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NOTES 
XPS Studies of Strong Metal-Support Interactions (SMSI)-Pt/Ti02 

Recently Tauster, Fung (I -3), and Gar- 
ten (I, 2) have reported that strong metal- 
support interactions (SMSI) occur between 
Group VIII noble metals and transition 
metal oxide supports when the catalysts are 
hydrogen-activated at sufficiently high tem- 
peratures. The SMSI effect alters the basic 
properties of these noble metals and ren- 
ders them inactive for Hz and CO adsorp- 
tions. Transmission electron microscopy 
studies by Baker et al. (4) of Pt on titanium 
oxide clearly showed an unusual structural 
relationship between the metal and oxide. 
The Pt particles appear to have a thin pill-. 
box structure and to acquire the same crys- 
tal modification as the underlying substrate, 
since the lattice images of the titanium ox- 
ide substrate are not interrupted by the 
presence of the platinum particles. A strong 
chemical bonding between the metal and 
support has been postulated to account for 
the above phenomena. However, the exact 
electronic perturbation of the metal parti- 
cles has not been identified. 

The present paper deals with XPS studies 
of Pt on TiO, following reduction at various 
temperatures. It was anticipated that the 
chemical nature of this strong metal-sup- 
port interaction could be elucidated by the 
observed chemical shifts in the binding en- 
ergies of the Pt4f electrons. Silica-sup- 
ported platinum was also investigated for 
comparison. 

The titanium dioxide- and silica-sup- 
ported Pt samples were prepared first by 
depositing the respective oxides of about 75 
nm onto a 5 x 10T3 cm thick stainless-steel 
foil. Platinum was evaporated at 10ds Torr 
(1 Torr = 133.3 N m+) onto these supports 
from a spectrographically pure platinum 
wire mounted on a tungsten filament. This 
produced a Pt film approximately one atom 
thick (4). Platinum supported on TiOz pow- 
der at 2 wt% was prepared by impregnating 

TiOZ (P-25), obtained from Degussa Co., as 
previously reported (2). The TiOz was pre- 
treated 3 hr in Hz at 600°C before impregna- 
tion. This treatment stabilized the BET area 
of the TiOn at 25 m*/g. The catalyst was 
reduced with 20% hydrogen/helium at 
150°C for 4 hr. 

The 2 wt% Pt/TiOz sample was exam- 
ined as a powder pressed onto a 100 x 100 
mesh stainless-steel screen. All the samples 
were cut into a 2-cm strip and mounted onto 
a sample holder. The latter was contained 
in a reaction vessel which could be isolated 
from the spectrometer. Hydrogen treat- 
ment of the samples were carried out at 150 
to 600°C with 20% hydrogen/helium mix- 
ture at 30 liters/hr for 1 hr. After each re- 
duction, the sample was cooled under the 
gas mixture and evacuated before inserting 
into the spectrometer. XPS measurements 
were performed with a Model 200A AEI 
Scientific Instruments Spectrometer ac- 
cording to (5). 

The binding energies were determined 
with reference to the ClS line at 284.5 eV. 
Additionally the main oxide line (e.g., Ti4+ 
2P 3/2 at 458.7 eV) served as an internal 
reference for the oxide-supported Pt cata- 
lysts. This provided an excellent correction 
for charging. Sample charging is a result of 
photoemission of electrons from insulators 
and semiconductors. Maximum charging of 
about 1.2 eV was observed on the silica- 
supported sample. The low value was 
mainly due to the thin film nature of the 
silica support. 

In addition to the XPS measurements, di- 
hydrogen sorption and X-ray diffraction 
studies were carried out with the 2% Pt./ 
TiO% powder sample. Dihydrogen sorption 
studies were performed with a conventional 
glass vacuum system as previously re- 
ported (2). The WPt ratios were calculated 
by assuming that H2 uptakes at ambient 
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temperature and zero pressure of Hz corre- 
sponded to saturation coverage of plati- 
num. A Phillips Electronics X-ray diffrac- 
tometer (XRG-3000) with nickel-filtered 
CuK radiation was used for X-ray diffrac- 
tion studies of the samples. 

