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A model is proposed to account generically for strong metal-support interactions, a term which 
is used in a broad sense, and for SMSI, an acronym which is used in a specific and narrow sense. 
The generalized model is operative through the interaction of metal atoms with oxygen ion lattice 
vacancies in oxide supports. The occupancy of vacancies by metal atoms is equally applicable to 
different oxide systems, but the resulting effects may vary profoundly depending on the nature of 
the support. When applied to fluorite-type oxide supports, the model accounts for experimental 
observations of high metal dispersion, high sorption, and high catalytic activity, and unusual 
stability of these against sintering, up to temperatures ca. 1400 K under strong oxidation condi- 
tions. In contrast, when applied to rutile the model accounts for SMSI. The marked differences in 
behavior of metals on the two types of supports is explained on the basis of the uniformly compact 
or localized open cation sublattices. On the first type, interactions are mainly limited to metal 
occupancy of surface vacancies due to the diffusion barrier created by the support cations. In the 
second type, metal diffusion into support bulk vacancies and metal burial are possible, under 
hydrogen reduction, because of the open nature of the cation sublattice. The opposite phenome- 
non, dislodging the metal back to the support surface through oxidation, is also presented. As such. 
the model accounts for the typical observations in SMSI systems. The model has predictive 
value. 0 1987 Academic Press, Inc. 

INTRODUCTION 

General Background 
The interaction between metal and sup- 

port in supported metal catalysts has been 
of scientific and industrial interest for many 
years. Electronic interactions between 
Group VIII metals and semiconductors 
have been studied for over 40 years. In the 
last 20 years, the development of automo- 
bile exhaust catalysts led to intensive inves- 
tigations of noble metals and their interac- 
tions with supports such as transition 
aluminas and other oxides. In particular, 
Sanchez et al. (1) and Sergeys et al. (2) 
studied oxide supports which exhibit the 
fluorite structure. 

More recently, Tauster and co-workers 
(3, 4) discovered unusual effects in a series 
of metal/oxide support systems. They intro- 
duced the acronym SMSI to refer to a 

I Present address: Departamento de Quimica, Uni- 
versidad Aut6noma Metropolitana, Iztapalapa, Mex- 
ico D.F. 09340, Mexico. 

strong metal-support interaction that was 
observed. Their pioneering work has re- 
sulted in much activity in this area in the 
last 7 years. The original observations have 
been amply confirmed and new systems 
have been shown to exhibit equivalent be- 
havior. 

At the outset, it should be stated that the 
expression “strong metal-support interac- 
tion” will be used in this paper in a generic 
sense, while the acronym SMSI will be re- 
served for those cases which meet the spe- 
cific and narrow meaning in the original 
work, and equivalent subsequent research. 
The two expressions should not be con- 
fused. 

In order to avoid misunderstandings we 
shall call SMSI any metal-support interac- 
tion which meets the criteria explicitly or 
implicitly set by the original authors (3-6) 
in 1978-1979 which are the following: 

(a) Initial high metal dispersion after low 
temperature reduction (LTR), which 
results in 
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small crystallite size 
high sorption 
high relative catalytic activity, and 
“normal” crystallite morphology. 

(b) After high-temperature hydrogen re- 
duction (HTR) in the range of about 700- 
1100 K, the system exhibits 

a sharp decrease in sorptive proper- 
ties, 
a sharp decrease in relative catalytic 
activity for many hydrocarbon conver- 
sion reactions, 
an increase in metal particle cross sec- 
“flat,” thin, polygonal, metal shape 
(pill-box), and 
reduction of some of the support cat- 
ions. 

(c) Virtual return to condition (a), except 
in size, after high-temperature oxidation 
(HTO) with HZ0 or O2 and LTR in Hz. 

Thus, (I) and (2) observed metal-sup- 
port interactions which gave high metal dis- 
persion and resulted in high sorption, good 
catalytic activity, and high thermal stabil- 
ity, under oxidation conditions, up to tem- 
peratures ca. 1400 K, in oxide supports 
possessing the fluorite structure. In con- 
trast, other authors (3-6) observed SMSI in 
Ti02 and other reducible oxides. 

While facts relating to SMSI are solidly 
established, their explanation has been elu- 
sive. Several mechanisms and models have 
been proposed but, as yet, none has been 
widely accepted. However, two models 
have received the most attention. 

Initially, electronic effects were invoked 
to rationalize the SMSI. Theoretical calcu- 
lations by Horsley (7) implied that bonding 
between the metals and the reduced cations 
in the support could occur and account for 
the morphological, sorptive, and catalytic 
changes observed. Spectroscopic data were 
interpreted as the result of charge transfer 
to the noble metal. Subsequent research by 
Huizinga and co-workers (8-20) and Short 
(II) has created doubts about this explana- 
tion. 

More recently, Meriaudeau (12), Santos 
(13) Resasco (Z4), and others have in- 

voked support migration to account for 
SMSI. 

The basic idea is that partially reduced 
oxide support species are able to migrate 
through or across the metal particles to 
cover some or most of their surface, 
thereby blocking sites for sorption and ca- 
talysis. This model, while accounting for 
many observations, is not without contro- 
versy. However, in spite of these and other 
shortcomings, it remains the most widely 
accepted explanation and rationalization of 
SMSI to date. 

In 1974, (2) proposed a tentative model 
and explanation for metal interactions with 
ionic oxide supports in general and, more 
particularly, with those possessing the fluo- 
rite structure. The model was limited to 
surface dispersion of the metal and in- 
volved surface oxygen ion vacancies and 
their occupancy by the metal atoms or 
“nesting.” It could be operative with re- 
ducible as well as nonreducible oxide 
phases. 

The purpose of this paper is to propose a 
model to account for the metal-support in- 
teractions observed by (I) and (2) and for 
the SMSI observed by (3), (4), and others. 
The model, which is an extension of the one 
suggested by (1) in 1974, involves the occu- 
pancy of oxygen ion vacancies in the oxide 
support by metal atoms. While the basic op- 
erative mechanism is essentially the same 
for different systems, its effects and mani- 
festation may vary profoundly depending 
on the crystal structure of the support. 

Only two dioxide structures (fluorite and 
cassiterite) will be discussed in this paper, 
although the model should be applicable to 
any oxide phase which exhibits 02- vacan- 
cies. So far, none of the explanations of- 
fered for SMSI invokes 02- vacancies as 
the dominant factor, although some authors 
make incidental mention of vacancies in 
their model (6, 7, 14-17). 

