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The reduction of PYTIO,, It/TiO,, RWTiO, in the range 473-773 K of temperature induces a
strong metal-support interaction as evidenced by the change in catalytic properties of these metals
used for ethylene, benzene, and styrene hydrogenations, cyclohexane dehydrogenation, and butane
hydrogenolysis. Treatment under O, partially restores the usual properties of these metals. The
origin of this strong metal-support interaction is discussed.

INTRODUCTION

Recently, Tauster et al. (1) have reported
that TiO,-supported noble metals, H,-re-
duced at low temperature (473 K), showed
a significant H, and CO chemisorption,
while H,-reduction at high temperature
(700-800 K) caused a decrease to a very
low level of H, and CO uptake. This effect
was associated with the so-called ‘‘Strong
metal-support interaction (SMSI).”” Since
then the catalytic properties of TiOg-sup-
ported noble metals in CO-H, reactions
(2,4), in ethylene hydrogenation (5) and in
benzene hydrogenation (6) have been in-
vestigated. In general the results were inter-
preted in terms of strong metal-support in-
teraction.

The present investigation was under-
taken to study further the catalytic behav-
iour of TiO,-supported noble metals. Partic-
ular emphasis has been placed on
determining how the temperature at which
the catalysts have been reduced by hydro-
gen will affect their catalytic properties.
Since the temperature of H, treatment
influences also the semiconductivity of
TiQ,, special attention has been paid to this
point. In this work we consider the reac-

! Part of this work was presented at a meeting on
‘“‘Metal-support Interaction’ in Louvain (Belgium) in
April 1979.

2 Present address: Statoil, 4000 Stavanger, Norway.

tions of hydrogenation of benzene, styrene,
ethylene, the dehydrogenation of cyclohex-
ane, and the hydrogenolysis of n-butane on
platinum, iridium, and rhodium supported
on TiO,. The metal dispersion was deter-
mined by electron microscopy, and by hy-
drogen and oxygen chemisorption.

EXPERIMENTAL

Catalysts. TiOy-supported noble metals
were prepared by impregnation of TiO,
(Degussa P25, anatase structure 50 m%*/g1)
with  RhCl; - xH,O, IrCl;- xH,O, or
H,PtCl, - 6H,0. For Ir and Rh, the support
material was vigorously stirred in distilled
water while the metal salt solution, with the
appropriate amount of the metal salt, was
added drop by drop; for Pt, the incipient
wetness method was used. After comple-
tion, the water was evaporated to dryness
under reduced pressure at 333 K using a
rotary evaporator. The impregnated mate-
rials were then dried in air at 373 K. Metal
loading in each sample was respectively
4.8% wt (Pt), 2.7% wt (Ir), 3.2% wt (Rh).
The reduction of the TiO,-supported noble
metal was carried out in a conventional flow
cell, the temperature being raised (4K
min~?) from 293 K to the desired reduction
temperature while H, passed continuously
through the cell.

Particle size measurements. Transmis-
sion electron microscopy was used to mea-
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sure the metal particle size; the extraction
replication procedure similar to that de-
scribed in Ref. (7) was employed. Hydro-
gen and oxygen adsorption measurements
were performed on a conventional volumet-
ric adsorption apparatus equipped with a
Texas Instruments precision pressure
gauge.

Catalytic reactions. The catalytic activi-
ties were measured at atmospheric pressure
in a differential flow reactor with a fixed bed
catalyst. The effluent gases and vapors
were analyzed by means of gas chromatog-
raphy using an IGC 12 FB Intersmat gas
chromatograph. The columns were 1-m
stainless-steel tube of 3 mm diameter filled
respectively with 5% BB’ oxydipropionitrile
on Spherosil XOB 75 for benzene and cy-
clohexane, with 5% SP 1200, 1.75% Ben-
tone 34 on Chromosorb W 100/120 mesh for
styrene, with 20% dimethyl sulfolan on
Chromosorb W for n-butane and finally
with Porapak Q for ethylene.

