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Silica-supported platinum model catalysts show evidence of encapsulation when annealed at
1200 and 1375 K. The 100-nm Pt particles become partially immersed in the SiO, surface with
concurrent formation of an SiO, ridge around the base of the Pt particles. A model of these
processes has been developed which predicts this behavior based on the reduction of the surface
free energy of the Pt/SiO, system. Partial Pt encapsulation at lower temperatures and in more highly
dispersed Pt catalysts is discussed and is shown to be a possible and as yet unreported mechanism

of deactivation.

INTRODUCTION

One important process by which sup-
ported platinum catalysts deactivate is par-
ticle growth. This form of deactivation is
due to the decrease in the percentage of
exposed Pt atoms that occurs with increas-
ing particle size. The mechanisms of parti-
cle growth are (1) particle migration and co-
alescence (7, 2), and (2) interparticle
diffusion or ripening (3). One factor that
influences the mechanisms of Pt particle
growth is the support. On alumina, Pt parti-
cles larger than 2.5 nm are immobile, so
that particle growth occurs by interparticle
diffusion (4). Smaller Pt particles appear to
migrate and coalesce into larger particles
(1). When supported on silica, 1-nm Pt par-
ticles grow by interparticle diffusion of Pt
atoms or PtO; molecules (5).

We have identified a new process by
which the area of exposed Pt surface is re-
duced. This process, encapsulation, con-
verts exposed Pt surface arca into Pt-sup-
port interfacial area. This decrease in the
surface area to interfacial area ratio occurs
when hemispherical Pt particles on the SiO,
surface change shape to a lenticular config-
uration in which the Pt particle is partially
encapsulated in the SiO, support. The driv-
ing force of encapsulation is the reduction
of the free energy of the Pt/SiO, system.

In this paper we (1) present experimental
evidence for Pt encapsulation on SiO, sup-
ports, (2) identify and model the thermody-
namic driving force of encapsulation, and
(3) discuss the implications of encapsula-
tion for the particle growth mechanisms of
migration and ripening.

EXPERIMENTAL METHODS

The samples used in this study were thin
film model catalysts. Pt was sputter depos-
ited as a thin film onto flat, 0.3-cm-diameter
disks of fused SiO,. The SiO, disks were
cleaned prior to Pt deposition by sequential
immersion in ultrasonic baths of acetone,
1,1,1-trichloroethane, and methanol. After
air drying, the disks were placed in the vac-
uum chamber of the sputtering system and
evacuated to 0.1 mPa.

The Pt was RF sputtered in 99.999% ar-
gon at 4.4 Pa. The sputtering unit was a
simple diode system, Perkin-Elmer Ran-
dex Model 2400. Seven seconds of sputter-
ing at 400 W and 2100 V produced a Pt film
approximately 8 nm thick. The thickness
was determined by depth profiling tech-
niques in which the Pt Auger electron inten-
sity was monitored during argon ion milling
through the film. The as-deposited film was
continuous, but could be broken up into
discrete particles by annealing. Annealing
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conditions ranged from4 hat 975 Kt00.5h
at 1200 K.

The Pt/SiO, samples were examined us-
ing a scanning electron microscope (SEM).
To reduce charging under electron bom-
bardment, a 20-nm film of carbon was evap-
orated onto each sample before inserting it
into the microscope.

RESULTS AND DISCUSSION

The evolution of the microstructure of a
Pt/Si0; thin film model catalyst is shown in
Fig. 1. The as deposited 8-nm-thick Pt film,
shown in Fig. 1a, is continuous and reveals
the flatness of the SiO, surface. If the Pt
film is thermodynamically unstable, a ther-
mal treatment should cause the film to col-
lapse into a lower energy configuration.
Since the free energies of the Pt surface (6)
and presumably the Pt-SiO, interface (7)
are greater than the free energy of the SiO,
surface (8), a lower energy configuration
would consist of discrete Pt particles and
exposed SiO, surface. Annealing in air for 4
h at 975 K (Fig. 1b) caused a partial col-
lapse of the Pt film into discrete particles,
while further annealing in air for 0.5 h at
1200 K completed the process (Fig. 1c).
The result is a distribution of nearly round
Pt particles on the flat SiO, surface.