Vacancies will appear, when (a) hydrox- 
ylated surfaces are dehydrated, (b) some of 
the cations in an oxide are reduced by 
chemical means or by thermal dissociation, 
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(c) some of the cations of a nonreducible 
oxide are isomorphously replaced by cat- 
ions of lower valence, or (d) by combina- 
tions of the above. 

Unless stated otherwise, interaction and 
activation energies will be expressed in kcal 
mol-l (1 kcal = 4.186 kJ) and distances in 
terms of the oxygen ionic radius of the ap- 
plicable oxide support. The term “va- 
cancy” (V) will mean the absence of an 02- 
from the crystal bulk while the term “nest” 
(N) will mean the absence of 02- or OH- 
from the crystal surface. Certain combina- 
tions of Vs and Ns will be designated 
“wells” (W). 

The Fluorite Structure 

Compounds which are predominantly 
ionic and contain large cations pack so that 
the chief contacts are between atoms of op- 
posite sign and so that each atom is sur- 
rounded by the maximum number of atoms 
of the opposite sign (18). 

Dioxides (MOz) in which M4+ is espe- 
cially large in relation to 02- are likely to 
possess the cubic fluorite structure: OhwS 
(Fm3m) in which M4+ is surrounded by 
eight oxygens and each bulk 02- is sur- 
rounded by four M4+. The unit cell edge 
corresponds to the distance between alter- 
nate 02- along the (100) axis. A simple cal- 
culation shows that for spherical ions con- 
tact between M4+ and its eight coordinated 
02- will occur only when the radii ratio of 
M4+ to 02- is at least (fi - 1). According 
to Wyckoff (Z8), “this relation is fulfilled 
for compounds with the fluorite arrange- 
ment.” 

The presence of vacancies in fluorite- 
type oxides and the properties which they 
impart have been known and studied for 
many years -in particular, their role in dif- 
fusion phenomena and on electrical proper- 
ties (19-21). The concentration of vacan- 
cies may range up to ca. 17% of the oxygen 
sublattice without phase transformation 
and the activation enthalpy for ionic con- 
ductivity which depends on 02- diffusion 
may range between about 15 and 30 kcal 

mol-’ depending on specifics (19). The rea- 
son for the high activation enthalpy relates 
to the coordination of the oxygen which is 
“caged” within four cations. The cation 
sublattice is uniformly compact and for the 
ideal structure, the ratio of the opening be- 
tween adjacent cations to the 02- diameter 
is (1 + fi - e) or 0.682. As such, the 
cation sublattice is always a barrier, to 02- 
bulk diffusion in fluorite-type oxides. Table 
1 gives dioxides with the fluorite structure 
showing the 02- and M4+ ionic radii accord- 
ing to Wyckoff’s guidelines. 

Figure la is a representation of a cross 
section of the structure of Th02, which is 
a fluorite-type oxide. It shows a [OIO] plane 
of 02- and the corresponding Th4+ planes 
directly in front of and behind it. The [OOl] 
surface is fully hydroxylated. Note the tet- 
rahedral coordination of the bulk 02- by 
Th4+ and the resulting cage effect which re- 
stricts all oxygens except those on the sur- 
face. 

Figure lb is a generalized representation 

TABLE 1 

Fluorite-Type Metal Oxides 

Compound 
(nominal 
formula) 

Dimensions (& 

Unit Cation Oxygen 
cell edgeb radius radius 

cr-PO02 5.687 1.041 1.422 
ThOz 5.595’ 1.024 1.399 
PaOz 5.505 1.007 1.376 
Pro2 5.469 1.001 1.367 
uoz 5.468 1.001 1.367 
Np02 5.434 0.994 1.359 
Ce02 5.426” 0.993 1.356 
fiO2 5.3% 0.988 1.349 
AmOz 5.376 0.984 1.344 
Cm02 5.372 0.983 1.343 
Tb02 5.220 0.955 1.305 
Zro2d 5.140’ 0.941 1.285 
HfOzd 5.115 0.936 1.279 

(1 1 A = 0. 1 nm. 
b From (18) or (c) from (22). 
d Fluorite structure only at high temperature or with 

stabilizers. 
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(a) (b) ON SURFACE 

FIG. 1. (a) Cross section of ThOz showing a [OIO] plane of oxygen ions and adjacent thorium cations. 
The [OOl] surface is fully hydroxylated. (b) Same as (a) showing a surface platinum atom. 

of a fluorite-type oxide support which 
shows a platinum atom on the [OOI] surface. 
Because it does not possess any nests or 
other imperfections, we refer to it as an 
ideal surface. The [OOl] facet has been se- 
lected to illustrate a typical hydroxylated 
fluorite-type oxide because it is easy to vis- 
ualize, is highly symmetrical, has a high 
OH- surface density, and is the crystal 
form most often found in nature in fluorite 
oxide minerals, such as thorianite and 
uraninite (23). 

The Cassiterite Structure 

The most common dioxide structure of 
metals with octahedral coordination shows 
tetragonal symmetry, D4h-&‘4/mnm), and 
is typified by cassiterite (Sn03 (18). It has 
been selected for our study because Ti02, 
the first and most studied SMSI support, 
exhibits this structure (rutile). Figure 2 
shows the t-utile unit cell. Figure 3a shows 
the relative position of the ions in two adja- 
cent layers which are perpendicular to the 
(001) axis. Any size crystal of rutile may be 
represented by extension and repetition of 
these two bulk layers. The corresponding 
surface layer may be totally or partially hy- 
droxylated. As in fluorite-type oxides, we 
have chosen to consider a fully hydroxyl- 
ated surface. One may visualize such a sur- 
face as resulting from the hydration of the 
bulk layers shown in Fig. 3a by adding an 

OH- directly above each shaded O*- and 
one H+ to each O*- shown in white. In this 
manner Ti4+ is not exposed and becomes 
octahedrally coordinated with O*-, the sur- 
face terminates in OH-, and the crystal re- 
tains electrical neutrality and surface sym- 
metry. Note the two OH- layers separated 
by a distance of ~12. 

