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We have examined the role of the SMSI state in the CO hydrogenation activity of Pt/TiO, and,
in particular, whether CO hydrogenation leads to reversal of the SMSI state. Hydrogenolysis of n-
butane, which is suppressed in the SMSI state, was used to monitor the onset and reversal of the
SMSI state. When CO hydrogenation was performed on a Pt/TiO, catalyst subjected to high
temperature reduction, there was almost a complete restoration of hydrogenolysis activity. This
implies that the working catalyst surface during CO hydrogenation is free of the site-blocking oxide
species responsible for the SMSI state. The ratio of hydrogenolysis/isomerization activity of n-
butane was also unaffected by onset of the SMSI state. Therefore, the migration of TiO, over the
metal surface during SMSI does not cause selective suppression of hydrogenolysis with respect to
isomerization. The site-blocking oxide species responsible for SMSI on the metal surface do not

appear to be necessary to obtain enhanced CO hydrogenation activity on Pt/TiO,.

Press, Inc.

INTRODUCTION

Since the SMSI phenomenon was first re-
ported by Tauster ez al. (1), a great deal of
evidence has accumulated in the literature
showing that the chemisorptive and cata-
lytic properties of titania-supported metals
are affected by high temperature reduction
(HTR). For instance, HTR leads to a loss
of H, and CO chemisorption ability and a
pronounced drop in hydrogenolysis reactiv-
ity after HTR (2-5). On the other hand, tita-
nia-supported metals are more reactive for
the CO hydrogenation reaction (6—10). The
drop in hydrogenolysis activity and chemi-
sorption ability is explained by migration of
TiO, onto the metal to cause site blocking
(11, 12), but that is difficult to reconcile with
the increase in CO hydrogenation activity
on the same surface. It has been suggested
that special sites at the metal-oxide inter-
face are responsible for this enhanced reac-
tivity (8). Since high temperature reduction
causes migration of Ti-suboxide species
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onto the metal surface (//, 12), it should
also lead to an increase in the number of
these special interfacial sites. Hence, one
would expect an inverse correlation be-
tween hydrogenolysis activity and CO hy-
drogenation rate. In our previous work on
TiO,-supported Rh (5), we failed to detect
such a correlation. To examine this aspect
in greater detail, and to investigate the con-
nection between the SMSI state and en-
hanced CO hydrogenation activity, we have
studied the behavior of TiO,-supported Pt
exposed to HTR.

The reports in the literature on whether
HTR (and the SMSI state) is necessary to
obtain the enhanced reactivity in CO hydro-
genation on titania supports are conflicting.
When TiO, was deposited on Pt metal pow-
der (/3) or on single crystals of Rh (/4),
there was a definite enhancement of CO hy-
drogenation reactivity even without any
high temperature reduction. The work on
supported catalysts shows either no effect
(5, 8) or a major effect of HTR (9, 10) on
reactivity. A major complication in the de-
termination of turnover frequencies (TOF)
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on supported catalysts in the HTR state is
the marked drop in H, uptake after HTR. If
this suppressed uptake of H, is used as a
measure of the number of surface sites on
the catalyst, one can get erroneously high
TOFs. The question of whether the catalyst
remains in the SMSI state during CO hydro-
genation is largely unanswered. Data pre-
sented by Wang et al. (9) imply that the
catalyst is still in the SMSI state after reac-
tion since both H, uptake and the coverage
of CO measured by IR remained low. On
the other hand, Anderson and Burch (/5)
reported a 22% reversal of the SMSI state
(as determined by H, chemisorption) after
exposing the Pt/TiO, catalyst to CO/H, re-
action conditions for 30 min.

There is some concern about the accuracy
of H, chemisorption measurements for mea-
suring exposed metal atoms in the SMSI
state since spillover of the H, to the support
can occur. Other surface analytical tech-
niques such as AES and ISS are difficult to
apply to a working catalyst to infer the onset
of SMSI. Therefore, in this study, we have
used n-butane hydrogenolysis as a reactive
probe to monitor the onset and reversal of
the SMSI state. In previous work on Rh/
TiO,, we observed that n-butane hydro-
genolysis was very sensitive to onset of the
SMSI state: there was a 3 orders of magni-
tude drop in reactivity after HTR (5). Oxida-
tion of the catalyst at 573 K led to complete
restoration of activity. The reversibility of
the activity changes suggested that they
were related to site blocking due to a migra-
tion of Ti-suboxide species over the metal
after HTR and their removal by oxidation.
This was confirmed by high resolution TEM
in the profile imaging mode (/6). However,
hydrogenolysis activity is known to be af-
fected by particle size and also by the mor-
phological changes induced by oxida-
tion—-reduction cycles (17, 18). In this study,
by comparing the results on TiO,-supported
Pt with those on other supports, we hope
to separate the effect of particle size and
morphology and identify factors that are
unique to the TiO, support. Furthermore,
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on Pt, the isomerization of n-butane occurs
along with hydrogenolysis. Isomerization
reactions are generally considered to be
structure insensitive and literature reports
show that n-butane isomerization activity is
not affected by particle size (/9) and only
modestly affected by surface structure (20).
Hence, the isomerization activity provides
us with a probe that is insensitive to particle
size and morphology and should be affected
by TiO, surface coverage alone.

