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Using the RhiTiO] catalyst system, a simple model for the different kinds of interaction that 
occur following a low- and a high-temperature reduction of Group VIII noble metals supported on 
TiOz, was developed. The model proposes a delocalized transfer of charge from Rh to TiOz after 
low-temperature reduction and a localized (chemical bonding) transfer of charge from the support 
to Rh after a high-temperature reduction. In addition it is suggested that migration of a reduced 
species of the support is responsible, in part, for the depression of hydrogenolysis activity follow- 
ing a high-temperature reduction. The experimental evidences for the latter comes from comparing 
Hz and H atom reduction, the kinetics of the onset of strong-metal-support interaction, and a strong 
analogy between group VIII-group lb and group VIII-TiO: interaction effects on structure-sensi- 
tive and insensitive reactions. The kind of charge transfer is based on observed effects on kinetic 
parameters and previously reported spectroscopic experiments. 

I. INTRODUCTION 

The concept of “synergetic promotion” 
by the support, introduced by Schwab more 
than 50 years ago (1) to describe changes in 
activation energy of some reactions on sup- 
ported catalysts, was the forerunner of 
what today is known as “metal-support in- 
teraction. ” In the last few years consider- 
able effort has been directed toward eluci- 
dation of the interaction between Group 
VIII metals and titanium dioxide. This kind 
of interaction has been characterized by the 
acronym SMSI, standing for strong-metal- 
support interaction (2). However, it may 
also be used, as has been suggested by 
Boudart (3), with the meaning Schwab- 
metal-support interaction in recognition of 
Schwab’s pioneering work. It is generally 
accepted that the extent of SMSI depends 
on the reducibility of the support (4). That 
an electron transfer from the TiOt to the 
Group VIII metal accompanies a high-tem- 
perature reduction has also been widely re- 
ported (5), but there exist at least two X- 
ray photoelectron spectroscopy (XPS) 
investigations of Pt/TiOZ that find either no 
correlation between binding energy and 

chemisorption effects (6) or no measurable 
shifts (7). Moreover, Santos and Dumesic 
have presented a convincing argument for 
charge transfer from Fe to TiO? based on 
ammonia synthesis activity after a high- 
temperature reduction (8). Presuming that 
an electron transfer between metal particle 
and TiOz does occur, the crucial point to be 
clarified is whether it is a cooperative elec- 
tronic interaction or a localized interaction 
or, indeed, whether the electron transfer di- 
rectly affects catalysis. Tauster et ul. (2~) 
have explained SMSI in terms of a localized 
strong bonding between the Ti cation and 
the noble metal. Meriadeau et al. on the 
other hand have pictured a mechanism in- 
volving collective properties of electrons 
(n-type semiconductivity) in reduced TiOz 
(9), in which the difference in Fermi levels 
is the driving force for the electron transfer. 
This model is very similar to that originally 
proposed by Schwab (10). 

An argument against an electron transfer 
effect on catalysis has been presented by 
Ponec (II), who points out that a 2-nm par- 
ticle, e.g., Pd, has about lo3 delocalized 
electrons and asks why then a transfer of 
something of the order of one electron into 
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a sea of a thousand- should have a large ef- 
fect on catalysis? Put another way, theoret- 
ical estimates of the screening length of a 
one-electron charge suggest that 76% of the 
charge would be screened by this mobile 
sea of electrons over about one-fourth of 
the nearest-neighbor distance for Cu (12), 
and the result cannot be too different for 
other metals. Moreover, an electron trans- 
fer would be expected to result in a change 
in the activation energy while, as will be 
discussed below, the dominant change in all 
reactions we have tested over Rh/TiOz, af- 
ter reduction at high temperature, involve 
changes in the frequency factor with about 
constant activation energies. 

We have recently studied the effect of the 
degree of percentage exposed (metal dis- 
persion) in a series of Rh/TiOz catalysts 
(13). Our results indicate that the interac- 
tion is more pronounced on the well-dis- 
persed catalysts. The activity for the hydro- 
genolysis of ethane and n-butane after 
reduction at 773°K (high-temperature re- 
duction-HTR) decreases with increasing 
percentage exposed showing a greater ex- 
tent of interaction for the smaller particles. 
Following reduction at 473 or 523°K (low- 
temperature reduction-LTR) the opposite 
trend is observed: the activity increases 
with the percentage exposed. The differ- 
ence between the ethane hydrogenolysis 
rates of low- and high-temperature reduced 
catalysts is several orders of magnitude at 
all dispersions. 

