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The multiple layers of a TiO2 thin film, consisting of a TiO2 thin film, a platinum electrode and a porous

alumina substrate, were prepared by the sol–gel method in a previous study. As a sputtering process has some

advantages over wet-chemical processes, especially for practical manufacturing, a thin film photocatalyst with

the same layer structure was prepared by the reactive-sputtering method in this study. The TiO2 thin film of the

photoactive anatase phase was formed by using an appropriate gas pressure and temperature, however, the

crystallite size of anatase was almost twice as large and the band gap energy was slightly smaller than those of

the sol–gel-processed thin film. The sputtering-processed thin film showed a typical columnar structure with

some voids. The lower band gap energy and the coarse structure probably promoted the recombination

between photoexcited electrons and holes, and resulted in lower photocatalytic activity and photocurrent

compared with the sol–gel-processed thin film.

To date, a considerable amount of work has been carried out
using metal oxide semiconductor photocatalysts for the
purposes of solving various environmental issues. The form
of the TiO2 photocatalyst seems to shift from a particulate into
a thin film, providing the large reaction surface area and easy
handling characteristics which are necessary for the pratical
application of photocatalytic materials in areas such as: the
photodecomposition of chemical pollutants in water and
atmospheric purification,1–3 and anti-dirtying and anti-fogging
coatings.4,5

Most TiO2 thin film photocatalysts are prepared using wet-
chemical processes such as the sol–gel method, mainly due to
the advantages of simple equipment requirements, low cost and
the ease with which large or complicated surfaces can be
coated. In our previous study, a multiple layer photocatalyst
comprising a TiO2 thin film and a platinum electrode was
fabricated on a porous alumina substrate by use of the sol–gel
method in order to reconcile the advantages of the fine particles
with those of thin films.6 This system showed high photo-
catalytic activity because it behaved like a ‘‘self-standing’’
nanometer thin film system which could spatially separate the
oxidation and reduction sites and create short diffusion
distances to the surface for the photogenerated charge carriers.

TiO2 thin films prepared using sputtering methods are
practically utilized as anti-reflective coatings for optical
components and photonic devices.7–9 The sputtering method
has some advantages over wet-chemical processes, namely its
simplicity (it is a one-step process) and the easy control of film
thickness. Owing to these significant advantages, there has been
a recent widespread interest in TiO2 thin film photocatalysts
prepared by the sputtering method.10–14 However, no studies
have been reported where the difference in photocatalytic
activity between the sputtering- and sol–gel-processed thin
films has been investigated.

In this study, the same multiple layer TiO2 photocatalysts
were fabricated by using the sol–gel (SG) and the reactive-
sputtering (RSP) methods. The photocatalytic and photoelec-
trochemical properties of the prepared thin film systems were

examined. The differences in photocatalytic activity and its
origins are discussed based on the natures of the thin films.

Experimental

Sample preparation

A flowchart for the fabrication of the thin film photocatalyst is
shown in Fig. 1. The TiO2 thin film sample was prepared by the
reactive-sputtering method (abbreviated as RSP) with RF
magnetron sputtering (Nichidn-ANELVA, SPF-210H) on a
porous alumina substrate covered with silica gel and platinum
layers.6 A titanium target (Furuuchi-kagaku, 99.9%) and
Ar(90%)–O2(10%) gas mixture were utilized as reaction
sources. The pressure during sputtering was 3.5, 30, 60 or
90 mTorr (0.47, 4.0, 8.0, 12 Pa, respectively), and the substrate

Fig. 1 Flowchart for the fabrication of the multiple layer TiO2 thin film
photocatalyst.
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was kept under non-heated conditions or heated at either 200
or 100 ‡C.

Another sample (denoted SG) was prepared through the sol–
gel method which we have already reported, that is, the porous
substrate was coated with stabilized TiO2 sol, and was finally
heat-treated at 400 ‡C.6 In both methods, glass substrates and
platinum foils were also utilized as substrates for optical and
electrochemical measurements of TiO2 thin films.