We report here the influence of oxida-
tion—reduction cycles on the reactivity of
Pt supported on SiO,, TiO,, and AlL,O;. By
performing CO hydrogenation and n-butane
hydrogenolysis in succession on the same
catalyst, we have been able to monitor the
state of the working catalyst surface during
CO hydrogenation (post-SMSI). The evi-
dence suggests that CO hydrogenation leads
to removal of TiO, species from the metal
surface and restoration of hydrogenolysis
and isomerization activity. The site-
blocking TiO, species do not appear to be
necessary for the enhanced CO hydrogena-
tion activity since they are quite efficiently
cleared off the metal surface by the CO hy-
drogenation reaction.

EXPERIMENTAL

Three supports were used in this study.
The TiO, used was Degussa P25 titanium
dioxide with a purity of 99.5% TiO,, primar-
ily in the anatase form, having a BET sur-
face area of 50 m%*/g and an average particle
diameter of 30 nm. The SiO, used was Aesar
silica gel catalyst support with a purity of
99.5% and a BET surface area of 425 m?/g.
The Al,O, used was Degussa aluminum ox-
ide C, which has a purity of 99.6%, a BET
surface area of 100 m?/g, and an average
particle diameter of 20 nm.

The CO and the n-butane were Matheson
research purity, 99.99 and 99.9%, respec-
tively. The CO was further purified to re-
move carbonyl compounds by running it
through a trap containing glass beads heated
to 600 K, followed by ascarite and a 7-um
Swagelok particle filter. The other gases
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used were Alphagaz UHP grade, 99.999%
for He and H, and 99.993% for O,.

Three different precursors were used in
catalyst preparation. The chloride precur-
sor was H,PtCl, - xH,O of 99.995% purity.
The ‘‘acac’ precursor was platinum(II)
acetylacetonate (2,4-pentanedionate, plati-
num(ll) derivative) of 97% purity. The
amine precursor was Pt(NH,;),Cl, of
99.99% purity. All three were supplied by
Aldrich Chemical Co. The solvent used for
nonaqueous impregnation was acetonitrile
(Fisher HPL.C grade, 99.9%). All impreg-
nation used 1 ml of solvent per gram of
support. The catalysts were dried over-
night in air at 393 K. The acac- and chlo-
ride-derived catalysts were calcined prior
to reduction using 10% O, in He at 22.3
SCCM for 1 hr at 323 K, followed by a
1.5-hr temperature ramp to 493 K, held for
4 hr and cooled to room temperature. After
purging with flowing He at 20 SCCM for
15 min, the catalyst was then reduced in
flowing H, by increasing the temperature
to 393 K over 1 hr, holding for 1 hr, ramp-
ing to 493 K over 2 hr, holding for 4 hr,
ramping to 673 K for 2 hr, and holding for
4 hr.