The present work develops the rudiments 
of a model for this metal-support interac- 
tion which accounts for the observed be- 
havior as a function of percentage exposed. 
It considers specific Rh-TiOz interactions 
after both the LTR and HTR. Both interac- 
tions involve electron transfer, but a critical 
aspect of the proposed model invokes mi- 
gration of a species originating from the 
support over the surface of the metal parti- 
cles. It is proposed that for the HTR case 
the electron transfer is from the support to 
the metal and it is localized at the metal- 
oxide interface. For LTR the charge is 

transferred from the metal to the support 
and the charge deficiency is delocalized 
over the whole metal particle. 

2. EXPERIMENTAL 

The same catalysts discussed in Ref. (13) 
were used. These catalysts were prepared 
by incipient wetness impregnation of TiOz 
(Degussa P25,50 ? 15 m2/g) with a solution 
of Rh(NO& to obtain 2 wt% Rh. The cata- 
lysts were first dried for 2 days in air at 
room temperature, then 3 h at 383°K in air, 
reduced at 773°K in flowing Hz for 2 h, oxi- 
dized at 673°K in flowing O2 for 2 h, and 
then stored. Subsequent low-temperature 
(523°K) and high-temperature (773°K) re- 
ductions were carried out in situ for 3 h 
before activity or chemisorption measure- 
ments were performed. In every case, puri- 
fied H2 diffused through a palladium-silver 
cell was used. 

Apple et al. indicate that the percentage 
exposed depends on the pH of the impreg- 
nating solution (14). Therefore, in order to 
get different percentages exposed, the pH 
of the impregnating solution was systemati- 
cally varied. A range of catalyst percentage 
exposed from 33 to 76% was obtained. It 
was demonstrated that there exists a pH 
optimum at about 8.5, which results in the 
highest percentage exposed. 

To obtain a percentage exposed higher 
than 76%, one catalyst was prepared by an 
ion-exchange procedure. The Ti02 was first 
immersed in NH40H solution at pH = 11 
for 15 h. It was then washed with distilled 
water until a pH = 7.5 was obtained, then 
filtered. Subsequently, the ion exchange 
was allowed to occur by placing the filtered 
product in a 0.01 M Rh(NO& solution (0.01 
g Ti02/cm3 solution) for 15 h. The product 
was filtered and washed with distilled water 
and then with pure methanol to remove wa- 
ter. Finally, the same drying and reduction 
procedure used for impregnated catalysts 
was followed. The Rh loading, measured by 
atomic absorption of HCl-extracted Rh, 
was 0.3% and the percentage exposed was 
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100% measured by hydrogen chemisorption 
at room temperature. 

Hydrogen chemisorption was carried out 
in a conventional Pyrex volumetric adsorp- 
tion system equipped with a Baratron MKS 
O-1000 Torr precision pressure gauge. The 
percentage exposed was calculated assum- 
ing a hydrogen atom to Rh ratio of I using 
the quantity adsorbed at room temperature 
measured by extrapolating the isotherm to 
zero pressure. The catalytic activities were 
measured in a differential flow reactor and a 
pulse reactor. A catalyst weight of 0.1 g 
was used in a packed bed 1 .O-cm long pre- 
ceded by a preheater section of SO-100 
mesh glass beads that had been washed 
with sulfuric-chromic acid solution and 
heated to high temperature in air. The reac- 
tion temperature was monitored by an iron- 
constantan thermocouple in contact with 
the catalyst bed. For the pulse reactor Hz 
was used as carrier gas in which a 0.05-cm’ 
pulse of hydrocarbon was injected. For the 
flow reactor partial pressures of hydrogen 
and ethane were varied from 70 to 700 Torr, 
using pure He as diluent. High-purity eth- 
ane (99.96% min.) obtained from Matheson 
Company and CP grade n-butane were 
used. The products were analyzed by gas 
chromatography. 

Two types of reduction were performed 
(i) the standard reduction by flowing hydro- 
gen at 1 atm at 473 or 773°K for 3 h through 
the reactor catalyst bed and (ii) H atoms 
produced by a microwave discharge at 2 
Torr total pressure and room temperature. 
The microwave power generator was a 
Scintillonics, Inc. Model HVISA. A very 
thin layer of catalyst was placed on a fritted 
disk in a Pyrex tube, passing through the 
microwave cavity, which was located 10 
cm above the catalyst. In every case the 
hydrogen used was purified by diffusing 
through a palladium-silver cell. 