RESULTS

Chemisorption Measurements and TEM
Studies

In Table 1 are reported the metal disper-
sion, for all samples, calculated respec-
tively from hydrogen chemisorption (HC),
oxygen chemisorption (OC), hydrogen titra-
tion (HT), and oxygen titration (OT) assum-
ing a stoichiometry of one hydrogen (or ox-
ygen) atom adsorbed per surface metal
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atom. The particle sizes derived from the
adsorption data and those directly mea-
sured from the electron micrographs are
also summarized in Table 1.

The transmission electron microscopy
(TEM) data have indicated that in the case
of Ir/TiO, and Rh/TiO,, the metal crystal-
lites were present in the form of individual
spherical particles with a particle size dis-
tribution in the range 1.5-4.0 nm, the aver-
age particle sizes being those given in Table
1. It is interesting to note that heat treat-
ment in H, at 793 K produced only a small
particle growth. The electron micrographs
of Pt/TiO, were significantly different from
those of Ir/TiO; and Rh/TiO,. No individual
platinum particles were observed. Instead
Pt appeared like a film (pillbox structure,
raft-like structure) covering TiO, particles.
This pillbox-like structure renders difficult
the determination of the size of each indi-
vidual Pt particle. Table 1 shows that there
is a good agreement between the average
particle diameters obtained from electron
micrographs and those calculated from hy-
drogen adsorption data at least for the sam-
ples reduced at low temperature (~573 K).
It is significant to note that, on the contrary,
there is a discrepancy between H, adsorp-
tion and electron microscopy studies for
TiO,-supported noble metals reduced at
high temperature (773 K). This seems to
indicate that the 773 K heat treatment in
hydrogen resulted in a strong decrease of
the hydrogen adsorbed by the metal al-

TABLE 1

Data for Metal Dispersion

Sample Treatment Dispersion as measured by
2 hr under
H, at HC oC HT oT TEM
H/M = 1(d in nm) OM=1 HM=3 O/M = 32 (d in nm)
4.8% PYTiO, 473 K 25% 26% 25% 26%
770 K 6% 25% 25%
2.7% Ir/TiO, 473 K 61% (1.7) 68% (1.6) 2.3
793 K 6% (17.5) 70% (1.5) 2.3
3.2% RNWTiO, 473 K 25% (4.4 47% (2.3) 2.3
793 K 5% (22.0) 47% (2.3) 2.5
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though the particle size remained almost
unchanged. These results corroborate the
conclusion put forward by Tauster et al. (/)
and Baker et al. (8) that the high Hy-reduc-
tion temperature does not act by a sintering
effect but rather by producing a strong
metal-support interaction which sup-
presses hydrogen chemisorption.

The data for oxygen chemisorption and
for hydrogen titration as a function of the
H,-reduction temperature, shown in Table
1, clearly indicate that the particle sizes
calculated from oxygen chemisorption or
from hydrogen titration measurements are
in fair agreement with those determined
from electron micrographs. This trend was
observed not only for the samples reduced
at low temperature but also for those heat-
treated in H, at high temperature. These
findings imply the intriguing fact that while
high-temperature reduction in H, decreases
or suppresses the capacity, for TiO,-sup-
ported noble metals, to adsorb Hs, it has no
effect on the capacity for oxygen adsorp-
tion. Moreover, samples which have been
H,-reduced at 773 K, and subsequently
contacted with oxygen at 293 K, recovered
their capacity for H, adsorption.

Catalytic Measurements

TiO,-supported platinum, iridium and
rhodium, H,-reduced according to the pro-
cedure previously described, were tested
for benzene-cyclohexane hydrogenation—
dehydrogenation activities, for styrene hy-
drogenation, and for ethylene hydrogena-
tion. The results are summarized in Table 2.
Reaction conditions and the mode of activa-
tion of the catalysts are also listed in Table
2. Reaction rates were evaluated as
mmole per hour per gramme of metal. Turn-
over numbers were avoided since the num-
ber of metal surface atoms calculated from
H, adsorbed on samples reduced at 773 K
appeared meaningless. The results pre-
sented in Table 2 show that TiO,-supported
Pt, Ir and Rh reduced in H, at 473-523 K
were reasonably active for hydrogenation—
dehydrogenation reactions. Furthermore,
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the rates measured in the present work are
comparable to those found for SiO,- or
Al,Os-supported Pt, Ir and Rh. The TiO,-
supported metal catalysts reduced in H, at
773 K showed very little activity. It is im-
portant to note that if before catalytic mea-
surements the high-temperature H,-re-
duced samples were contacted with
oxygen, their catalytic properties were par-
tially or totally restored. Thus Tables 1 and
2 clearly indicate that the capacity for hy-
drogen adsorption and the hydrogenating—
dehydrogenating properties of TiO,-sup-
ported noble metals follow the same trend
upon H,-reduction at 773 K and O,-oxida-
tion at 293 K.