Tetravalent cations with ionic radii be- 
tween about 0.5 and 0.75 A often exhibit 
octahedral coordination with oxygen and 
exhibit the cassiterite structure as shown in 
Table 2 (28). The oxygen radii (ro) are com- 
puted from the unit cell edge (ao) and the 
octahedral coordination cation radii (TJ, us- 
ing the relationship 

V?!a, - 2r, 
ro = 4 (1) 

- ao- 

FIG. 2. Tetragonal rutile unit cell. The circles repre- 
sent TP+. The larger 02- (not shown) are centered at 
the comers of the octahedron. 
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FIG. 3. (a) Relative position of 02- and Ti4+ in two adjacent [OOl] bulk layers of rutile. The small 
circles represent Ti4+ and the large circles represent the 02-. The dark layer is behind the white one at 
a distance of ~12. They are identical but at a right angle with respect to each other. Note the 02- which 
occurs always in pairs. (b) Same as (a) after reduction and selective removal of Or- to form channel. 
Some of the Ti4+ has become TI ‘3+ The most restrictive dimension within a channel is -3.1 A. Note the . 
larger dimensions in other directions. The channel can accommodate large atoms and small molecules. 

which has been derived from structural 
considerations. 

In contrast to the fluorite-type oxides, 
the 02- in cassiterite-type supports is not 
caged by cations and its diffusion in the 
presence of 02- vacancies is not blocked by 
the cation sublattice, at least in the (001) 
direction. In other (hkl) directions, diffu- 

TABLE 2 

Cassiterite-Type Oxides 

Compound Dimensions (A) 
(nominal 
formula) a0 co Cation 02- 

radius” radius 

NbOr 4.77 2.96 0.74 1.32 
Tao2 4.709 3.065 0.736 1.30 
Snot 4.737 3.186 0.71 1.32 
wo2 4.86 2.77 0.70 1.37 
MOO* 4.86 2.79 0.70 1.37 
Te02 4.79 3.77 0.70 1.34 
Ti02 4.594 2.958 0.68 1.28 
Ifl2 4.49 3.14 0.68 1.25 
Ru02 4.51 3.11 0.67 1.26 

:ZnO, 4.54 4.396 2.871 2.88 0.60 0.63 1.29 1.25 
Cr02 4.421 2.926 0.58 1.27 
Ge02 4.395 2.859 0.53 1.29 

0 Octahedral coordination; from (24). 
b Estimated. 

sion is hindered to varying degrees. Figure 
4 shows four adjacent strands of O*- in 
Wile which are parallel to the (001) axis 
and which terminate in OH-. The Ti4+ are 
not shown. They are located outside of the 
four strands. Layer 1 contains OH- but no 

LAYER 

:=o 

FIG. 4. Detail of oxygen structure in rutile showing 
four adjacent strands of 02- along the (001) axis which 
terminate in OH-. The Ti4+ which are located outside 
of the strands are not shown. Hydration layer 1 con- 
tains OH- but no Ti4+. Layer 2 contains Ti4+ and OH-. 
Those two layers constitute the [OOl] hydrated sur- 
face. All other layers exhibit O*- and TP+ in a 2 to 1 
ratio. Gradual removal of OH-, and then 02-, creates 
large nests and, eventually, wells and diffusion chan- 
nels. 
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Ti4+. Layer 2 contains two OH- ions per 
Ti4+. Those two layers constitute the [OOl] 
hydrated surface. The remaining bulk lay- 
ers consist of 02- and Ti4+ in a 2 to 1 ratio. 

In layer 1, a single nest may be formed by 
the removal of one molecule of water. Two 
nests may migrate at high temperature to 
form a pair and several such nests may coa- 
lesce into a dehydrated surface region 
which may appear as a depression. An im- 
portant point to remember is that in layer 1 
removal of OH- ions can be achieved by 
dehydration and does not require reduc- 
tion. In layer 2, the elimination of OH- ions 
may result from the reduction of an equal 
number of Ti4+ to Ti3+. In layer 3 and be- 
yond, reduction will result in the formation 
of 02- bulk vacancies. In this case each va- 
cancy requires the reduction of two Ti4+ to 
Ti3+ ions. 

In summary the formation of a surface 
vacancy pair in layer 1 requires no reduc- 
tion; the formation of a shallow well of four 
vacancies in layers 1 and 2 requires the re- 
duction of two Ti4+; while the formation of 
a six-vacancy well in layers 1, 2, and 3, 
requires only the reduction of six Ti4+ ions. 

It is important to note that vacancies 
need not always be in the immediate vicin- 
ity of the reduced titanium ions. They move 
about at high temperatures and may form 
transient pairs, strands, clusters, or other 
configurations. For example, a diffusion 
path along the (001) axis of r-utile may form 
as shown in Fig. 3b (identical to Fig. 3a 
except that four 02- have been omitted). 
The most restrictive dimension within this 
path or cluster is about 3.1 A, which is the 
opening between adjacent titanium ions 
along the (100) or (010) axis. The cluster is 
appreciably wider in other directions and 
may reach dimensions greater than 4 A. As 
such, it can hold at the same time metal 
atoms and one small molecule, such as HZ, 
02, H20, CO, CH4. 

The other two polymorphs of Ti02 (ana- 
tase and brookite) exhibit more open cation 
sublattices than r-utile in some directions 
(18), and as such should not hinder oxygen 

diffusion in those directions. Finally, par- 
tial reduction of rutile yields a series of tita- 
nium suboxides known as the Magneli 
phases or “shear structures” whose com- 
position is given by 

‘G&- 1, 

where 10 2 IZ 2 4. Their structures follow 
the general geometric principles of homolo- 
gous series derived by Magneli in 1948 for 
molybdenum oxides (25) and later ex- 
tended to oxides of (MO-W), V, Ti, (Ti- 
Cr), and (Ti-Nb) by various workers (26). 
In the case of titanium suboxides the shear 
structures consist of slabs of r-utile of infi- 
nite extension in two dimensions and of a 
characteristic finite thickness in a third di- 
rection (26). Schematic representations of 
t-utile and two shear phases are shown in 
Fig. 5. Within the slabs, diffusion should 
take place as in t-utile. The shear phases, as 
well as Ti02, are capable of exhibiting oxy- 
gen vacancies. 

