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Pt nanoparticle-doped Nb,Os composite films (~80 nm thickness) have been prepared by the liquid phase
deposition method. The deposited films were characterized by X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FT-IR). Heat treatment of the deposited films above 200 °C under airflow produced
dispersion of the Pt particles. The mean sizes of the Pt particles varied from 2 to 6 nm after heat treatment at
300-600 °C. All deposited films were X-ray amorphous up to 500 °C of heat treatment, above which a
crystalline structure appeared. The crystallized composite film corresponded to the hexagonal structure of

TT-Nb,Os.

Introduction

In view of the increasingly strict regulations for emissions from
motor vehicles and heating systems, the need for modern, cost-
effective and reliable sensors has been explored. In addition
to conventional sensors based on the oxygen-ion conductor
ZrO,, sensors fabricated by the means of semiconducting
oxygen-sensitive metal oxide films (TiO,, Nb,Os, SrTiOs,
Ce0,, SrSnO;) represent the most promising sensors for
future applications.'™

The behaviour of some oxygen-sensitive materials depends
on the values of the partial pressure of oxygen. This leads to an
ambiguous response of the sensors in specific applications, but
the ambiguity can be avoided by selective incorporation of
dopants. For example, it is reported that the Nb doped TiO,
oxygen gas sensor shows higher sensitivity and shorter response
times compared with pure TiO, sensors at significantly lower
operating temperatures.5

Moreover, TiO,-, SiO,-, and Al,Os-supported platinum
catalysts are used in several industrial processes.® In recent
years, platinum has been widely employed as one of the most
interesting noble metals because of its excellent chemical and
physical properties. Even though a great number of studies
have dealt with Pt/TiO, catalysts, the metallic surface
characterization of Pt/Nb,O5 has not received much attention
yet. Many techniques, such as radio frequency sputtering, ion-
beam enhanced deposition and sol-gel methods have been used
for the synthesis of thin films. The liquid phase deposition
method (LPD) which has been developed and reported pre-
viously? ™2 is a wet process employed to prepare metal oxide
thin films from aqueous solution at low temperatures (30—
50 °C). Compared to vapor deposition techniques, the LPD
method offers lower capital equipment costs (based on aqueous
precursors), lower processing temperatures, lower shrinkage
and flexibility in the choice of substrates with respect to
topography and thermal stability. This technique is also used
to incorporate dopants in thin films as precisely as possible.

In this paper, we report on the fabrication and characteriza-
tion of Pt nanoparticles dispersed in Nb,Os composite films by
the LPD method. The characteristics of the deposited films are
discussed on the basis of results obtained from X-ray
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diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FT-IR).

Experimental

Niobium(v) oxide (Nb,Os; Taki Chemical Co. Ltd) powder
and NH4F-HF (Nacalai Tesque Inc.) aqueous solution were
used for the thin film formation. The niobium source solution
was obtained by dissolving Nb,Os powder (7.4 g, 20 mmol) in
NH4F-HF (57.9 g, 1.0 mol) aqueous solution (1000 ml). Boric
acid (H3;BO;) was used as a F~ scavenger. Tetraamminepla-
tinum chloride (Pt(NH3)4Cl,) solution was prepared as a pla-
tinum precursor. Various substrates were employed depending
on the needs of the different characterization techniques. For
the XRD measurements, the composite films were deposited on
non-alkali glass (Corning 7059). Si (111) wafers were used as
substrates for the XPS and FT-IR experiments. For the TEM
cross-sectional observations, the composite films were depos-
ited on gold wire. After being degreased and washed ultra-
sonically, the substrates were immersed in the mixed solution
and suspended therein vertically for 40 h at 30 °C in a constant
temperature water bath. The mixed solution contains a nio-
bium source solution at a concentration of 4.0 mM (I M =
mol dm™3), 0.2 M H3;BO; and 0.6 mM Pt(NH;),Cl. Once the
reaction was finished, the substrates were removed and washed
with deionized water. The samples were dried at ambient
temperature. The deposited films were pre-treated at 100, 200,
300, 400, 500 and 600 °C in an airflow for 1 h before being
removed for spectroscopic and microscopic observations.
The phases and the crystallographic structures of the depo-
sited films were determined by XRD measurements on a
Rigaku RINT-2100 diffractometer equipped with a thin film
attachment using Cu Ko radiation. The incident angle of the
X-rays to the sample was 1 degree. XPS analyses were carried
out on a Kratos XSAM 800 with Mg Ka radiation (1253.6 eV)
for the determination of the oxidation state and the chemical
structure of materials. The C Is peak (284.6 e¢V) was used as
reference for the correction of the XPS positions of the
obtained films. TEM images, which were obtained using a
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JEOL JEM-2010 at acceleration voltage of 200 kV, were used
to observe the morphology and size of particles in the com-
posite films. For the cross-sectional HRTEM observations, the
composite film was deposited on gold wire. After deposition,
the film was dipped in an epoxy matrix followed by curing at
room temperature for 72 h. Thin cross sections with thickness
of 20 to 40 nm were obtained by sectioning with a Leica Ultra
cut UCT using a diamond knife. For plan-view TEM
observations, a thin carbon coating was used on the deposited
film formed on the glass substrate, in order to prevent charging
up effects by electron beams during observation. Then, the
sample was exposed to diluted hydrogen fluoride vapour for
30 s. The deposited film was separated from the substrate by
floating in the water bath and put onto a perforated carbon foil
supported on a copper grid. The infrared spectra of the films
were recorded with a FT/IR615 (JASCO) spectrometer
equipped with a RAS attachment (PR-510, JASCO) in the
range of 650-3650 cm '. The resolution and incident angle
were 2 cm ! and 65°, respectively.