3. RESULTS AND DISCUSSION 

3.1 Effect of Percentage Exposed on 
Rates 
Since the original work by Tauster et ul. 

(2a), investigators working with noble 
metals supported on TiOz have been strug- 
gling with the problem of how to report 
rates on catalysts following a high-tempera- 
ture reduction. That is, by convention we 
report turnover frequencies or specific 
rates per unit metal area based on a site 
density or metal area, respectively, mea- 
sured by hydrogen (or sometimes CO) chem- 
isorption. However, the chemisorption 
property is altered or entirely lost in the 
presence of SMSI, making it an unreliable 
measure of metal site density. 

Electron microscopy indicates that Pt is 
more resistant to sintering when supported 
on TiOz than when supported on AlZ03, 
Si02, or C (15), and a recent transmission 
electron microscopy investigation of Ii-i 
TiOz could not detect noticeable sintering 
after 773°K reduction, even for a catalyst 
which apparently had 100% exposed (16). 
Thus, common practice has been to report 
rates on TiOz-supported catalysts reduced 
at high temperature based on percentage 
exposed measured on the same catalyst af- 
ter a low-temperature reduction. We follow 
this procedure but take the added precau- 
tion of initially cycling the catalyst through 
a high-temperature reduction (HTR) at 
773°K and an oxidation at 673°K before 
measuring the percentage exposed by Hz 
chemisorption following a low-temperature 
reduction (LTR) at 523°K. We do this be- 
cause both our X-ray photoelectron results 
(5b) and Hz chemisorption indicate some 
sintering following the initial HTR, but a 
reproducible particle size thereafter. 

We have sought additional reactivity jus- 
tification for the presumption that the site 
density following LTR is a reasonable mea- 
sure of site density following HTR. First, it 
is noted that when a structure-insensitive 
reaction such as cyclohexane dehydrogena- 
tion is considered, there is only a weak de- 
pendence of the activity on the temperature 
of reduction, e.g., never more than a factor 
of 2 depression in the rate after HTR rela- 
tive to LTR (13). This is a negligible change 
compared to the 2 to 5 orders of magnitude 
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(depending on reactant) depression of 
hydrogenolysis activity. Thus, one might 
normalize the rates of a structure-sensitive 
reaction (hydrogenolysis) to a struc- 
ture-insensitive reaction (dehydrogena- 
tion) since these can be measured for 
both reactions after LTR or HTR. This ap- 
pears to be no less arbitrary than assuming 
that the percentage exposed measured by 
Hz chemisorption following LTR applies 
following HTR. In order to estimate the 
quality of the latter assumption the activity 
of a catalyst of very different loading was 
compared to the standard series of 2% Rh 
catalysts prepared by impregnation with 
percentages exposed between 33 and 76%. 
It was reasoned that if a substantial change 
in percentage exposed accompanies HTR, 
then a catalyst of very low loading (0.3%), 
very high percentage exposed (loo%), and 
prepared by a different method (ion ex- 
change) would be unlikely to fit onto the 
activity versus percentage exposed curve 
observed for the impregnated catalysts. 
However, the activity curve measured be- 
tween 33 and 76% extrapolated to 100% ex- 
posed predicts the activity of this low load- 
ing catalyst very well (13). We therefore 
draw from our activity test the same con- 
clusion as Foger (16) has from electron mi- 
croscopy, i.e., there is no noticeable sinter- 
ing after HTR relative to LTR. 

Ethane and n-butane hydrogenolysis 
rates after HTR were normalized to the rate 
on the catalyst of lowest percentage ex- 
posed and are shown in Fig. 1 as a function 
of percentage exposed. As indicated above, 
these rates decrease as percentage exposed 
increases. Therefore, in looking for a corre- 
lation of activity with a property of the 
metal-oxide interface we can expect the 
activity to be inversely proportional to the 
metal-oxide contact area, curve (a), which 
might be expected if the interaction were 
delocalized, or inversely proportional to 
the perimeter of the metal particles, curve 
(b), which might be expected if the interac- 
tion is localized and only apparent for that 
part of the metal-oxide interface exposed 
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FIG. 1. Normalized rates for ethane (circles) and n- 
butane (triangles) hydrogenolysis after high-tempera- 
ture reduction (773°K) as a function of percentage ex- 
posed. (a) Inverse of normalized metal area. (b) 
Inverse of normalized particle perimeter. 

