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The sintering behavior of model Pt/AL,O; catalysts when heated in hydrogen, and alternately in
H, and O, was investigated at different temperatures (between 300 and 800°C) by means of trans-
mission electron microscopy. At both relatively low (500°C) and high temperatures (750°C), short-
distance migration (usually 1-3 particle diameters) and coalescence of particles was observed to
contribute considerably toward sintering. At 500°C and following two or three cycles of alternate
heating in H, and O,, significant migration of particles (up to 8-nm particles migrating over 25 nm)
were observed on exposure of the oxidized particles to H, and/or of the reduced particles to O,.
Sintering is fast and pronounced in the initial 4 to 6 h of heating of a fresh sample; then it becomes
slow. However, further continuous heating for extended periods of 12 h or more causes additional
significant sintering by particle migration and coalescence among other mechanisms. This suggests
that investigations based on only 1 or 2 h of heating, as often reported in the literature, yield
incomplete information. The present results indicate that at both 500 and 750°C, sintering by
ripening (apparently only of a localized kind) also occurs. The present results are evidence of the
occurrence of a variety of phenomena such as short-distance migration and coalescence of parti-
cles, migration toward or away from another particle, decrease in size and/or disappearance of
larger particles near unaffected smaller particles, decrease in size and/or disappearance of both
small and larger particles, decrease in size and/or disappearance of small particles near larger
particles (ripening), decrease in size and subsequent migration of particles or vice versa, collision
without coalescence, and collision-coalescence~separation into two particles again. The particles
seem to feel the presence of other nearby particles via long-range interparticle forces that induce
the migration of a particle toward another or emission of atoms toward a nearby particle. The two
major mechanisms of sintering of supported metal crystallites appear to be (i) short-distance,
direction-selective (in contrast to random) migration of particles followed by (a) collision and
coalescence or (b} direct transfer of atoms between the two approaching particles, or (ii) localized

ripening (direct ripening) between a few stationary, adjacent particles. © 1988 Academic Press. Inc.

INTRODUCTION

Alumina-supported Pt catalysts are rela-
tively thermostable in comparison to sup-
ported Ag, Fe, Ni, etc. Nevertheless, Pt/
AlL,O; catalysts still lose their activity
gradually on use in reducing atmospheres
(such as in catalytic reforming). A part of
the activity loss is attributed to the sintering
of the metal particles (I-3). The supported
catalysts lose exposed surface area also
during heating in oxidizing atmospheres
(such as in automotive exhaust oxidation
and during coke burn off) (I, 4). That is,
coarsening of the supported crystallites oc-

curs in both reducing and oxidizing atmo-
spheres, though its extent may vary, de-
pending on the catalyst system and the
treatment conditions employed. In specific
cases, such as Pt/ALO; heated in O, be-
tween 500 and 580°C, redispersion of the
catalysts has also been observed (5-10).
Basically, two physical models have fre-
quently been employed to explain the
growth kinetics of the supported crystal-
lites (11). One, known as the crystallite mi-
gration model, considers that the growth
occurs via random migration, collision, and
coalescence of crystallites (J2, 13). The
other, known as the atomic migration
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model or Ostwald ripening, assumes that
the growth occurs via emission of single at-
oms or molecules by the small crystallites
and their capture by the larger crystallites
(14-16). For single-atom emission and cap-
ture, two possibilities have been noted. In
one of them, which is global, the small crys-
tallites lose atoms to a surface phase of sin-
gle atoms dispersed over the substrate,
while the large ones capture atoms from
this phase. In the other case, called direct
ripening (I7), atoms released by a small
particle move directly to a neighboring
large crystallite.

