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On the basis of the rate constant per active site determined by pulse surface reaction rate analysis 
(PSRA), the effect of the strong metal-support interaction (SMSI) on the hydrogenation of ad- 
sorbed CO was studied for titania-supported noble metal catalysts. Reduction at 773 K resulted in a 
drastic decrease in the amount of CO adsorbed on all noble metals examined. The observed 
suppression of CO chemisorption resulted mainly from SMSI, because the chemisorption ability 
was restored considerably by heating these catalysts in an O2 atmosphere and then reducing at 523 
K. It was found that the effect of SMSI on the hydrogenation of adsorbed CO was different from 
one noble metal to another, although its effect on CO chemisorption was common to all titania- 
supported noble metals. Pt and Pd exhibited a much higher hydrogenation activity in their SMSI 
state than in their normal state, whereas Rh, Ru, and Ir exhibited almost the same activity in both 
states. By heating titania-supported Pt and Pd in O2 and then reducing at 523 K, concomitant with 
destruction of the SMSI state, the high hydrogenation activity disappeared to near each original 
value. Subsequent reduction at 773 K again brought these catalysts to the SMSI state, accompanied 
by an increase in their activity. From these results, a possible cause is discussed for the high 
activity on Pt and Pd in the SMSI state and for its absence on Rh, Ru, and Ir in the SMSI state. 
0 1989 Academic Press, Inc. 

I INTRODUCTION 

Among the stimulating problems in heter- 
ogeneous catalysis, the strong metal-sup- 
port interaction (SMSI) has received much 
attention (I-3). After high-temperature re- 
duction (HTR), most metals supported on a 
reducible oxide like titania lose a large part 
of their chemisorption ability for HZ and 
CO. However, when the catalyst that has 
lost the chemisorption ability is heated in 
an 02 atmosphere and subjected to low- 
temperature reduction (LTR), the chemi- 
sorption ability is almost completely re- 
stored. The drastic suppression in the 
chemisorption ability caused by HTR was 
ascribed by Tauster et al. to SMSI, but not 

I To whom all correspondence should be addressed. 

to sintering of the supported metal (4). As a 
plausible model for SMSI, it has been pro- 
posed that titania suboxide (TiO,, 1 < x < 
2) species, formed by HTR, migrate onto 
the surface of the metal particles, by which 
the adsorption sites on the catalyst are 
blocked (5-8). 

Owing to the great loss of the chemisorp- 
tion ability for H2 or CO, it is quite reason- 
able to assume that a titania-supported cat- 
alyst in the SMSI state exhibits a low 
activity for reactions in which hydrogen at- 
oms are concerned. In fact, for hydrogena- 
tion of benzene (9) or hydrogenolysis of 
some hydrocarbons (5, 7, 9-12), this is 
found to be the case. Relative to these reac- 
tions, the situation for CO hydrogenation or 
methanation on titania-supported metal cat- 
alysts seems to be different. In this reac- 
tion, Vannice and his co-workers reported 
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an extremely large turnover frequency 
(TOF) for titania-supported Ni, Pd, and Pt 
in their SMSI state (13-1.5). It was also 
found that titania-covered Pt (16) and Rh 
(17) foils, being models for the SMSI cata- 
lyst, exhibited an enhanced activity and ki- 
netics different from those on uncovered 
metal foils. Burch and his co-workers, on 
the other hand, reported that the high spe- 
cific methanation activity is due to the sup- 
port effect of TiOz, but not to SMSI (9, 12). 

Previous studies revealed an interesting 
property of the SMSI catalyst. It should, 
however, be recollected that TOF or the 
specific activity is the activity normalized 
by the number of adsorption sites but not 
by the number of active sites on the altered 
catalyst. Furthermore, there is an addi- 
tional serious problem in examining the 
high methanation activity of the SMSI cata- 
lyst: the SMSI state can be destroyed by 
the Hz0 produced during the methanation 
(18, 19). The high methanation activity of 
the SMSI catalyst should, therefore, be ex- 
amined in terms of the activity concerning 
the active site and also under conditions un- 
affected by the Hz0 produced. Recently, 
Rieck and Bell qualitatively confirmed by 
using temperature-programmed surface re- 
action, which satisfies one of the conditions 
described above, that the methanation ac- 
tivity of SiOr and Ti02-supported Pd cata- 
lysts was increased by TiO, moieties that 
had migrated onto the Pd metal particles 
(20). 