to the gas phase. Both curves were calcu- 
lated assuming hemispherical particles. 
However, because the rates were normal- 
ized to the lowest dispersed catalyst, pa- 
rameters of geometric shape will cancel. 
Clearly the data fit curve (b) much better, 
suggesting that the interaction after HTR 
occurs locally at the metal-oxide interface, 
and only those atoms exposed around the 
perimeter of the particle appear to be af- 
fected (rendered inactive). 

It is interesting to note the slight system- 
atic departure of the data from curve (b) to 
lower values as the percentage exposed in- 
creases. This is consistent with the ob- 
served spreading of the small metal parti- 
cles over the support observed by electron 
microscopy after reduction at 773°K for 
several Group VIII noble metals supported 
on Ti02 (15), which would enlarge the pe- 
rimeter of the particles, resulting in a larger 
effect at high percentage exposed than that 
predicted by using the original average par- 
ticle size. It must be recalled that the per- 
centage exposed was measured after LTR 
and, as discussed above, was assumed to be 
unchanged by the HTR. Note also the im- 
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plication that there exists a sfight reversible 
morphology change that accompanies 
SMSI as distinct from the irreversible sin- 
tering that accompanies the initial HTR. 

Figure 2 shows that unlike the rates after 
HTR, the normalized rates after LTR fit 
better the curve representing the normaf- 
ized metal-oxide contact area (or exposed 
metal area). This indicates that the interac- 
tion occurring at low temperatures is differ- 
ent in nature from that observed after HTR, 
and probably involves a delocalized efec- 
tron transfer resulting from the difference 
in the work functions of the metal and the 
support. Undoped stoichiometric TiOz has 
a work function of 6.2 eV (17), while the 
work function of Rh is 4.98 eV (18) indicat- 
ing that the equilibrium of the Fermi level at 
the interface would cause electron transfer 
from the metal to the support, The transfer 
after HTR may be in the opposite direction 
since reduced TiOz has a work function of 
4.6 eV (19). 

3.2 Effect of SMSI on Kinetic Parameters 

The variation of activation energy and or- 
ders of reaction with temperature of reduc- 
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FIG. 2. Normalized rates for ethane (circles) and n- 
butane (triangles) hydrogenolysis after low-tempera- 
ture reduction (523°K) as a function of percentage ex- 
posed. (a) Normalized metal area. (b) Normalized 
particle perimeter. 

210 

t 

0 
\ 

percent exposed 

FIG. 3. Activation energies for ethane hydrogenoly- 
sis after low-temperature reduction (circles) and high- 
temperature reduction (triangles) as a function of per- 
centage exposed. 

tion were studied for the hydrogenofysis of 
ethane over a Rh/TiOz catafyst series with 
different Rh percentage exposed. Figure 3 
shows the apparent activation energies for 
the different catalysts as a function of per- 
centage exposed. After LTR the activation 
energy decreases with increasing metal per- 
centage exposed, but after HTR it is essen- 
tially constant within the range of percent- 
age exposed considered. It is remarkable 
that this value of 197 kJ/mof coincides with 
that obtained for the catalyst of lowest per- 
centage exposed after LTR. This fact sug- 
gests that some of the particles are not af- 
fected by the interaction and retain the 
properties of bulk Rh metal (large parti- 
cles). 

The decrease in activation energy after 
LTR for the catalyst of high percentage ex- 
posed indicates a different kind of interac- 
tion, which can be pictured in terms of a 
delocalized transfer of electrons. The 
Fermi level of metals lies generally higher 
than that of semiconductors, so it may be 
expected that in the first stage of reduction 
electrons will flow from the Rh to the TiOl. 
This interpretation was first given by 
Schwab (IO), who correlated changes in ac- 
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tivation energy with collective properties of 
the semiconductor (n-type or p-type). Ac- 
cordingly, the activation energy for a donor 
reaction would decrease when charge is 
transferred from the metal to the support. 
In the case of ethane hydrogenolysis, a de- 
pletion of the free electron density in the 
metal may favor the stabilization of the 
C2H, intermediate of the hydrogenolysis re- 
action, weakening the C-C bond and caus- 
ing a decrease in the activation energy. 