Results and discussion

The crystal structure of most Nb,Os phases is mainly com-
posed of octahedra with niobium atoms in the centre,
surrounded by six oxygen atoms. The structure is similar to
that of ReO; which is an orthogonal package of oxygen
octahedra. Each oxygen atom is shared with one neighboring
octahedron. A great variety of polymorphs can be obtained by
different arrangements of the sharing planes.'*'* Many
investigations into the crystal structure of the Nb,Os
polymorphs are available in the literature, unfortunately
without giving any definitive picture of all the phases. The
different Nb,Os phases strongly depend on the method of
preparation and annealing conditions.

The principal low temperature form, the orthorhombic T
form, is reported to crystallize between 500 and 800 °C. A
pseudohexagonal phase, the TT form, is also observed at lower
temperatures. The TT phase changes continuously toward the
T phase when subjected to higher temperature. The T and TT
phases were named by German workers and signify the low-
(tief) and very-low- (tief-tief) temperature forms of NbyOs.'
All reflections of the TT phase correspond to one or a pair of
closely spaced reflections of the T phase. Thus, the TT phase is
believed to be a poorly crystallized state of the T phase because
of the similarity of their structures.

The transition temperatures strongly depend on the initial
chemical composition, the structure of the compound and the
conditions of annealing (time and rate of heating atmosphere).
The glass substrates begin to melt above 600 °C. Therefore,
we discuss heat treatment temperatures between 100 and
600 °C. The obtained deposited films are a light transparent
yellow color in the as-deposited state and gradually change
to brown after heat treatment at 600 °C. These color changes
are indicative of the formation of Pt particles in the deposited
films. The color can be related to the crystallite (the degree of
crystallinity) of the film.

Fig. 1 shows the X-ray diffraction pattern of the deposited
films, as-deposited and heat-treated at different temperatures.
The deposited films exhibit an amorphous nature, ie., no
discernible diffraction peaks are observed up to 500 °C. At
600 °C, diffraction peaks (indicating the crystallinity) appear
approximately at 20 = 22.6°, 28.6° and 36.8° (shown with
black circles in the figure) assigned to the hexagonal TT-Nb,Os
phase (JCPDS 28-317 data). Furthermore, two sharp diffrac-
tion peaks are observed approximately at 20 = 39.8° and 46.4°
(shown by white circles in the figure) attributed to the (111) and
(200) reflection lines of the cubic structure of Pt, respectively.

FT-IR spectra of the deposited films with various heat
treatment temperatures are shown in Fig. 2. We emphasize the
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Fig. 1 XRD patterns of the Pt/Nb,Os composite films with various
heat treatment temperatures: (a) as-deposited film, (b) to (g); films heat-
treated at 100-600 °C, respectively. @: Nb,Os, O: Pt.

regions of change indicated by arrows in Fig. 2. All deposited
films show the main bands in the range of 650 to 1000 cm ™!
which are attributed to Nb-O stretching, Nb—O-Nb bridging
and Nbs—O stretching modes. The bands at 1400 and 1540 cm ™!
and the broad one at 2800-3700 cm ™! are assigned to the O-H
and N—H vibrations for the water molecules and NH,4 " ions,
respectively.'® Since the LPD process is performed in an
aqueous solution system, water molecules can be readily
absorbed and adsorbed by the film. NH," ions which are
contained in the niobium source solution are enclosed in the
deposited oxide film during the reaction. These O-H and N-H
vibration bands completely disappear after treatment above
200 °C.