Characterization

Crystalline phases of the samples were identified by X-ray
diffraction (XRD) measurements. The surface and a cross-
section of the sample were observed by scanning electron
microscopy (SEM). The transmittance of the TiO2 thin film
coated on the glass substrate was measured using a UV-Visible
spectrometer (JASCO V-570) for evaluation of the band gap
energy and the thickness of the TiO2 thin film. The surface
roughness was measured on a roughness meter (Tokyo-
Seimitsu, Surfcom 1400) and was used to give an indication
of film thickness. The photocatalytic activity was evaluated by
measuring the photogeneration rate of hydrogen from 20 vol%
aqueous ethanol solution under an argon atmosphere. Details
of the measurements are shown in the previous report.6

The photocurrent–potential curves of the samples were
measured on a three electrode system combined with a
potentiostat (Hokuto-Denko, HA-301) and a function gen-
erator (HP 165A). In this electrode system the working
electrode was TiO2 thin film coated on platinum foil, the
counter electrode was a platinum wire and the reference
electrode was a saturated calomel electrode (SCE). The
buffered solution (acetic acid, sodium acetate, and potassium
chloride in H2O, pH~4.60, under argon) was utilized during
the measurements in order to prevent pH variation and to
eliminate the effect of dissolved oxygen. IR spectra of the
samples were measured on a FT-IR spectrometer (Shimadzu
FTIR-8000PC) in order to evaluate the change in the surface
structure of the TiO2 thin film after the photochemical reaction.

Results

Crystalline phase and structure of the thin film

The XRD patterns of the RSP samples on various substrates
are shown in Fig. 2 along with the pattern for the SG sample on
a porous substrate. The TiO2 crystalline phases of RSP samples
under various conditions are listed in Table 1. Pressures higher
than 30 mTorr resulted in the formation of an anatase phase,
oriented along the (101) plane. As the temperature of the
substrate increased, the degree of orientation decreased. The
crystallinity of anatase became worse as the pressure increased.

The orientation of TiO2 on the glass substrate was higher
than that on the porous substrate with platinum, although
there was not much difference in crystalline conditions for the
substrates shown in Fig. 2. The strong orientation of platinum
foil along the (220) plane (its diffraction peak, 2h~67.5‡, is not
shown in the figure) did not affect the orientation of TiO2 thin
film. There was no obvious difference between the RSP and SG
samples except for the crystallinity.

The SEM images of the surfaces and cross-sections of (A) the
SG sample (8 coatings, heat-treated at 400 ‡C) and (B) the RSP
sample (gas pressure: 30 mTorr, no heat treatment, sputtering
time: 4 h) are shown in Fig. 3. The secondary electron images
(SEI) of the cross-sections show the pore structures of the
porous alumina substrate and the upper-layers. In the back
electron images (BEI), the bright line was identified as the
platinum layer. The thickness of the TiO2 layer on the substrate
was estimated from the SEIzBEI images. The TiO2 layer in the
SG sample consisted of nanometer-size fine particles. The TiO2

layer in the RSP sample showed the typical columnar structure

for materials prepared by the sputtering method. This
difference in the structures reflected the difference in the
surface morphologies of the thin films.

The transmittances of the samples were more than 80% in the
visible range with peaks and valleys due to interference from
the thin film. Absorption edges of the samples were at around
350 nm or less. The film thickness of 390 nm for the RSP
sample (4 h sputtering), obtained by use of the peak–valley
method, was intermediate between the value of 420 nm
obtained from the SEM observations and 330 nm from the
surface roughness measurement.

Photocatalytic and photoelectrochemical properties

The amounts of photogenerated hydrogen per unit surface area
of the samples are shown in Fig. 4. The amount of hydrogen
from the SG sample was over twenty times larger than that
from the RSP sample, though the film thickness of the former,
ca. 240 nm (8 coatings), was thinner than that of the latter, ca.
390 nm (4 h sputtering).