The orders in hydrogen were observed to 
change after reduction at 773°K compared 
to the orders obtained after reduction at 
low temperatures, while the orders in eth- 
ane pressure remain nearly constant. These 
changes in pressure dependance are very 
similar to the changes observed when 
Group VIII metals are alloyed with Group 
Ib metals. In Table 1 a comparison between 
our data and those reported in Ref. (20) has 
been made. We want to stress the similarity 
of the effects of SMSI after HTR and the 
Group VIII-Group Ib alloying because the 
latter is believed to be a clear example of 
localized interaction (21) where some ac- 
tive sites are deactivated while the rest re- 
tain their original capabilities. 

3.3 The Analogy Between Group 
VIII-Group Ib and Group VIII-TiOz 
Interaction 

To emphasize the analogy between the 
deactivation of a Group VIII metal by addi- 

TABLE 1 

Catalyst 

Rh/TiOz catalysts 
H/M = 76% (LTR) 
H/M = 76% (HTR) 
H/M = 33% (LTR) 
H/M = 33% (HTR) 

Ni-Cu catalysts” 
Unsupported Ni 
Ni-Cu (6% Cu) 
Ni-Cu (60% Cu) 

L1 Ref. (20). 

Ethane Hydrogen 
order order 

1.0 -2.3 
1.0 -1.6 
I.1 -2.2 
1.0 -1.6 

0.9 -2.1 
0.8 -1.3 
0.8 -1.2 

tion of a Group Ib metal and the deactiva- 
tion of a Group VIII metal by the degree of 
interaction with Ti02, we make a direct 
comparison for two reactions in Fig. 4. The 
degree of metal-metal interaction is 
changed by varying the Cu/Ni ratio while 
the metal-oxide interaction is changed by 
varying the extent of reduction (tempera- 
ture of reduction for a fixed period of 2 h). 
In both cases the activity of the Group VIII 
metal is affected only modestly for the 
structure-insensitive reaction, cyclohexane 
dehydrogenation, but the structure-sensi- 
tive reaction, hydrogenolysis, is depressed 
by orders of magnitude. Similar behavior 
has also been reported for the Ru-Cu sys- 
tem by Sinfelt (22). 

Further evidence of the similarity be- 
tween Group VIII-Group Ib alloys and 
SMSI appears in the comparison of other 
hydrocarbon reactions. For example, it has 
been reported (23) that for SiOz-supported 
bimetallic Pt-Au catalysts with low Pt con- 
tent (PtlAu = 0.03) the isomerization of 
hexane occurs via the bond-shift (C, metal- 
locycle) mechanism in preference to the cy- 
clic (C, metallocycle) mechanism. On the 
other hand, at high Pt contents the cyclic 
mechanism was dominant. The low Pt con- 
tent catalysts were inactive for ring opening 
of methylcyclopentane, a necessary step in 
isomerization through the CS metallocycle 
mechanism. Clarke et al. (24), have also 
observed this clear switch in isomerization 
mechanism when the ratio PtlAu is very 
low, i.e., isomerization occurs almost en- 
tirely by the Cj metallocycle mechanism 
and the methylcyclopentane ring is not 
opened. Analogously, Dauscher et al. (25) 
studying the SMSI have found that highly 
dispersed 0.25 wt% (pure) Pt on TiOz, after 
reduction at 673”K, showed a drastic reduc- 
tion in the C5 metallocycle mechanism, as 
in the case of bimetallic catalysts. 

3.4 Reduction by H atoms 
After reduction by H atoms at room tem- 

perature the Hz chemisorption capability 
and hydrogenolysis activity were measured 
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FIG. 4. Ethane hydrogenolysis and cyclohexane dehydrogenation on (a) Ni-Cu catalysts as a func- 
tion of Cu content, and (b) RhiTi02 catalyst as a function of reduction temperature. 

and compared to the values obtained after 
standard reductions. The results are shown 
in Table 2. They are substantially the same 
as those obtained after LTR. 

