JOURNAL OF CATALYSIS 111, 136-145 (1988)
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Sputtered samples of Pt/TiO, and TiO,/Pt and cosputtered samples of Pt—TiO, have been pre-
pared and studied by TEM, electron diffraction, AES, Auger profiling, and XPS to determine the
nature of the SMSI state induced in these samples after high-temperature (~500°C) treatment in
hydrogen. Based mainly on observations that the surface was enriched with, not depleted of,
platinum, and that TiO, species with Ti in the 2+ oxidation state and x close to 1 actually diffused
into the platinum, it is proposed that the SMSI state of the Pt/TiO, system is intimately associated
with the formation of an intermediate surface compound of the type Pt,TiO,, where n is probably
greater than 1 and x is close to 1. This process of surface compound formation is greatly facilitated

in the presence of hydrogen.

1. INTRODUCTION

The anomalous adsorption behavior of
hydrogen and CO at room temperature
after high-temperature reduction by hydro-
gen on Pt/TiO, and similar systems was
first reported by Tauster e# al. (I). Although
many attempts to elucidate the nature of
this so-called ‘‘strong metal-support inter-
action’’ (SMSI) have been made from dif-
ferent angles with some degree of success,
opinions still differ. Experimental results
sometimes even contradict each other and
the true nature of the SMSI state remains
evasive, A charge transfer mechanism was
proposed both theoretically (2) and experi-
mentally (3), but the direction and magni-
tude of this proposed charge transfer still
seem somewhat uncertain. A model based
on morphological change was put forward
(4) which seems to require further refine-
ment. The role of hydrogen in the man-
ifestation of SMSI behavior for the Pt/TiO,
system was stressed (5) and more work
along this line appears to be desirable. The
emergence of a reactive interface between
the metal and the support, with the creation
of new active sites along the boundary, has
been advocated (6) and has gained support
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from recent experimental (7-1/) as well as
theoretical (12) work. Lately, a surface mi-
gration of TiO, species and the resultant
site-blocking mechanism were advanced
(13-21) and apparently explained the ex-
perimental findings of quite a few model
systems.

We would like to point out, however,
that all the model systems reported to date
appear to have the drawback of studying
the metal/support interface from only one
side of the interface and presenting a lim-
ited interfacial area. This could hardly de-
pict the true picture of a conventionally
prepared catalyst system. In addition, such
investigations were often made only after
UHV treatment of the sample, neglecting
the effect of hydrogen. It is the aim of this
work to simulate and study the SMSI sys-
tem of Pt/TiO, with sputtered and cosput-
tered samples in which the crystallites of
metal and support are in intimate contact.
Furthermore, the interface between the
metal and ihe support may be studied from
both sides and under identical conditions in
the cosputtered samples.

The sputtered systems thus obtained
have the distinct advantage of being exten-
sive in interfacial area, easily controllable
in composition, homogeneous, and quite
suitable for surface measurements. Our ex-
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perimental data, which were obtained after
UHY as well as hydrogen treatment at high
temperatures, are consistent with the de-
scription that the SMSI state of Pt/TiO,
system is associated with the formation of
an intermediate surface compound of the
type Pt,TiO,, in which a strong interaction
between Pt and Ti is characterized by the
presence of a stabilized Ti** species and the
enrichment of Pt on the surface. The value
of x in the Pt,TiO, surface compound is
most likely close to 1, and n is probably
greater than 1. Furthermore, this process of
forming an intermediate compound on the
surface is greatly facilitated in the presence
of hydrogen.

