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Abstract

Pt/TiO; nanocomposite films were prepared from the sintered mixture targets of Pt and TiO, by pulsed laser deposition. Pt/Ti atomic
ratios in the deposited films are more strongly dependent on the initial content of Pt in the target than on the laser fluence. It is inferred from
transmission electron microscope, X-ray photoelectron spectroscopy and X-ray diffraction analyses that as-deposited Pt/TiO, nanocom-
posite films are composed of metallic Pt nanoparticles with a diameter of about 30 nm and an amorphous TiO, matrix, which are crystallized
into the dominant crystal structure of the anatase phase after the heating at 600°C. The optical bandgap of Pt/TiO, nanocomposite films
was less than that of the pure TiO; film and photoluminescence emission was observed between 680 and 800 nm at 24 K. Some energy
levels can be formed by the interface between Pt nanoparticles and TiO,, which also affect the photoelectrochemical properties of Pt/TiO,
nanocomposite electrodes. The anodic photocurrents at 1.0 V of Pt/TiO, nanocomposite electrodes were observed in the visible light range.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The size reduction of materials to the nano-meter scale re-
veals unique physical properties [1]. To use these properties,
we must develop the capability to build up tailored nanos-
tructures for a given function by controlling the materials
at the molecular level [2,3]. By preparing nanocomposites
made of oxide films containing nano-sized semiconductor
or metal particles, we can create systems with unusual
optical and electrical properties. These include the third
order nonlinear optical effects, photoluminescence, selec-
tive optical absorption and reflection, and catalytic effects
[4-11]. Such unique optical and/or chemical properties
result from quantum size effects of the nanoparticles em-
bedded in the matrix and from phenomena occurring at the
interface between nanoparticles and matrix [12].

TiO; in its anatase form is far less understood than the
rutile modification. The rutile form is stable at high tempera-
tures (>700°C) and is usually obtained when pure TiO» crys-
tal is synthesized. Recent application of colloidal anatase in
novel photochemical solar cells, high mobility n-type charge
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carriers, and the metal-nonmetal transition in the impurity
band of reduced anatase thin films have stimulated interest
and investigations [13,14]. Titanium dioxide is a promising
photoactive material, though it has a bandgap of 3.2 eV that
results in almost no functionality in the visible light range.

The preparation of nanocomposites dispersed with noble
metal particles is an approach to overcome such a draw-
back. Zhao et al. [15] reported that the TiO, films contain-
ing Au and Ag metal particles also have photosensitivity
to visible light, where the anodic photocurrent for oxygen
evolution reaction in aqueous solutions can be observed at
the wavelengths shorter than 700 nm.

Pt nanoparticles are an effective sensitizer of TiO;
photocatalysts because of their high catalytic activity and
low overpotential for hydrogen evolution reaction. In the
decomposition of water in the Pt/TiO; system, Pt nanoparti-
cles on TiO, can effectively trap the photoexcited electrons
in the conduction band of TiO,, followed by the evolution
of hydrogen in aqueous solutions. Pt/TiO, composites and
nanocomposites have been prepared by a variety of meth-
ods such as sol—gel, sputtering, pulsed laser deposition and
thermal decomposition methods. Choi et al. [16] investi-
gated the photoelectrochemical properties of Pt/TiO,_,
electrodes prepared by thermal oxidation of titanium sheets
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followed by the electrodeposition of platinum, where an-
odic photocurrents were observed only at wavelengths
of 200-400nm. This result was quite different from the
Au/TiO, and Ag/TiO;, systems described above.

In this paper, we report the preparation of Pt/TiO;
nanocomposite thin films by pulsed laser deposition, and
the photoelectrochemical properties of these thin films
with well-controlled nanostructures in UV-Vis light range.
The mechanism of the photoresponse in the visible light
of the Pt/TiO, nanocomposite thin film electrodes is also
discussed.

2. Experimental procedure
2.1. Synthesis of materials

Pt/TiO, nanocomposite films were deposited on quartz
glass, or indium tin oxide (ITO) glass substrates for photo-
electrochemical measurements, by pulsed laser deposition.
The mixed pellets of Pt and the TiO, were used as the target
materials, and the simultaneous ablation of both Pt and TiO,
components was utilized to deposit the Pt/TiO, nanocom-
posite films. The third harmonic (wavelength = 355 nm)
of an Nd:YAG laser was used for the ablation. The laser
repetition rate and pulse width were 10 Hz and 7 ns, respec-
tively. The laser light was focused to a 2 mm diameter spot
size on the target surface through a lens, and the laser light
fluence on the target was varied from 1.7 to 5.7 J/cm?. The
experimental PLD chamber consists of a planetary support
system that holds and rotates the target during the ablation
process. The target material for the PLD was a mixed pellet
of Pt and rutile type TiO, (17 mm diameter x 4 mm thick)
prepared by the usual ceramic technique. The platinum
content in the target was varied from 5 to 20% by weight
to obtain films with various Pt content. Anatase form TiO,
was used for the starting material in order to obtain suffi-
cient target density. Pellets were prepared by pressing and
sintering at 900°C for 5h in air. The thin films were de-
posited at room temperature on substrates 5.0 cm from the
target under a pressure of 1.3 Pa of oxygen for 10 min.