The catalysts used in this study came
from a larger study aimed at understanding
the role of pretreatment and catalyst prepa-
ration conditions in the reactivity of Pt
(21). It was assumed that the catalysts
prepared using the acac precursor with
nonaqueous impregnation would lead to
minimal dissolution of the alumina and
titania supports, while the chloride precur-
sor with water as solvent might lead to
etching of the support. Observations of
the chloride-impregnated catalyst by TEM
confirmed that oxide dissolution had oc-
curred during the catalyst preparation,
leading to possible deposition of oxide spe-
cies on the metal surface (22). However,
when the chloride-derived catalyst was cal-
cined prior to reduction, the metal surface
appeared to be devoid of amorphous over-
layers. Calcination seems to minimize the
contamination of the metal surface by sup-
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port-derived oxide species and hence the
calcined catalyst (PtT12a) was used in this
study. Aqueous impregnation of the silica
with the chloride precursor led to precipita-
tion of Pt and a poorly dispersed catalyst.
Hence, catalyst PtSO4 was prepared by an
ion exchange technique (23) using the
amine precursor on silica gel and main-
taining the pH at 8.5. The results on both
the acac- (PtT04) and the chloride-derived
(PtT12a) Pt/TiO, catalysts are compared
with the silica-(PtSO4) and alumina-sup-
ported catalysts (PtAlO1) to investigate the
role of HTR in CO hydrogenation activity.
The characterization results on these cata-
lysts are summarized in Tables 1 and 2.
The number of active Pt sites per gram on
the fresh catalyst were determined by the
static volumetric chemisorption uptake of
H,. The samples were reduced overnight at
673 K in 200 Torr of static H,. Pressure was
monitored by an MKS Baratron pressure
head with a type 170 M-6C range multiplier
connected to a Keithley 179 TRMS digital
multimeter. An adsorption stoichiometry of
H/Pt, = 1 was assumed. Reactivity mea-
surements were performed in a quartz U-
tube differential flow reactor. Prereduced
catalysts were reduced at 673 K in flowing
H, for 30 min prior to reaction. Reaction
products were analyzed by a Hewlett—Pack-
ard Model HP 5890 gas chromatograph with
a 10-ft Haysep Q column, a thermal conduc-
tivity detector, and a Model HP 3392a inte-
grator. Differences in detector sensitivity
for the products were accounted for by the
use of relative response factors, either cal-
culated from a calibration gas mixture (Scott
Gases) or from literature values (24). Con-
versions were kept below 10% to ensure
differential operation of the reactor.
Hydrogenolysis of n-butane was carried
out at a flow rate of 21 SCCM with a feed
ratio of 20 H,/1 n-butane and a pressure of
84.8 kPa. Reactants were allowed to flow
for 10 min to achieve steady state conditions
before being sampled. After analysis, the
catalyst was reduced in flowing H, at 20
SCCM for 10 min at the reaction tempera-
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TABLE 1

Summary of

Catalysts Used

Code Wit% Pt Precursor Support Solvent Pretreatment
PtTO4 2 Pt(acac), TiO, CH;CN Calcination
PtTi2a 4 H,PtCl, - xH,O TiO, H,0 Calcination
PtAlO1 2 Pt(acac), ALO; CH:CN Calcination
PtSO4 4 Pt(NH;),Cl, SiO, H,O None

ture in order to remove any carbon deposits
from the surface before proceeding to the
next reaction. CO hydrogenation was car-
ried out at a flow rate of 20 SCCM and a
feed ratio of H,/CO = 3.0 at a total pressure
of 84.8 kPa. Again, reaction was carried out
for 10 min to achieve steady state and fol-
lowed by a minimum of 10 min reduction
with H, at 15 SCCM at reaction temperature
before the next reaction.

Reactivity measurements were done at
various temperatures on the fresh catalyst.
An Arrhenius plot was determined for each
catalyst, first for n-butane hydrogenolysis,
then for CO hydrogenation, in order to cal-
culate activation energies. Typically, sev-
cral runs were done at each temperature
to ensure reproducibility of results. These
activation energies were then used to nor-

TA

malize all turnover frequencies to a refer-
ence temperature of 553 K. After studying
the reactivity of the catalyst in the fresh
state, the reactivities in the oxidized state
and in the HTR state were measured. In all
instances, reactivity measurement con-
sisted of performing n-butane hydrogeno-
lysis before and after CO hydrogenation.
Each catalyst went through the following
sequence of treatments: fresh H,-reduced
(673 K), oxidized, HTR, oxidized, HTR,
and so on for several cycles. The oxidation
treatment was performed with 10% O, in
helium at a flow rate of 22.3 SCCM at 823 K
for 2 hr. After purging in helium for 15 min,
the catalyst was reduced for 30 min at reac-
tion temperature before reactivity measure-
ments were begun. The high temperature
reduction treatment was performed by treat-

BLE 2

Characterization of the Catalysts Used

Particle
diameter (nm)
measured by

Hydrogen
chemisorption
(wmol/g catalyst)

TOF*10* (sec™")
for
isomerization

TOF*10%sec™)
for CO
hydrogenation

TOF*10* (sec™’)
for
hydrogenolysis

TEM
Before” Aftert Before After Before After Before After Before After
PtSO4 102 18.8 1.3 4.0 9.1 3.8 0.58 4.7 39 18.5
PtAlO1 27.5 6.2 1.0 15.6 7.6 2.4 0.98 1.6 20.0 29.3
PtTO4 18.1 9.8 1.5 2.2 3.4 7.1 0.82 2.4 136.4 233.3
PtT12a 43.3 20.9 1.3 2.0 4.1 9.4 0.40 1.2 123.2 178.9

“ All TOFs are expressed at a reference temperature of 553 K and a pressure of 84.8 kPa with a feed ratio of

H,/n-butane = 20 and H,/CO = 3.
b «“Before”’ refers to the catalyst in its initial state,

i.e., after H, reduction at 673 K.