2. EXPERIMENTAL
2.1. Catalyst Preparation

Three kinds of Pt supported on TiO, cata-
lyst samples were prepared by sputtering,
namely, the normally supported catalyst,
the inversely supported catalyst, and the
cosputtered catalyst. The normally sup-
ported Pt/TiO, sample was prepared by
sputtering platinum from a Pt foil (diameter
10 mm, thickness 0.1 mm) as the cathode
onto a sputtered film of TiO,, which was
obtained by using a compressed pellet of
TiO, as the cathode. The TiO, powder used
was analytically pure and the platinum foil
was supplied by BDH Company of England
with a purity of greater than 99.9%. The
inversely supported sample of TiO,/Pt was
prepared by sputtering the TiO, target
which is in the form of a compressed pellet
(diameter 30 mm, thickness 2 mm) onto a
sputtered platinum film. For the cosput-
tered samples of Pt-TiO,, a composite tar-
get composed of a 10-mm platinum thin foil
imbedded in a compressed pellet of TiO,
(30 mm in diameter) was used as the cath-
ode. The working vacuum of the sputtering
apparatus was 10 Torr (133.3 Torr = I N
m %). Mica sheets were used as the sub-
strate for most samples. Ti and Ta foils
were also used when required. The thick-
ness of the sputtered films was obtained by
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making Auger depth profiles. Samples pre-
pared in this way are listed in Table 1. The
thickness of the films is given in paren-
theses.

The cosputtered sample of Pt-TiO was
designed to be used to study directly the
possible migration of TiO species into Pt
and was prepared by using a composite tar-
get consisting of a Pt foil and a partially
oxidized titanium foil. The O/Ti ratio as de-
termined from XPS O 1s/Ti 2p peak areas
was found to have the relative values of 2.0
to 1.1 for the samples of Pt-TiO, and Pt—
TiO.

Samples used in the electron microscope
study, several nanometers in thickness,
were prepared by direct sputtering onto an
amorphous carbon film supported by a
stainless-steel grid.

2.2. Catalyst Characterization

Particle size determinations of the sput-
tered samples were made on a Hitachi
H-600 Analytical Electron Microscope. In-
terplanar spacings of the metal particles
were determined from the electron diffrac-
tion rings obtained from a 100-keV electron
beam on the same apparatus. The probable
error is estimated to be +0.015 A.

XPS, AES, and Auger profiling were per-
formed on a PHI 550 ESCA/SAM appara-
tus. XPS data were taken with Mg or Al K«
radiation (1253.6 or 1486.6 eV, respec-
tively) at an acceleration voltage of 10 kV
and an electron current of 35 mA. The base
pressure of the UHV apparatus was 1.2 X
10" Torr. Samples were pretreated in a
preparation chamber as required before
transfer to the spectrometer chamber. The
charging effect of various samples was min-

TABLE 1
Pt/TiO, Samples Prepared

Sample Type Substrate
Pt(20 nm)/TiO0»(20 nm)  Normally supported  Ta foil
TiO,(5 nm)/Pt(20 nm) Inversely supported  Mica sheet
Pt-TiO; (40 nm) Cosputtered Mica sheet
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imized by taking reference to the binding
energy of C 1s for the contaminated carbon
(284.6 eV) as the internal standard. The sur-
face composition, expressed as the relative
atomic ratios of different components, was
calculated from the relative peak areas of
XPS spectra by using sensitivity factors
supplied by the ‘““PHI Handbook.”’ The de-
convolution of XPS spectra into Ti**, Ti*",
and Ti?* components was carried out by a
computer program based on the data given
in the work of Sayers and Armstrong (22).
The electron beam energy for the Auger
measurements was 3 kV and the beam cur-
rent, 3 pwA. The ion sputtering rate was
2-3 nm/min under most conditions. The
amount of CO adsorbed was obtained from
the relative peak heights of C (272 eV)/Pt
(64 eV) as described in the literature (23).
Linde research-grade CO containing no
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less than 99.97% CO was directly used
without further purification in characteriz-
ing the SMSI state.

