO, films was measured
using electrochemical impedance spectroscopy (614A, CH
Instruments) at 1 kHz. The TiO,/Ti electrode, a Pt counter
electrode, and a Ag/AgClic(sara) reference electrode were
immersed in a 0.1 M aqueous NaClO, electrolyte solution.
The cell electrolyte was open to air and stayed quiescent dur-
ing experimental procedures.

Photocatal ytic and photoel ectrocatal ytic activities
measurement

The photocurrent was measured in a classical three-
electrode electrochemically divided cell irradiated by a
800 W super-high-pressure Hg(Xe) Lamp (68820 univer-
sal power supply and 66020 lamp housing, Oriel) combined
with a potentiostat/galvanostat (273A, EG&G) as shown in
Fig. 1a. The cell was kept at 30 °C by using a cooling jacket
and set at a distance of 6 cm from the irradiation lamp.
The TiO/Ti electrode was used as the working electrode,
the counter electrode was a Pt plate (1 x 1 cm?), and the
reference electrode was a Ag/AgClic(sarg) electrode. The
supporting electrolyte was aerated 0.1 M aqueous NaClOj.
The incident light intensity was measured using a radiometer
(SELOO5, IL1400A, International light). The photocurrent-
voltage characteristic of the electrode was determined by lin-
ear sweep voltammetry from —0.75 to 3.25 V vs. Ag/AgCl
with a scan rate of 50 mVs~1.

@

potentiostat

light source

Q=

NaClO4 aqueous
solution

Fig. 1. (a) Photoelectrocatalytic reactor design. (b) Three
types of measurement conditions for decolorization reaction.
W: TiO,/Ti electrode; C: Pt plate; R: Ag/AgCI electrode.

The apparatus for photocurrent measurement was also
used for the photocatalytic MO decolorization reaction. MO
was added to the NaClO, electrolyte until the total concen-
tration of MO was 7 x 10~2 M. The TiO,/Ti electrode was
then immersed into the solution. After saturated adsorption
of MO on the surface of the TiO, film, a photocatalytic re-
action was carried out by light irradiation. The reduction in
the MO concentration was determined as a function of reac-
tion time by an UV/vis spectrophotometer (Jasco) at 465 nm
wavelength. Samples were periodically taken from the reac-
tor with a pipette that did not permit feed-back into the solu-
tion. The pH of sampled MO was adjusted to be > 5.0 by the
addition of a NaOH solution.

The photocatalytic activity of the TiO, thin films was
evaluated by the decolorization rate measured by MO con-
centration change during the initial reaction period. Three
types of conditions for the photocatalytic reactions are de-
picted in Fig. 1b. In the first type (1b, 1), the TiO,/Ti elec-
trode was only exposed to light and the photocatalytic reac-
tion rate measured in this way was defined as Ritio,. In the
second type (1b, 1), the TiO,/Ti electrode connected with
a Pt plate was exposed to light and Rirjo,—pt Was used to
determine the photocatalytic reaction rate. In the third type
(1b, 111), a 1 V vs. Ag/AgCI potential was applied to the
TiO/Ti electrode connected with a Pt plate and the photo-
catalytic reaction rate measured, this system was defined as
RiTio,—pt+£. The third system was also a photoelectrochem-
ical cell. In this system, photocurrent efficiency was defined
as the ratio of photo-generated current related to the decol-
orization of MO [14],

€r = NFR /I x 100%, 1)

where n is the number of electrons per molecule oxidized or
reduced (which is 2 for the decolorization of MO [30]), F the
Faraday constant (96500 C), R; (in mol m—2s~1) the initial
decolorization reaction rate and Iz (in Am~2) the photocur-
rent density.

Results and Discussion
Film characterization

Crystal structure

XRD patterns of TiO» thin films prepared by differ-
ent reactive sputtering conditions are shown in Fig. 2.
The diffraction peak positions (20) at 25.4, 48.1,
and 53.90 refer to the (101), (200), and (105) planes
of anatase respectively, while the diffraction peaks at
27.5, 36.1, and 54.30 correspond to the (110), (101),
and (211) planes of rutile. The peaks of the Ti support
substrate also appear due to the thinness of the TiO,
films.
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Fig. 2. The XRD patterns of TiO5 films. o: anatase; B: rutile.
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Fig. 3. The relationship between (a) the average grain size,
(b) the bandgap energy, and the portion of rutile phase. A
and R are the diffraction peak areas of anatase and rutile, re-
spectively, quantified from XRD patterns as shown in Fig. 2.