2.2. Materials characterization

All the samples were heated in air at 600°C for crys-
tallization, since the as-deposited films prepared at room
temperature were always amorphous. The structures of the
films were examined by X-ray diffraction (XRD) analysis
using Cu Ka radiation (Rigaku, RAD-C). Nano-scale inho-
mogeneity and microstructure of the films were analyzed
by transmission electron microscope (TEM) observation us-
ing JEOL, JEM2000-FXII. The chemical state of Pt, and
the Pt/Ti atomic ratio in the nanocomposites were examined
by X-ray photoelectron spectroscopy (XPS; PHI, 5600ci).
The thickness of the nanocomposite thin films was measured
from the edge profile by a surface roughness meter (Tencor

Instruments, Alpha-step 3000). The optical transmittance of
the nanocomposite films was measured using a spectrome-
ter (Shimadzu, UV-2100PC). Luminescence emission was
also measured using a spectrometer (Otsuka Electronics,
JMUC-700) with a cryostat (RMC, LTS-22-1) at 24K in
vacuum with an excitation of 325 nm light.

2.3. Photoelectrochemical measurements

The annealed and as-deposited Pt/TiO; nanocomposite
films on ITO glass substrate were used for photoelectro-
chemical measurement. The electrical lead wire was at-
tached to the ITO surface by silver paste. The substrates
were covered with epoxy resin, except for the nanocom-
posite and TiO, surfaces. A conventional three-electrode
system was used in the photoelectrochemical experiments;
nanocomposite samples, Pt and Ag/AgCl electrodes were
used as working, counter and reference electrodes, respec-
tively. The potential of the working electrode in the elec-
trolyte (0.1 M Na;SO4 aqueous solution) was controlled
using a potentiostat (Solartron, 1280B). Photocurrents
were measured under the irradiation of the light through a
monochromator (Shimadzu, SPG-120S) and an electronic
shutter (JML Optical Industries, SES-16500) from a 500 W
xenon lamp (Ushio, UXL-500D-0).

3. Results and discussion
Fig. 1 shows the Pt/Ti atomic ratio and film thickness of

the Pt/TiO, nanocomposite films deposited at laser fluences
of 5.7,3.4 and 1.7 J/cm? as a function of the Pt content in the
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Fig. 1. Pt/Ti atomic ratio and film thickness of the Pt/TiO, nanocomposite
films deposited at laser fluences of 5.7, 3.4 and 1.7 J/cm? as a function
of the ratio in the ablation target.
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Fig. 2. XPS spectra of Pt 4f levels in the as-deposited film deposited
from 20% Pt by weight target at 5.7 J/cm?.

target. The Pt/Ti atomic ratios in the deposited films are more
strongly dependent on the initial content of Pt in the target
than on laser fluence. Pt/Ti atomic ratios in the deposited
films increased with the platinum content of the targets. The
atomic ratios in deposited films were always smaller than
those in the target materials. This result could reflect the
difference in the ablation threshold of platinum and TiO,.
TiO; is more effectively ablated by the laser irradiation than
platinum because platinum has a higher ablation threshold
than TiO, [17]. A tendency for the Pt/Ti atomic ratio to
decrease with increasing laser fluence is suggested by the
data from 10% Pt by weight target. However experimental
uncertainty limits general clarification of this observation
in the other targets. In contrast, the film thickness is more
strongly dependent on the laser fluence than on the initial
Pt content in the target. Film thickness increased only with
an increase in the laser fluence under the deposition. Higher
fluence can increase the flux of evaporated species from the
target materials, resulting in the thicker deposits.

Fig. 2 shows typical XPS spectra of Pt 4f levels in the
as-deposited film prepared from 20% Pt by weight tar-
get at 5.7J/cm?. A binding energy of around 71.4eV was
observed in all of the as-deposited Pt/TiO, nanocompos-
ite films, where the Pt/Ti atomic ratio was less than 0.06,
indicating that Pt in the nanocomposite films is a metallic
state [18]. Platinum was frequently oxidized to PtO or PtO;
during the deposition when Pt/TiO; nanocomposite films
were deposited by co-sputtering [12]. Post-annealing of
sputtered films was sometimes required to form metallic Pt
nanoparticles in such co-sputtered films. For pulsed laser
deposition, metallic Pt nanoparticles can easily be obtained
in Pt/TiO, nanocomposite films without the post-annealing.
Fig. 3 shows a typical TEM photograph of the as-deposited
Pt/TiO nanocomposite film prepared from 20% Pt by
weight target at 5.7 J/cm?. Dark and bright nanoparticles
with diameters of about 30 nm are observed in the photo.
The fringe patterns were observed only in a few dark spots,
and the spaces in these patterns were estimated to be 2.27
and 2.00-1.92 A. These values agree well with Pt cubic
lattice spaces of (11 1) and (200), respectively [19]. Thus,