The Pt 4f core-level spectra for the deposited films with
various heat treatment temperatures are shown in Fig. 3. These
spectra are recorded at room temperature and show a typical
doublet structure (Pt 4fs, and Pt 4f;,) due to spin-orbit
splitting. For the as-deposited film, the Pt 4f;, peak is observed
at 72.6 eV and assigned to the Pt jonic state. This indicates
that the Pt is situated in the niobium oxide matrix as an ionic
state in the as-deposited film. The peak position of Pt 4f5,
shifts to lower energy with increasing temperatures. The peak-
fitted Pt 4f core line spectra for a film treated at 300 °C are
shown in Fig. 4. The fitting of Pt 4f exhibits two binding
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Fig. 2 FT-IR spectra of the Pt/Nb,Os composite films heat-treated at
various temperatures: (a) as-deposited film, (b) to (g); films heat-treated
at 100-600 °C, respectively.
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Fig. 3 Evolution of the Pt 4f electron spectra of the Pt/Nb,Os
composite films heat-treated at various temperatures: (a) as-deposited
film, (b) to (g); films heat-treated at 100-600 °C, respectively.

energies for Pt 4f;), at 72.6 and 71.2 eV. These values represent
the Pt jonic state and the metallic Pt (Pt°) state, respectively.'”
For the films treated at 500 and 600 °C, the spectra become
sharpened and the Pt 4f;, peaks are observed near 71.0 eV
(Fig. 3). According to these results, the partial reduction of Pt'!
ionic species in the deposited films is expected to be observed
after treatment at 200 °C and reduction may be complete at
about 500 °C.

The reduction of Pt ionic species may not occur without the
decomposition of [Pt(NH3)4)°" ionic species. Therefore, it is
considered that [Pt(NH;3)4*" ionic species are decomposed
between 200 and 300 °C in the airflow as follows:

[PtNH3)a*" — Pt*" + 4NH; () 1 (1)

The generated electrons from the evaporation of ammonia gas

are trapped and the Pt ionic species in the deposited film are
reduced to the Pt” state by these electrons according to:

P" +2¢” —Pt° )

nPt’ — (Pt’), 3)

Pt atoms produced as in eqn. (2) may tend to aggregate to form
the Pt nanocrystal as shown in eqn. (3).
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Fig. 4 Pt 4f electron spectrum of the Pt/Nb,Os composite films heat-
treated at 300 °C: (.--) measured, (- - -) Pt'", (-~ — -) Pt” component, and
(—) fitted curve.
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Fig. 5 Evolution of the Nb 3d electron spectra of the Pt/Nb,Os
composite films heat-treated at different temperatures: (a) as-deposited
film, (b) to (g); films heat-treated at 100-600 °C, respectively.

Figs. 5 and 6 show the core level XPS spectra of Nb 3d and O
Is peaks for the deposited films with various heat treatment
temperatures. For all deposited films (Fig. 5), a pair of peaks
due to the Nb 3ds, and Nb 3ds, core levels is observed at
binding energies of 210.3 and 207.5 eV. These values corre-
spond to the Nb>* jonic state and suggest that the deposited
films are niobium(v) oxide. A broad O 1s spectrum with an
asymmetric profile is observed for the as-deposited film and this
may be connected with the presence of hydroxy groups and
adsorbed water molecules (Fig. 6a). However, the O 1s peaks
become sharp on treatment above 200 °C. It indicates the
elimination of water from the film due to heat treatment. The
corresponding O 1s peaks of all the deposited films are centred
on 530.2 eV and can be assigned to the O®~ constituent of the
Nb,Os film."®

The morphology of the deposited films and the mean sizes of
Pt particles are directly observed by plan-view TEM observa-
tion. Fig. 7 shows top-view TEM images of the deposited films
treated at 300 to 600 °C. It can be clearly observed that the
number of Pt particles increases with increasing temperatures.
Fig. 8 shows the size distribution patterns of the Pt particles
shown in Fig. 7. A part of the micrograph field, including more
than 200 particles, is randomly selected to analyze the size
distribution. In Figs. 7 and 8, the size distribution patterns
shown in (a), (b) and (c) have average diameters of 2.0, 2.3 and

Intensity (arb.units)
o
m
s )

. Ll ‘ Ll L l | l 1 | L ‘ Ll |
536 534 532 530 528 526
Binding energy / eV

Fig. 6 Evolution of the O Is electron spectra of the Pt/Nb,Os
composite films heat-treated at various temperatures: (a) as-deposited
film, (b) to (g); films heat-treated at 100-600 °C, respectively.
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Fig. 7 Plan-view HRTEM images of the Pt/Nb,Os composite films
heat-treated at (a) to (d): 300, 400, 500 and 600 °C, respectively.