Figure 1A shows the effect of reduction 
temperature on the Pt4f binding energies of 
the Pt/TiOz film. The Pt4f,,2 binding energy 
of the sample which had received no hydro- 
gen treatment was 1.6 eV higher than the 
one which had been hydrogen reduced at 
350 and 600°C. The Pt species formed after 
hydrogen activation of the Pt/TiOz film at 
and above 350°C had a Pt4f,,2 binding en- 
ergy close to that of the bulk metal. The 
effect of reduction temperature on the Ti2P 
binding energies is shown in Fig. 2. A lower 
oxidation state titanium species was ob- 
served after the sample was reduced at 
600°C. Its intensity was greatly diminished 
when it was exposed to air, at ambient tem- 
perature, whereas little change in its inten- 
sity with time was observed when the sam- 
ple was in the spectrometer. This suggested 
that the back ground pressure of oxygen in 
the spectrometer was insufficient to oxidize 
any reduced species, including Pt, in the 
time period of obtaining the XPS spectra. BE ev 

A similar effect was observed for the 2% 
Pt/TiOZ powder sample as is illustrated in 
Fig. 1B. The 150°C reduced sample showed 
a major fraction of platinum was in the high 
binding energy state. Reduction of this sam- 
ple at 200°C decreased the fraction of high 
binding energy Pt and it disappeared after 
550°C reduction. 

Hydrogen sorption studies of the 2% Pt/ 
TiOz powder sample are summarized in Ta- 
ble 1. After 150°C hydrogen reduction, Hz 
uptake on this sample was appreciable and 
resulted in a H/Pt ratio of 0.63. Increasing 
the reduction temperature of this sample to 
500°C resulted in a marked reduction in the 
Hz uptake with H/Pt ratio decreasing to 
zero. The loss of hydrogen sorption prop- 
erty is not due to encapsulation of the metal 
particles as has been discussed in an earlier 
publication (2). Furthermore the dihydro- 

FIG. 1. Effect of He reduction on the binding ener- 
gies of Pt4f electrons: (A) WTiOp film (B) 2% WTiO, 
powder. 

gen sorption property of the 500°C reduced 
sample can be reinstated with a 500°C air 
calcination followed with a 110°C Hz reduc- 
tion. The WPt ratio increased from 0 to 0.08 
after the above treatment. Increasing the 
reduction temperature of this sample to 
500°C again resulted in zero H/Pt ratio. 

The X-ray diffraction patterns of the 2% 
Pt/TiOz powder sample which has under- 
gone the above dihydrogen sorption studies 
are shown in Fig. 3. The crystallite sizes of 
platinum calculated from the broadening of 
the Pt (111) line are summarized in Table 1. 
The as prepared catalyst after 150°C Hz re- 
duction showed no Pt line. An increase in 
the reduction temperature to 500°C pro- 
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tially no change in the crystallite size of 
platinum. 

XPS studies on the agglomerated Pt cata- 
lyst indicated no large effect of reduction 
temperature on the Pt4f binding energies. 
The binding energy of Pt4f,,2 was 71.3 and 
71.2 eV after the agglomerated Pt catalyst 
was reduced at 110 and 500°C respectively. 

Completely different behavior was ob- 
served for the silica-supported sample. No 
large shift in the Pt4f binding energies was 
observed between the reduced and nonre- 
duced samples, although the Pt4f,,, binding 
energy was about 0.6 eV higher than that of 
the bulk metal. Table 2 lists the Pt4f,,2 bind- 
ing energies of all the samples investigated. 