FIG. 5. Schematic representation of the rutile struc- 
ture viewed in the (100) or (010) direction and of two 
shear structures consisting of rutile slabs of infinite 
dimensions in two directions and of finite thickness in 
the other. The thickness is determined by the composi- 
tion: T&O*,-, for 10 2 n 2 4. As n decreases (with 
reduction), the thickness decreases. 
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The Metals SYMBOLS 8 EQUATIONS 

The metals selected to illustrate our 
model are Rh, Pd, Pt, and Ir. They are 
among the most widely studied elements in 
SMSI and the first three were part of the 
original work of (I). They do not react with 
the oxide supports typically encountered in 
SMSI and their oxides are readily reduced 
in HZ. Furthermore they all possess atomic 
radii very close to that of 02- and therefore 
can tightly fit in a vacancy. We have also 
considered base metals such as Fe, which 
has been studied by Tatarchuk et al. (27- 
29), and Ni, a much studied element in 
SMSI. However, since these metals are 
likely to react under HTO to form com- 
pounds (FezTiOs , etc.) and are much 
smaller in size than 02-, they will be men- 
tioned only briefly in this paper. Under 
LTR and HTR they exhibit SMSI proper- 
ties and in fluorite-type supports, their 
small size makes diffusion into the bulk eas- 
ier than for Group VIII noble metals. 

METAL NESTING 

A Small Metal Atom: 

Q+Ll - -+kl 

S. Large Metal Atom: 

+U --+ 

METAL BURIAL 

C. Small Metal Atom: 

l!Rl+o-u+@l 

D. Large Metal Atom: 

Rh, Pd, Ir, and Pt have the fee structure 
Oh-5 (Fm3m-type Al) (22). A simple rela- 
tionship allows the calculation of their ra- 
dius rA from the unit cell edge ao: 

+O- 

FIG. 6. Symbolic equations of the nesting transition 
for a small metal atom (A) and a large metal atom (B). 
There are no barriers to the transition surface to nest. 
Metal burial may occur for relatively small metals (C) 
but should not occur for metals which are much larger 
than the vacancy (D). 

Table 3 gives the unit cell edge and the 
calculated radii of the metals. Note the 
closeness of these atomic radii with the val- 
ues for 02- shown in Tables 1 and 2. 

TABLE 3 

The Noble Metals 

Metal Unit cell 
edge” 
(-4 

Rh 3.864 
Ir 3.839 
Pd 3.890 
Pt 3.924 

r? From (22). 

Atomic 
radius 

(4 

1.345 
1.357 
1.375 
1.387 

THE VACANCY INTERACTION MODEL 

We propose a generalized model in which 
strong metal-support interactions result 
from the occupancy of individual vacancies 
or nests as well as clusters or wells, by 
metal atoms (see Fig. 6 for symbols and 
equations). The sections which follow dis- 
cuss, in specific terms, at the atomic level, 
the operative mechanisms for the various 
interaction phenomena involving vacan- 
cies. 

Surface Nesting 

Nests are relatively easy to form by de- 
hydration of hydroxylated surfaces or by 
chemical reduction of reducible oxides. 
Noble metal atoms located on an ideal sup- 
port surface (Fig. lb) will exhibit a weak 
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physical interaction with said surface. In 
such cases the atoms will migrate, at high 
temperatures, until they meet and coalesce 
to form large crystallites which results in 
loss of metal surface area, a decrease in 
sorptive capacity, and a decrease in cata- 
lytic activity. The driving force for the for- 
mation and growth of crystallites is the high 
surface tension which Rh, Pd, It-, and Pt 
possess (1.47 to 2.25 N * m-l at their melt- 
ing points) (24) which correspond to sur- 
face energies in the range of 14 to 23. At 
lower temperatures they become apprecia- 
bly higher. 

On surfaces which possess nests, for ex- 
ample partially reduced CeO;? or yttria 

(4 

(b) 

(4 

SURFACE NEST IN 
REDUCED CERIA 

I PLATINUM 
IN SURFACE NEST 

I 

FIG. 7. (a) Cross section of CeOz showing the substi- 
tution of a Ce4+ by Ce3+ and the elimination of one 
OH- from the surface, forming a nest (N). (b) Same as 
(a) with the surface nest occupied by a PP atom. (c) 
Qualitative plot of the physical interaction energy be- 
tween Pt” and a nest on CeOz as a function of the 
distance from the center of the nest (measured in oxy- 
gen ionic radii). 

doped thoria (Fig. 7a), the noble metals will 
also migrate over the ideal regions of the 
surface. However, when they meet nests, 
the atoms may drop into the surface defects 
(Fig. 7b). We call this phenomenon metal 
“nesting” and we consider nested atoms to 
be always more stable than the correspond- 
ing atoms on ideal surfaces. Figure 7c is a 
graphic, qualitative representation of the 
physical interaction energy (E) of a Pt atom 
with reduced ceria as a function of the dis- 
tance (z) from the center of the nest. The Pt 
atom coordinates are (0, 0, z) and those of 
the nest (0, 0,O). Note that in the graph E(z) 
decreases as the metal approaches the sup- 
port surface, reaches a minimum at a point 
N well into the OH- layer and very rapidly 
swings upward as the metal is blocked from 
further penetration by the strong repulsive 
forces from the crystal lattice ions. This 
plot is not unlike that for E(z) vs z for Pt on 
an ideal surface, in which case the mini- 
mum is shallow and located further out. 
Large atoms do not penetrate as much into 
the nest as small ones. For a given distance 
(z), the value of E(z) is determined by the 
relative values of the forces involved. In 
general at distances greater than about two 
02- radii, the dominant force between the 
crystal and the metal atom, which is of the 
London type, is attractive and the resulting 
interaction energy is proportional to zm3 
(30, 3I), while at very short distances the 
dominant force is highly repulsive. 

Since for any of the defect fluorite-type 
supports, vacancies exist in the bulk and on 
the surface (nests) and freely move about at 
high temperatures, an equilibrium should 
be established between vacancies and 
nests, as shown by symbolic Eq. (3): 

q +-#Ll (3) 

We have stated that the nesting transition 
energies (AZ?) of the reactions shown in 
Figs. 6a and 6b are always favorable regard- 
less of the metal size. This may be repre- 
sented by Eq. (4): 

Ll+* - @I+- [AE< 01 (4) 
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Combining Eqs. (3) and (4) gives Eq. (5): 

q +a-@l [AEtOl (5) 

which implies that the transition energy as- 
sociated with the nesting reaction in any 
oxide support should favor migration of 
bulk vacancies to the surface to become 
metal-occupied nests. 