The results indicated that sputtered TiO, films had
good crystallinity even without calcination. All of the
prepared TiO» thin films contained both anatase and
rutile phases, with anatase being dominant in most
samples. In our previous study, TiO, was sputtered
on ITO substrates and we derived the anatase-rutile
phase transformation diagram at different sputtering
powers and total pressures [27]. When compared with
the sputtered TiO, on Ti substrate in this study, the
portion of rutile phase formed was more than that of
the sputtered TiO, on ITO using the same sputtering
conditions.

Samples 3 and 4 had relatively poor crystallinity,
due to the application of low sputtering power provid-
ing low Kinetic energy to the particles, while high pres-
sure further increased the energy lost from the inter-
actions of particles during collisions. Therefore, when
the sputtered particles arrived at the surface of the sub-
strate, they lacked the mobility needed for efficient
crystallization.

The average grain size was obtained from Scherrer’s
equation [31] as shown in Table 1. Fig. 3a shows the
relationship between average grain size and the por-
tion of rutile phase. The average grain size increased
from 22 to 49 nm while the portion of rutile phase in-
creased from 22 to 65%. Because rutile is the thermally
stable polymorph compared with anatase it was formed
when sufficient energy was present to enable the parti-
cles to grow.

Surface morphology

The SEM images of the TiO> thin films sputtered on
Ti substrates are shown in Fig. 4. From surface obser-
vations, the film was constructed from many tiny parti-
cles with loose structures and intervening spaces. This
morphology was very similar to the sputtered TiO,
film on the ITO substrate [27]. Two structures can form
on the film. One type is constituted from the tiny par-
ticles closely piled up; the other is the column-shape
structure which grows perpendicular to the surface of
the substrate [32 —34]. These two structural formations
are compact in the interior of the thin layer (from the
side view) and are not like the loose forms observed
in the top view. The particle sizes varied in the range
from 30 to 100 nm with different sputtering conditions.
Compared with the average grain sizes calculated from
XRD, most of the particles observed in SEM were pri-
mary grains.
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Fig. 4. The SEM images of TiO, fiIs.
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Fig. 5. The UV/vis absorption spectra of TiO, films. ¢: sam-
ple 1; O0: sample 2; o: sample 3; A: sample 4; v: sample 5;
A: sample 6; o: sample 7; W: sample 8.

Bandgap energy

Fig. 5 shows the UV/vis absorption spectra of TiO,
films. Different sputtering conditions did not obviously
influence the UV/vis absorption spectra of the TiO»
films, with the main absorption band remaining in the
ultraviolet range. The bandgap energy, as listed in Ta-
ble 1, was estimated by plotting (chv)/2 versus hv
for TiO, which corresponds to the indirect transition,
where o is the absorption coefficient and hv is the pho-
ton energy [35]. The bandgap energy depended on the
crystal phase transformation of the film. The relation-
ship between the bandgap energy and the portion of
the rutile phase is depicted in Fig. 3b. The bandgap
energy was decreased from 3.3 to 3.1 eV when the
portion of rutile phase increased from 22 to 65%. The
value of the bandgap energy obtained in this study was
a little higher than that reported in the literature [36].
A semiconductor with lower bandgap energy absorbs
more photo-energy.

Flatband potential

Fig. 6 shows the photocurrent-voltage (I ,c-E) curves
of TiO,/Ti electrodes in the presence and absence of ir-

40
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050 051 15-050 05 1 15
Applied potential [V vs. Ag/AgCl]
Fig. 6. Inc-E curves of TiO,/Ti electrodes in the presence and
absence of the irradiation. ¢: sample 1; (I: sample 2; o: sam-
ple 3; A: sample 4; v: sample 5; A: sample 6; o: sample 7;
Hl: sample 8.

radiation. There was no photocurrent while the light
was turned off. The measured photocurrent was in-
duced from the photo-excitation of electrons and holes.
The sputtered TiO, film had photocatalytic activity
even without additional calcination. The photocurrent
was increased in the presence of an applied anodic po-
tential and approached a steady value above 1 V vs.
Ag/AgCI.

The flatband potential, as listed in Table 1, was de-
termined from the Ipc2 versus E plot [37]. The flat-
band potential of the sputtered TiO, film was in the
range from —0.14 to —0.29 V vs. Ag/AgCl for most
samples. The value of the flatband potential for sam-
ples 5 and 6 was —0.01 V vs. Ag/AgCI, smaller than
for other samples. This was attributed to the influence
of crystal morphology and the bulk or surface com-
position [38]. Literature values for the flatband poten-
tial of TiO, are in the range from —0.1 to —0.8 V
vs. SCE at pH 5.5 [39]. Different values of the flat-
band potential are due to different methods of prepa-
ration and measurement as well as to the electrolyte
composition.