3. RESULTS

3.1. Particle Size Variation and
CO Adsorption

A transmission electron micrograph of a
cosputtered sample of Pt-TiO; after hydro-
gen reduction at 550°C for 2 h is shown in
Fig. 1. The particle size distribution for this
sample after treatment in hydrogen at dif-
ferent temperatures, as determined by
TEM, is shown in Fig. 2. It is seen that the
average particle size of the Pt—-TiO; sample
is in the neighborhood of 2.0 nm and the
crystallites are evenly distributed on the
surface. No appreciable change in particle
size was detected for hydrogen treatment

FiG. 1. Transmission electron micrograph of Pt-TiO, after H, reduction at 550°C for 2 h.
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FiG. 2. Particle size distribution of Pt—TiO, after treatment in H, at different temperatures for 2 h.

up to 550°C. However, reduction at 700°C
significantly increased the average particle
size from about 2 nm to greater than 4 nm,
indicating that some coalescence of parti-
cles has taken place. For the sputtered
samples of Pt/TiO, and TiO,/Pt, there was
no problem of particle size variation. The
amounts of CO adsorbed on the Pt-TiO,
sample after different treatments in hydro-
gen are listed in Table 2.

3.2. Change in Interplanar Spacing as a
Result of Hydrogen Treatment

The interplanar spacing between (111)
planes, d(111), of Pt changes after hydrogen
reduction at different temperatures and
other treatments. The values determined by
electron diffraction for platinum foil and
Pt-TiO samples are listed in Table 3. Five
new electron diffraction rings not present
for Pt were found for the Pt-TiO, sample
after hydrogen reduction at 700°C. The d
spacings of these crystallographic planes,
obtained from the 100-keV electron diffrac-
tion study for the Pt-TiO, sample after
700°C hydrogen treatment, are listed in Ta-

TABLE 2

Amounts of CO Adsorbed on Pt-TiO, after
Treatment in H, at Different Temperatures

Temperature Amount of CO adsorbed,
°C) C(272 eV)/Pt(64 eV)
Before treatment 0.333
250 0.234
400 0.109
550 0.085

ble 4 and are consistent with the formation
of Pt;Ti as the result of hydrogen reduction
at 700°C.

3.3. Auger Electron Spectra and
Auger Profiles

Auger electron spectra for Pt/TiO,
sample before and after treatment at 700°C
in UHYV for 1 h are shown in Fig. 3. Neither
Ti nor O could be detected in the spectra
before treatment. The Auger profiles for the
same sample before and after treatment in
UHYV at 700°C for 1 h are shown in Fig. 4.
The sputtering rate was about 3 nm/min. It
is seen that while the concentrations of Ti
and O in the Pt film are approximately con-
stant, the O/Ti ratio changes radically as
the boundary between the Pt film and the
TiO, film is crossed.

The Auger electron spectra and the
Auger profiles for the inversely supported
sample of TiO,/Pt before and after different
treatments are shown in Figs. 5 and 6
respectively. It is seen from Fig. 5 that no
Pt could be found in the TiO, film before

TABLE 3

Change in Interplanar Spacing d(111) for Pt Foil and
Pt-TiO after Different Treatments

Treatment d(111) (A), Treatment d(111) (A),

Pt foil Pt in Pt-TiO
Standard value (24) 2.265 Untreated 2.25
300°C, Ar 2.26 300°C, Ar 2.37
300°C, H, 2.29 300°C, H, 2.36
500°C, H, 2.33 500°C, H, 2.35
700°C, Ar 2.22 700°C, Ar 2.36
700°C, H, 2.31 700°C, H, 2.29
500°C, O, 2.26 500°C, O, 2.34




140

TABLE 4

Interplanar Spacings for Certain
Crystallographic Planes of Pt;Ti and
Pt-TiO, after 700°C H. Reduction

Pu,Ti (25) Pt-TiO,
d (A)
(hkl d (&)
100 3.87 3.91
110 2.743 2.77
210 1.7 1.75
211 1.591 1.60
321 1.043 1.05
300,221 1.3 —
310 1.235 —

treatment or after treatment at 500°C in
UHYV for 1 h. But, after treatment in hydro-
gen at 500°C for 1 h, a strong Pt signal was
observed and the intensity of the Ti and O
signals was greatly diminished. The Auger
profiles shown in Fig. 6 further indicate that
after hydrogen treatment at 500°C for 1 h
the concentrations of Ti and O remain ap-
proximately constant in the Pt film and the
O/Ti ratio changes very markedly.