¢ “*After”’ refers to the catalyst after removal from the reactor upon completion of the oxidation-reduction
cycles and activity measurements. TOFs are reported for the last oxidized state before the catalyst was removed.
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Fi1G. 1. Arrhenius plot for (A) CO hydrogenation (H,/
CO = 3, P = 84.8 kPa) and (O) n-butane hydrogenol-
ysis and (OJ) isomerization (H,/butane = 20, P = 84.8
kPa).

ing the catalyst in flowing H, at 773 K for
2 hr.

RESULTS
Pt/5i0,

Figure I shows the Arrhenius plot for n-
butane hydrogenolysis and for CO hydroge-
nation on the fresh catalyst PtSO4. The acti-
vation energies are 243 kJ/mol for isomer-
ization, 124 kJ/mol for hydrogenolysis, and
69.4 kJ/mol for CO hydrogenation. The
turnover frequency for CO hydrogenation
at 553 K, 3.9 x 107*s~!, and the activation
energy are in good agreement with the val-
ues reported by Vannice and Twu (7). At
these reaction temperatures, methane is the
dominant hydrocarbon product. The activa-
tion energy and TOF for n-butane hydro-
genolysis are also in good agreement with
those reported by Rodriguez-Reinosos et al.
(19). The differences in activation energy
for isomerization and hydrogenolysis lead
to increased selectivity for isomerization at
higher temperatures.

Figure 2 shows the reactivity of PtSO4 at
553 K for n-butane hydrogenolysis, isomer-
ization, and CO hydrogenation as a function
of treatment. To ensure reproducibility,
several runs were done at each state and the
estimated error is no more than *0.1 units
on the ordinate. Every point in Fig. 2 repre-
sents the average of several runs after ex-
trapolation to 553 K. Since chemisorption
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uptake could not be measured in situ, the
turnover frequency could not be reported
after every pretreatment. Therefore the ac-
tivity is reported in Fig. 2 as umol/g
catalyst/sec. However, the chemisorption
uptake was measured on the fresh and used
catalyst and is reported in Table 2 and can
be used to derive a TOF for the fresh and
cycled catalysts. The experimental error in
the TOF values arises mainly from the un-
certainties in chemisorption uptake from the
small aliquot of catalyst recovered from the
reactor after reactivity measurements.
Hence, variations in TOF values reported
in Table 2 within a factor of 2 should be
considered insignificant and within the lim-
its of experimental error.

The data show that n-butane hydrogeno-
lysis activity per gram declines significantly
as the catalyst is progressively cycled. The
drop in hydrogenolysis is caused by sin-
tering and loss of metal surface area. The
fresh catalyst had a mean Pt particle diame-
ter of 1.3 nm. When the catalyst was re-
moved from the reactor and examined in the
TEM, the mean particle diameter was found
to be 4.0 nm (2/). The TOF for n-butane
hydrogenolysis at 553 K dropped from 9.1
x 107%t0 3.8 x 10~*s!after cycling. The
isomerization activity actually increased
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F1G. 2. Reaction rate as a function of catalyst pre-
treatment for PtSO4 at T,; = 553 K and P = 84.8 kPa
(O, n-butane hydrogenolysis before and after CO hy-
drogenation; [J, n-butane isomerization before and
after CO hydrogenation; &, CO hydrogenation).
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Fi1G. 3. Plot of the reactivity ratio (CO hydrogena-
tion/n-butane hydrogenolysis) for PtSO4 at T,; = 553
K and P = 84.8 kPa using n-butane hydrogenolysis
reactivities before and after CO hydrogenation (O, n-
butane hydrogenolysis before CO hydrogenation; A,
n-butane hydrogenolysis after CO hydrogenation).

after sintering and the TOF at 553 K
changed from 0.6 x 10 %t0 4.7 x 107%s~ .
The increase in isomerization selectivity
with particle growth is consistent with the
literature data on n-butane hydrogenolysis
19).