It has been shown that H atoms produced 
by microwave discharge are able to reduce 
TiOz at low temperatures. After exposure 
to H atoms, for 3 min at 77”K, an EPR sig- 
nal due to Ti3+ is observed and it does not 
disappear after exposure to oxygen. This 
fact has lead Che et al. to the conclusion 
that Ti3+ species are below the surface (26). 
However, UPS, ELS, and angle-resolved 
XPS measurements have shown that when 
Ti3+/OZ- vacancies are created on the sur- 
face at room temperature by ion bombard- 
ment it is necessary to anneal the TiOz crys- 
tal at temperatures as high as 673°K to 

TABLE 2 

Reduction Rate H/Rh 
(molec./surf.Rh 

at.min) (n-butane 
hydrogenolysis 

at 473°K) 

LTR 
HTR 
H atoms (room 

temp) + LTR 
H atoms (room temp) 

+ 773°K (vacuum) 

20 0.45 
0.0009 0.04 

15 

9 0.40 

allow the O?- ions to diffuse up from the 
bulk effectively transporting Ti3+ species 
below the surface (27). Therefore, it seems 
unlikely that reduction by H atoms at low 
temperatures would not produce Ti3+ on 
the surface. In any case, our results prove 
that the Rh/TiOz interaction following HTR 
cannot be due to the collective properties of 
the reduced TiOz because the creation of 
Ti3+/02- vacancies (either on the surface or 
in the bulk) causes an increase in the n-type 
conductivity which, according to Ref. (9), 
would induce a suppression in hydrogen 
chemisorption and catalytic activity. Nc, 
such effect was detected in either of the two 
experiments using hydrogen atoms reduc- 
tion. 

A Ti3+/lattice oxide vacancy must be cre- 
ated close to the metal particle and, in addi- 
tion, metal atoms must have the necessary 
mobility to get to the O*- vacancy and form 
the kind of bonding described theoretically 
by Horsley (5~). We have tried to perform 
separately the two steps by first creating 
the 02- vacancy by bombarding the catalyst 
with H atoms at room temperature and then 
increasing the temperature in vacuum to in- 
duce the movement of Rh atoms (particles). 
However, as shown in Table 2 no signifi- 
cant effect was observed. This may be due 
to 02- ions diffusing from the bulk and oc- 
cupying the Ti3+/02- vacancies before any 
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Rh atom (particle) can reach them. There- 
fore, it appears necessary to have present 
both reduction by H atoms and high-tem- 
perature mobility simultaneously, so the Rh 
atoms (particles) can move into the 02- va- 
cancy before another 0 ion can occupy it. 

The above discussion presumes that 
metal atoms or particles must move to lat- 
tice oxide vacancies formed by the surface 
reduction of Ti4+ to Ti3+, i.e., that the inter- 
action following HTR resulting in hydro- 
genolysis deactivation is primarily elec- 
tronic. However, the constant activation 
energy independent of the degree of hydro- 
genolysis activity depression and the anal- 
ogy with Group VIII-Group Ib systems 
suggest an alternative interpretation, i.e., 
the metal particle is stationary and the va- 
cancy moves to the perimeter of and onto 
the particle. This could give rise to a local- 
ized electronic interaction, but the mecha- 
nism of deactivation would also have a 
large geometric factor analogous to the 
Group VIII-Group Ib interaction. By 
movement of a vacancy onto the surface of 
a particle we imply the diffusion of a re- 
duced titanium oxide, e.g., T&03, onto the 
surface of the particle. Our model of the 
HTR deactivation is consistent with the pe- 
rimeter calculation of ethane and n-butane 
hydrogenolysis shown in Fig. 1. It would 
predict that the kinetics of the interaction 
(amount of deactivation as a function of 
time at a fixed reduction temperature) 
would vary with the square root of time as 
generally observed for diffusional phenom- 
ena (28). That this is the case is demon- 
strated in Fig. 5. It should be noted that the 
migration of a reduced titanium oxide spe- 
cies onto the particle offers an explanation 
of how the effect can still exist for large 
particles (5e) (while migration only to the 
perimeter would not) and why SMSI is, in 
part, reversible by mere oxidation at room 
temperature (29). The latter could be the 
result of the reoxidation of the reduced tita- 
nium oxide species converting a strong 
chemical bonding into a physical interac- 
tion. In the recent study of the Ir/TiOz sys- 
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FIG. 5. Evolution of ethane hydrogenolysis activity 
over Rh/TiOr in Hz atmosphere as a function of square 
root of reduction time. The rates are normalized to the 
values extrapolated to time = 0 at each temperature. 
To perform these measurements, the catalyst, in oxi- 
dized form, was placed in a pulse reactor. When the 
temperature was stable at the desired set point Hz flow 
was initiated. Subsequently, the activity was moni- 
tored by sending pulses of ethane. 

tern, Foger notes that SMSI is more easily 
reversible with small particles than with 
large, perhaps because the reformed Ti02 
has a comparatively shorter distance to 
move off the metal particle to reassociate 
with the bulk Ti02. 