We have developed the pulse surface re- 
action rate analysis (PSRA) technique to 
determine the rate constant per active site 
on the catalyst and have demonstrated its 
applicability to CO hydrogenation (21-24). 
A marked difference is present in the rate 
analysis between PSRA and conventional 
methods: in the former method, only ad- 
sorbed CO is considered as initial reacting 
species for CO hydrogenation, except Hz, 
whereas gaseous CO and adsorption sites 
are considered in the latter method. This is 
the reason why PSRA can determine the 
rate constant per active site without any in- 

formation about the number of active sites 
and why the rate measured by the conven- 
tional method is not free from the number 
of adsorption sites. PSRA has a further ad- 
vantage: the rate for the initial state of the 
catalyst can be measured with minimal in- 
fluence of Hz0 produced. It is, therefore, 
relevant to reveal the catalytic properties of 
the SMSI catalysts by using PSRA. In the 
present study, on the basis of the rate con- 
stant per active site determined by PSRA, 
the effect of SMSI on the hydrogenation of 
adsorbed CO was studied over titania-sup- 
ported noble metal catalysts. 

EXPERIMENTAL 

Titania-supported noble metal catalysts 
(metal loading 1.0 wt%, unless otherwise 
specified) were prepared by impregnating 
Ti02 (Nippon Aerosil, P-25) with an aque- 
ous solution of the respective noble metal 
chloride (RuC&, RhC&, PdC12, IrC14, or 
H,PtCl,), followed by drying overnight at 
383 K. After the catalyst was heated in an 
O2 stream at 723 K for 2 h, it was reduced 
with H2 at 523 K and subsequently reduced 
at elevated temperatures for 1 h, followed 
by rate measurement. The catalyst, which 
had been reduced at 773 K for 1 h, was 
heated in flowing O2 at 723 K for 1 h and 
then reduced at 523 K for 2 h. In the present 
paper, HTR and LTR were at 773 and 523 
K, respectively. After each rate measure- 
ment, the amount of CO adsorbed on the 
catalyst at 298 K was determined by a con- 
ventional pulse adsorption method using 
He as a carrier gas. Some catalysts were 
examined in a JEOL JEM-ZOOCX transmis- 
sion electron microscope. 

In the hydrogenation of adsorbed CO, 
the rate constant per active site was deter- 
mined by use of PSRA in a manner de- 
scribed elsewhere (21-24). The PSRA ap- 
paratus is a pulse microreactor. To 
minimize the dispersion of gases eluted 
from a catalyst bed, the outlet of the reactor 
was directly connected to the inlet of a 
flame ionization detector (FID) without any 
separation column. Since CH4 is the sole 
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product among hydrocarbons under the 
conditions of PSRA experiments, the FID 
can monitor the CH4 response without any 
disturbance by the unreacted CO or the 
Hz0 produced. 

RESULTS 

Chemisorption Measurements for 
Supported Noble Metal Catalysts 

CO chemisorption was measured and the 
results are summarized in Table 1. HTR 
caused a drastic decrease in the amount of 
CO adsorbed on all titania-supported noble 
metals. This agrees with published results, 
where the suppression of CO chemisorp- 
tion after HTR is ascribed to SMSI (Z-8). 
Sintering of the supported metal is another 
possible cause of the decrease in the 
amount of CO adsorption. It seems, how- 
ever, that the observed suppression in CO 
chemisorption is too pronounced to be as- 
cribed primarily to sintering of the sup- 
ported metal. To confirm this, electron mi- 
crographs were taken for titania-supported 
noble metal catalysts. Figures 1 and 2 show 
typical results for 1 wt% Pt and 2.2 wt% 
Rh. Irrespective of reduction temperatures, 
very small particles of a noble metal (parti- 
cle size, <2 nm for Pt and <3 nm for Rh), 

the size of which agreed with that deter- 
mined from CO chemisorption after LTR, 
were dispersed on large particles of titania. 
There was no reliable evidence for the 
change in both the size and the shape of 
metal particles between LTR and HTR, in 
accordance with the literature (25, 26). 
These indicate that the suppression of CO 
chemisorption after HTR does not result 
from sintering. As described below, the 
chemisorption ability was considerably re- 
stored after the heat treatment in 02 fol- 
lowed by LTR, which indicates again that, 
as a main cause, SMSI is responsible for 
the suppression in CO chemisorption on ti- 
tania-supported noble metal catalysts. 