While the n-butane hydrogenolysis activ-
ity per gram catalyst decreased due to the
oxidation—reduction cycling, the CO hydro-
genation activity per gram did not change
significantly. As a result, when the drop in
metal surface area is taken into account, the
CO hydrogenation TOF at 553 K increased
from 3.9 x 10~% s~ ! on the fresh catalyst to
18.5 x 107* s ! on the cycled catalyst.
These data therefore show a modest in-
crease in TOF with increasing particle diam-
eter. This trend is consistent with the obser-
vation that small particles are generally less
reactive than larger ones in the CO hydroge-
nation reaction (25). By plotting the ratio
of CO hydrogenation activity to n-butane
hydrogenolysis and isomerization activity,
we can eliminate the influence of metal sur-
face area changes and see more clearly the
influence of pretreatment on the intrinsic
reactivity ratio. We have used the activities
in n-butane hydrogenolysis both before and
after performing CO hydrogenation when
computing the ratios plotted in Fig. 3. As
seen from Fig. 3, catalyst pretreatment ap-
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pears to have very little influence on the
ratio of CO hydrogenation to n-butane hy-
drogenolysis activity. The increasing parti-
cle size, however, causes the relative effi-
ciency of Pt for CO hydrogenation
compared to n-butane hydrogenolysis to in-
crease monotonically. Thus, while the fresh
catalyst is approximately 0.4 times as reac-
tive for CO hydrogenation as it is for n-
butane hydrogenolysis, the catalyst, after
being cycled under oxidizing and reducing
conditions, is 8 times as reactive.

PtIALO,

Figure 4 shows the reactivity of the 2%
Pt/ Al O, catalyst as a function of treatment.
Oxidation-reduction cycling caused an
overall decrease in activity per gram for all
three reactions, indicating a pronounced
loss of metal surface due to sintering. The
average particle diameter as measured by
TEM increased from 1.0 to 15.6 nm. The
drop in chemisorption is not as dramatic and
reflects the nonuniformity of this catalyst,
which makes it difficult to derive an average
diameter by TEM. It is possible that the
fresh catalyst contained a number of large
Pt particles that were undercounted in the
TEM micrographs. The TOF for n-butane
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F1G. 4. Reaction rate as a function of catalyst pre-
treatment for PtAlO1 at T,; = 553 K and P = 84.8 kPa
(O, n-butane hydrogenolysis before and after CO hy-
drogenation; [, a-butane isomerization before and
after CO hydrogenation; A, CO hydrogenation).
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FiG. 5. Plot of the reactivity ratio for PtAIO1 at T, =
553 K and P = 84.8 kPa using n-butane hydrogenolysis
reactivities before and after CO hydrogenation (O,
pmol CO/umol hydrogenolysis before CO hydrogena-
tion; A umol CO/umol hydrogenolysis after CO hydro-
genation).

hydrogenolysis dropped from 7.6 x 10~*to
2.4 x 10~*s ! over three oxidation—-reduc-
tion cycles, a drop that is consistent with
the particle size effect in this reaction (/9).
In contrast, the isomerization TOF went
from 0.9 X 107%to 1.6 x 10”4 s ! and the
CO hydrogenation TOF went from 2.0 X
103t02.9 x 1073s~ !, indicating invariance
with particle diameter, within experimental
error. Figure 4 shows that HTR does not
cause any suppression in the activity of any
of the reactions while oxidation leads to en-
hanced hydrogenolysis activity. In contrast
to Pt/Si0,, CO hydrogenation proceeds
faster than hydrogenolysis even on the
smallest particles (the fresh catalyst). This
behavior is seen more clearly when we plot
the ratio of CO hydrogenation activity to
butane hydrogenolysis activity in Fig. 5.
The fresh Pt/Al,O; has a reactivity ratio
=2.5 which increases to =12 after cycling.
The increase is caused by particle growth,
which leads to a falloff in hydrogenolysis
TOF. The ratio of CO hydrogenation activ-
ity to isomerization activity is unaffected
by increased particle diameter or by any
surface structure changes caused by the oxi-
dation—reduction cycling, as seen in Fig. 6.
As seen in this figure, CO hydrogenation
proceeds about 20 times faster than n-bu-
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tane isomerization on Pt/ALO; but only 3.5
times faster on Pt/SiO,.

Pt/ TiO,

The results on two titania-supported cata-
lysts are discussed here. One of these cata-
lysts, PtTO4, was prepared with the acac
precursor using nonaqueous impregnation.
The other one, PtT12a, was prepared with
the chloride precursor using aqueous im-
pregnation and was calcined prior to reduc-
tion. Figure 7 shows the reactivity data on
catalyst PtTO4 as a function of treatment.
The CO hydrogenation activity per gram
was unaffected by HTR or oxidation. The
n-butane hydrogenolysis activity per gram
dropped approximately 2 orders of magni-
tude after HTR. A similar drop was also
seen in the isomerization activity on this
catalyst. Oxidation at 823 K restored the
n-butane hydrogenolysis and isomerization
activity completely. The average particle di-
ameter on catalyst PtTO4 increased from
1.5 to 2.2 nm after two oxidation—reduction
cycles. The behavior of the titania-sup-
ported catalysts is in marked contrast to that
of the silica-supported catalysts, where the
fresh catalyst was less active for CO hydro-
genation than for butane hydrogenolysis.
Catalyst PtTO4, despite having metal parti-
cles =1.5 nmin diameter, is =50 times more
reactive for CO hydrogenation than for n-
butane hydrogenolysis. This reactivity ratio
increases to =1500 when the catalyst is re-
duced at high temperatures in H, due to
the suppression in hydrogenolysis activity.
However, when the hydrogenolysis activity
is measured after the CO hydrogenation, we
find it to be comparable to the activity in
the oxidized state or on the fresh catalyst
(Fig. 7).

