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Structure of Platinum Particles Deposited on Titanium Dioxide (110)
Surface Studied by X-Ray Photoelectron Diffraction
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Platinum atoms deposited on a TiOz (110) surface were studied by X-ray photoelectron diffraction, and
the structure of the platinum particles was clarified. It was found that after annealing at 823 K for 30 min
the platinum particles coalesced and that the structural model of platinum particles based on the (111)
surface of the fcc crystal explained the experimental XPED patterns very well.

Small metal particles are an interesting subject in
the field of chemistry and physics.? Especially, the
structure and the chemical state of noble metal
particles on metal oxides are important in connection
with supported metal catalysts.2:?

In general, in order to obtain structural informa-
tion about small metal particles, transmission electron
microscopy (TEM) or extended X-ray absorption fine
structure (EXAFS) have been used. In order to obtain
a TEM micrograph or microdiffraction pattern, the
irradiation of small metal particles by an electron
beam is essential. However, the damage caused by the
high energy electron beam is serious. Iijima has
studied ultrafine particles of gold by electron micros-
copy, and emphasized that the structure of the gold
particles became unstable because of charge fluctu-
ations when they were exposed to intense electron-
beam irradiation.? It is also difficult for TEM
measurement to use a well defined single crystal sam-
ple as a support. From EXAFS measurements, infor-
mation on the surrounding atoms about a particular
type of atom is obtained such as the number of
neighboring atoms and their distance from the re-
ference atom. This information is, however, insuf-
ficient to create a three dimensional structural model
or determine the directional relation between over-
layer and substrate.

X-Ray photoelectron diffraction (XPED) has been
shown to be a promising new method for surface
structural and chemical state analysis,5® and does not
have these drawbacks. The advantages of XPED mea-
surement compared with other surface analytical
methods are summarized as follows: 1) the charging of
a sample does not prevent obtaining clear diffraction
patterns; 2) long-range ordering is not necessary to
obtain structural information; 3) the contribution as
an emitter atom from each component can be
distinguished. From these features, XPED measure-
ment is considered to be a more desirable method to
analyze the metal particles deposited on insulating
materials like metal oxides than other conventional
methods. Kudo et al. have applied XPED measure-
ment to gold atoms evaporated on a semiconductor,
namely, GaAs(110), (001), Ge(110), and GaSb(110),

and characterized the surface layer of metal-semicon-
ductor contacts.”

In this study, the XPED patterns for platinum
atoms deposited on a TiOz (110) surface were
obtained, and the structure of the platinum particles
was analyzed by a theoretical calculation. This
sample was studied as a well-defined model system of
Pt/TiOz catalyst which is one of the most important
systems among supported metal catalysts. When one
attemps to explain catalysis, the phenomenon
becomes ambiguous for practical catalysts, because of
uncertainty about the impurities, or atomic structure
of the substrate etc. To clarify the essential nature of
catalysis, the investigation of model catalysts is very
useful.

Experimental

All experiments were performed with an angle-resolved
X-ray photoelectron spectrometer, which was equipped
with a hemi-spherical electron energy analyzer and com-
puter controlled multichannel detection system.® Alu-
minum Ko radiation was used to excite photoelectrons.
The base pressure of the system was less than 2.7X10-8 Pa.

A (110) oriented TiOxz rutile single crystal, obtained from
the Nakazumi Crystal Laboratory, was aligned to within
10.5° of the desired orientation. This was checked by the
Laue back reflection. The crystal was then mechanically
polished, and chemically etched. Before measurements, the
sample was cleaned by Ar*-ion bombardment (700 eV) and
annealing (1010 K) cycles. The temperature was monitored
with a chromel-alumel thermocouple spotwelded to the
sample holder. Since oxygen atoms diffused out from the
bulk of the sample because of the annealing treatment, the
surface stoichiometry change caused by the selective
sputtering was sufficiently restored. This was checked from
the shape of Ti2p spectra and the valence spectra. The
cleanliness of substrate surface was checked by X-ray
photoelectron spectroscopy, and no carbon nor other im-
purities were detected.