A number of investigations with sup-
ported catalysts including Pt/ALO; have
been carried out in an attempt to identify
the mechanisms involved in, and the fac-
tors responsible for, the growth of the crys-
tallites, as well as for the regeneration of
the sintered catalysts (3, 11, 18—41). Both
model and industrial-type catalysts have
been investigated, predominantly by selec-
tive chemisorption of gases, transmission
electron microscopy, and X-ray line broad-
ening (for reviews, see Refs. (11, 14, 42-
44)). As a result of the anomalous chemi-
sorption behavior (such as the suppression
of room-temperature H, chemisorption fol-
lowing high-temperature (500°C) H, treat-
ment) exhibited by certain catalyst systems
such as Pt/ALO; (45, 46) and Pt/TiO, (47—
49), it is now recognized that chemisorption
of gases may require the availability of ad-
sorption sites on the crystallites (which
may be covered and hence prevent chemi-
sorption, even though the dispersion is
high). Consequently, there is not necessar-
ily a direct correlation between the extent
of chemisorption and the catalyst disper-
sion. Caution is needed therefore in draw-
ing conclusions on the basis of dispersion
values obtained from chemisorption mea-
surements alone (50). A number of investi-
gations of the mechanism of sintering of
supported metal catalysts have relied on
such chemisorption measurements. Selec-
tive chemisorption of gases is, in general,
indeed a very valuable method of measur-
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ing catalyst dispersion. However, espe-
cially in cases where ambiguities and anom-
alies of the kind mentioned above are
involved, it is appropriate to use a comple-
mentary technique such as electron micros-
copy. As is well known, transmission elec-
tron microscopy (TEM), though tedious,
provides direct information on the crystal-
lite shape, size, size distribution, and, to a
large extent, on the mechanisms involved
in sintering and redispersion. Therefore,
TEM has been employed by a number of
researchers to investigate the mechanism of
sintering of supported metal catalysts.

The results have been discussed in terms
of both Ostwald ripening (8, 11, 14-18, 26—
30, 37) and crystallite migration models
(32—40). On the basis of their electron mi-
croscopy or chemisorption results, a few
authors (26, 28, 29) reported that they had
never observed crystallite migration or
dumbbell-shaped particles on the supports
with the catalysts they had investigated and
that atomic or molecular migration is the
only mechanism of sintering and redisper-
sion. Recent results, from this laboratory
as well as from others, of direct TEM ob-
servation of changes in the same region
of the samples following successive heat
treatments have shown, however, that
crystallites can migrate and that crystallite
migration and coalescence contribute sig-
nificantly to the growth of supported crys-
tallites. Besides the early electron micros-
copy observations of supported crystallite
migration by Bassett (5) in the case of cop-
per and silver islands on carbon, graphite,
or molybdenite substrates and by Sko-
fronick et al. (52) in the case of gold islands
on carbon and silicon substrates, there are
more recent observations of supported
crystallite migration and coalescence. Chu
and Ruckenstein (24) observed significant
migration of crystallites larger than 20 nm
in the case of Pt/C heated in O, atmo-
spheres. They observed migration of parti-
cles larger than 10 nm also in the case of Pt/
AlO; at 750°C (25). Heinemann and Poppa
(53) presented direct in situ electron mi-
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croscopic evidence for the simultaneous oc-
currence of short-distance crystallite migra-
tion and coalescence as well as ripening in
the sintering of Ag/graphite system in the
temperature range 25-450°C. They noted
that though slow ripening occurred over the
entire temperature range, the overriding
surface transport mechanism was short-dis-
tance (<10 nm) cluster mobility. Chen and
Ruckenstein (36) in the case of Pd/AlLOs,
Ruckenstein and Lee (40) in the case of Ni/
ALOs;, and Sushumna and Ruckenstein (39)
in the case of Fe/AlO; observed crystallite
migration among a large number of other
events when the samples were heated in H;
and O,. Arai et al. (37) reported in situ
TEM results of sintering of Ni, Pt, and Ag
on amorphous carbon, Si0,, and ALO; and
noted that in the case of Pt/Al,O; and above
600°C, only particles larger than 10 nm
grew through abrupt surface movement and
subsequent coalescence of adjacent pairs.
Richardson and Crump (32) in the case of
Ni/SiO, concluded, on the basis of mag-
netic measurements of the particle size
distributions, that especially above 450°C
particle migration and coalescence were re-
sponsible for the sintering in a He atmo-
sphere. Granquist and Buhrman (54, 55),
analyzing various previous experimental
results on sintering, argued on the basis of
the shape of the particle size distributions
that crystallite {migration and) coalescence
is more likely than ripening to be responsi-
ble for the coarsening of the supported par-
ticles. Abundance of experimental results
notwithstanding, the mechanism(s) of sin-
tering has yet to be clarified; in general,
some authors support one mechanism,
while others support the other mechanism.
However, recent results (36, 39) seem to
suggest that the phenomena of sintering and
regeneration involve complex interrelated
processes that cannot be restricted to one
or even to both of the mechanisms noted
above.