3.4. XPS Spectra

For the study of surface composition and
interdiffusion of components of TiO,/Pt
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FiG. 3. Auger electron spectra for Pt/TiO,: (a) un-

treated sample, (b) sample treated in UHV at 700°C for
1h.
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F1G. 4. Auger profiles for Pt/TiO,: (~—-) untreated
sample, (—) samplie treated in UHV at 700°C for 1 h.

and Pt/TiO, samples the Ti 2p spectra for
these samples are shown in Fig. 7 and those
for the cosputtered Pt-TiO; samples are
shown in Fig. 8. The relative atomic ratios
of different species of Ti and the Pt/Ti and
O/Ti ratios on the surface of the Pt-TiO,
sample calculated from the XPS peak areas
are shown in Table 5.

It is seen that for the normally supported
Pt/TiO, sample, no species of Ti was pres-
ent before treatment. But after UHV treat-
ment at 700°C for 1 h, in addition to Ti**,
titanium ions with lower oxidation state,
Ti** and Ti**, were also present on the sur-
face. For the inversely supported TiO,/Pt

dN/dE (a-u)

i " P " " " A
30 80 70 90 380 380 400 420 480 500 520

KINETIC ENERGY (ev)

F1G. 5. Auger electron spectra for TiO,/Pt: (a) un-
treated sample, (b) sample treated in UHV at 500°C for
1 h, (c) sample treated in hydrogen at 500°C for 1 h.
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Fi1G. 6. Auger profiles for TiO,/Pt: (——-) untreated
sample, (—) sample treated in H, at 500°C for 1 h.
Sputtering rate: about 3 nm/min.

sample only Ti** with a binding energy of
458.6 = 0.2 eV was present before treat-
ment. But after treatment in hydrogen at
500°C for 1 h, the Ti 2p;3, peak at 455.0 =
0.2 eV binding energy was found to dom-
inate and may be assigned to Ti?" species.

Ti*
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Fig. 7. Ti 2p spectra of TiO,/Pt and Pt/TiO,
samples: (a) TiO,/Pt treated in UHV at 500°C for 1 h,
(b) Pt/TiO,/Ta treated in UHV at 700°C for 1 h, (c)
TiO,/Pt treated in H, at 500°C for 1 h.
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UHYV treatment at 500°C for 1 h, on the
other hand, did not produce any Ti**. For
the cosputtered Pt/TiO, sample, hydrogen
reduction at 550°C for 1 h produced 12%
Ti** and 26% Ti**, with a binding energy of
456.5 + 0.2 eV on the surface. It should be
pointed out that, for this sample, the Pt/Ti
ratio increased after hydrogen treatment at
550°C. AES measurements gave qualita-
tively the same result.

4. DISCUSSION
4.1. Pt Enrichment of the Surface

It is interesting to compare the different
behavior of Pt/TiO,, TiO,/Pt, and Pt-TiO,
samples before and after either UHV or hy-
drogen treatment at high temperatures
(~500°C) as revealed by the XPS study
(Table 5). For Pt/TiO,, the Pt/Ti ratio de-
creased as the result of high-temperature
UHYV treatment; a more severe drop in the
Pt/Ti ratio is expected after high-tempera-
ture hydrogen reduction, as found by many
workers in this field, and is ascribed to TiO,
migration (discussed later). AES measure-
ments were also made on all catalyst sys-
tems to determine the surface composition
before and after treatments. The results ob-
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F16. 8. Ti 2p spectra of the Pt-TiO, sample: (a) un-
treated, (b) treated in UHV at 550°C for 1 h, (c) treated
in H, at 550°C for 1 h.
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TABLE 5