Rate Constant for the Hydrogenation of 
Adsorbed CO Determined by PSRA 

When a small amount of CO (usually 10 
mm3) was pulsed via the H2 carrier gas to a 
Pt catalyst at elevated temperatures (e.g., 
see Table I), CH4 was produced selec- 
tively. The amount of CH4 produced after 
LTR was almost the same as that of pulsed 
CO, which indicates that the desorption of 
adsorbed CO is negligible under the condi- 
tion of PSRA experiments. The chromato- 
graphic peak of the CH4 produced showed a 

TABLE 1 

Amounts of CO Adsorbed on the Catalyst and Rate Constants for the Hydrogenation of Adsorbed CO after 
Low- and High-Temperature Reduction 

MetaP Amount of CO adsorbed at 
298 K (pm01 g-l) 

LTR HTR HTR/LTR 

Dispersionb 
(%I 

Rate constant for 
hydrogenation at 498 K (s-i) 

LTR HTR HTR/LTR 

Pt 53.2 0.5 0.01 104 0.012 0.149 11.9 
Pd 34.1 6.9 0.20 36 0.016 0.132 8.1 
Rh 73.2 23.5 0.32 75 0.458 0.494 1.1 
Rhc 114 12.5 0.11 53 0.226 0.305 1.3 
Ru 12.8 2.9 0.22 13 0.470d 0.39Od 0.8 
Ir 15.2 0.3 0.02 29 0.226 0.158 0.7 

a Metal loading, 1 wt%. 
b Determined from the amount of CO adsorbed after LTR. 
c Metal loading, 2.2 wt%; reaction temperature, 473 K. 
d Reaction temperature, 453 K. 
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FIG. 1. Electron micrographs for Pt/TiOz after LTR (A) and after HTR (B). 
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FIG. 2. Electron micrographs for Rh/TiOz (metal loading, 2.2 wt%) after LTR (A) and after HTR (B). 



pronounced tailing after a steep rise, as 381 I 

typically shown in Fig. 3. These findings 
indicate that the pulsed CO is adsorbed im- 
mediately on the catalyst and then hydro- 
genated gradually with the H2 carrier gas to 
produce CH4. On Pt after HTR, a much 
more rapid decay of the CH4 response can 
be observed, as shown by the broken line in 
Fig. 3. Assuming that the rate of CHs pro- 
duction or of the hydrogenation of ad- 
sorbed CO [r(t)] is first order with respect 
to the number of adsorbed CO molecules 

351 
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r(t) = (dNcoldt) = kHNco (1) FIG. 4. Relationship between In r(t) and time for Ptl 

where kH is the first-order rate constant per 
TiOz in the normal state (open circle) and in the SMSI 

active site. Integration of Eq. (1) leads to 
state (filled circle). In these rate analyses, the time 
yielding the maximum reaction rate was tentatively set 

In r(t) = ln(knN&) - kHt (2) 
at zero. 

where N$o is Nco at t = 0. Equation (2) 
indicates that the relationship between In independent of the amount of the CO pulse. 
r(t) and time should give a straight line, the Both findings, the linear relationship and 
slope of which is the rate constant per ac- the independence of the slope of the pulse 
tive site (21-24). size, satisfy the assumption of the first-or- 

Figure 4 shows the observed relation- der rate equation. When the amount of the 
ships between In r(t) and time. Good CO pulse exceeded the saturation capacity, 
straight lines are obtained. For the pulse In r(t) versus time deviated from the linear 
size below the saturation capacity of the relationship at the beginning of the decay 
catalyst, the slope of the straight line was curve in such a way that the slope became 

smaller, corresponding to the suppression 
of the hydrogenation of adsorbed CO. In 
the intermediate part of the decay curve, 
however, In r(t) versus time gave a straight 
line, the slope of which was almost the 
same as that for the small CO pulse. Conse- 
quently, the rate constant per active site on 
the catalyst can be determined from the 
slope of the observed linear relationship be- 
tween In r(t) and time. In Fig. 4, the reac- 
tion rate is considerably smaller after HTR 
than after LTR, although the rate constant 

IJj is very much larger after HTR than after 
LTR. This is very reasonable, because 

Time SMSI decreases the number of adsorption 
FIG. 3. Chromatographic peaks of CH4 produced sites, thereby decreasing the rate [see Eq. 

from the hydrogenation of adsorbed CO on Pt/TiO, 
catalyst in the normal state (solid line) and in their 