TiO,-supported Pt, Ir, and Rh catalysts
were also tested for s#-butane hydrogenol-
ysis. The reaction involves the central C—C
bond rupture to form ethane and the termi-
nal C-C bond rupture to form methane and
propane. In Table 3 are reported the rates,
expressed in moles per hour per gramme of
metal, of methane, ethane, propane, and
isobutane formation. Table 3 gives also the
reaction conditions and the catalyst activa-
tion procedures. The data summarized in
Table 3 show again the deactivating effect
of Hy-reduction at 773 K. The hydrogenol-
ysis activity was almost suppressed. A pro-
gressive reactivation was observed on pro-
longed exposure to oxygen at 293 K. These
results parallel those already reported for
the hydrogen adsorption and the hydroge-
nation reactions.

It is interesting to note that at 623 K Pt/
TiO, exhibited both isomerization and hy-
drogenolysis activity, the former reaction
being a little more affected by the activation
mode of the catalyst. Further study on this
particular aspect is in progress and will be
reported in a future paper.

ESR Measurements

In order to arrive to a better understand-
ing of the nature of the metal—support inter-
action we have carried out some prelimi-
nary work to determine the nature of the
paramagnetic defects which might be
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TABLE 3
n butane Hydrogenolysis and Isomerisation P,_c,y,, = 30 Torr, Py, = 304 Torr, Py, = 426 Torr
Catalyst Treatment Temperature Rate in mmol h™! g~ metal
of reaction
(o C, Cs iCy
4.8% PUTiO, 623 KH; 2 h 623 K 35 46.9 24.9 88
773 KH;2h 0.65 1.1 0.7 0
+0, 298 K 30 min 6.7 7.8 4.4 5
+H, 623 K 30 min
2.7% Ir/TiO, 503 KH;2h 503 K 3259 9592 930
773 KH;2h 0 0 0
+0, 503 K 30 min
+H; 503 K 15 min 537 1178 330
3.2% RW/TiO, S03 KH;2h 503 K 19500 17656 859
773 KH; 2 h 359 656 197
+0, 503 K 30 min
+H, 503 K 30 min 7719 8375 969

present following the various treatments to
which TiO,-supported noble metals have
been subjected. Pt—-TiO,, Ir-TiO,, and pure
TiO, were reduced as previously by H, at
473 K and 773 K. All the samples exhibited
at 77 K an anisotropic ESR signal with g =
1.966 g, = 1.946. This signal has been previ-
ously assigned to Ti®* ions (9). The forma-
tion of Ti** ions was due to the removal of
lattice oxygen. A double integration of the
ESR spectrum allowed us to determine the
concentration of Ti3* ions formed on each
sample. The number of Ti®* ions formed on
samples H,-reduced at 773 K was found to
be approximately the same on both pure
TiO, and TiO,-supported metals. However,
on Pt/TiO, and Ir/TiO, reduced at 473 K,
the concentration of Ti** ions was ten times
more than on pure TiQ, reduced at the same
temperature. Adsorption of oxygen at 293
K on these samples resulted in the forma-
tion of a new 3-g-value ESR signal, g, =
2.030, g, = 2.008, and g = 2.003, character-
istic of the signal observed for O, species
(1/0). Simultaneously the signal intensity of
Ti3* ions decreased and even disappeared
for those samples reduced at 473 K.

DISCUSSION
The overall results presented in this pa-

per fit well with those reported previously
by Tauster et al. (1), Baker et al. (8) and
Ellestad et al. (6). It follows from these
works and our data that the reduction at
high temperature of TiO,-supported noble
metals results in a strong metal-support
interaction (SMSI) leading to the suppres-
sion of the metal capacity for hydrogen che-
misorption and also to the suppression of
the metal activity for hydrogenation and hy-
drogenolysis reactions. In addition the
SMSI is partially or totally destroyed when
the catalysts are reoxidized either at room
temperature or at 573-773 K.