The microstructure shown in Fig. 1d was
produced by annealing the sample in air for
24 h at 1200 K. The SiO, surface appears to
have bulged, forming a ridge around the Pt
particles. In some locations the ridge oc-
curred but Pt particles were not observed,
suggesting that a Pt particle that was origi-
nally circumscribed by the ridge had been
removed. Microstructural features can also
be seen in Fig. 2 which is a stereograph of a
Pt/SiO, sample which was annealed for 10
days at 1375 K in a sealed, evacuated SiO,
capsule. The stereograph shows Pt parti-
cles which are nearly hemispherical while
the SiO, surface at the base of these parti-
cles has deformed and is covering part of
the Pt surface. As before, empty depres-
sions circumscribed by ridges are evident.
Figure 3 is a stereograph of the same sam-
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ple taken at a lower magnification, showing
that these phenomena appear consistently
over the sample.

The initial effect of annealing, i.e., the
breakup of the Pt film, is analogous to the
preparation of a catalyst in the sense that
annealing produces dispersed Pt particles
on the Si0, surface. We use the term en-
capsulation to describe the subsequent ef-
fect of annealing which was observed in
Figs. 1d, 2, and 3. We believe encapsula-
tion includes (1) SiO, growth around the Pt
particles, and (2) Pt immersion into the SiO,
surface. We also believe that encapsulation
of Pt on SiO, is a thermodynamically driven
process that, like particle growth, lowers
the area of exposed Pt surface and is conse-
quently a mechanism of thermal deactiva-
tion of catalysts. We have constructed a
model of encapsulation as a thermody-
namic process. We will (1) describe the
thermodynamic model of the encapsulation
process, (2) discuss the assumptions neces-
sary to apply the model, and (3) discuss en-
capsulation as a mechanism of catalyst de-
activation and its implications for theories
of particle growth.

The Model

We define the initial state of our thermo-
dynamic system to be one hemispherical Pt
particle supported on a planar SiO, surface
(Fig. 4). The free energy of this system is

F = opAp t+ 0sioyAsio; + TintAint, (1)

where o is the surface energy and A is the
area of the surface or interface. Pt, SiO,,
and int refer to the Pt surface, the SiO, sur-
face, and the Pt-SiO, interface, respec-
tively. Defined this way, F is the free en-
ergy of the Pt/SiO; system due only to the
presence of surfaces and interfaces. F
does not include internal energy or energy
arising from curvature of the surfaces or
interfaces, i.e., the Kelvin equation. The
effect of curvature as well as the reason-
ableness of other assumptions of the model
will be discussed later. Pt and SiO, are as-
sumed to be in chemical equilibrium with
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F1G. 1. The effect of annealing on the microstructure of Pt particles supported on SiQ,. SEM results
for (a) as deposited, (b) annealed in air (4 h, 975 K), (c) further annealed in air (0.5 h, 1200 K), and (d)
further annealed in air (24 h, 1200 K).
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F16. 1—Continued.
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F1G. 4. The initial state of a Pt particle supported on
a flat SiO, surface. The area of the SiO, surface is that
of a flat ring of width w around the Pt particle.

each other and with the gas phase. The free
energy of the system may be altered by
changing the shape of the Pt particle and
the SiO, surface in the manner shown in
Fig. 5. The Pt hemisphere has become len-
ticular and is partially encapsulated in the
SiO, surface while displaced SiO, forms a
toroidal ridge around the perimeter of the
Pt particle. This change, termed encapsula-
tion, results in a decrease of the Pt surface
area and in increases of both the SiO, sur-
face and Pt-SiO, interfacial areas. The
change in free energy associated with en-
capsulation is