(111. 
SMSI state (broken line). Catalyst weight, 100 mg; re- Table 1 summarizes the rate constants 
action temperature, 498 K; flow rate of carrier gas, 40 determined by PSRA for the hydrogenation 
cm3 min’; amount of CO pulsed, 10 mm3. of adsorbed CO. Relative to Rh, Ru, and Ir, 
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both Pt and Pd exhibit low hydrogenation 
activity, the trend of which is in accord 
with TOFs reported in the literature (27). 
The striking feature in Table 1 is, however, 
that HTR caused a great increase in the rate 
constant on Pt and Pd, but not on Rh, Ru, 
and Ir. Because the rate constant deter- 
mined by PSRA is not influenced by the 
number of active sites (22-24), the results 
in Table 1 indicate that HTR alters the na- 
ture of the active site on titania-supported 
Pt and Pd, while it does not on titania-sup- 
ported Rh, Ru, and Ir. The absence of 
enhanced hydrogenation activity of the 
present titania-supported Rh seems to be in 
conflict with published results, where meth- 
anation was found to be enhanced on tita- 
nia-covered Rh foils with appropriate 
amounts of TiO, (27). This may be due to 
the difference between our catalyst system 
and that in Ref. (17). Indeed, Orita et al. 
reported that conventional titania-sup- 
ported Rh catalysts exhibited the lower 
conversion for CO hydrogenation in their 
SMSI state than in their normal state (28). 

Effects of Reduction Temperature 
Both on CO Chemisorption and on 
Hydrogenation of Adsorbed CO 

The effects of the reduction temperature 
both on CO chemisorption and on the hy- 
drogenation of adsorbed CO were more 
precisely investigated for titania-supported 
Pt, Pd, and Rh catalysts. The results are 
shown respectively in Figs. 5-7. As reduc- 
tion temperature was increased to 773 K, 
the amount of CO adsorbed decreased to 
less than one-tenth of the original amount. 
The chemisorption ability was considerably 
restored by heating these catalysts in 02 fol- 
lowed by LTR. 

Relative to CO chemisorption, the hydro- 
genation activity varied with the reduction 
temperature in a different manner. The rate 
constants on titania-supported ti varied lit- 
tle at reduction temperatures below 673 K, 
but it increased greatly at a reduction tem- 
perature of 723 K. The rate constant on tita- 
nia-supported Pd did not change markedly 

Reduction temperature / K 

FIG. 5. Effects of the reduction temperature on the 
amount of CO adsorbed and on the rate constant for 
the hydrogenation of adsorbed CO at 498 K on Pt/ 
Ti02. The filled symbols represent the amount of ad- 
sorbed CO (square) and the rate constant (circle) de- 
termined after oxidation of the SMSI catalyst followed 
by reduction at 523 K. 

at reduction temperatures below 723 K, but 
it increased greatly at a reduction tempera- 
ture of 773 K. When Pt and Pd catalysts 
that had lost chemisorption ability and ex- 
hibited high hydrogenation activity were 
heated in O2 followed by LTR, the rate con- 
stant decreased to near each original value. 
Compared to these two catalysts, the re- 
duction temperature hardly influenced the 
hydrogenation activity of titania-supported 
Rh catalyst. Heating this catalyst in 02 fol- 
lowed by LTR caused no marked change in 

Reduction teaperature / K 

FIG. 6. Effects of the reduction temperature on the 
amount of CO adsorbed and on the rate constant for 
the hydrogenation of adsorbed CO at 498 K on Pd/ 
TiO*. For explanation of the filled symbols, see Fig. 5. 
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OaO1 O 800 
Reduction temperature / K 

FIG. 7. Effects of the reduction temperature on the 
amount of CO adsorbed and on the rate constant for 
the hydrogenation of adsorbed CO at 423 K on Rhl 
TiOr (Rh loading, 2.2 wt%). For explanation of the 
filled symbols, see Fig. 5. After oxidation, the SMSI 
catalyst was reduced at 473 K, not at 523 K. 

the hydrogenation activity. It is interesting 
to note in Figs. 5 and 6 that the reduction 
temperature at which the hydrogenation of 
adsorbed CO is greatly enhanced is consid- 
erably higher than the reduction tempera- 
ture at which CO chemisorption is signifi- 
cantly suppressed. 