Surface Composition of Pt/TiO,, TiO,/Pt, and Pt-TiO, Samples

Sample Pretreatment Relative content Relative
of different atomic
Ti species ratio on
surface
Ti4+ Ti3+ Ti2+
Pt/Ti  O/Ti
Pt/TiO, Untreated 0 0 0
UHV, 700°C, 1 h 0.19 039 0.42 3.08 1.1
TiO,/Pt Untreated 1.0 0 0 0 2.03
UHYV, 500°C, 1 h 097 003 0 0.07  2.06
H;, 500°C, 1 h 0.09 0.12 079 15.6
Pt-TiO, Untreated 1.0 0 0 0.33 2.06
UHV, 550°C, 1 h 092 008 0 0.36 1.87
H,, 550°C, 1 h 0.62 026 0.12 0.45 0.75

tained were in general agreement, at least
qualitatively, with the XPS data given in
Table 5.

In the case of the cosputtered Pt-TiO,
sample, however, the Pt/Ti ratio obtained
from the XPS data showed successive in-
creases when treated at 550°C first in UHV
for 1 h and then in hydrogen for another
hour. Enrichment, not depletion, of surface
Pt was observed. On a conventionally pre-
pared Pt/TiO, system catalyst previously
reported (5), a similar Pt enrichment on the
surface of the catalyst was noted upon hy-
drogen treatment at high temperatures.
This Pt enrichment cannot be explained by
a simple TiO, migration mechanism. It is
more likely due to the migration or spread-
ing (¢) of Pt to the contiguous TiO, particles
and the formation of an intermediate sur-
face compound with the migrating TiO,
species formed upon partial reduction of
TiO,. The reason this phenomenon has not
been observed in other model systems is
probably that the interface between Pt and
TiO, was investigated only from one side in
those systems and that attention was conse-
quently directed to the migration of TiO,
alone.

For the TiO,/Pt sample, the Pt/Ti ratio
increased as a result of high-temperature
UHY or hydrogen treatment. This cannot

be explained by the simple TiO, migration
mechanism either. The migration of Pt was
probably also involved.

4.2. Titanium Species Present on
the Surface

Much effort has been expended in identi-
fying the titanium species that is present on
the surface of the Pt/TiO, system after
high-temperature hydrogen treatment. But,
in early studies, it was difficult to get any-
thing other than a shoulder in the Ti 2p
spectrum with a binding energy lower than
that of Ti*" which may be assigned to Ti**
(26). Only recently, Greenlief er al. (27)
were able to characterize by XPS a sample
of TiO,/Pt in which Ti** was present on the
surface of a thin TiO, film deposited on a Pt
foil after 650 K annealing in oxygen for 30
min.

In Figs. 7 and 8, it is clearly seen that Ti
ions of lower oxidation states are present
on the surface of Pt/TiO, and TiO,/Pt
samples after high-temperature UHV or hy-
drogen treatment. Ti** was found to be the
major component and Ti** was also pres-
ent. For the sample of TiO,/Pt, which is
comparable with the one used by Greenlief
et al., except that the TiO, film was thicker
in our case, only Ti®* was present after
treatment in UHYV at 500°C for 1 h. This is
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in qualitative agreement with their result as
shown in Table 4. But Ti** was predom-
inant after hydrogen treatment at the same
temperature. Furthermore, the relative
atomic ratio O/Ti of the species that was
found on the surface of the sample of Pt/
TiO, was much less than 2 and close
to 1.

We have also found that the Ti’* species
produced on the surface of all the samples
examined was stable under ambient condi-
tions. The peak position of this Ti species
on the XPS spectrum did not change appre-
ciably after exposure in air. We are inclined
to consider, therefore, that the Ti*" species
produced on the surface of the Pt/TiO; sys-
tem after high-temperature treatment in
hydrogen around 500°C is not a simple re-
duction product of Ti** but is a species
stabilized by the interaction of Pt and Ti.