According to the vacancy model, nesting 
is not limited to single, isolated atoms. It 
can also take place with atoms which are 
part of metal crystallites. This may happen 
when vacancies, driven by the nesting in- 
teraction energy, migrate to the metal-sup- 
port interface and become occupied by 
metal atoms. For high values of hE, the 
interaction is strong enough to anchor the 
crystallites to the support, cause them to 
spread, and prevent their migration and sin- 
tering. This type of interaction may occur 
with reducible supports, as well as with 
“doped,” nonreducible oxides. In some in- 
stances it may happen through surface de- 
hydroxylation. In all cases, although to dif- 
ferent degrees, it leads to improved metal 
dispersion and stability, which in turn mean 
high sorption and high catalytic activity and 
stability. 

The value of AE depends on the relative 
size of the metal atom, the nature of the 
oxide support, the arrangement of the ions 
around the metal, and the electronic struc- 
ture of the neutral metal atom. 

Surface nesting is likely to occur to some 
degree in most oxide phases at high temper- 
ature because of the formation of nests 
through surface dehydration; however, the 
nesting energy may not always be signifi- 
cant in relation to other factors, for exam- 
ple, metal surface energy, compound for- 
mation, impurity effects. In general we en- 
vision strong metal-support interaction 
when the size of the metal is close to that of 
the nest. In such cases the metal can pene- 
trate deep into the hydroxylated surface 
layer and become highly coordinated and 
strongly attached. In contrast when the 
metal atom is much larger than the nest, it 
cannot fully penetrate which prevents very 

strong interaction. Finally, when the metal 
atom is appreciably smaller than the nest, 
penetration should be easy, but symmetri- 
cal coordination would be unlikely. In spite 
of this the interaction might still be very 
strong since under these conditions the 
metal atom may reach reduced lattice cat- 
ions, which may cause a degree of charge 
transfer. At this point the interaction will 
no longer be solely physical in nature and 
its value may increase markedly. In this 
specific aspect and in a qualitative sense 
only, we concur with Horsley’s model II 
(7), but we do not attribute the loss of sorp- 
tive and catalytic properties to the charge 
transfer. In contrast, our model assumes 
that for relative small charge transfers, the 
nested metal atoms virtually retain their ba- 
sic properties and therefore exhibit “nor- 
mal” sorptive and catalytic properties. 

In contrast to other SMSI models, the 
vacancy model accounts for catalytic and 
sorptive losses through metal burial, as will 
be discussed next. 

Bulk Penetration 

Besides surface nesting, our model pro- 
poses a mechanism for nested metal atoms 
to penetrate into the crystal structure of the 
oxide support, provided that vacancies ex- 
ist or are created next to the metal. Two 
configurations are visualized. In one the 
metal atom penetrates into the bulk layers 
of the support but remains accessible to 
surrounding gases. In the other the metal 
atom, after bulk penetration, is covered by 
O*- (and/or OH-) which migrate over the 
crystal surface. The metal becomes isolated 
and cannot interact with the surrounding 
gases. The metal atom is buried. 

Figures 8a and 8b illustrate the penetra- 
tion of a Rh atom in a fluorite-type structure 
(nest to vacancy transition), while Fig. 8c is 
a qualitative representation of the metal 
support interaction energy (E) as a function 
of distance (z), for a system which exhibits 
a nest and an adjacent vacancy. The right 
side of the curve, for z > 0, which includes 
the stable nested configuration (N), is es- 
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RHODIUM IN SURFACE NEST 
NUCT TO BULK VACANCY 

(4 

BULK RHODIUM NEXl TO 
SURFACE VACANCY 

FIG. 8. (a) Same as Fig. 7b showing a vacancy below 
the nest which is occupied by Rho. (b) Same as 8a after 
the Rho has diffused into the vacancy in the first bulk 
layer. The cations between the nest and vacancy con- 
stitute a diffusion barrier (B) for the burial transition 
nest (N) to vacancy (V). (c) Qualitative plot of the 
physical interaction energy between Rho and a nest 
and an adjacent vacancy set, in Ce02, as a function of 
the distance from the center of the nest (measured in 
oxygen ionic radii). 

sentially the same as that shown in Fig. 7c. 
However, for z < 0 the shape of the curve 
reflects the presence of the vacancy below 
the nest. The repulsive forces are mainly 
due to the two cations which laterally block 
penetration, but do not include the frontal 
blocking of the missing 02-. As such, the 
E(z) maximum is reached at the narrowest 
point B in the diffusion path, located at z = 
- 1. Beyond B, the absence of 02- allows 
for easy penetration and the curve sharply 
turns downward and reaches a minimum at 
point V, which corresponds to the center of 
the vacancy at z = -2. Beyond V the curve 

becomes very similar to the ascending 
branch shown in Fig. 7c. The relative posi- 
tions of points N, B, and V, will depend on 
the specific metal-support system under 
consideration. 

Three major factors determine the likeli- 
hood of penetration. The first is the size of 
the metal in relation to the vacancy. The 
second is the energy of the system for the 
buried condition in relation to that for the 
nested condition (points N and V of Fig. 8c) 
and the third is the activation enthalpy of 
the transition N to V represented by the 
barrier N to B in Fig. 8c. 

As already discussed, we believe that the 
interaction energy of a metal in a nest will 
always be more favorable than on an ideal 
surface regardless of size considerations 
and degree of nesting. The situation is quite 
different for the buried condition. To begin 
with, if the metal atom is much larger than 
the vacancy the interaction energy will not 
be favorable, which would negate stable 
burial. Even if the burial energy were not 
adverse, the transition would only be fa- 
vored if burial were more stable than nest- 
ing. Equations C and D of Fig. 6 symboli- 
cally represent the burial phenomena for 
different sizes. 

Finally, even with favorable energy 
terms for burial, the N to V transition will 
not occur to any significant degree at low 
temperatures if the activation enthalpy is 
high. We have shown that the activation 
enthalpy for 02- diffusion in fluorite-type 
oxides is quite high because of the compact 
arrangement of the cations. The most re- 
strictive opening in their diffusion path is 
about 68% of their size and since the sizes 
of Rh, Pd, It-, and Pt are nearly equal to 
those of 02-, one may infer that diffusion of 
these metals should also be hindered by the 
cation sublattices. 