The platinum was evaporated in vacuum by resistively
heating from a pure platinum ribbon onto the titanium
dioxide. The deposition rate of platinum was approximate-
ly 0.08 A min—1. To eliminate the apparent shift caused by
the charging of the sample, the binding energy of platinum
4f was calibrated from the Ti2ps; peak (458.8 eV).
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Results and Discussion

The azimuthal dependences of Ti2p emission from
TiOz (110) at a polar angle 8=50° relative to the
surface normal are shown in Fig.1(a). The XPED
pattern exhibited much fine structure, which indi-
cated that the crystal regularity was sufficiently
restored after the annealing treatment. The XPED
pattern was mirror symmetric about the azimuthal
angle ¢=0° ([110] direction of TiOgz) and 90° ([001]
direction), which reflected the crystal structure.
Though it was impossible to obtain full 360°
azimuthal dependences by one scan with our system,
different part of the azimuthal dependences which are
not shown in this figure was checked by another
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Fig. 1. (a) Azimuthal pattern of Ti2p at 6=50° from

TiOz(110). (b) Azimuthal pattern of Pt4f at 6=53°

deposited on TiO2(110) to a thickness of about 15.8 A.

(c) Azimuthal pattern of Pt4f at §=53° after anneal-

ing at 823 K for 30 min.
¢: Azimuthal angle. I: Intensity.
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experiment. These results indicated that the XPED
pattern of TiO2(110) has two-fold symmetry.

Figure 2 shows the XPS signal intensity (a) and the
binding energy (b) of the Pt4f level as a function of the
metal coverage. It was evident from these results that
the binding energy of Pt4fi level decreased as the
metal coverage increased. The decrease of the binding
energy was caused mainly by the change of the degree
of the screening of a core-hole by the electrons of
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Fig. 3. (a) Azimuthal pattern of Pt4f at 6=33° depos-

ited on TiOx2(110) to a thickness of about 15.8 A. (b)
Azimuthal pattern of Pt4f at =33° after annealing at
823 K for 30 min. (c) Calculated pattern of Pt4f from
platinum No. 1. (d) Calculated pattern from plati-
num No. 2. (e) Calculated pattern when two types of
particles exist.
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Fig. 2.
function of Pt coverage.

(a) XPS signal intensity of Pt4f. (b) Binding energy of Pt4f2 as a

Op: Pt coverage. Egg: Binding energy.
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neighboring atoms.? In larger particles, since there
were more neighboring electrons, the screening was
more effective than in smaller particles, and the
binding energy lowered. The amount of platinum
deposited after the final step of the deposition was
equivalent to the layer 15.8 A in thickness, if layer
growth was assumed. This thickness was roughly
estimated from the XPS signal intensity ratio of Pt4f
peak to Ti2p peaks assuming that the mean free path
is 20 A. XPED patterns were measured at this final
point.

The azimuthal dependences of Pt4f emission at
polar angles 6=53° (Fig.1(b)) and 6=33° (Fig. 3(a))
just after deposition were obtained. As can be seen in
these XPED patterns, the photoelectron intensity
maxima were already observed at ¢=0°, 60°, 120°,
which indicated that the platinum had structural
regularity to some degree.

The sample was then annealed at 823 K for 30
min, which caused some significant changes. First,
the XPS intensities for titanium and oxygen atoms
relative to platinum atoms increased. Thus, the aver-
age thickness of the platinum, determined from the
XPS signal intensity ratio, decreased to 7.6 A. Sec-
ond, as shown in Fig. 1 (c) for 6=53° and Fig. 3 (b) for
6=33°, the modulation of the XPED patterns in-
creased and the patterns became clear. The am-
plitude of the anisotropy, defined as the ratio of
(maximum—minimum)/maximum for §=53°(Fig. 1
(b), (c)), increased from 16% to 29%. In contrast to the
pattern from the titanium atom (Fig.l (a)), these
patterns can be regarded as having six-fold symmetry
rather than two-fold symmetry.

These results indicated that most of platinum
particles coalesced and became larger (metal agglom-
eration) on heat treatment, and simultaniously the
degree of crystallization of the Pt particles and the
degree of epitaxial relation between overlayer and
substrate increased. Since the exposed area of the
substrate surface increased on coalescence of the
platinum particles, the XPS intensity from the
substrate increased. On the other hand, since the
exposed surface area of the platinum particles de-
creased on coalescence, the intensity from overlayer
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decréased. As a result, the Pt/Ti signal ratio de-
creased.