In the past, investigations of supported
metal catalysts, including Pt/ALO; have
been based in general on either short (1 or
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2 h) (26-30, 41) or long (24 or 48 h) dura-
tions of heating (9, 25, 29). However, no
systematic investigations of short intervals
of heating, especially of a fresh catalyst,
over extended time periods, at various tem-
peratures, have been carried out. Espe-
cially on the basis of 1 or 2 h of heating, a
few authors have reported that they never
observed crystallite migration on the sup-
ports with the catalysts they had investi-
gated (26—-30). Evidence for migration and
coalescence with Pd/ALO; (36), Pt/ALO;
(25), Ni/ALO; (40), and especially Fe/
AlLO3 (39) have been presented from this
laboratory among others in the past. Here
we present additional transmission electron
microscopic evidence for crystallite migra-
tion among other phenomena in Pt/ALO;
model catalysts heated at different temper-
atures in H; and O,,

EXPERIMENTAL
Preparation of Alumina Supports

The method of preparation of electron-
transparent films of y-Al,O; has been de-
scribed in detail previously (25, 39). Thin
aluminum foils (99.999% pure, Alfa Prod-
ucts, Inc.) were cleaned thoroughly by
chemical polishing and were subsequently
washed in distilled water. An amorphous
aluminum oxide layer about 30 nm thick
was built up on the cleaned aluminum foil
by anodic oxidation at 20 V in a 3 wt% tar-
taric acid solution. The oxidized foil was
subsequently cleaned thoroughly in dis-
tilled water. The oxide layer was separated
from aluminum by floating small pieces of
the oxidized foil in mercuric chloride solu-
tion, in which the unoxidized aluminum dis-
solved. The aluminum oxide films were
subsequently washed repeatedly in distilled
water and eventually picked up on gold
electron microscope grids. The oxide films
on the grids were dried and subsequently
heated at 800°C in laboratory air for about
72 h and then slowly cooled to the room
temperature. The prolonged heat treatment
is carried out to convert the amorphous
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films to crystalline y-AlL,O; and to ensure
that no further changes would occur on
subsequent heat treatments. It is to be
noted that after the above heat treatment
and prior to or after the deposition of the
metal, these alumina samples were not
brought into contact with any solution or
liquid and therefore no artifacts of the kind
discussed by Glassl et al. (56) were likely to
have been generated.

Platinum films 0.75, 1.5, and 2 nm thick
were deposited onto the alumina films in
three different batches, by evaporating the
corresponding amounts of Pt wire (99.999%
pure, Alfa Products, Inc.) from a tungsten
filament in an Edwards vacuum evaporator.
The vacuum in the chamber was better than
107¢ Torr. The substrate was maintained at
room temperature during deposition.

It should be pointed out that the indus-
trial supported Pt catalysts are relatively
thermostable. The very low metal loading
of Pt/Al,O; usually used in industry con-
tributes to the slow growth rate. The model
catalysts in general have a relatively high
loading, which enhances sintering. How-
ever, even though the metal loadings of the
model catalysts may not correspond to
those of the industrial catalysts, the model
systems provide at least a qualitative indi-
cation of the processes that occur in sup-
ported catalyst systems. In this regard it is
worth noting that Smith es al. (41) and
Baker et al. (27) have noted previously that
the behaviors of the model catalysts of the
kind described here are in general similar to
those of the industrial catalysts.