Reversibility Both of the Suppression of 
CO Chemisorption and of the Enhanced 
Activity for the Hydrogenation of 
Adsorbed CO 

As described previously, HTR of titania- 
supported noble metals leads to the sup- 
pression of CO chemisorption, but their 
chemisorption ability is considerably re- 
stored by heating the catalyst in an 02 at- 
mosphere followed by LTR. However, the 
observed restoration seems to be inade- 
quate; after the catalyst, having lost its che- 
misorption ability, was heated in 02 fol- 
lowed by LTR, the amount of CO adsorbed 
was less than 50% of the original amount 
(see Figs. 5-7). Since, as described previ- 
ously, sintering of the supported metal is 
negligible after HTR, it seems that the 
treatment in O2 did not completely remove 
TiO, species from the metal surface, result- 
ing in inadequate restoration. 

Figure 8 shows results on the reversibil- 
ity of the suppression in CO chemisorption 
and of the enhanced activity for the hydro- 
genation of adsorbed CO. As shown, both 
reversibilities are fairly good. Although the 
suppression of CO chemisorption caused 
by HTR is known not to be permanent, the 
enhanced activity for the hydrogenation of 
adsorbed CO is also not permanent, indi- 
cating that the active sites responsible for 
the increased hydrogenation activity disap- 
pear after the heat treatment in 02 but are 
reproduced by the subsequent HTR. 

DISCUSSION 

Applicability of PSRA to the SMSI 
System 

As illustrated in Fig. 3, the CH4 response 
accompanies a pronounced tailing. Since 
desorption of adsorbed CO is negligible, the 
CH4 response at a certain time is propor- 
tional to the reaction rate at this time. The 
decay of the CH4 response or the decrease 
in the reaction rate is due to the decrease in 
the number of adsorbed CO molecules as a 
result of the hydrogenation, Therefore, as 
shown by Eq. (2), a plot of In r(t) versus 
time leads us to determine the rate constant 
per active site. When the amount of CO 

40 
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OyLTR HTR OyLTR HTR 02-LTR 

Pretraltments 

FIG. 8. Reversibility of SMSI in CO chemisorption 
and in the hydrogenation of adsorbed CO at 498 K on 
Pt/Ti02. LTR, reduction at 523 K; HTR, reduction at 
773 K; Or-LTR, heating in an Or atmosphere at 723 K 
followed by reduction at 523 K. 
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pulsed is below the saturation capacity of 
the catalyst, the rate constant determined is 
independent of the amount of the CO pulse, 
which supports the validity of the present 
rate analysis. A large amount of the CO 
pulse should result in complete occupation 
of active sites, available for C-O bond dis- 
sociation, with adsorbed CO molecules. 
The complete occupation of active sites 
leads to suppression of the hydrogenation 
of adsorbed CO, which explains the devia- 
tion of the expected linear relationship be- 
tween In r(r) and time at the beginning of 
the decay curve observed on pulsing CO 
with its excess amount. However, as soon 
as some adsorbed CO molecules are hydro- 
genated and thereby vacant sites are regen- 
erated, the hydrogenation proceeds accord- 
ing to the first-order reaction, explaining 
the fact that the rate constant determined 
from the intermediate part of the decay 
curve is independent of the amount of the 
CO pulse. It seems, therefore, that the rate 
constant determined by PSRA is hardly in- 
fluenced by the coverages of adsorbed CO 
molecules and hydrogen atoms and also the 
number of vacant sites. 

Possible Explanation for the Difference in 
the Activity Variation between Pt or Pd 
and Rh, Ru, or Ir 

It is known that relative to an alumina- or 
silica-supported metal catalyst, a titania- 
supported metal exhibits high activity for 
CO hydrogenation even in the normal state 
after LTR (9, 15, 29, 30). Although the rate 
measured with PSRA is for the initial state 
of catalyst and not for the steady state, it 
was revealed that HTR further increased 
the rate constant per active site for titania- 
supported Pt and Pd, but not for titania- 
supported Rh, Ru, and Ir. For methanation, 
on the basis of TOF at steady state, Van- 
nice and his co-workers also found the ac- 
tivity enhancement after HTR (14, 15). 
Since HTR brings our titania-supported Pt 
and Pd in the SMSI state, the increased ac- 
tivity after HTR results from SMSI. This 
conclusion is supported by the fact shown 