The diffusion of platinum atoms into the substrate
may also decrease the Pt/Ti signal ratio, but this
contribution was not so large, because 1) the chemical
state of the platinum atom in the substrate must be
different from that on the substrate, and these
differences must be reflected in the platinum spectra.
But no significant changes were observed in the
platinum 4f spectral region. 2) if platinum atoms
diffused into the substrate, the XPED pattern shows
two-fold symmetry (selective incorporation case) or
smaller modulation (random incorporation case),
which were different from the experimental observa-
tion.

Assuming the coalescence is due to annealing only,
the degree of coalescence could be estimated roughly
based on a simple model as follows. The model is
shown in Fig. 4 (a),(b). Hemi-spherical particles were
assumed on the basis of the experimental observation
by electron microscopy that the platinum particles
grew in an island-like fashon on Ti102.? The highly
dispersed particles (a) just after deposition coalesced
and became larger particles (b) because of annealing.
Based on this model, the XPS signal intensity of the
platinum atom for normal exit angle after annealing
was written as

In = onlin [%NZ/%Z -
reexp(—VN%3g2 — r2/))dr]. (1)

The XPS intensity of the titanium atom in the
exposed substrate was written as

In(1) = IT(2\/3N — nN*®)a2, ®3)

and the intensity of the titanium under the platinum
particle was

In@) = 2nn (M

rexp(—VN?¥3a2 — r2/A)dr], (3)
where I3, and IT; were the XPS intensities of platinum
and titanium from a semi-infinite platinum and TiO;
layer, respectively; 4 was the attenuation length, and a

(a)

(b)

Fig. 4. Schematic representation of platinum particles on TiO2(110) (a) just after deposi-
tion and (b) after annealing at 823 K for 30 min.



1542

the radius of a particle just after deposition. N was the
number of particles which gathered and became one
larger particle because of the annealing treatment.
Thus, the relative intensity of Pt to Ti after annealing
became (1)/((2)+(3)), and the degree of coalescence N
could be determined from the experimental signal
ratio. It was estimated from the experimental XPS
data that because of the heat treatment the volume of a
particle increased about 26 times, and the exposed
surface area of the platinum particles decreased to
about 34% of that before annealing.

Ocal et al. have observed that annealing at 800 K in
vacuum, which was almost the same treatment as our
study, caused the suppression of CO adsorption for a
Pt/TiO2 sample and the uptake of CO per Pt atom
was reduced by a factor of 2.19 They suggested its
relation to, what is called, strong metal-support
interaction (SMSI), which recently attracted much
interests in the field of catalysis.!? The predominant
model to explain this phenomenon is called the
migration or decoration model, in which, titanium
sub-oxide TiO; migrates from a substratum and
covers the surface area of the dispersed metal.1? This
may also decrease the Pt/Ti signal ratio. Ocal et al.
also observed the Ti3* state after vacuum annealing
of a Pt/TiO2 sample at 800 K, and the relative con-
centration of Ti%*+ to Tit+ ion was about 20%.10
Greenlief et al. have observed the Ti3+ state after the
vacuum annealing of TiO:z overlayer on Pt at
1300 K,'® which was higher than our temperature.
They suggested a model in which the reduced titania
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Fig. 5. XPS spectra of Ti2p from (a) clean TiO2(110)

surface and (b) Pt/TiO2(110) annealed at 823 K for
30 min.
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species diffused into the platinum layer. Figure 5
shows the experimental spectra of Ti2p emission
before platinum deposition (a) and after the annealing
treatment (b). The height of these spectra was
normalized and all of the spectra were smoothed.
After annealing under these experimental conditions,
namely, platinum deposited on TiOz (110) single
crystal annealed in UHYV at 823 K for 30 min, a small
amount of a lower binding energy state did appear.
But even if it covered the surface of the Pt particle
because of migration, its contribution to the decrease
of the Pt/Ti signal intensity ratio after the annealing
was small. This indicated that the large decrease of
the Pt/Ti ratio was not caused by the migration of
sub-oxide onto the Pt particle.