4.3. Surface Migration of TiO,

The Auger profiles for the samples of Pt/
TiO, and TiO,/Pt shown in Figs. 3 and 4
clearly demonstrate the migration of TiO,
(x <€ 2) from the TiO, film into the Pt film.
Furthermore, the relative concentrations of
Ti and O species, as seen from the profiles,
remain approximately constant throughout
the thickness of the Pt film, suggesting the
formation of a relatively stable surface
compound comprising Pt and TiO, . The mi-
gration of TiO, (x ~ 1) into the Pt was also
seen from the XPS data for the normally
supported Pt/TiO; sample given in Table 5.
The simultaneous presence of Ti** and Ti*"
together with Ti* could mean the recombi-
nation of TiO, (x ~ 1) species after penetra-
tion through Pt in this case.

The diffusion of a TiO, species into bulk
Pt on a TiO,/Pt sample at temperatures
greater than 700 K has been observed by
Ko and Gorte (19, 20) by AES measure-
ments. But it was stated that the oxidation
state of the migrating species of Ti cannot
be determined by Auger electron spectros-
copy. In the last section, we reported that a
stabilized Ti** was present on all samples
examined after high-temperature hydrogen
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reduction. That the TiO, species in which x
is close to 1 has diffused into the Pt film
may also be seen from the change in inter-
planar spacings of Pt in the Pt-TiO sample
after hydrogen reduction at high tempera-
tures.

The changes in d(111) spacings for Pt foil
and the Pt in the Pt-TiO sample were fol-
lowed after different treatments and are
given in Table 3. It can be seen that for Pt
foil, d(111) increased with the temperature
of hydrogen treatment, but upon flushing
with Ar or oxygen, it returned to its initial
value, indicating that the penetrated hydro-
gen that caused the lattice expansion of Pt
was removed by such treatment. On the
other hand, when the Pt-TiO sample was
treated in the same manner, the d(111) val-
ues did not return 1o their original values.
This suggests that the species that caused
the lattice expansion in this case was not
hydrogen as might have been suspected.
More likely it was the migrating species
TiO. It could not be flushed out by Ar and
was regenerated when the Pt-TiO sample
reduced at 700°C in hydrogen with the for-
mation of Pt;Ti was exposed to oxygen.
This is probably associated with the basic
mechanism involved in the reversibility of
the SMSI state after reduction and reoxi-
dation.

This migration of TiO, species (x ~ 1)
into the Pt film is probably similar in nature
to the case found by Bardi and Ross (28) for
Pt;Ti. In their case the Ti/Pt ratio de-
creased when the TiO, , overlayer on Pt;Ti
was reduced in hydrogen above 500°C with
a constant O/Ti ratio. This may be inter-
preted as the migration of TiO, species (x ~
1) into Pt;Ti in addition to, or even instead
of, the dissolution of Ti into the bulk Pt;Ti
as implicated by Greenlief e al. (27). The
migration of TiO, species for the Pt/TiO,
system has also been extensively discussed
by Spencer (29) and experimentally studied
by TEM by Vanselow and Mundschaw (2])
recently.

A very interesting paper was published
quite recently (/0) in which it was stated
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that the TiO, species is not simply a site-
blocking agent but can also create new che-
misorption sites for hydrogen, CO, and NO
on various TiO,-supported transition metal
SMSI catalysts. The newly created che-
misorption sites resulting from interaction
between the transition metal and the TiO,
support could well be the origin for the en-
hancement of catalytic activity for certain
reactions, such as methanation from CO
and hydrogen. Our findings are in accord
with this point of view. These *‘TiO,-asso-
ciated dissociation sites,”’ in our opinion,
may well be of the type Pt,TiO, discussed
in this paper.

4.4. SMSI State of Pt/TiO, Systems

The samples used in this work in the form
of sputtered films all exhibit the usual char-
acteristic feature of a SMSI state when
treated in hydrogen at high temperatures,
namely, the amount of CO adsorbed at
room temperature was markedly decreased
as a result of this treatment. The particle
size, however, did not change appreciably
and the Pt/Ti ratio increased not decreased
after high-temperature reduction in hydro-
gen. These observations cannot be inter-
preted in terms of an encapsulation mecha-
nism nor can they be reconciled with the
picture of a simple TiO, migration with the
result of physical site blocking. The plati-
num of the Pt/TiO, system, after high-tem-
perature treatment in hydrogen, is in a spe-
cial state, the SMSI state.