in Fig. 8 that the increased activity disap- 
peared concomitantly with the destruction 
of the SMSI state of the catalyst. The high 
activity of the SMSI catalyst for CO hy- 
drogenation has been attributed to newly 
formed active sites including titanium in a 
partially reduced state (9, 12, 27, 31-33). 
This idea may also explain the present ac- 
tivity increase on titania-supported Pt and 
Pd in their SMSI state observed on the ba- 
sis of the rate constant per active site. In 
the normal state, pure surface metal sites 
are responsible for dissociation of the C-O 
bond. In the SMSI state, on the other hand, 
the titanium ions on the metal surface par- 
ticipate in C-O bond dissociation. The high 
activity of titania-supported Pt and Pd in 
their SMSI state results from the highly ac- 
tive metal-titanium ion sites. This occurs 
because due to the high affinity of these ti- 
tanium ions for an oxygen atom, the active 
sites involving titanium ions in their re- 
duced state are considered to be more ac- 
tive than the pure surface metal sites (34). 

Despite the fact that HTR also brings ti- 
tania-supported Rh, Ru, and Ir into the 
SMSI state and therefore the metal-tita- 
nium ion sites should also be formed on 
these catalysts in their SMSI state, an in- 
creased activity for the hydrogenation of 
adsorbed CO was not observed on titania- 
supported Rh, Ru, and Ir in their SMSI 
state. It is obvious that the variation in the 
morphology of these noble metals is not re- 
sponsible for the absence of the increased 
activity, because, including Pt and Pd, 
HTR hardly changed the size and the shape 
of metal particles. The absence of the activ- 
ity enhancement may, therefore, be ex- 
plained by assuming that for C-O bond dis- 
sociation, the metal-titanium ion sites are 
more active than the Pt or Pd surface metal 
sites but less active than the Rh, Ru, or Ir 
surface metal sites. On Pt and Pd, the metal 
sites are responsible for C-O bond dissoci- 
ation primarily in the normal state, whereas 
the more active metal-titanium ion sites are 
responsible for dissociation in the SMSI 
state, which leads to the increased activity 
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of these two metals in their SMSI state. On 
Rh, Ru, and Ir, on the other hand, the metal 
sites are exclusively responsible for C-O 
bond dissociation in both states, because 
for these three noble metals, the metal sites 
are assumed to be more active than the 
sites involving titanium ions, which leads to 
the absence of an enhanced activity on tita- 
nia-supported Rh, Ru, and Ir catalysts even 
in their SMSI state. Although the exact or- 
der of the catalytic activity for C-O bond 
dissociation is not known among noble 
metals, including the metal-titanium ion 
sites, the assumption mentioned above may 
be rationalized on the basis of the order of 
the hydrogenation activity of titania-sup- 
ported noble metals in their normal state 
(see Table 1). 

Other explanations are also possible for 
the difference in the effect of SMSI be- 
tween the group of Pt and Pd and that of 
Rh, Ru, and Ir. The extent of the activation 
of adsorbed hydrogen or the ease of de- 
stroying SMSI by the Hz0 produced may, 
for example, be different between these two 
groups, resulting in other effects of SMSI 
for Rh, Ru, and Ir than for Pt and Pd. Fur- 
ther study is needed to clarify the differ- 
ence. 

It is likely that the active sites involving 
titanium ions formed on titania-supported 
Pt and Pd are activated for C-O bond disso- 
ciation at a reduction temperature higher 
than that at which the TiO, species migrate 
onto the metal surface. This may explain 
the difference observed in reduction tem- 
perature between suppression of CO che- 
misorption and enhancement in hydrogena- 
tion activity. 

CONCLUSION 

From the rate measured by PSRA for the 
hydrogenation of adsorbed CO over titania- 
supported noble metal catalysts, it was 
found that the effect of SMSI on hydroge- 
nation varied from one noble metal to an- 
other, though its effect on CO chemisorp- 
tion was common to all noble metals. SMSI 
increased the rate constant per active site 

for Pt and Pd by about one order of magni- 
tude, while it did not for Rh, Ru, and Ir. 
After heat treatment of titania-supported Pt 
and Pd in O2 followed by LTR, concomitant 
with destruction of the SMSI state of these 
catalysts, the enhanced hydrogenation ac- 
tivity disappeared but appeared again after 
HTR. The enhanced hydrogenation activity 
for titania-supported Pt and Pd in their 
SMSI state and the absence of such en- 
hancement for titania-supported Rh, Ru, 
and Ir, even in the SMSI state, are ex- 
plained satisfactorily by the participation of 
titania suboxide species on the metal sur- 
face in C-O bond dissociation and the ac- 
tivity order among metal sites involving ti- 
tanium ions. 
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