AF = opdAp + 0si0,AAsio,
+ aintAAint- (2)
A driving force for encapsulation exists if

AF < 0. Since surface and interfacial ener-
gies are positive, the decrease in the energy

Ap;=7 (R2+1,2)

Agi0,=27m2(R+ 5 ) (%)
2 2132

Ajn¢=m (RZ2+12)

F16. 5. The configuration of an encapsulated Pt par-
ticle on an SiO, surface.
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of the system must come from a decrease in
the area of the Pt surface. However, de-
creasing the Pt surface area may effect in-
creases in the areas of the interface and the
SiO, surface which oppose encapsulation.
Given the values for op(, 0si0,, and oin, AF
may be calculated for the changing shape of
the Pt particle and the SiO, support. The
formula for the area of each surface and
interface is shown in Fig. 5, The degree of
encapsulation of the Pt particle is measured
in terms of [, , the height of the Pt surface
above the Si0O, plane, its value being R
when the model is in the initial state (Fig.
4). With encapsulation, /. and the Pt sur-
face area decrease. A, may be calculated if
the total volume of Pt is conserved. Under
these conditions the volume of Pt equals V.,
+ V_, the volumes of the Pt above and be-
low the SiO; plane. V. and V_ are obtained
using the mensuration formula for a spheri-
cal segment,

V= %1(3122 + 17).

In a similar manner Ag;o, is obtained once
the width of the toroidal ridge has been cal-
culated. By setting the volume of the toroi-
dal ridge equal to the volume of displaced
Si0O, which in turn equals V_, the value of
w can be obtained as a function of /.. The
volume of the toroidal ridge is

w\ /w\?2
b 33

The width of the ridge is also used to calcu-
late Asio, for the flat ring of SiO, in the ini-
tial state (Fig. 4).

Values for the surface energies of Pt and
SiO, were taken from the literature; the sur-
face energy of Pt at 1675 K is 2097 =+ 50 erg
cm™2 (6) and the surface energy of SiO, at
1575 K is 290 erg cm~? (8). The Pt-SiO,
interfacial energy has not been determined.
Therefore, we used Mclean’s value for the
Pt—-Al,O; interfacial energy at 1675 K, 1050
+ 80 erg cm~2 (6). The actual value of the
Pt-SiO, interfacial energy may be higher
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than that of Pt—-Al,O; (7); however, it will
be shown in a later section that while the
magnitude of the interfacial energy does af-
fect the degree of encapsulation, the effect
is small over the range of probable values of
the Pt-SiO, interfacial energy. Similarly,
we assumed the temperature coefficient of
the interfacial energy to be negligible since
it is known that the coefficient is small for
the surface energies of metals and oxides
(9); the SiO, temperature coefficient is 0.03
erg cm~2 deg! (8).

The effect of encapsulation on the free
energy of the model Pt/SiO, system as em-
bodied in Eq. (2) is shown in Fig. 6 as a plot
of AF/R? versus [ /R. Since the Pt particle
radius R is held constant, R? behaves as a
scaling factor for AF. The units for AF/R?
are ergs per square centimeter. The value
of R in our SEM micrographs is 10~ cm.
The figure shows that encapsulation lowers
the free energy of the model system. There
is a minimum in the curve at I, = 0.33 R.
This minimum is the result of a constraint in
the model, that R, the particle radius, be
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FiG. 6. Effect of encapsulation on free energy of Pt/
SiQ, system. R, the Pt particle radius, and R? are
constants.
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held constant. Thus, while this minimum
does not represent a true equilibrium con-
figuration, it does provide a qualitative de-
scription of the driving force for encapsula-
tion which can be used to identify those
factors which influence the mechanism of
encapsulation. The configuration at [, =
0.33 R is shown in Fig. 5. There is striking
similarity between the predicted configura-
tion in Fig. 5 and the microstructures in
Fig. 1d. The width of the ridge in Fig. 1d is
~30% of the diameter of the Pt particle,
compared to 33% in Fig. S.