Film resistance

In order to compare the transfer resistance of elec-
trons from the surface to the conductive substrate in
different films, the resistance of the thin films was mea-
sured as shown in Table 1. The electron transfer resis-
tance of sample 5 was the smallest and that of sample 1
was the largest. The different resistance obtained here
was mainly attributed to different grain boundary bar-
riers arising from microstructure change [40, 41].
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Table 2. Photocatalytic and photoelectrocatalytic activities of

TiO; films evaluated by photocurrent measurement and de-

colorization rate of MO.

Sample lpc [Am=2] R [umolm—2s71]
TiO; TiOy-Pt TiO,-Pt+E

IR [AM~?] &R [%]

1 587 011 017 0.19 093 301
2 927 009 0.16 0.31 167 353
3 602 005 009 015 1.06  2.78
4 935 008 011 0.28 161 341
5 36.00 003 018 0.68 931 142
6 1608 002 022 0.64 570 217
7 793 012 021 0.35 153 446
8 935 009 014 0.36 168 414

Ipc: the photocurrent density measured in the absence of MO; Ri: the
initial reaction rate of decolorization of MO; Ririo,, Ritio,—pt, and
Ritio,—pt+E Were obtained by three types of measurement conditions
for decolorization of MO as shown in Fig. 1b; Ir: the photocurrent
density measured in the presence of MO; &: the photocurrent effi-
ciency.

Photocatalytic and photoel ectrocatal ytic
decolorization of MO

Two blank experiments were carried out: (a) MO
was illuminated by ultraviolet only, and (b) the TiO »/Ti
electrode was used to electrolyze MO in the presence
of an applied potential of 1 V vs. Ag/AgCI. The results
showed that MO was not decolorized, neither by irra-
diation from a UV light source nor by applying a po-
tential on the TiO,/Ti electrode. The decolorization of
MO was only observed by using the TiO,/Ti electrode
in the presence of the UV irradiation needed to carry
out a photocatalytic reaction. Additionally, this reac-
tion only occurred on the anode of the TiO,/Ti elec-
trode, as there was not any color change on the Pt cath-
ode. This indicated that the decolorization of MO re-
sulted from a series of reactions caused by the photo-
excited holes. During the photocatalysis, OH radicals
are generated and contribute to the decomposition of
organic species [42].

The photocatalytic activities Ritio,, Ritio,—pt, and
Ritio,—pt+£ Measured for three types of systems are
listed in Table 2. The photocurrent density I ¢ obtained
from Fig. 6 at an applied potential of 1V, | g obtained in
the type 111, and the photocurrent efficiency (er) calcu-
lated through Ritio,—pt£ and Ir from eq. (1) are also
listed in Table 2.

The average Ritip, was found to be 0.07
umol m—2s~1 for variously sputtered TiO, thin films.
With the film connected with the Pt plate, the average
Ritio,_pt increased by 67% to 0.16 umolm—2s~1, It
has been reported that the improvement of the photo-
catalytic efficiency by Pt deposited on a TiO, photocat-

alyst is mainly due to (i) the high electron affinity and
hence increased lifetime of the excitons, thus slowing
the recombination of the electron-hole pairs and (ii) the
promotion of the dissociative adsorption of hydrogen
as Hags for metals with low H™/H; potential [43]. An
applied potential of 1 V vs. Ag/AgCI further increased
Ritio,—pt+£ t0 0.37 umolm~—2s~2, and the average in-
creased by 127%. Totally, connecting with Ptat 1 V vs.
Ag/AgCI applied potential increased the decoloriza-
tion rate by 275% in average compared with the origi-
nal system.

The highest values of Ritio, and er were obtained
with the sample 7. The sample 6 had the lowest Riio,
but the highest Ritio,—pt. The sample 5 had the high-
est Ipc, Ritio,—pt+£, and Ig, but its eg was the lowest.
Different photocatalytic activities of a TiO, film were
obtained when different experimental methods were
used. This discrepancy in the photocatalytic activities
of TiO, films was caused by various properties of the
materials prepared by different sputtering conditions.
The detailed correlation between the photocatalytic ac-
tivity and the material properties will be discussed be-
low.