Fig. 3. TEM photograph of the as-deposited Pt/TiO, nanocomposite film
prepared from 20% Pt by weight target at 5.7 J/cm?.

the dark nanoparticles in Fig. 3 represent Pt nanoparticles.
After the samples were heated, the structure dramatically
changed to be needle-like structures of ~2 um in length
associated with Pt nanoparticles.

Fig. 4 shows typical XRD patterns of heated TiO, and
Pt/TiO, nanocomposite thin films at 600°C prepared at
5.7J/cm? from pure TiO, and 20% Pt by weight targets,
respectively. All of the as-deposited films looked like amor-
phous because no diffraction peak was observed. In Fig. 4
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Fig. 4. XRD patterns of heated TiO; (a) and Pt/TiO, nanocomposite (b)
films at 600°C prepared from pure TiO, and 20% Pt by weight targets
at 5.7 J/em?.
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the XRD pattern of the Pt/TiO, nanocomposite films shows
that the predominant crystal phase is anatase TiO,. How-
ever, rutile TiO, phase is also observed. It should be noted
that crystal rutile peaks are broader than the anatase, indi-
cating smaller particle dimensions. The very broad peak of
crystal Pt is observed near 260 = 40°. The breadth of this
peak is characteristic of Pt nanocrystals, as observed in the
Pt/TiO, nanocomposite films deposited by sputtering [12].
The crystallite size of Pt in the heated Pt/TiO, nanocompos-
ite film prepared from 20% Pt by weight target at 5.7 J/cm?
was roughly estimated to be about 40 nm using the XRD
peak width. It should be noted that the heated TiO; film
prepared from pure TiO, target at 5.7 J/cm? is more than
95% anatase phase. It was observed that as the laser fluence
decreased, the ratio of anatase to rutile TiO, decreased in
all samples containing Pt. No crystalline Pt peaks are dis-
cernable from the background in samples prepared from 5
and 10% Pt by weight targets.

In order to estimate the optical bandgap of the films, the
UV-Vis spectra of samples were recorded. The as-deposited
films are almost completely absorptive, resulting from TiO»
defects, which can be removed by annealing. Fig. 5 shows
the UV—Vis spectra of the heated Pt/TiO, nanocomposite
films and TiO; films prepared from targets with different Pt
contents at 5.7 J/cm?. The variation in the absorption coef-
ficient with photon energy for direct allowed band-to-band
transition can be represented as

a® = a}(hv — AE)

where a is the absorption coefficient and AE is the bandgap
[20]. After correcting for reflection losses, the optical
bandgap can be estimated by extrapolating the linear por-
tion of the curve to a2 = 0. For the pure TiO; film, we
obtain a value of AE = 3.15eV. The bandgaps of Pt/TiO»
nanocomposite films prepared from 5, 10 and 20% Pt by
weight targets were estimated to be 2.9, 2.8 and 2.3eV,
respectively. In addition, luminescence emission was ob-
served by UV irradiation at 680-800 nm only from Pt/TiO;
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Fig. 5. UV-Vis spectra of the heated Pt/TiO, nanocomposite films and
TiO, films prepared from targets with different Pt contents at 5.7 J/cm?.
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Fig. 6. Cyclic voltammogram of the heated Pt/TiO, nanocomposite elec-
trode which was prepared from 5% Pt by weight target at 5.7 J/cm?.

nanocomposite films at 24 K. These results suggest that the
some energy levels could be formed in the bandgap of TiO,.
Thus, the photoexcitation of electrons in Pt/TiO, nanocom-
posite films needs only lower energy than the bandgap
energy of TiO,. We expected that photoelectrochemical
properties of Pt/TiO, nanocomposite electrodes would be
completely different from those of pure TiO, electrodes,
and that the former should have a photoresponse in the
visible light range.

Indeed, the photoelectrochemical properties of Pt/TiO;
nanocomposite electrodes were completely different from
those of TiO, electrodes. Fig. 6 shows a typical cyclic
voltammogram of the heated Pt/TiO, nanocomposite elec-
trode prepared from 5% Pt by weight target at 5.7 J/cm?. The
heated and as-deposited Pt/TiO> nanocomposite electrodes
have almost the same behavior. Under anodic polarization
with the irradiation of the total light from a Xe lamp, an-
odic photocurrents for the oxygen evolution reaction were
observed at potentials above 0.2V. The anodic photocur-
rents of all the nanocomposite electrodes were smaller than
those of pure TiO; electrodes. Cathodic photocurrents were
also observed in all nanocomposite electrodes. These pho-
tocurrents increased in the solution under oxygen bubbling
rather than nitrogen bubbling, indicating that the cathodic
photocurrent can be ascribed to the reduction of oxygen by
photoexcited electrons.