There is little doubt that the extent of the
SMSI depends on the degree of reduction of
the support; the more reduced the support
the stronger the SMSI. However, although
the origin of the SMSI appears now to be
well established the mechanism by which
the adsorption capacity for H, and the cata-
lytic properties are suppressed is not yet
well understood. Nevertheless, it is possi-
ble to propose a mechanism which takes
into account all the experimental facts and
which will describe the observed trends.

To begin with one can imagine that under
H, atmosphere at high temperature part of
the metal becomes inaccessible by either
encapsulation or poisoning by impurities
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which could migrate over the support and
deposit on the metal. This mechanism ap-
peared unlikely for Tauster et al. (1). In-
deed it seems reasonable to expect that,
once the metal was ‘‘poisoned’’ by impuri-
ties or encapsulation, it will not be regener-
ated by oxygen at room temperature, in
contrast with the regeneration effect of O,
at 293 K observed in this work. Therefore
we conclude, following Tauster et al. (1),
that the mechanism of SMSI does not in-
volve encapsulation or deposition of impu-
rities.

Based upon studies of Pt/Al,O3, den Ot-
ter and Dautzenberg (I/) showed that the
H, adsorption capacity decreased when Pt/
Al,O, was pretreated in H, at high tempera-
ture. These authors suggested the forma-
tion of PtzAl alloys to explain their
observations. It is possible that a similar
mechanism is operative in the case of TiO,-
supported noble metals as well. In fact the
formation of Pt;Ti, IrsTi intermetallic com-
pounds has been proposed for the SMSI
mechanism (/). Although it is difficult to
exclude totally such a hypothesis, this in-
terpretation does not seem plausible for
several reasons:

(i) In general, reduction of TiO, to metal-
lic Ti as well the formation of intermetallic
compounds such as Pt3Ti, IrsTi occurs only
above 2000 K.

(ii) Intermetallic alloys are rather stable
in oxygen and would not be decomposed by
oxgen at room temperature. Recently it has
been shown (/2) that the Ni;Th intermetal-
lic compound decomposes into the ThO,-
NiO system above 573 K.

(iii) Based upon our preliminary XPS
analyses, we have not been able to detect
the presence of metallic titanium.

(iv) In alloys or bimetallic catalysts the
function of the second metal is mainly to
isolate the active metal atom rather than to
modify the intrinsic activity per atom (/3).
The alloying results in smaller metal ensem-
bles leading to the suppression of reactions
requiring more than one metal atom, but
has no effect on reactions involving one sin-
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gle surface atom. For example, alloying
nickel with copper resulted in a marked
decrease of the catalytic activity for ethane
hydrogenolysis while for cyclohexane de-
hydrogenation the catalytic activity re-
mained almost unchanged (/4). Hence if
intermetallic compounds such as Pt,Ti,
Ir;Ti, and Rh;Ti have been formed one
would expect a decrease of the hydrogenol-
ysis rate of reaction but almost no change in
the hydrogenation—dehydrogenation prop-
erties of the catalysts, in contrast with our
results. Furthermore the SMSI, if due to
the formation of intermetallic compounds,
will not be destroyed by oxygen at 293 K,
since it is most unlikely that oxygen would
produce a phase segregation of the alloy at
a temperature as low as 293 K. Phase sepa-
ration of Pt—Pd alloy supported on SiO, has
been produced by oxidation between 573
and 973 K (/5).