The results obtained on the aqueously im-
pregnated and calcined catalyst (PtTI2a;
Fig. 8) were similar to those reported above
for catalyst PtTO4. The chemisorption up-
take on both these catalysts before and after
reaction is reported in Table 1 and can be
used to derive TOFs. The TOF for n-butane
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FiG. 6. Ratio of reactivities for CO hydrogenation to n-butane isomerization for catalysts PtSO4 and
PtAIO1 at T,; = 553 K and P = 84.8 kPa (O, PtSO4 before CO hydrogenation; ., PtSO4 after CO
hydrogenation; O, PtAlO! before CO hydrogenation:; @, PtAlO1 after CO hydrogenation).

hydrogenolysis on PtT12a at 553 K in-
creased from 4.1 X 107%t09.4 x 1074s™1,
The increase was less pronounced on cata-
lyst PtTO4. The ratio of CO hydrogenation
to butane isomerization from catalyst
PtT12a is shown in Fig. 9. The ratio plot
shows that this catalyst is =300 times more
reactive for CO hydrogenation than for bu-
tane isomerization even in the fresh state
(particle diameter =~1.3 nm). However,
since the butane isomerization TOF is not
affected by the support (Table 2), this
change must be due to an increase in the
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F1G. 7. Reaction rate as a function of catalyst pre-
treatment for PtTO4 at T, = 553 K and P = 84.8
kPa (O, n-butane hydrogenolysis before and after CO
hydrogenation; [, n-butane isomerization before and
after CO hydrogenation; A, CO hydrogenation).

intrinsic-efficiency for CO hydrogenation on
the titania-supported Pt. The further in-
crease in this ratio after HTR is due mainly
to the loss of isomerization activity in the
SMSI state and not to any increase in CO
hydrogenation activity. In addition, CO hy-
drogenation appears to undo the effects of
high temperature reduction.

DISCUSSION

This study has used the hydrogenolysis
and isomerization of n-butane as reactive
probes to monitor the surface of Pt during
oxidation-reduction cycles. Hydrogeno-
lysis is generally accepted to be a structure-
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F1G. 8. Reaction rate as a function of catalyst pre-
treatment for PtT12a at 7,; = 553 K and P = 84.8
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@, CO hydrogenation/n-butane hydrogenolysis after
CO hydrogenation; B, CO hydrogenation/n-butane
isomerization after CO hydrogenation). Note the pro-
nounced increase in both ratios for the HTR state and
the recovery after CO hydrogenation.

sensitive reaction and, on supported Pt, the
TOF increases with increasing dispersion
(19). This behavior is corroborated in the
results on Pt/SiO,and Pt/Al,O; reported in
Figs. 2-5 and in Table 2. The hydrogeno-
lysis activity per gram does not appear to be
affected by high temperature reduction on
either of these supports, indicating the ab-
sence of an SMSI state. Oxidation does,
however, lead to a modest increase in activ-
ity which may be due to a *‘surface rough-
ening”’ caused by preoxidation as seen pre-
viously on Rh catalysts (/8). In contrast, n-
butane isomerization and CO hydrogenation
activities per gram of catalyst are unaffected
by this oxidation treatment. The similarity
in the behavior of n-butane isomerization
and CO hydrogenation reactions is seen in
the plot of their reactivity ratio (Fig. 6),
which is unaffected by changes in particle
diameter or by oxidation-reduction cycling.