DISCUSSION 

It has been generally observed that 
Group VIII noble metals supported on SiOZ 
and A1203 (6-8) exhibit higher binding ener- 
gies of the core levels than the correspond- 
ing bulk metals. These shifts of core levels 
to higher binding energies are assumed to 
indicate decreased electron density at an 
atomic site. However, one must bear in 
mind that extra-atomic relaxation (or polar- 
ization) (9, 20) plays an important role in 
determining the observed binding energies 
of the core levels of a particular atom. A 
core hole is created during photoemission 
of a core electron. Extra-atomic relaxation 
occurs through a flow of electronic charge 
from the surrounding atoms toward the host 

TABLE 2 

Binding Energies of the Pt4f,,* Electrons 

System Treatment conditions BE eV” 

Pt Foil 500°C HI 71.0 
PtlSiOp Vacuum deposit 71.5 

300°C HP 71.6 
PUTiO, Vacuum deposit 72.7 

350°C HI 71.1 
2% WTiO, 200°C HI 72.5 

71.1 
550°C Hz 71.1 

D Reference to ClS 284.5 eV. Internal standard for 
charging correction Ti 2P 312 at 458.7 eV. 

atom during photoemission. It has the effect 
of lowering the binding energy of the emit- 
ted photoelectron. From his own work and 
that of others, Kowalczyk (II) showed that 
the extra-atomic relaxation associated with 
photoemission of a core electron in a metal 
resulted in a lowering of the core level bind- 
ing energy within a range of 2 to 15 eV as 
compared to that of the free atom. 

A simple equivalent cores screening 
model has been developed by Shirley (12) 
to estimate the magnitude of extra-atomic 
relaxation in small molecules. Kowalczyk 
(II) successfully applied this screening 
model to metals by utilizing Friedel’s (13) 
proposed exciton screening. According to 
Friedel, the core hole is screened by a 
newly formed occupied semilocalized state 
(exciton) via the dropping of a conduction 
band state below E, at the hole site. There 
must also be a newly unoccupied orbital for 
charge balance. For a bulk metal, the unoc- 
cupied orbital is relatively diffused through 
the lattice and thus interacts with the hole 
much less strongly than does the occupied 
semilocalized state. In the case of highly 
dispersed metal particles, their extremely 
small crystallite sizes result in a less diffuse 
unoccupied orbital and its interaction with 
the core hole is significant. Additionally, 
the occupied semilocalized state in a small 
particle is expected to be sufficiently differ- 
ent from the one in the bulk metal. Both 
effects contribute to decrease the extra- 
atomic relaxation of a small metal particle 
and as a result its core level binding ener- 
gies are higher than the bulk metal. De- 
creases in the extra-atomic relaxation en- 
ergy was employed by Takasu el al. (24) to 
account for the increases in Pd core level 
binding energies with decreasing particle 
size in their UPS and XPS studies of vary- 
ing Pd coverage on SiOp films. Kim and 
Winogard (15) showed that the binding en- 
ergy shift in small supported metal particles 
were due to changes in extra-atomic relaxa- 
tion. 

In accordance with the above observa- 
tion and argument, the observed positive 
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shift in the Pt4f energies of the silica-sup- 
ported Pt sample may be attributed to a de- 
crease in the extra-atomic relaxation asso- 
ciated with small Pt particles. This is in 
agreement with the observed chemical 
properties of the SiO,-supported Pt parti- 
cles. There is no significant difference in the 
adsorption property (e.g., H2 and CO ad- 
sorption) and the catalytic property be- 
tween bulk Pt and the SiOz-supported Pt 
particles. Therefore, the observed 0.6 eV 
increase in the Pt4f,,Z binding energy of the 
silica-supported Pt particles is not due to 
charge transfer. A similar argument is ap- 
plied to the observed increase in the Pt4f,,2 
binding energy of the titanium oxide-sup- 
ported Pt particles at low reduction temper- 
ature. The origin of the observed difference 
in the magnitude of the positive shift in the 
Pt4f,,* level between the SiOZ and TiOZ-sup- 
ported samples is not certain. It is possible 
that the Pt particles supported on TiOz are 
much smaller than those supported on SiOZ. 
Additionally the polarizability of the sup- 
port may have a substantial influence on the 
extra-atomic relaxation of the highly dis- 
persed Pt particles (1.5). Nevertheless, the 
high binding energy Pt species in TiOp is not 
due to oxide formation since the SiOZ and 
TiO, film samples were prepared under 
identical conditions. The reduction of the 
SiOo sample at high temperature essentially 
has little effect on the Pt4f,,2 binding en- 
ergy. In addition, the 150°C reduced Pt/ 
TiOz powder sample exhibited hydrogen 
adsorption, with a H/Pt ratio of 0.63. 
Therefore, if the reduction of platinum was 
not complete at this temperature the maxi- 
mum amount of oxidized Pt would be 37%. 
However, the high binding energy Pt spe- 
cies was estimated to be 80% from the XPS 
spectrum of the 150°C reduced sample. 
Therefore, the assignment of the high bind- 
ing energy Pt species as the one which ad- 
sorbs hydrogen is preferred. Furthermore, 
higher reduction temperature at 250°C de- 
creased the H/Pt ratio from 0.63 to 0.17. A 
decrease in the peak area of the high bind- 
ing energy Pt species was observed in the 