For reducible oxides with “open” re- 
gions of cations and “compact” regions of 
02-, diffusion should be easier. For exam- 
ple, in cassiterite-type oxides, which have 
02- doublets in every [OOI] layer, selective 
elimination of OH- or 02-, by dehydration 
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or reduction, could create, in principle, 
large diffusion paths with no barriers nor 
obstacles to overcome (Figs. 3b and 4). 
However, the likelihood of formation of 
long, empty channels must be considered 
low. Our model does not rely on their for- 
mation, followed by diffusion of the noble 
metals into them, although their existence 
is not negated and would not be in conflict 
with the model. Instead, we favor a mecha- 
nism which simultaneously allows support 
reduction, vacancy formation, and metal 
penetration. The proposed mechanism, 
proceeds along these lines: 

1. The metal is deposited onto the sup- 
port in a highly dispersed condition. 

2. The system in the presence of HZ, at 
high temperature, causes Hz dissociation 
and spillover (32). 

3. The atomic H readily diffuses into the 
support and reduces nearby cations, creat- 
ing nests and vacancies and forming water 
which diffuses out. 

4. The metal atoms occupy the nests and 
vacancies, thereby beginning the penetra- 
tion process. 

5. HZ adsorption, dissociation, and spill- 
over continue, causing additional reduction 
and formation of more vacancies in the vi- 
cinity of the metal. Further penetration fol- 
lows. According to our view the metal-H 
sets become chemical “drills” in the crys- 
tal directions which simultaneously allow 
metal and H2 diffusion (in) and water diffu- 
sion (out). 

6. In reducible oxide supports with the 
cassiterite structure (as well as other sup- 
ports with open cation sublattices), the pen- 
etration can proceed to appreciable depths 
at the temperatures involved in SMSI. 

7. Following penetration, the metal at- 
oms which remain accessible to surround- 
ing gases will show sorptive and catalytic 
properties. However, when essentially all 
the metal has diffused into the support, the 
fraction of accessible atoms will be small 
and the sorptive and catalytic properties 
will be affected accordingly. 

8. Furthermore surface migration of 02- 
and/or OH- can cover the metal clusters or 
strands bringing about burial and complete 
elimination of sorptive and catalytic prop- 
erties . 

9. Finally during HTO with Hz0 or 02, 
the lattice will be restored to its full comple- 
ment of O*- by gradually filling the vacan- 
cies and driving the metal back to the sur- 
face. (Atomic oxygen may also be involved 
in the oxidation step). 

These phenomena can take place with 
single metal atoms but are more likely to 
occur with small metal crystallites. 

Similar diffusion and burial should also 
be possible in the other two-TiO2 poly- 
morphs since the Ti4+ sublattices are more 
open than in t-utile. Diffusion could also be 
possible to some extent in the shear phases, 
since they consist of slabs with the rutile 
structure. 

In general, diffusion into the bulk should 
be possible for the following: 

(1) Ionic, reducible oxides with “open” 
regions of cations and “compact” regions 
of O*- such as, for example, some of the V, 
Mn, Nb and Ta oxides, which have also 
been shown to exhibit SMSI. 

(2) Also, to some extent, for nonreduci- 
ble oxides which exhibit a high concentra- 
tion of vacancies, through isomorphous re- 
placement of cations, and more likely for 
solid solutions of reducible with nonreduci- 
ble but doped oxide phases. 

(3) Also, although not as likely, for ionic 
oxides of very high surface area capable of 
reaching high concentrations of nests 
through dehydration at high temperatures. 

Combinations of 1, 2, and 3 above should 
work to varying degrees. 

Figure 9 illustrates several configurations 
of the Pt-Ti02 system at various stages of 
the SMSI process. All sketches represent 
an equal number of Pt and Ti atoms. How- 
ever, they differ in the number of O*-, de- 
pending on the degree of reduction of the 
support. Sketch (a) represents rutile with a 
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(b) 

FIG. 9. Representation of SMSI stages for platinum 
on rutile. (a) Small Pt crystallite on surface. (b) Partly 
reduced surface with nests and spread Pt. (c) Buried Pt 
showing pseudomorphism (pillbox). (d) Oxidized sys- 
tem. Pt driven back to surface. 

small, globular Pt crystallite on its surface. 
The rutile has not been reduced and a full 
complement of O*- is shown. Sketch (b) il- 
lustrates the start of support reduction. 
Surface vacancies have been formed and 
occupied by Pt, causing the metal particle 
to spread and become thinner. Sketch (c) 
shows clusters and strands of metal atoms 
which have diffused into the support struc- 
ture following further O*- removal during 
reduction while the metal is covered by sur- 
face O*- (or OH-). Finally structure (d), 
following HTO, is essentially equal to the 
one shown in (a). The support has been re- 
stored to a full complement of O*- and the 
metal has been driven back to the surface 
where its catalytic and sorptive properties 
can again be manifested. 

An important feature of our model is the 
fact that the metal atoms, upon penetration, 
will occupy the sites of the O*- in the lattice 
or in some manner relate to their positions. 
The net result should be a degree of regular- 
ity and symmetry determined, in part, by 
the nature of the O*- sublattice, through 
pseudomorphism. 

GENERAL DISCUSSION AND OVERVIEW 

This section deals primarily with a com- 
parison of our vacancy model with the sup- 
port migration (M) model, which is cur- 
rently the most widely accepted 
explanation and rationalization of SMSI. 
Other important aspects of the V model are 
also discussed. 

Within the SMSI field, the single most 
important feature shared by the V and M 
models is the nature of the surface follow- 
ing HTR. Both models agree that the result- 
ing surfaces comprise reduced support cat- 
ions and suboxides and that virtually all the 
metal is blocked by an oxide outer layer. 
Both models also offer parallel explana- 
tions for the reversibility observed after 
HTO followed by LTR. In essence, the two 
models account for the resulting properties 
of the reduced system in terms of virtually 
the same final configurations. Furthermore, 
both models can account for activity de- 
creases with progressively longer HTR and 
show the square-root dependence on time 
expected for diffusion processes. 

It, therefore, appears to matter little 
whether the support migrated through or 
over the metal to cover and mask it, or the 
metal migrated into the support to become 
covered and buried. 