Fig. 7 shows the anodic photocurrent at 1.0 V for Pt/TiO;
nanocomposite electrodes prepared from 5 and 20% Pt by
weight target as a function of the irradiating light wave-
length. The photocurrents of as-deposited nanocomposite
electrodes were higher than those of heated electrodes.
This trend was the same as the cyclic voltammogram of all
samples. Many defects in as-deposited samples could affect
the electrical conductivities, resulting in the higher pho-
tocurrent. However, the anodic photocurrent of as-deposited
electrodes was a little unstable. It should be noted that the
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Fig. 7. Anodic photocurrent of Pt/TiO, nanocomposite electrodes at 1.0 V
vs. Ag/AgCl as a function of the irradiating light wavelength. Pt/TiO;
nanocomposite electrodes were prepared from 5 and 20% Pt by weight
target at 5.7 J/cm?.

anodic photocurrents in the wavelength region from 450 to
750 nm were clearly observed in the Pt/TiO, nanocompos-
ite electrodes prepared from 20% Pt by weight target. This
photon energy range is smaller than the bandgap energy of
TiO,, indicating the existence of some energy levels in the
optical bandgap of TiO; that contribute to the photoresponse
in visible light. These results are very consistent with the
UV-Vis and luminescence emission measurements stated in
the previous section. The anodic photocurrent in visible light
is higher in the Pt/TiO> nanocomposite film prepared from
20% than 5% Pt by weight target. Metallic Pt nanoparticles
exist in the heated Pt/TiO, nanocomposite films prepared
from 20% Pt by weight target, as previously stated. These
results suggest that the metallic Pt nanoparticles could play
an important role in creating energy levels in the bandgap.

It is well known that a Schottky barrier is formed at the
interface between a metal and semiconductor. The barrier
height of the Pt-TiO; interface is estimated to be 1.64eV
from the work function of Pt (5.64¢eV) [21] and the elec-
tron affinity of TiO, (4.0eV) [15]. The photoexcitation of
electrons from the Pt metal to the conduction band of TiO»
could take place under the irradiation of light with energy
exceeding 1.64 eV. As shown in Fig. 7, the anodic photocur-
rent is clearly observed at wavelengths shorter than 750 nm.
These energy levels are a very reasonable energy range for
the electron excitation from Pt to TiO;.

It should be noted that the Pt nanoparticles are isolated
in Pt/TiO, nanocomposite films, indicating that each Schot-
tky barrier between Pt nanoparticles and TiO; is localized
in the TiOy matrix. The number density of such localized
interfaces can also be important for the total photoresponse
of Pt/TiO, nanocomposite films. A high number density of
Pt nanoparticles in TiO; allows producing an efficient elec-
tronic state density of the energy levels, which can con-
tribute to the photoexcitation with lower energy than that of

the bandgap of TiO,, resulting in a unique photoresponse in
visible light.

Attempts to extend the photoresponse of TiO, towards
visible light have been studied for both photocatalysis and
photovoltaic cell applications by several methods, such as
the addition of cationic dopants into TiO» [22] and dye coat-
ings on the TiO, surface [23]. The Pt/TiO> nanocomposite
electrodes also have photoresponse to visible light, which in-
dicates a new possibility for improving TiO, photoresponse.

4. Conclusions

Pt/TiO, nanocomposite films were prepared from mixture
targets of Pt and TiO, by pulsed laser deposition. The Pt/Ti
atomic ratio in films was controlled by the initial content
of Pt in the target, and was independent of laser fluence. It
is inferred from TEM, XPS and XRD measurements that
as-deposited Pt/TiO, nanocomposite films are composed
of metallic Pt nanoparticles with diameters of about 30 nm
and an amorphous TiO; matrix, which are crystallized into
the dominant crystal structure of anatase phase after heating
at 600°C. The optical bandgap of Pt/TiO; nanocompos-
ite films was less than 2.3eV, and a photoluminescence
emission between 680 and 800 nm at 24 K was observed.
The anodic photocurrents of Pt/TiO, nanocomposite elec-
trodes at 1.0V were also observed in visible light. Some
energy levels can be formed by the interface between Pt
nanoparticles and TiO;, which also affect both the photo-
electrochemical and optical properties of Pt/TiO, nanocom-
posite films. The localized Schottky barrier at the interface
between Pt nanoparticles and TiO, could contribute to the
photoresponse in the visible light range.
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