Any description of this SMSI state of the
Pt/TiO, system should contain the follow-
ing features: (1) surface enrichment not de-
pletion of Pt, implying surface migration or
spreading of Pt onto the contiguous parti-
cles of TiO;; (2) generation of Ti** and its
stabilization, implying some kind of com-
pound formation which could constitute the
driving force for interdiffusion of both Pt
and TiO, ; (3) migration of TiO, (x ~ 1) into
the platinum and the simultaneous presence
of Ti**, Ti**, and Ti**, implying the possi-
ble recombination of TiO, species (x ~ 1)
on one hand and the incomplete reduction
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of TiO, on the other; (4) transformation of
Pt into the intermetallic compound of Pt;Ti
after 700°C hydrogen treatment, implying
that this SMSI state of Pt/TiO, may be in-
termediate in nature. In the context of the
requirements listed above, it seems reason-
able to propose that the SMSI state of the
Pt/TiO; system is intimately associated
with the presence of an intermediate sur-
face compound of the type Pt,TiO, in which
x is close to 1 and # is probably greater than
1 under the experimental conditions of
hydrogen reduction at about 500°C. The
chemical properties of this intermediate
surface compound with the additional ef-
fect of back-spilled hydrogen (30) could
conceivably be different from those of Pt.
The preponderance of Ti** for the cosput-
tered Pt-TiO, sample after high-tempera-
ture hydrogen treatment despite the genera-
tion of Ti** seems to indicate that in
addition to the possible recombination of
TiO, (x ~ 1) species, this intermediate sur-
face compound Pt,TiO, is present only on
that part of the Pt particles accessible to the
TiO, migration and on that part of the TiO,
particles contiguous to the particles of
platinum.

This SMSI state is not, however, unique
to the Pt/TiO, system. We have found that
Pd and Ir behave similarly to Pt and these
elements appear to constitute one class of
the Group VIII transition metals with re-
gard to the SMSI state when supported on
TiO, and treated in hydrogen at tempera-
tures around 500°C. Other members of the
Group VII transition metals including Rh
and Ru, on the other hand, constitute an-
other class of SMSI state under the same
conditions which, in contrast with the Pt
class, is characterized by the depletion of
metal on the surface upon high-temperature
reduction in hydrogen and the absence of
Ti** in the XPS spectra. The details of these
findings will be reported elsewhere.

5. CONCLUSIONS

It has been shown in this paper that sput-
tered samples of Pt/TiO, and TiO,/Pt and a



SMSI STATE OF Pt/TiO, SYSTEM

cosputtered sample of Pt—TiO, may be used
advantageously as model catalysts for
study of the SMSI state of Pt/TiO, systems.
It is demonstrated that as a result of high-
temperature (~500°C) reduction in hydro-
gen, Ti**, in addition to Ti’*, is generated
and stabilized, and subsequently diffuses
into Pt in the form of TiO, where x is close
to 1. Concomitantly, contrary to what is ex-
pected from a simple TiO, migration mech-
anism, the Pt/Ti ratio increases instead of
decreases. This implies that Pt diffuses
onto the surface of contiguous TiO, parti-
cles; i.e., interdiffusion of the components
in the Pt/TiO, system takes place. An in-
termetallic surface compound of Pt:;Ti is
formed upon hydrogen treatment at a still
higher temperature of 700°C. These findings
are rationalized by the proposal that an in-
termediate surface compound of the type
Pt,TiO,, where n is probably greater than 1
and x is close to 1, is intimately associated
with the SMSI state of the Pt/TiO, system.
The formation of this intermediate surface
compound is greatly facilitated in the pres-
ence of hydrogen.
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