The structural analysis of the platinum particles
was next investigated by theoretical calculations. The
calculations were performed within the double scat-
tering approximation, in which the total photoelec-
tron wave was expressed as a sum of a direct wave,
a single-scattering wave and a double-scattering
wave. The scattering amplitude for the double-
scattering wave was a product of each scattering
amplitude. Inelastic damping factors were derived
from a sum of each path. Elastic scattering ampli-
tudes were obtained from tabular form data.!¥ The
cluster of atoms used in this calculation consisted
of a hemi-spherical platinum cluster 15 A in radius
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Fig. 6. (a), (b) Structural model of platinum particles

No. I and No. 2. (c) Structural model of TiO2(110)
surface.
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and a substrate cluster whose atoms were within 10 A
to the emitter atom. Since the six-fold symmetry of the
experimental results was explained by the multiple of
two fold-symmetry of the substrate and three-fold
symmetry of the overlayer, it was sufficient to assume
only the structural model based on the (111) plane of
fce platinum crystal. Two cluster models No. 1 and
No. 2 were assumed and they are shown in Fig.
6(a),(b). The cluster model No. 1 is expressed as
follows; (111) plane of platinum is parallel to the (110)
surface of titanium dioxide (Fig. 6(c)) and [211]
direction of the former is parallel to [110] direction of
the latter. The cluster model No. 2 is mirror sym-
metric with the model No. 1 about the (110) plane of
the substrate. The calculated patterns obtained
from model No. 1 and No. 2 are shown in Fig. 7(b)
and (c), respectively, for 6=53°, together with corre-
sponding experimental pattern (a). For 6=33° Fig.
3(c) and (d) show the calculated patterns from model
No. 1 and No. 2, respectively. These platinum pat-
terns were three-fold symmetric and did not agree with
the experimental pattern. These two models were
equivalent from the standpoint of the structural
relationships between substrate and overlayer. When
two clusters exist with equal probability on the
surface of titanium dioxide, corresponding patterns
were obtained as shown in Fig. 7(d) for §=53° and Fig.
3(e) for 6=33°. From the comparison, it was found
that the calculated patterns at =53° and 6=33° agreed
well with the experimental pattern. This model also
explained other experimental results very well which
were obtained by the different angular scans. Since
the XPED pattern is sensitive to the crystal structure,
it was concluded from the XPED analysis that after
the platinum deposition the two orientations of
clusters based on the (111) surface of the fcc crystal
existed with equal probability on the TiO2(110)
surface.

The amplitude of the anisotropy for the calculated
pattern for 8=53° was 96%, and was much larger than
that of the experimental pattern. This deviation was
explained as follows. First, in this calculation, therm-
al vibration of the platinum lattice was neglected.
Second, emitter atoms were assumed to exist only in
the center of the cluster. As a result, the contribu-
tions from the platinum atoms, which existed in the
near surface region of the platinum particle, were
not included. Since the intensity modulation for
these platinum atoms is less than that of in the center,
the modulation of the calculated pattern was over-
estimated. On the other hand, the degree of ordering
of the real platinum particles was possibly lower
than that of ideal bulk crystal, which diminished
the modulation of the experimental pattern.

Figure 7(e) shows the calculated pattern which
involved only a single scattering of the electrons.
From the comparison it was found that the agree-
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Fig. 7. (a) Azimuthal pattern of Pt4f at 6=53° after

annealing at 823 K for 30 min. (b) Calculated pattern
from platinum No. 1 considering double scatter-
ing. (c) Calculated pattern from platinum No. 2.
(d) Calculated pattern when two types of particles
exist. (e) Calculated pattern considering only single
scattering.

ment of the pattern was worse and the double
scattering was proved to be more accurate.

Wang et al. have observed by transmission electron
microscopy (TEM) that Pt particles on SiOz were
produced with predominantly (100) and (110) planes
if grown and treated in Hg, contrary to the prospect
from surface free energy.’® Our experimental results,
however, showed that, when annealed in UHV, the
(111) plane was the most favored, as expected for an
ideal surface structure of a fcc crystal. Since the
modulation of the XPED pattern of platinum after
annealing was large, the contributions from the
different structural particles or randomly oriented
particles were small, and the structure of most of the
particles was expressed by the model shown in Fig. 6.
Also, the dynamic movement of the platinum
particles, such as gold particles under the TEM
observation, did not occur, because clear XPED
patterns could not be obtained from the unstable
particles.

As shown above, the structure of platinum particles
deposited on a TiOz (110) surface was determined by
XPED measurements. Moreover, the XPED analysis
proved to be a useful technique for structural analysis
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of the dispersed metal particles on the metal oxide,
which were very difficult to analyze by any other
technique.

We thank Dr. Masahiro Kudo for his technical as-
sistance and for useful discussion.
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