When I, = 0.33 R, the reduction in free
energy due to encapsulation is circa 17% of
the energy of the initial state (Fig. 4). How-
ever, the energy reduction can be greater
depending on the size of the SiO, ridge. The
ridge is metastable and will decrease in size
as Si0O, diffuses across the SiQ, surface
away from the Pt particle. The presence of
the ridge indicates that, under the condi-
tions of these experiments, SiO, diffusion
along the Pt-SiO, interface is faster than
Si0, diffusion away from the ridge. If the
conditions were such that the diffusion
rates were reversed, the ridge would not
form and the change in area of the SiO, with
encapsulation would be small. This would
further lower the free energy of the system
to circa 22% of the energy of the initial
state.

The Young-Dupre equation defines the
contact angle # that the Pt surface makes as
it intersects the plane of the SiO, surface
and the Pt-SiO; interface (10):

0si0; = Oim + Op COS 6. 3)

The contact angle is measured between
the Pt surface and the Pt—SiO, interface and
is approximately 120° in Fig. 5. An angle of
111° is calculated using Eq. (3) and the
same values of the Pt and SiO, surface en-
ergies and the Pt-SiO, interfacial energy
used to obtain the configuration shown in
Fig. 5. This configuration, then, is consis-
tent with the requirements of the Young-
Dupre equation.
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Role of Surface and Interfacial Energy
Values

The driving force for Pt encapsulation is
the high surface energy of Pt relative to the
Pt-Si0O, interfacial energy. The role of the
SiO, surface energy is contained in the tran-
sitory inhibition of encapsulation due to
ridge formation. To evaluate the driving
force for encapsulation we had to estimate
the Pt-SiO, interfacial energy. The esti-
mate we used, 1050 = 80 ergs cm~2 (6), is
smaller than has been observed in other
metal-ceramic systems (7). The effect of
the interfacial energy on the degree of en-
capsulation was determined by calculating
the free energy change for several values of
oine (Fig. 7). This figure shows that as the
interfacial energy increases, the driving
force and the apparent degree of encapsula-
tion decrease. Even though the exact value
of the interfacial energy is not known, Fig.
7 suggests that encapsulation may occur
over a range of probable values for the in-
terfacial energy.

Gas composition will also affect the driv-
ing force for encapsulation if it influences

-1000
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FiG. 7. Effect of magnitude of interfacial energy on
the degree of encapsulation of Pt particles in the ab-
sence of ridge formation. R, the Pt particle radius, and
R? are constants.
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the surface and interfacial energies of the
system. McLean and Mykura (/1) showed
that at 1375 K the surface energy of Pt de-
creased from 3120 erg cm™2 in vacuo to
2420 erg cm? in air. Assuming a tempera-
ture coefficient for Pt equal to —0.5 erg
cm~2 deg™! (9), the surface energy of Pt in
air at 1675 K would be 2270 erg cm~2. The
surface energy of Pt used in our calcula-
tions was 2097 erg cm~? (6), which pre-
dicted a free energy decrease of 17% at [, =
0.33R. Using 3120 erg cm~2 we would have
predicted a greater free energy reduction:
25% at I. = 0.25R. Thus, a decrease in op,
lowers the driving force for encapsulation,
as in Eq. (2). Furthermore, since the sur-
face energies of oxides are generally lower
than those of the parent metals (9), temper-
ature and atmosphere conditions which al-
low the formation of a surface layer of PtO,
will probably lower the driving force for en-
capsulation. If surface PtO, formation oc-
curs and we arbitrarily assume opo, to be
1050 erg cm~2, then for oy, = 1050 erg cm 2
and o0, = 290 erg cm™~2, the minimum free
energy configuration occurs at [, = 0.72R,
which is a reduction in the free energy of
only 2%. Based on this model we would
conclude that if Pt/SiO, catalysts are aged
in air at temperatures at which PtO, is sta-
ble and if the PtO, surface energy is less
than the Pt-SiO, interfacial energy, then
encapsulation will not occur. When Pt/
Al,O; catalysts are oxygen annealed at 1025
K, Pt redispersion occurs due to the low
surface energy of PtO, which is formed un-
der those conditions (/2). Consequently,
care must be taken to choose surface ener-
gies that are appropriate for the annealing
environment. Since PtO, is unstable under
our experimental conditions (11), we used
the surface energy of Pt metal.