The values of I,c were proportional to the values
of Ir, as shown in Fig. 7; notably, all I, values were
larger than Ig values. In the decolorization reaction of
MO, a portion of incident light was shadowed by MO
and the actual light intensity reaching the surface of the
TiO5 thin-film was decreased.

Fig. 7 also shows the relationship between the
Ritio,—pt+£ and Ipc to allow a comparison of the meth-
ods for measuring photoelectrocatalytic activities with
various samples. I, was contributed from the effective
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£
< 7 - &
- 4 06
$
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0 —— ——— 0
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lps [Am?]
Fig. 7. The relationship between the Ig, Ritio,—pt+£, and Ipc.
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Fig. 8. The relationship between &g and Ritip, .

separation of photo-excited electron-hole pairs. Only
a part of the photocurrent was involved in the decol-
orization of MO. The portion of photocurrent acting
on the decolorization of MO (er) depended on the sur-
face properties of the TiO;, films. The values of eg were
not constant but fell in the range from 1.42 to 4.46%.
Therefore, the photoelectrocatalytic activities obtained
in these two ways were not the same.

Fig. 8 shows the values of Ritio, versus er obtained
from various samples. As Ririo, increased from 0.03
to 0.12 pumolm~2s71, &g increased from 1.42
to 4.46%, indicating that TiO films had higher activity
in the photocatalytic reaction in the absence of the ap-
plied potential; while, in the photoelectrocatalytic re-
action in the presence of an applied potential they have
a higher selectivity for the decolorization of MO.

Photocatalytic and photoelectrocatalytic activities
correlated to characteristics of the TiO, thin films

Crystal structure

In photocatalytic reactions, it is generally acknowl-
edged that crystalline TiO, has a higher photocatalytic
activity than the amorphous form. The photocatalytic
activity of the anatase phase is better than that of ru-
tile [19]. Samples 5 and 6 which had the best photo-
electrocatalytic activity were significantly crystalline
in nature; nevertheless, their crystalline composition
contained a significant quantity of rutile. This suggests
that the good crystallinity of TiO, was beneficial for
the photoelectrocatalytic reaction. However, both the
anatase and rutile crystal phases show similar photo-
electrocatalytic activities in the presence of the applied
potential. This was attributed to the low photocatalytic
activity of rutile caused by the high recombination ra-

tio of electron-hole pairs which could be restrained
by applying a potential [13, 14]. Therefore, the rutile
phase TiO, exhibited good photoelectrocatalytic activ-
ity in the presence of the applied potential.

Surface morphology

In general, films with smaller particle sizes have a
larger surface area available for reaction; therefore, for
most catalytic reactions, the catalyst that has the high-
est surface gives the fastest reaction rate. But in this
study, the reaction rate was not apparently directly re-
lated to the particle sizes of the films for either the pho-
tocatalytic or the photoelectrocatalytic reactions, be-
cause these reactions were initiated by light. For the
film type photocatalysts, the particle size in the film did
not affect significantly the real illuminated area which
leads to a similar photoactivity.

Flatband potential

The Fermi level of the photocatalyst, which repre-
sents the reduction ability of the photo-excited electron
can be evaluated from the flatband potential [44]. The
samples which possessed a more negative flatband po-
tential and with photo-excited electrons had a higher
reduction ability than the samples possessing a more
positive flatband potential. When the flatband poten-
tial was increased from —0.24 to —0.01 V, RiTjo, de-
creased from 0.12 to 0.02 umolm—2s~1 as shown in
Fig. 9. When TiO, was connected with Pt, the flat-
band potential effect became insignificant with respect
to both the photocatalytic activity of Ritio,—pt and the
photoelectrocatalytic activity of Ritio,—pt+£ (See the
seventh column in Table 1, and the fourth and fifth

0.14 1200
0.12 L
= 0.1 £
P ] 800 &
E 0.08 3
S i L $
5 0.06- &
2 1 400 §
& - T
0.04 3
0.02 r
1 g--8 43 ~BE- DD —>
0 —_— 0
035 025 015 -0.05 0.5

Flatband potential [V vs. Ag/AgCI]
Fig. 9. The relationship between Ritio,, (Ritio,—pt—RiTio,)/
RiTip,, and flatband potential.
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columns in Table 2). This was because Pt can reduce
the H™/H, potential and electrons are able to produce
hydrogen.