That being the case: Why the need for yet 
another SMSI model? From an overall 
point of view, we should state at the outset 
that the V model is not limited to SMSI and 
addresses several other phenomena. Fur- 
thermore, the V model has predictive value 
for strong metal-support interactions in 
general and SMSI in particular. Predictions 
may be made by applying relatively simple 
criteria, using well-established properties, 
facts, and processes to a candidate system. 
The information needed to evaluate a can- 
didate includes detailed crystal structures, 
atomic and ionic sizes, reduction thermo- 
dynamics, introduction of dopants capable 
of isomorphous substitutions, etc. This pre- 
dictive capability is not readily apparent in 
the M model as will be discussed later. 
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The V model’s predictive nature lies in 
the fact that it is based on detailed accounts 
at the atomic level of the mechanisms in- 
volved in LTR, HTR, and HTO. Specifi- 
cally we base our model on the individual 
migration of O*- ions (02- vacancies), H, 
0, and metal atoms, and very small mole- 
cules such as HZ, 02, and H20, all of which 
are well documented in the literature. Re- 
garding SMSI, the key mechanism of the V 
model is the migration of the metal into the 
support and its subsequent burial by O*- or 
OH-. The metal migration depth, in this 
step, corresponds approximately to the 
thickness of the metal particles following 
HTR, which has been shown to be quite 
small (pillbox or raft morphology), and well 
within the migration ranges of Group VIII 
metals. The 02- or OH- migration dis- 
tances required to effect metal coverage 
correspond to approximately the radius of 
the metal particles after HTR (of the order 
of 10 nm) (ZJ), again well within the known 
ranges for such migrations on crystal sur- 
faces at SMSI temperatures. 

In its present form, it would be very diffi- 
cult to make specific predictions using the 
M model. The main reason for this limita- 
tion lies in the fact that it does not provide 
criteria to define the support suboxide spe- 
cies which must migrate over the metal par- 
ticle to cover it. For the best known SMSI 
support (TiO2) some of the possible subox- 
ides are TiO, Ti203, and T&OS, which are 
not obtained by reduction in Hz under 
SMSI conditions, and Ti407, T&09, TisOll , 
Ti70t3. . . , which are too large for migra- 
tion over appreciable distances. Less is 
known for other supports, for example, the 
oxides of Ta, Nb, Mn, and V. Besides, 
since very little is known about the proper- 
ties of the suboxides, such as surface and 
interfacial energies, and migration activa- 
tion enthalpies, it is virtually impossible to 
decide a priori whether any given reducible 
oxide will or will not exhibit SMSI. 

In general the M model appears to be 
mainly an account and rationalization of 
observed properties and phenomena, rather 

than a set of criteria capable of generaliza- 
tion and prediction. In order to illustrate 
the basic differences between the M and 
the V models we pose the following ques- 
tion: Why does the Pt-TiO2 system show 
SMSI, while the Pt-CeO2 system does not 
(12)? 

Specifically, one may state that Ti02 is 
reducible to T&O, and Ce02 to Ce20,, that 
the free energies of reduction, per mole of 
H2 consumed, at 773 K are +22.8 and 
+15.7 kcal, respectively; that the thermo- 
dynamics for reduction are favorable for 
both suboxides in a stream of H2 with a 
PH~O to PH2 ratio of less than lo-‘; that the 
activation enthalpies for reduction must 
block the reactions, since neither suboxide 
is formed in a stream of pure H2 at 773 K; 
that little or no data are available on the 
surface energies of the various oxides; that 
the melting points indicate a more stable 
solid structure for Ce02 (2873 K) than for 
Ti02 (1913 K), a trend which is reversed for 
the suboxides (1965 K for Ce20j and 2403 K 
for T&O,); that at the melting points, both 
Ti oxides decompose to lower oxides while 
the Ce oxides remain unchanged; and fi- 
nally that the crystal structures are pro- 
foundly different, as discussed in detail in 
the Introduction. 

Given the M model, there seems to be no 
a priori reason to predict SMSI behavior for 
one dioxide over the other. However, 
within the V model, the nature of the crys- 
talline structures indicates that the Pt atoms 
are too large to easily penetrate past the 
first cation layer in Ce02, even following 
HTR and the creation of vacancies, while in 
TiO2 the existence of an open cation sublat- 
tice makes possible, upon reduction and 
02- elimination, a diffusion path and there- 
fore easy metal bulk penetration. Within 
the V model, the criteria for predicting 
strong surface metal-support interaction 
for Ce02, and SMSI for Ti02 are estab- 
lished. 

The following are the basic premises and 
generic criteria for the vacancy, physical 
interaction model: 
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1. The support interacts with the metal 
through 02- vacancies. The cation sublat- 
tice does not change, although some minor 
adjustments may occur as in the shear 
phases (5, 25, 26). 

2. The vacancies result from dehydra- 
tion, reduction, thermal dissociation, and 
isomorphous cation substitutions. 

3. The concentration of vacancies rela- 
tive to the metal determines the degree and 
also the kind of interaction: 

a. Low concentration limits interaction 
to the surface. 

b. High concentration allows bulk dif- 
fusion and burial. 

4. The “potential” diffusion path into the 
support is set by the support crystal struc- 
ture : 

a. Open cation sublattices allow for 
easy diffusion. 

b. Compact cation sublattices will 
block metal diffusion into the bulk creating 
high activation enthalpy. 

5. Temperature in relation to activation 
enthalpy and vacancy concentration in 
relation to metal level determine metal par- 
tition (burial, surface rafts, small, well dis- 
persed crystallites, or sintered large ag- 
gregates) . 

6. Virtually all hydroxylated metal oxide 
supports will show surface interaction at 
high temperature. 

7. Virtually all supports with low levels 
of dopants capable of generating vacancies, 
even after HTO, will show surface interac- 
tions at all temperatures. 

8. Virtually all supports with high levels 
of dopants, capable of creating high va- 
cancy concentrations after HTO, should in 
principle be able to cause complete metal 
burial at sufficiently high temperatures. 

9. The best candidate systems for SMSI 
are reducible oxide supports with open cat- 
ion sublattices, which do not undergo phase 
transformation upon reduction, in conjunc- 
tion with noble metals capable of H2 disso- 
ciation and spillover. 

10. Group VIII noble metals will show 
SMSI following HTR on supports with 

open cation sublattices and reversibility fol- 
lowing HTO and LTR (3, 4 ,6). 

11. Other Group VIII metals will show 
SMSI after HTR but may not show revers- 
ibility under HTO/LTR due to compound 
formation and changes in crystalline struc- 
tures (27-29). 

12. Other metals may also be involved in 
SMSI. Atomic size, oxide reducibility, and 
tendency to form compounds with the sup- 
port are key factors. Easily reduced sup- 
ports do not require atomic H. If H is 
needed it may be provided by a “promot- 
ing” metal such as in the Ag(Pt)-Ti02 sys- 
tem (33). 