Other workers have suggested the possi- 
bility of some titanium oxides species mov- 
ing onto the metal surface (8, 30). We have 
provided physical evidence that reduction 
is necessary but not sufficient (the H atom 
experiment) and the kinetics of onset of 
SMSI (Fig. 5) are consistent with a migra- 
tion step. Moreover, we elaborate on the 
concept using the analogy with the Group 
VIII-Group Ib system to suggest that 
SMSI is the result of a combined geometric 
(migration of a species from the support) 
and local electronic interaction (chemical 
bonding) between the metal and the mi- 
grated species. 

4. CONCLUSIONS 

We conclude that after HTR the Rh parti- 
cles interact with reduced TiOz at the pe- 
rimeter of the particles and that the interac- 



METAL-OXIDE SUPPORT INTERACTION FOR Rh ON TiOz 287 

tion energy is sufficient to cause some 
migration of reduced support species onto 
the particle. This interaction is strongly de- 
activating for hydrogenolysis. Because 
those sites that remain active have an un- 
changed activation energy and the effect is 
very analogous to the Group Ib interaction 
with Group VIII metals, we propose that 
the deactivation of hydrogenolysis sites is, 
in part, geometric and that the electronic 
interaction is localized (essentially chemi- 
cal bonding). The smallest particles in the 
distribution are more affected both because 
of their higher perimeter to surface ratio 
and because the distance a migrating spe- 
cies would have to move to reach the center 
of the particle is shorter. 

By way of contrast, after LTR there ex- 
ists a delocalized transfer of charge from 
the Rh particle to the support. The effect is 
more evident in the small particles because 
the screening of the free electrons of the 
outer metal layers, in large particles, dilute 
the charge perturbation over one or two 
atomic distances. 

ACKNOWLEDGMENT 

Support for this research by the National Science 
Foundation under Grant ENG-7813314 is gratefully ac- 
knowledged. 

REFERENCES 

I. Schwab, G. M., and Schultes, H., Z. Phys. Chem. 
Abt. B 9, 265 (1930). 

2. (u) Tauster, S. J., Fung, S. C., and Garten, R. L., 
J. Amer. Chem. Sot. 100, 170 (1978); (b) Baker, R. 
T. K., J. Cutnl. 63,523 (1980); (c) Vannice, M. A., 
and Garten, R. L., J. Caral. 56, 236 (1979). 

3. Boudart, M., and Djega-Mariadassou, G., in “Ki- 
netics of Heterogeneous Catalytic Reactions.” 
Princeton Univ. Press, to be published. 

4. (a) Tauster, S. J., and Fung, S. C., J. Catal. 55,29 
(1978); (b) Tauster, S. J., Fung, S. C., Baker, R. 
T., and Horsley, J. A., Science 211, 1121 (1981). 

5. (a) Kao, C. C., Tsai, S. C., and Chung, Y. W., J. 
Caral. 73, 136 (1982); (b) Chien, S. H., Shelimov, 
B., Resasco, D. E., Lee, E. H., and Haller, G. L., 
J. Caral. 77, 301 (1982); (c) Horsley, J. A.. J. 
Amer. Chem. Sot. 101,287O (1979); (d) Sexton, B. 

6. 

A., Hughes, A. E., and Foger, K.. .I. Catul. 77,85 
(1982); (e) Fung, S. C., J. Caral. 76, 225 (1982). 
Chen, B. H., and White, J. M., J. Phys. Chem. 86, 
3534 (1982). 

7. 

8. 

9. 

10. 

Il. 

12. 

13. 