Discussion of the Model

This section contains a discussion of the
assumptions used in constructing the model
and the implications of encapsulation for
aging phenomena of supported catalysts in-
cluding particle growth.
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The first assumption of the model was the
definition of the free energy of the system.
The definition as expressed by Eq. (1) ap-
plies to systems in which the Pt particle size
is large. The relationship between particle
size and thermodynamic properties is de-
scribed by the Kelvin equation

202
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where u is the chemical potential of the
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component in a surface with a radius of cur-
vature R, py is the chemical potential of the
component in a flat surface, o is the surface
energy of that component, and ) is the
atomic or molecular volume of the compo-
nent. Equation (4) indicates that as particle
size decreases the chemical potential in-
creases. When the Kelvin equation is incor-
porated into our definition of the free en-
ergy of the system, the free energy change
of encapsulation is

1
R’

— \. -

&)

v

geometric area

where m; is the number of atoms or mole-
cules of the ith component in a surface
whose radius of curvature is changing by an
amount A1/R;. For small R;, the energy due
to changes in the radius of curvature can be
significant. Therefore, since one effect of
encapsulation is to increase the radius of
curvature of the Pt surface as shown in Fig.
5, encapsulation appears to be more favor-
able in small particle systems. However,
Fig. 5 shows that encapsulation also de-
creases the radius of curvature at the Pt—
SiO; interface, thus reducing the net driving
force for encapsulation. Herring (73) has
shown that for particles greater than 10 nm,
the reduction in chemical potential with in-
creasing size is negligible. Because the Pt
particles observed in our study average 100
nm, we did not include the free energy con-
tribution due to curvature in our calcula-
tions.

Ahn et al. (14) have shown that Pt parti-
cles supported on an undulated Al,O; sur-
face preferentially grow in the concave por-
tions of the surface. Having shown that the
radius of curvature of equivolume Pt parti-
cles increases as the particle moves from a
convex surface to a concave surface, they
attribute the preferred growth of Pt in con-
cave sites to the lower chemical potential of

—

curvature

the Pt in that configuration. They have ap-
plied their model to 4-nm Pt particles. How-
ever, since the experimental portion of
Ahn’s study deals with 100-nm particles,
we feel that the free energy reduction asso-
ciated with changing geometric surface area
of the Pt/AL,O; system is applicable in
Ahn’s study as well as in our studies of Pt/
SiO, encapsulation. As noted above, the
relevance of the Kelvin equation must not
be overlooked for very small Pt particles.
Ahn’s (14) study is particularly relevant
to our studies of encapsulation because
their SEM micrographs of aged Pt/Al,O;
samples also show evidence of encapsula-
tion. The Pt particles in each trough or con-
cave surface appear to be partially im-
mersed in the AlLO; surface. Furthermore,
empty ‘‘depressions’” much like those in
Fig. 2 can be seen .in Ahn’s photomicro-
graphs. Substituting surface energies and
interfacial energy values for the Pt/AlL,O;
system (6) into Eq. (2), our model predicts
encapsulation with /, = 0.25R (in the ab-
sence of ridge formation) with an energy
reduction of 22% (Fig. 8). With ridge forma-
tion an energy reduction of 7% occurs at [,
= (.45R. As noted eatrlier, the minimum in
the curve does not represent a true thermo-
dynamic minimum, but does illustrate the
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FiG. 8. Effect of encapsulation on the free energy of
the Pt/Al,O; system: (a) with Al,O; ridge formation, (b)
without ridge formation. R, the Pt particle radius, and
R? are constants.

effect of ridge formation in the Pt/Al,0;
system.