2.5 nm, respectively, with a standard deviation of 0.4 nm while
(d) has a diameter of 5.6 nm with a standard deviation of
0.6 nm. The size distributions become sharper with increasing
temperatures.

The HRTEM plan-view images of the films, as-deposited
and heat-treated at 600 °C, are depicted in Fig. 9. The corre-
sponding selected-area electron diffraction (SAED) patterns
are shown in the inset. The as-deposited composite film shows
a featureless amorphous state. The SAED pattern demon-
strates a diffuse halo, due to the presence of the amorphous
phase of Nb,Os (Fig. 9a). On the other hand, diffraction rings
and bright spots are observed in the SAED pattern for the film
heat-treated at 600 °C (Fig. 9b). The Debye—Scherrer rings
illustrate polycrystalline Nb,Os and the spots refer to single
crystalline Pt.

It can clearly be observed that spherical Pt particles (with
mean sizes of 2 to 6 nm) dispersed in the film are mostly single
crystal and distributed around the Nb,Os nanocrystalline
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Fig. 8 Particle size distributions of dispersed Pt particles in the
deposited films heat-treated at (a) to (d): 300, 400, 500 and 600 °C,
respectively. The histograms were obtained from TEM images shown in
Fig. 7(a)-(d). Mean particle size: 2.0, 2.3, 2.5, and 5.6 nm.
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Fig. 9 Plan-view HRTEM images of the Pt/Nb,Os composite films: (a)
as-deposited film and (b) film heat-treated at 600 °C, respectively. The
circles denote Pt nanocrystals and the arrow indicates the Nb,Os
nanocrystals formed in the film. Insets in (a) and (b) show the
corresponding SAED patterns.

particles. High-resolution observation reveals that the lattice
spacing is 0.23 nm which correspond to Pt (111) plane (circles
in Fig. 9b). The lattice fringe corresponding to Nb,Os (001)
plane (with 0.41 nm spacing) is indicated by the arrow in
Fig. 9b. The Nb,Os nanocrystalline particles (nearly 10 nm) are
observed throughout the entire deposited film. These results
signify that the heat treatment not only causes the reduction of
Pt"" ionic species to Pt particles but also involves the
crystallization of the Nb,Os matrix.

Figs. 10a and 10b show the cross-sectional HRTEM images
of the deposited films, as-deposited and heat-treated at
600 °C. The as-deposited film exhibits an amorphous nature
(Fig. 10a). In contrast, the spherical Pt particles are homo-
geneously dispersed into the Nb,Os matrix after treatment at
600 °C (Fig. 10b). The thickness of the composite film is
approximately 80 nm. The size of Pt particles is quite similar to
those in the plan-view image (Fig. 9b). It follows from these
results that Pt nanoparticles are distributed not only on the
surface but also inside of the composite film.

Conclusions

Highly-dispersed 2-6 nm Pt nanoparticles containing Nb,Os
composite films have been fabricated by the LPD method. This
is a simple process for the preparation of composite oxide thin
films. The Nb,Os thin films containing Pt ionic species are
deposited from a mixed solution of niobium source, H3BO3
acid, and Pt(NH3)4Cl, aqueous solutions under the ambient



Fig. 10 Cross-sectional HRTEM images of the Pt/Nb,Os composite
films deposited on gold wire: (a) as-deposited film and (b) film heat-
treated at 600 °C, respectively.

temperature. The Pt ionic species are reduced to metallic Pt
particles after heat treatment above 200 °C. The dispersion of
Pt particles into the Nb,Os matrix is homogeneous. The size
of the dispersed Pt particles can be controlled by heat
treatment. All the deposited films are X-ray amorphous up
to temperatures of 500 °C, above which a crystalline structure

appears. The crystallized composite film corresponds to the
hexagonal structure of TT-Nb,Os.
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