The photocurrent–potential curves of the SG and RSP

Fig. 2 XRD patterns of the TiO2 thin films on various substrates: (A)
Sol–gel-processed thin film on a porous substrate, (B) Sputtering-
processed thin film on a porous substrate, (C) Sputtering-processed
thin film on a glass substrate, (D) Sputtering-processed thin film on a
platinum foil.

Fig. 3 SEM images of the surface and a cross-section of the multiple
layer photocatalysts from: (A) The sol–gel process, (B) The sputtering
process.
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electrodes in the buffered solution are shown in Fig. 5(A) and
(B), respectively. The current of a single platinum electrode was
measured instead of the dark current of the samples, because
the coated TiO2 thin films were prone to peeling off the
platinum foil substrate, especially when the negative potential
was applied to the samples under dark conditions. In the
figures, the applied potentials vs. SCE in the experiments have
been converted into applied potentials vs. a standard hydrogen
electrode (SHE). In both processed samples, the photocurrent
increased with film thickness. The flat-band potentials
estimated from the current–potential curves were about
20.4 V vs. SHE for all the samples. The photocurrent of the
SG sample was much larger than that of the RSP sample.

The diffuse reflectance IR spectra of the SG and RSP
samples after photoelectrochemical measurements are shown
in Fig. 6 with the transmittance spectrum (KBr method) of the
reagent grade TiO2 (anatase) powder. The spectrum of the SG
sample has only a strong absorption peak for TiO2 at around
900 cm21, though it has shifted to higher wavenumber than
that of TiO2 powder as a consequence of the particle size
effect.15 In addition to the peak at ca. 900 cm21 the RSP sample
has another large, broad peak at around 3000 cm21, which is
due to Ti–OH groups.

Discussion

Morphology and crystallinity of the thin film

The sputtering conditions which mainly affected the crystalline
phase of TiO2 were the gas pressure and the temperature. The
results suggested that lower gas pressures and higher tempera-
tures led to the formation of a stable crystalline rutile phase.
Meng and Dos Santos studied the effects of gas pressure and
temperature on the structure of sputtering-processed thin films.16

They reported that, in general, lower gas pressures and higher
temperatures led to a dense thin film which consisted of a stable
crystalline phase. Our results of a metastable crystalline phase
(anatase) and the columnar coarse structure of the thin film at the
higher gas pressure and lower temperature are therefore in good
agreement with their conclusions. The structure and crystallinity
of the SG sample were very different to those of the RSP sample.
The SG sample showed a dense structure, crystallite sizes of
anatase estimated by Scherrer’s method were 29 nm in the RSP
and 15 nm in the SG sample.

Optical band gap of the thin film

The above-mentioned difference in crystallite size resulted from
the difference in the optical band gap energy of the TiO2 thin
films. The band gap energy can be estimated from the
absorption edge of the UV-Visible spectrum by use of the
following equation.17

a.hn~A(hn{Eg)n

Table 1 Crystalline phase of the TiO2 thin film obtained under various
sputtering conditionsa

Temperature
3.5 mTorr
(0.47 Pa)

30 mTorr
(4.0 Pa)

60 mTorr
(8.0 Pa)

90 mTorr
(12 Pa)

RT R(GL) A(GL) — —
— A(PT) — —
— A(PS) A(PS) A(PS)

100 ‡C —
—
A(PS)

200 ‡C A z R(GL) A(GL)
R(PT) —
— A z R(PS)

aA: Anatase, R: rutile, GL: glass, PT: platinum foil, PS: porous sub-
strate.

Fig. 4 Amounts of photogenerated hydrogen per unit surface area
from the multiple layer TiO2 thin film photocatalysts.

Fig. 5 Photocurrent–potential curves of the TiO2 thin film electrodes:
(A) Sol–gel process, (B) Sputtering process.