The relationship between the increase of the de-
colorization rate after the TiO,/Ti electrode was con-
nected with a Pt plate and the flatband potential is
also shown in Fig. 9. The photocatalytic activity of
samples 5 and 6 was raised 5.6 and 10.8-fold, respec-
tively, after connecting to Pt. However, the photocat-
alytic activity of other samples only increased in the
range from 39 to 86% when connecting to Pt. This
suggests that the flatband potential of samples 5 and 6
were too positive to cause hydrogen evolution without
Pt. But the reaction still took place on other samples
even though the rate was not high. Therefore, samples
5 and 6 connected with Pt resulted in relatively large
increases in photocatalytic activity.

Film resistance

As shown in Fig. 10, while the film resistance in-
creased from 27 to 789 Q cm?, the photocatalytic de-
colorization rate by a fixed applied potential of 1 V vs.
Ag/AgCI decreased from 272 to 8%. As the film resis-
tance increases, the applied potential should increase
due to the increasing potential loss caused by the resis-
tance of the film. On the other hand, the increase of the
resistance of electrons transferring from the TiO, sur-
face to the Ti substrate also increased the recombina-
tion of electron-hole pairs. The decrease of the film re-
sistance had an obvious influence on the improvement
of photocatalytic activity when a potential was applied.

300

200

100 —

(RiTiOTPt«'-E_RiTiOz-Pt)/ RiTiOz-Pt [%]
+
+

+

0 T T T I T I T
0 200 400 600 800
Film resistance [(2m?]

Fig. 10. The relationship between (Ritio,—pt+E-RiTio,—pt)/
Ritio,—pt and the film resistance.
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Fig. 11. Schematic diagrams representing the material effect
on both photocatalytic and photoelectrocatalytic decoloriza-
tion of MO.

The sample 1 had higher resistance (789 £ cm?) than
the sample 8 (227 Q cm?). Sample 1 also had a larger
photocatalytic activity than sample 8 but this order was
reversed for photoelectrocatalytic activity.

To summarize the above: Fig. 11 illustrates the ma-
terial effect on both the photocatalytic and photoelec-
trocatalytic decolorization of MO. When photo-excited
holes oxidize H,O or OH™ ions, strong oxidants e.g.
OH- free radicals are produced, which are able to react
with MO that is adsorbed on the surface of the TiO»
film. The number of effective holes produced affects
the decolorization rate of MO. In the photocatalytic re-
action, high crystallinity, high quantity of anatase, and
more negative flatband potential reduce the recombi-
nation of electron-hole pairs to obtain more holes and
higher decolorization rates. However, in the photoelec-
trocatalytic reaction, the applied potential becomes the
main force preventing the recombination of electrons
and holes, rutile also has high photoelectrocatalytic ac-
tivity and the quantity of anatase is not important. De-
creasing the resistance of the film maximizes the ef-
fect of the applied potential and decreases the resis-
tance of electron transfer. Therefore, the resistance of
the film is the main factor affecting the photoelectro-
catalytic activity. In addition, using Pt as the counter
electrode reduces the H™/H, potential and flatband po-
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tential effects become insignificant for the photoelec-
trocatalytic reaction under these conditions. The pho-
tocatalytic and photoelectrocatalytic activities are af-
fected by different material properties. Consequently,
samples with good photocatalytic activity do not of ne-
cessity have good photoelectrocatalytic activity.

Conclusions

An analysis of the above work allows us to draw the
following conclusions. The sputtered TiO, thin films
had good crystallinity even without calcination and
their average grain sizes were in the range from 22
to 49 nm. Both anatase and rutile phases were found
in the prepared films. The values of the bandgap en-
ergy were in the range from 3.1 to 3.3 eV. The flatband
potential of the sputtered TiO, film was in the range
from —0.14 to —0.29 V vs. Ag/AgCI.

It was found that the decolorization of MO only oc-
curred on the anode of the TiO,/Ti electrode. The pho-
tocurrent efficiency was between 1.42 and 4.46%. TiO,
films had higher activities in photocatalytic reactions

in the absence of an applied potential, and also had a
higher selectivity for the decolorization of MO in the
presence of an applied potential. With the photocata-
lyst connected to a Pt plate, the average photocatalytic
decolorization rate of MO increased by 67%. The de-
colorization rate further increased by 127% in the pres-
ence of an applied potential of 1 V vs. Ag/AgCI.

For the photocatalytic reaction, the material proper-
ties with high crystallinity, high quantity the anatase,
and more negative flatband potential give a higher de-
colorization rate. For the photoelectrocatalytic reac-
tion, the crystal phase was not important and the flat-
band potential effect was not affected when connected
to Pt. However, the resistance of the film was the most
important factor for determining the photoelectrocat-
alytic activity.
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