The reactivity trends seen on the silica-
and alumina-supported Pt can be used to
interpret the results on the titania-supported
catalyst. High temperature reduction in H,
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leads to a 2 orders of magnitude drop in
hydrogenolysis activity. This drop in activ-
ity is significantly greater than the drop in
activity on silica- and alumina-supported Pt
after a comparable treatment and must be
related to site blocking caused by the migra-
tion of TiO, species from the support leading
to the SMSI state, as proposed in the litera-
ture (//-13). A similar drop in activity is
also seen in the isomerization of #-butane,
but the activity for CO hydrogenation is un-
affected by the high temperature reduction
leading to the SMSI state. Since the ratio of
CO hydrogenation to isomerization activity
was unaffected by particle diameter or by
oxidation-reduction treatments on silica
and alumina supports, it is remarkable that
the ratio is affected so dramatically by the
HTR treatment on the titania support.
However, closer examination of Fig. 9
shows that it is only the ratio of CO hydroge-
nation activity to isomerization activity
after HTR that is affected. When the isomer-
ization activity of the catalyst after per-
forming CO hydrogenation is considered,
there is no effect of HTR on the reactivity
ratio. Hence, this suggests that the TiO, ad-
species responsible for suppressed isomer-
ization (and hydrogenolysis) activity have
been removed from the surface during the
CO hydrogenation reaction. Morris et al.
(26) had previously suggested that since one
of the products of the CO hydrogenation
reaction, namely, H,0, is known to reverse
the SMSI state, it is likely that the catalyst
during CO hydrogenation may not be in the
SMSI state. Resasco and Haller (27) have
provided quantitative evidence that when
CO hydrogenation was performed in the
SMSI state, no oxygenated products were
seen initially. The oxygen coming from the
CO molecule was presumably consumed by
the support and led to oxidation of the TiO,
adspecies to TiO,. Since oxidation of the
surface leads to a reversal of the SMSI state,
it is reasonable to assume that the very act
of performing CO hydrogenation leads to a
reversal of the SMSI state. Both hydrogeno-
lysis and isomerization activity of n-butane,
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which are suppressed strongly by the on-
set of the SMSI state, were restored after
performing CO hydrogenation (Figs. 7
and 8), confirming the reversal of the SMSI

state.
It is also interesting that high temperature

reduction of Pt/TiO, did not lead to any
change in the isomerization selectivity of n-
butane despite a 2 orders of magnitude drop
in activity per gram of catalyst. Isomeriza-
tion selectivity is markedly affected by tem-
perature, but we have eliminated this effect
by performing all our measurements at a
fixed temperature of 553 K or by extrapolat-
ing to this temperature. The results on silica-
and alumina-supported Pt and those re-
ported in Ref. (/9) show that isomerization
selectivity is a strong function of particle
size. The relative insensitivity of isomeriza-
tion selectivity to high temperature reduc-
tion leading to the SMSI state suggests that
the changes taking place involve a decrease
in the number of active sites without altering
the nature of surface sites available. A simi-
lar conclusion was reached by Anderson et
al. (28), who observed no change in isomer-
ization selectivity for n-hexane conversion
in the SMSI state. If the ensemble require-
ments for these reactions were markedly dif-
ferent, one would expect to see a change in
isomerization selectivity as the surface is
progressively covered with the TiO, adspe-
cies. These results argue strongly that the
ensemble requirements for both these reac-
tions are similar and that the activity sup-
pression in the SMSI state is mainly due to
site blocking.

Our results show that the support exerts
a strong influence on the CO hydrogenation
reaction rates. In contrast, the TOF for hy-
drogenolysis or isomerization of n-butane
was, within the limits of experimental error,
unaffected by the support (Table 2). As dis-
cussed above, the ratio of CO hydrogena-
tion/n-butane isomerization activity truly
reflects the intrinsic efficiency of Pt for these
reactions since it was unaffected by particle
size or pretreatment on both the silica and
the alumina supports (Fig. 6). This reactivity
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ratio was also unaffected by the onset of
the SMSI state, provided the isomerization
reactivity of the catalyst after CO hydroge-
nation was considered. Hence, the SMSI
state cannot be responsible for the enhance-
ment in the CO hydrogenation rate on tita-
nia-supported Pt. The activity changes must
therefore be a result of promotion by the
support independent of the SMSI state
since, in fact, the SMSI state was reversed
during CO hydrogenation.