Fig. 6 IR spectra of the TiO2 thin film electrodes and reagent grade
TiO2 powder.
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Here, a is the absorption coefficient near the absorption
edge, n is the frequency, A is a constant, Eg is the band gap
energy and n is a constant related to the type of optical
transition. The light absorption of TiO2 is caused by an indirect
transition,18 so that n is 2. Plots of (a?hn)1/2 against hn for the
RSP and SG samples are shown in Fig. 7. The obtained band
gap energies were 3.30 eV for the RSP and 3.42 eV for the SG
sample. These values were slightly larger than that for the
anatase single crystal: 3.2 eV.19 The film thicknesses of the RSP
and SG samples were ca. 390 nm and 240 nm, respectively,
which were thick enough compared with crystallite sizes of
29 nm and 15 nm. These results indicate that the increase in the
band gap energies and their difference between the two samples
was caused by a change in band structure as a result of differing
crystallite sizes.

Photocatalytic activity

In our multiple layer systems, the potential gradients of both
the conduction and valence bands of TiO2 were formed across
the TiO2 layer.6 The photoexcited electrons diffused to the
platinum electrode, and the holes ought to diffuse toward the
surface of the TiO2 thin film along the potential gradients. In
the photocurrent–potential curves of both the RSP and the SG
samples the flat band potentials were very similar. This suggests
that the reducing ability of photoexcited electrons is almost the
same in both samples. However, the photocurrent of the SG
sample was 20–30 times larger than that of the RSP sample,
coinciding with their photocatalytic activities.

The probable reactions which have an effect on photo-
catalytic activity and photocurrent in our system are (1)
recombination between the photoexcited electrons and holes,
and (2) reactions at the surface of TiO2 between the holes and
oxidation products which is the rate-determining step in
photocatalytic redox reactions. In the former reactions, the
larger band gap energy suppresses the direct recombination
between the photoexcited electrons and holes. The band gap
energy of the SG sample, 3.42 eV, was larger than that of the

RSP sample, 3.30 eV, which is advantageous for the suppres-
sion of the recombination. Another property of the thin film
which may affect the recombination is its defect structure
because most recombination occurs indirectly at the lattice and
surface defects of the TiO2 layer. The thin film structure of the
RSP sample was much coarser than that of the SG sample,
suggesting that the former has more surface defects which may
act as recombination centers, that is, the coarse structure of the
RSP sample promotes the recombination. It is plausible that
the separation of photoexcited electrons and holes proceeds
much more efficiently in the dense film of the SG sample, as
schematically illustrated in Fig. 8, and that this effective
separation of charge carriers results in the much higher
photocatalytic activity and photocurrent observed.

In the latter surface reactions, the structural change of the
TiO2 layer due to the different processes would change the
density of surface OH groups and surface lattice defects, which
mainly consist of Ti3z ions and oxygen vacancies.20–22 In the
IR examinations, the amount of OH groups in the RSP sample
was larger than in the SG sample, clearly showing that the
number of recombination sites was larger in the coarse
structure of the RSP sample.

Conclusions

The TiO2 thin film of the photoactive anatase phase was
obtained by the reactive-sputtering method using the appro-
priate gas pressure and temperature. The sputtering-processed
thin film showed a typical columnar structure with some voids.
The lower band gap energy and the coarse structure promoted
the recombination of photoexcited charge carriers, resulting in
much lower photocatalytic activity compared to the sol–gel-
processed sample.

It is clear that this arrangement of the TiO2 thin film and the
platinum electrode on a porous substrate makes a contribution
to the high activity observed. In order to achieve the high
photocatalytic activity of this multiple layer TiO2 thin film
system it was found that the dense TiO2 thin film of the anatase
phase must have a defect-free structure. The sol–gel method,
which leads to less defects, is therefore superior to the
sputtering process for the fabrication of such a system.
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