The samples on which metal had been
deposited were heated in a quartz boat in-
side a quartz tube. Ultrapure hydrogen,
both as-received (99.999% pure with <1
ppm O; and <3 ppm moisture) and further
purified by being passed through a Deoxo
unit (Engelhard Industries) followed by a
column of 3-A molecular sieves immersed
in liquid nitrogen, were used in the experi-
ments. Helium, 99.999% pure with <3 ppm
moisture, was also passed through the
above column of molecular sieves im-
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mersed in liquid nitrogen. Ultrahigh-purity-
grade oxygen was used as received. All the
gases were supplied by Linde Division,
Union Carbide Corporation. For each heat
treatment, the following procedure was
adopted. With the sample inside, the tube
was flushed with He for at least 5 minutes
before the power to the furnace was turned
on. The sample was heated in He until the
preset temperature was reached, at which
point He was turned off and the desired gas
was let in. The sample was then heated for
the predetermined length of time, at the end
of which the furnace and the gas were
turned off and He was allowed to flow
through again. The sample was cooled
slowly to the room temperature in He be-
fore it was exposed to the atmosphere.

The samples were observed in a JEOL
100U transmission electron microscope op-
erated at 80 kV. Each sample was scanned
thoroughly over the entire specimen area to
check for uniformity in behavior, and pic-
tures were taken at a few regions. Follow-
ing each heat treatment, the same regions
were photographed at the same magnifica-
tion (in the 60—100-K range). Electron dif-
fraction patterns were also recorded follow-
ing each heat treatment. A liquid nitrogen
trap was used to reduce specimen contami-
nation in the microscope. Also, the inten-
sity of the electron beam and the speci-
men’s exposure to the beam were kept low
to minimize the contamination of the speci-
men. The alumina film moved very little on
the supporting grid, and, especially follow-
ing the initial one or two observations, the
same regions could be located relatively
easily after successive heat treatments. The
particle migrations shown in the next sec-
tion were followed with reference to certain
fixed grain boundaries or other ‘‘land-
marks’’ on the support.

RESULTS

Table 1 lists some of the events observed
on Pt/ALO; model catalysts heated in H;
and O,. Figures 1, 1’, and 1” show some
micrographs of the time sequence of a sam-
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ple with an initial film thickness of 1.5 nm
heated in as-received ultrapure hydrogen.
The letters on all the micrographs corre-
spond to the respective events listed in
Table 1. When the metal-deposited sample
was heated in H, for 6 h at 500°C, detect-
able particles in the range 0.8-5 nm formed,
with the average around 2 nm. The sample
with this initial distribution was heated sub-
sequently in the following cumulative se-
quence: 1,2,3,4,6,8,12,17,29,43, and 65
h. Following the initial 1 h heating, a num-
ber of neighboring particles, especially the
larger ones, coalesced, decreasing the par-
ticle number density (B, C, F in Figs. la—
1d). A number of small particles 0.8—-1.5 nm
in size remained unaffected while a number
of other small particles decreased in size or
disappeared (regions 1 and H in Figs. la-1d
and 1’a-1'd, for example). All the large par-
ticles also appear to have decreased slightly
in size (I in Figs. 1a and 1b, for example).
Since, as just mentioned, a number of small
particles on the substrate remained unaf-
fected, the decrease in the size of the large
particles may be a result of emission of at-
oms to the substrate, due not to a global
ripening mechanism, but more likely to lo-
cal variations in curvature along the periph-
ery of the large particles. Or, it may be a
result of extension of an undetectable film
from around the particles or of diffusion of
material into the substrate. It may aiso be a
result of mere reconstruction with time to a
more compact shape. During the next three
1-h intervals of heating, the number of par-
ticles decreased further. Both the decrease
and disappearance of smaller particles (H,
J) and the coalescence of nearby particles
in the vicinity of unaffected or decreasing
smaller particles were observed (C, F in
Figs. 1b-1d). Also, a number of nearby