Another possible mechanism for SMSI
has been suggested by Baker et al. (16).
These authors observed by electron diffrac-
tion and electron microscopy that under se-
vere conditions of reduction, the surface of
TiO, was transformed into Ti;O, and the
three-dimensional metal crystallites into a
flat thin pillbox-like structure. They corre-
late these structural changes with the SMSI
provided by the bond created between Pt
atoms and exposed titanium cations. They
concluded that the noble metals in the form
of the thin pillbox structure will exhibit dif-
ferent catalytic properties compared with
systems without SMSI and further that this
structure will be responsible for the sup-
pression of H, adsorption. One can reasona-
bly consider that the size, the shape of the
metal crystallites, and the extent to which
they would spread on the support will de-
pend on the degree of metal-support inter-
action but there is no valid reason to expect
that spreading of the crystallites would
cause a lowering of the metal capacity for
H, or CO adsorption. On the contrary,
Yates et al. (/7) showed that raft-like sup-
ported rhodium does adsorb H, and CO.

The transfer of electronic charge from
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Ti®* cations, formed upon H,-reduction of
the support, towards the metal has also
been considered as a possible mechanism
for the SMSI. Horsley (/8) has carried out
a molecular orbital calculation of the inter-
action between platinum and a Ti?* cation
and concluded that the SMSI resulted from
a covalent bonding between platinum and
Ti®*, the bond having a partial ionic charac-
ter due to electron transfer from Ti3* to Pt.
Similarly Auger and photoemission studies
of platinum sputtered on a clean SrTiOs
surface seemingly indicated transfer of
electronic charge from Ti** to platinum
(19). However, although the ‘‘electron
transfer’” mechanism between individual
Ti®* cations and Pt atoms appears to have a
strong basis the following experimental
data do not favour this explanation.

(i) TiO,-supported noble metals reduced
at 473 and 773 K both possessed Ti3* cat-
ions while only the high-temperature re-
duced sample exhibited SMSI.

(ii) Ti**-exchanged Y zeolite with sup-
ported rhodium was studied: ESR experi-
ments have shown that Ti®* cations are lo-
cated in the supercages and transmission
electron microscopy has shown that the
rhodium particles are also located in the
supercages. Thus there is a great probabil-
ity that Ti** cations and the metal particles
are in contact or at least at very short dis-
tance from each other. Preliminary experi-
ments on these samples have shown that
the adsorption capacity for H, and CO, as
well as the hydrogenating properties of sup-
ported rhodium, were maintained whatever
was the temperature of reduction by H,.
These results would indicate the absence of
SMSI when only isolated Ti** are in the
proximity of the metal (20).

For these reasons we would favour for
the SMSI a mechanism involving the col-
lective property of electrons in reduced
TiO,, that is, the n-type semiconductivity
property of TiO,. The Fermi levels of
slightly reduced TiO,, metal (like Pt) and
strongly reduced TiO, are respectively pic-
tured in Fig. 1a, b, and c¢: at low H, reduc-
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FiG. 1. Schematic energy level diagram for pure
TiO; (a), metal (b), reduced TiO, (c); ¢; is the work
function of material i and FL the Fermi level.

tion temperature the Fermi level of the sup-
port is located near the Fermi level of Pt
since the work functions for TiO, (22) and
Pt (23) are respectively 5.5 and ~5.6 eV.
Reduction at high temperature under H,
produces a high concentration of surface
defects (Ti** ions and oxygen vacancies
(24)) and the work function of TiO, de-
creases to 4.6 eV (22): the Fermi level of
reduced TiO; is now higher than the Fermi
level of the metal (Fig. 1); hence when the
metal particles are in contact with reduced
TiO, there is an adjustment of the Fermi
levels at the interface resulting in a flow of
electrons from the reduced TiO, to the
metal and a negative charge appears on the
metal particles.

According to the rigid band theory, a
number of authors have claimed a relation-
ship between catalytic activities and the d-
band structure of the metal. Accordingly,
the proposed mechanism for the SMSI
would lead to a completely filled d-band
and would thus transform the active metal
to an almost unreactive system. The Fermi
level adjustment theory would explain well
the effect of the oxygen adsorption and the
reduction temperature on SMSI: it is well
known that the adsorption of oxygen at 293
K on reduced TiO, decreased considerably
its conductivity, thus lowering the Fermi
level to near its initial value which removes
the SMSI.

The activities of Pt/TiO, for dehydro-
genation of C¢H,, or hydrogenation of CgHg
decrease monotonically as the H, reduction
temperature increases from 473 to 773 K
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and simultaneously the conductivity of the
support increases (20); thus the adjustment
of the Fermi levels occurs by transfer of an
increased number of electrons from re-
duced TiO, to the d-band of the metal.