The size of the Pt particles also influ-
ences the time necessary for encapsulation,
since the size of a Pt particle determines the
mass of SiO, that must be displaced. As the
particle size decreases the diffusion dis-
tance and time (for SiO, transport out from
under the Pt particle) also decrease. For ex-
ample, if the diffusion distance decreases
from 100 to 10 nm, the time required for
diffusion decreases by two orders of magni-
tude (15). Consequently, encapsulation is
more likely to be attained in small particle
systems. Likewise, the disappearance of
the ridge is also favored since the mass of
the ridge is smaller. This latter effect sug-
gests why ridges have not been reported
before in electron microscope studies of
supported Pt catalysts.

We also assumed that the Pt particle
sinks into the SiO, surface, the displaced
SiO, diffusing along the Pt-SiO, interface
to the SiO, surface. Alternatively, SiO, dif-
fusion up to and around the Pt particle

POWELL AND WHITTINGTON

could be a mechanism of encapsulation.
The difference between these two mecha-
nisms is that the latter requires SiO, surface
diffusion up to and onto the Pt surface.
Lund and Dumesic (16) have shown that
when a Pt surface that has had SiO, depos-
ited onto one half of it is annealed in air at
660 K, SiO, will diffuse and partially cover
the previously SiO,-free Pt surface.
Whether SiO, diffuses along the Pt-SiO,
interface or across the SiO, surface, Pt sur-
face area is still reduced by converting it
into Pt-Si0; interfacial area and therefore,
the thermodynamic driving force for encap-
sulation, as defined in Eq. (2), remains the
same.

Finally, our calculations have treated the
Pt surface and Pt-SiO, interface as spheri-
cal segments. When we used formulae for
ellipsoids instead of spherical segments,
our model predicted the same driving force
for encapsulation.

Encapsulation and Deactivation

The relationship between Pt encapsula-
tion and catalyst deactivation is twofold.
First, encapsulation is a form of catalyst
deactivation since a decrease in the number
of exposed Pt atoms occurs. The encapsu-
lated particle in Fig. 5 has an exposed Pt
area that is 45% lower than that of the hemi-
spherical Pt particle in Fig. 4.

Second, encapsulation may also affect
other deactivation processes. Ahn et al.
(14) have noted that Pt particles in concave
sites on Al,O; are less likely to migrate out
of those sites since this would result in an
increase in the chemical potential of the
particle. Similarly, migration of encapsu-
lated particles would be inhibited since mi-
gration would increase the area of the ex-
posed Pt. Consequently, particle growth of
encapsulated Pt would probably occur by
interparticle diffusion of Pt atoms or PtO,
molecules. However, the growth of an en-
capsulated particle would require that ei-
ther (1) the growing Pt particle bulge out of
its ‘‘depression’’ which is thermodynami-
cally unfavored, or (2) the depression en-
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large to accommodate the larger Pt particle,
a kinetically inhibited process. Thus encap-
sulation may inhibit both mechanisms of
particle growth.

CONCLUSIONS

If the surface energy of a Pt particle is
greater than the interfacial energy of the Pt
and the SiO; or AlLOs; support, then a ther-
modynamic driving force exists for partial
encapsulation of the Pt particle. Under
some conditions encapsulation causes the
formation of a toroidal ridge around the
base of the Pt particle and this ridge can be
observed with a scanning clectron micro-
scope.

Encapsulation lowers the area of ex-
posed Pt surface and may be a form of cata-
lyst deactivation. As such, this mechanism
is previously unreported. This model of the
encapsulation process can be applied to
other supported catalyst systems if the ap-
propriate surface and interfacial energies
are known. Finally, encapsulation may in-
hibit the particle growth.
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