The increased reactivity for CO hydroge-
nation on titania-supported Pt was observed
without any corresponding drop in hydro-
genolysis or isomerization activity. Since
hydrogenolysis and isomerization activity
was strongly suppressed by the presence
of Ti—suboxides on titania (as in the SMSI
state), it is unlikely that the metal surface
after CO hydrogenation is covered by a sig-
nificant concentration of TiO, species. We
cannot rule out the possibility that mobile
TiO, species may migrate onto the metal
surface during the CO hydrogenation reac-
tion and lead to enhanced activity, but these
species must subsequently wander off the
surface since the TOFs for hydrogenolysis
or isomerization of n-butane on Pt/TiO, are
comparable to those on other supports. An
alternative explanation for the enhanced CO
hydrogenation activity may be the spillover
of reactive intermediates onto the support
and their subsequent reaction. This phe-
nomenon has been termed surface site trans-
fer by Glugla et al. (29) and causes a second
methane desorption peak in TPR from CO
+ H, on Ni/Al,0;. On Pt/TiO,, Mao and
Falconer (30) see a similar spillover of reac-
tive intermediates from Pt to the TiO, sup-
port resulting in an activity of Pt/TiO, ap-
proaching that of supported Ni. Robbins and
Marucchi-Soos (3/) have observed a similar
phenomenon on Pt/Al,O,. They identified
the reactive intermediate by FTIR to be a
methoxy species. The evidence suggests
that the methoxy intermediate can react on
the TiO, or Al,O, support to form methane
and hence constitute an alternative pathway
to methanation that may become kinetically
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significant in the case of a poor methanation
catalyst such as Pt.

The reactivity of Pt in the CO hydrogena-
tion reaction increases in the order Pt/SiO,
< Pt/Al,O, < Pt/TiO,. A similar increase in
activity was also séen when the surface of
Pt black was promoted by TiO, (/3). The
increased activity on Pt/TiO, is not related
to the SMSI state as explained above but
must be related to the availability of TiO, in
the vicinity of the Pt metal particles. A simi-
lar increase in activity was seen when TiO,
was deposited on the surface of Pt model
catalysts in a UHV environment (32). The
only discrepancy between the results on
model catalysts and those on supported cat-
alysts is the negative correlation between
increased CO hydrogenation activity and
the reactivity for hydrogenolysis of hydro-
carbons (33). A similar negative correlation
is not seen on supported catalysts. This dif-
ference can be understood in terms of the
different morphology of the model and sup-
ported metal catalysts. On model single
crystal catalysts, addition of TiO, on the
surface increases the reactivity for CO hy-
drogenation but at the same time blocks sur-
face sites. This leads to a maximum in reac-
tivity with surface coverage of TiO,.
Removal of the oxide overlayers during CO
hydrogenation may not be possible since
there is no place for the TiO, to migrate to.
On a supported catalyst, there is a large
amount of titania in the vicinity of the metal
particle which can assist in the CO hydroge-
nation reaction without blocking sites for
hydrogenolysis. Hence the increase in CO
hydrogenation activity on Pt supported on
Al,O; and TiO, supports is accomplished
without any corresponding drop in reactiv-
ity for hydrogenolysis or isomerization of n-
butane.

This study has also shown that highly dis-
persed Pt is not stable toward oxidation—re-
duction cycling on either of these supports.
The particle size on the silica-supported cat-

alystsincreased from 1.5 to 4.0 nm after four
cycles involving high temperature oxidation
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(823 K) treatments and HTR (773 K). On
the alumina support, there was a more dra-
matic increase in particle diameter with
three cycles, causing the particle size to go
from 1.0 to 15.6 nm. The Pt particles were
more stable on the titania support, increas-
ing from 1.3 to 6.8 nm on PtT12a after six
cycles and from 1.4 to 2.2 nm on PtTO4 after
one cycle.

CONCLUSIONS

The ratio of CO hydrogenation/n-butane
isomerization reactivity has been shown to
be a very sensitive probe of the influence of
the support. We have shown that this ratio
is unaffected by particle size variations or
by surface structure changes caused by oxi-
dation-reduction cycling on a given sup-
port. Since the isomerization TOF was unaf-
fected by the support, any variation in the
reactivity ratio caused by going from one
support to another must reflect the role of
the support in enhancing the CO hydrogena-
tion reaction. The results show that the reac-
tivity ratio CO hydrogenation/n-butane
isomerization goes from =~3.5 on Pt/SiO, to
~20 on Pt/Al,Q; and =300 on Pt/TiO,.

The reversal of the SMSI state caused by
CO hydrogenation implies that any oxide
species-that migrate over the metal surface
during HTR cannot be responsible for the en-
hanced CO hydrogenation activity of these
catalysts. If the enhanced activity of the
TiO,-supported catalysts is due to special in-
terfacial sites at the metal-support interface,
these sites must be present even on the cata-
lystinthe LTR state andinthe oxidized state.
However, the similarity of the TOFs for n-
butane hydrogenolysis on all the supports
used in this study would argue against the
presence of any oxide promoters onthe metal
surface in the TiO,- or the Al,O,-supported
catalysts. The results support the hypothesis
that enhanced reactivity in the CO hydroge-
nation reaction on titania and alumina may
be caused by spillover of reactive intermedi-
ates onto the support (29-31).
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