In conclusion, we would stress that the
SMSI observed for TiOs-supported noble
metals is probably due to the collective
properties of reduced TiO,; the greater the
reduction of the support, the stronger will
be the metal-support interaction. In order
to confirm this type of mechanism for SMSI
some spectroscopic evidence is needed and
in this regard XPS experiments now
planned will be of great interest.

ACKNOWLEDGMENTS

The authors are grateful to Dr. B. Imelik for his
interest and suggestions. Thanks are due G. Leclercq
and I. Mutin for their help in the electron microscopy
studies and to H. Urbain for having performed the
chemical analysis. One of us (0.H.E.) thanks the Cen-
tral Institute for Industrial Research and the Royal
Norwegian Council for Scientific and Industrial Re-
search (NTNE) for financial support.

REFERENCES

I. Tauster, S. J., Fung, S. C., and Garten, R. L., J.
Amer. Chem. Soc. 100, 170 (1978).

2. Vannice, M. A., and Garten, R. L., J. Catal. 56,
236 (1979).

3. Vannice, M. A., and Garten, R. L., J. Catal. 63,
255 (1980).

4. Bartholomew, C. H., Pannell, R., and Butler, J.
L.,J. Catal. 65, 335 (1980).

5. Briggs, D., Dewing, J., Burden, A. G., Moyes, R.
B., and Wells, P. B., J. Catal. 65, 31 (1980).

10.

1.

12.

13.

4.
15.
16.
17.
18.
19.
20.
21
22.

23.
4.

MERIAUDEAU ET AL.

. a) Mériandeau, P., Pommier, B., and Teichner, S.

J., C.R. Acad. Sci. Paris, 289¢, 395 (1979).

b) Ellestad, O. H., and Naccache, C., *‘Perspec-
tives in Catalysis. 12th Swedish Symp. on Catal-
ysis’' (R. Larsson, Ed.), p. 95. C. W. K. Gleerup,
Lund, 1981.

. Dalmai-Imelik, G., Leclercq, C., and Mutin, I.,J.

Microsc. 20, 123 (1974).

. Baker, R. T. K., Prestridge, E. B., and Garten, R.

L.,J. Catal. 56, 390 (1979).

. Meériaudeau, P., Che, M., Gravelle, P. C., and

Teichner, S. J., Bull. Soc. Chim. Fr. 13 (1971).
Naccache, C., Mériaudeau, P., Che, M., and
Tench, A. J., Trans. Faraday Soc. 67, 506 (1971).
den Otter, G., and Dautzenberg, F., J. Catal. 53,
116 (1978).

Chin, R. L., Elattar, A., Wallace, W. E., and
Hercules, D. M., J. Phys. Chem. 84, 2895 (1980).
Sachtler, W. M. H., and van Santen, R. A., "*Ad-
vances in Catalysis” (D. D. Eley, H. Pines, and P.
B. Weisz, Eds.), Vol 26, p. 69. Academic Press,
New York, 1977.

Sinfelt, J. H., Carter, J. L., and Yates, D. J. C., J.
Catal. 24, 283 (1972).

Chen, M., and Schmidt, L. D., J. Catal. 56, 198
(1979).

Baker, R. T. K., Prestridge, E. B., and Garten, R.
L.,J. Catal. 59, 293 (1979).

Yates, D.J. C., Murrell, L. L., and Prestridge, E.
B.,J. Catal. 57, 41 (1979).

Horsley, 1. A., J. Amer. Chem. Soc. 101, 2870
(1979).

Bahl, M. K., Tsai, S. C., and Chung, Y. W., Phys.
Rev. B 21, 1344 (1980).

Naccache, C., unpublished results.

Solymosi, F., Caral. Rev. 1, 233 (1967).

Chung, Y. W., Lo, W. J., and Somorjai, G. A.,
Surf. Sci. 64, 588 (1977).

Demuth, J. E., Chem. Phys. Lett. 45, 12 (1977).
Mériaudeau, P., Che, M., Gravelle, P. C., and
Teichner, S. J., Bull. Soc. Chim. Fr. 13, (1973).