Huizinga, T., and Prins, R., in “Studies in Surface 
Science and Catalysis” (B. Imelik et al., Eds.). 
Vol. 11, p. I I. Elsevier, Amsterdam, 1982. 
(a) Santos, J., and Dumesic, J. A., in “Studies in 
Surface Science and Catalysis” (B. Imelik, ef al., 
Eds.), Vol. 11, p. 43. Elsevier, Amsterdam, 1982. 
(b) Santos, J., Phillips, J., and Dumesic, J. A., J. 
Cutul. 81, 147 (1983). 
Meriaudeau, P., Ellestad, 0. E., Dufaux, M.. and 
Naccache, C., J. Cura/. 75, 243 (1982). 
(0) Schwab, G. M., Block, J.. and Schultze, D.. 
Anger. Chem. 71, 101 (1958); (b) Schwab, G. M., 
Adu. Catul. 27, 1 (1978). 
Ponec, V., in “Studies in Surface Science and Ca- 
talysis” (B. lmelik et af., Eds.), Vol. 11, p. 63. 
Elsevier, Amsterdam, 1982. 
Smith, J. R., Arlinghaus, F. J., and Gay. J. G., 
Phys. Reu. B 26, 1072 (1982). 
Resasco, D. E., and Haller, G. L., in “Studies 
in Surface Science and Catalysis” (B. Imelik et 
al., Eds.), Vol. 11, p. 105. Elsevier, Amsterdam, 
1982. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

Apple, T. M., Gajardo, P., and Dybowski, C.. J. 
Card. 68, 103 (1981). 
Baker, R. T., Prestridge, E. B., and Garten, R. L., 
J. Catal. 56, 390 (1979). 
Foger, K., J. Caral. 78, 406 (1983). 
Fomenks, U. S., in “Emission Properties of Ele- 
ments and Chemical Compounds,” Handbook. 
Izd. Akad. Nauk Ukr. SSR, 1965. [in Russian] 
Nieuwenhuys, B. E., Bouwman, R., and Sachtler. 
W. M. H., Thin Solid Films 21, 51 (1974). 
Chung, Y. W., Lo, W. J., and Somorjai, G. A., 
Surf. Sci. 64, 588 (1977). 
Sinfelt, J. H.. Carter, J. L., and Yates, D. J. C., J. 
Catal. 24, 283 (1972). 
(a) Ponec, V., and Sachtler, W. M. H., J. Car&. 
24, 250 (1972); (b) de Jongste, H. C., Kuijers, F. 
J., and Ponec, V., in “Proceedings, 6th Int. Con- 
gress on Catalysis.” (G. C. Bond, P. B. Wells, and 
F. C. Tompkins, Eds.), Vol. 2. p. 915. The Chemi- 
cal Society, London, 1976. 

22. Sinfelt, J. H., J. Cnral. 29, 308 (1973). 
23. Van Schaik, J. R., Dessing, R. P., and Ponec, V., 

J. Catal. 38, 268 (1974). 
24. Clarke, J., Manninger, I., and Baird, T., J. Catal. 

54, 230 (1978). 
25. Dauscher, A., Garin, F., Luck, F., and Maire, G., 

in ‘Studies in Surface Science and Catalysis.” (B. 
Imelik ef al., Eds.), Vol. 11, p. 113. Elsevier, Am- 
sterdam, 1982. 

26. Che, M., Canosa, B., and Gonzalez-Elipe, A., J. 
Chem. Sot. Faraday Trans. I78, 1043 (1982). 

27. (a) Henrich, V., Dresselhaus, G., and Zeiger, H. 



288 RESASCO AND HALLER 

J., Phys. Reu. Left. 36, 1335 (1976); (b) Chien, S. 
H., and Haller, G. L., unpublished results. 

28. Crank, J., in “The Mathematics of Diffusion,” 
Oxford Univ. Press, 1967. 

29. Meriaudeau, P., Ellestad, H., Dufaux, M., and 
Naccache, C., in “Proceedings, 7th Int. Congress 
on Catalysis, Communication E2, Tokyo, 1980” in 
“Studies in Surface Science and Catalysis,” Vol. 
7. Elsevier, Amsterdam. 

30. (a) Kao, C., Tsai, S., Bahl, M., Chung, Y., and 
Lo, W., Surf. Sci. 95, 1 (1980); (b) Baglin, J., 
Cairns, J., Clark, G., and Ziegler, J., in “Materials 
Research Science Annual Meeting, Boston, Nov. 
1982,” Abstract K 2.3; (c) Meriaudeau, P., Dutel, 
J., Dufaux, M., and Naccache, C., in “Studies 
in Surface Science and Catalysis” (B. Imelik er 
al., Eds.), Vol. 11, p. 95. Elsevier, Amsterdam, 
1982. 