XPS spectrum of the 200°C reduced sam- 
ple. This species decreased from 80 to 30%. 

The experimental evidence here shows 
that a 1.6 eV negative shift of the Pt4f,,z 
level occurs concurrently with the drastic 
alternation of the hydrogen adsorption 
property of the TiOz-supported Pt particles. 
However, the large negative shift is not 
solely due to electron transfer to platinum. 
According to the discussion on extra- 
atomic relaxation, the growth in the Pt crys- 
tallite size between 150 and 600°C may ac- 
count for part of the negative shift since 
extra-atomic relaxation increases with in- 
creasing particle size. There was indeed a 
subtle change in the cluster size of Pt parti- 
cles as was indicated by the decrease in the 
Pt4f/Ti2P intensity ratio from 0.072 to 0.055 
between 150 and 550°C. The intensity ratio 
Pt4f/Ti2P is calculated from the area of the 
Pt4f peaks and the area of Ti2P peaks. A 
detailed discussion in the relationship be- 
tween the size of supported metal particles 
and the XPS intensity ratio of the supported 
metal/support has been reported by Fung 
(5) and others (16, 17). Bahl et al. (18), in 
their XPS study of PtiSrTiO, films, devised 
a method to separate the relaxation shift 
from the electron transfer by varying the 
amount of platinum on the SrTiO, film. 
Their results indicated about 0.6 electron 
per atom transferred to platinum. 

In order to obtain a better definition of 
the contribution of electron transfer to the 
observed 1.6 eV negative shift, the strong 
metal-support interaction between Pt and 
TiOp of the powder sample was decoupled 
by a 500°C air calcination, as has been pre- 
viously reported for Pd/TiOz (2). Hydrogen 
sorption after lower temperature reduction 
indicated that the supported Pt particles re- 
gained their ability to chemisorb hydrogen, 
but the WPt ratio was 0.08. Further investi- 
gation of the catalyst by X-ray diffraction 
revealed that the Pt particles were agglom- 
erated to about 100 A crystallites. High- 
temperature reduction again yielded zero 
WPt ratio but with no significant change in 
the Pt crystallites size as indicated by X-ray 
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diffraction. XPS measurements showed 
that there was only a 0.1 eV negative shift 
going from low-temperature to high-tem- 
perature reduction. It is not surprising to 
observe this very small shift since the num- 
ber of platinum atoms in the 100 A particles 
is much larger than the number of titanium 
sites which make contact with the Pt parti- 
cle and donate their electrons. However, it 
is of interest to note that suppression of hy- 
drogen sorption still exists in these large 
particles and indeed we have observed that 
the hydrogen absorption property of large 
Pd particles was suppressed. 

Recent theoretical calculations in this 
laboratory by the multiple scattering x-al- 
pha method on a (PtTiO$+ cluster indicate 
that when Ti4+ is replaced by Ti3+, the Ti3d 
electron is largely transferred to the Pt atom 
(19). The observed initial large negative 
shift of the Pt4f,,2 level, though it may in- 
clude relaxation shift, is in agreement with 
the above calculation. 

In conclusion, the present study suggests 
that electrons are transfered from the re- 
duced Ti centers to the Pt particles and 
probably this results in a strong metal-sup- 
port interaction (SMSI). Air calcination of 
the SMSI system can reverse the process 
but lead to highly agglomerated Pt particles 
and this results in a decrease in electron 
transfer per platinum atom as is indicated 
by the very small negative shift. 
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