In the previous sections we have re- 
viewed and discussed the work and data of 
others, and relied to some extent on their 
findings to formulate our own views and 
model. It is therefore proper to attempt to 
relate their work to the proposed vacancy 
model, its evolution, and its formulation. 

The idea of relating surface metal-sup- 
port interactions to 02- vacancies goes, at 
least, back to the work of (I), which ap- 
peared in 1974. The occupancy of surface 
02- vacancies by noble metal atoms was 
postulated to be the reason for a metal-sup- 
port interaction capable of competing with 
metal sintering at high temperatures, under 
oxidation conditions. 

In the second paper on SMSI in 1978, 
Tauster and Fung (4) speaking of the role of 
02- vacancies and associated reduced cat- 
ions such as Ti3+, state “the significance of 
oxygen anion removal . . . seems rather 
plausible . . . interaction with an aggre- 
gate of metal atoms requires a high local 
concentration of such cations [hence 02- 
vacancies] and that reduction of the surface 
is required to bring this about.” In 1979, 
Horsley (7) proposed model II, in which a 
Pt atom occupies an 02- vacancy in the oc- 
tahedral TiOi- cluster. Both of these pio- 
neer papers invoked the presence of O*- 
surface vacancies in their explanation and 
modeling of SMSI. However, the thrust in 
these publications was to account for SMSI 



134 SANCHEZ AND GAZQUEZ 

through charge transfer from the reduced 
cation to the metal. 

In 1979 Baker et al. (5) provided experi- 
mental data which supported the view of 
(1). Their papers reads, “the metal disper- 
sion was significantly more stable on tita- 
nium oxide than [on] the other supports,” 
which were nonreducible alumina, silica, 
and carbon, hence, with very few or no va- 
cancies. On TiOz they observed thin, polyg- 
onal metal morphologies and coined the 
term “pillbox” which together with the 
term “raft” has become widely used in this 
field. This unusual morphology, not ac- 
counted for by the M model, can be ex- 
plained through the V model on the basis of 
pseudomorphism. 

The second paper by Baker et al. (6) in 
1979 reads, “When Pt in the SMSI state 
was oxidized, there was an appreciable in- 
crease in the growth rate of the Pt particles, 
comparable to that found on conventional 
supports.” These observations again agree 
with the V model, since upon oxidation the 
vacancies would disappear and the TiOZ 
would become a “conventional support.” 

In both of these papers, Baker et al. (5, 
6) also speak of the catalytic effect of Pt in 
the reduction of TiOz to T&O, and clearly 
demonstrate the need for atomic H to effect 
deep reduction at the temperatures used. In 
a later publication (33) they extend the 
work to the Ag-TiO*, and Ag(Pt)-TiOz 
systems and show the role of the promoting 
metal (Pt) in achieving pillbox morphology 
for the Ag, a metal which is not capable of 
Hz dissociation. To their conclusions, we 
add our views: Thermodynamically, hydro- 
gen reduction beyond T&O, is possible. 
However, reduction creates shear phases 
which restrict 02- and Hz0 diffusion to 
varying degrees. Diffusion across the re- 
duced rutile slabs is not affected; however, 
diffusion through the shear planes is diffi- 
cult due to the high packing and closeness 
of the titanium ions at these interfaces. The 
resulting barriers and the compact nature of 
the cation sublattice in the next suboxide 
(T&OS), which is not a shear phase, makes 

reduction beyond Ti407 unlikely, and thus, 
this suboxide becomes the end member of 
the HTR series. We do not see T&O, to be 
fundamentally related to SMSI, but visual- 
ize it as an incidental occurrence related to 
the activation enthalpy for O*- and Hz0 dif- 
fusion across the shear planes or within 
T&05. 

Finally, this overview should not be con- 
cluded without reference to the work of Ta- 
tarchuk and Dumesic (27-29) on Fe/TiOz 
model supported catalysts. They were the 
first authors in the SMSI field to recognize 
the possibility of metal diffusion into the 
support. In their last paper they conclude, 
“Indeed, the diffusion of iron into the sup- 
port and the reduction of titania may well 
be interrelated. Specifically, iron facilitates 
the reduction of titania, and the removal of 
oxygen from titania during this reduction, 
allows iron to diffuse into the support.” A 
statement which clearly anticipates some of 
our views. The lack of reversibility in their 
system is most likely due to free energy 
considerations for the reduction of FeTi20S 
or conversely the activation enthalpy asso- 
ciated with such reduction. 

SUMMARY 

A generalized model for strong metal- 
support interaction and for SMSI has been 
formulated and proposed which is based on 
the occupancy of oxygen ion vacancies by 
metal atoms. The model has predictive 
value. It highlights the nature of the cation 
sublattice in the oxide phases. Oxides with 
uniformly compact cation sublattices in 
which the opening between adjacent cat- 
ions is always smaller than the metal atoms 
will block their diffusion at low and inter- 
mediate temperatures. Fluorite-type sup- 
ports belong to this class of oxides. For 
such reducible supports, the model predicts 
easy surface removal of O*- or OH- and 
easy metal accessibility of the resulting 
nests. For nonreducible oxides, dehydra- 
tion at high temperatures, or lower valence 
cation substitution provides the surface 
nests involved in the metal-support inter- 
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action. However, the presence of a high 
barrier for bulk diffusion makes burial diffi- 
cult. In these types of supports the most 
favored metal configuration, upon creation 
of surface nests, appears to be small, thin, 
flat crystallites with many of the atoms 
nested in the support surface (pillbox or raft 
structures). This configuration takes into 
account the high surface energy of the 
metal, and the strong interaction energy of 
nesting. 

In contrast, oxide phases in which the 
opening between adjacent lattice cations is 
large in relation to O*-, at least in some 
crystallographic directions, exhibit easy 
oxygen diffusion and reduction. Such 
phases will also allow bulk diffusion of neu- 
tral metal atoms. Cassiterite-type oxides, 
such as r-utile, fall in this class, as well as 
other metal oxides whose cation radius falls 
between about 0.5 and 0.75 A. In general, 
any oxide phase which can be readily re- 
duced in hydrogen at intermediate tempera- 
tures will likely exhibit an open cation sub- 
lattice in some crystallographic direction. 
Easy diffusion can lead to metal burial and 
the appearance of SMSI properties. Finally 
oxidation will fill the vacancies, drive the 
metal back to the surface, and restore cata- 
lytic, sorptive, and morphological proper- 
ties after LTR. 
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