F1G. 1. Sequence of changes in the same region of a
Pt/AL,O; sample of 1.5 nm initial film thickness on
heating in as-supplied hydrogen at 500°C. The follow-
ing durations of heating, starting with (b), are cumula-
tive. (a) Initial (6 h H,); (b) 1 h; (c) 2 h; (d) 4 h; (e) 17 h;
(f) 65 h H, +) 16 h O,.
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small particles appear to have coalesced to
form larger particles (K); this growth oc-
curs either by migration and coalescence of
the crystallites or by direct ripening be-
tween nearby crystallites, more likely by
the former, as the particles are of about the
same size and small, ~2 nm (K in Figs. 1b,
Ic and 1'b, 1’c). In fact, in the region
marked ‘‘a’’ in Figs. 1a and 1b, a small par-
ticle (about 0.8 nm) appears to have grown
to about 2.5 nm, very likely as a result of
the migration and coalescence with it of a
larger particle from nearby. A similar event
is visible at ‘b’ in Figs. 1b and 1¢. The
subsequent heat treatment for up to a total
of 8 h brought very little change (not all the
micrographs for the entire heating sequence
are shown here). At the end of a total of 12
h of heating only a few additional pairs of
nearby particles had coalesced. However,
there was a marginal increase in the size of
all the particles, both small and large. Small
particles, as small as 1.5 to 2 nm still re-
mained on the substrate. It is possible that
all the particles over the entire observable
size range could have increased in size mar-
ginally at the expense of particles much
smaller than about 0.8 nm, either by their
coalescence with the migrating crystallites
or by a global ripening mechanism. On the
other hand, the increase in size may also be
a result of extension and/or reconstruction
of the particles. Following 17, 29, and 43 h
total heating, a number of pairs of large par-
ticles coalesced. Very few small particles
disappeared. Particles were formed in some
places where no particles had been appar-
ent previously (region 1 in Figs. 1"a, 1"b).
After heating for additional 22 h (to 65 h of
total heating), a number of large crystallites
(up to about 8 nm) migrated large distances
(up to about 30 nm). Some of these crystal-
lites coalesced with other particles (B in
Figs. 1’e, 1'f and in 1"b, 1"c¢), while some
stopped short of colliding (not shown in fig-
ures). A number of other particles near
each other coalesced, most likely by migra-
tion and collision. It is to be noted that long
durations of heating lead to significant sin-
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tering, especially when the loading is high,
though it is not as rapid and pronounced as
in the initial stages. During this sequence of
heating it was also observed that sometimes
two nearby particles made contact via a
faint, narrow neck or a whiskerlike bridge.
The particles then either sintered via a
transfer of atoms along the bridge or sepa-
rated again as the interconnecting bridge
was broken (G in Figs. 1b-1f and 1’a, 1'b).
In some cases the two particles more or less
completely coalesced and then tended to
separate again (L. in Figs. 1d-1f and 1'b-
1'g). Additional events observed are
marked on the micrographs by various let-
ters corresponding to the events listed in
Table 1.

When the above sample was subse-
quently heated in O, at 500°C for up to 28 h,
no particle migration or detectable ripening
of particles was observed. However, most
of the particles, small and large, decreased
in size (region 2 in Figs. If, 1'g, and 1”d) as
a result of either emission of atoms/mole-
cules to the substrate or of the extension
and formation of films undetectable by elec-
tron microscopy around the particles. This
phenomenon is discussed further in Refs.
(57, 58). Two additional cycles of heating in
H; and O, for a total of 50 h resulted in
marginal particle coarsening mostly via co-
alescence of neighboring particles (C in
Figs. 2a-2b). Particle migration without co-
alescence (A in Figs. 2a, 2b) and elongation
of some particles (O in 2a, 2b) could also be
observed. Almost all the detectable parti-
cles of about 0.8 nm and even less remained
(some of them are marked with arrows in
Figs. 2a, 2b). Following subsequent cycles
of alternate heating in H, and O,, a large
number of events of migration and coales-
cence of particles (A, B in Figs. 2¢c-2f and
2'a-2'e) and dumbbell-shaped particles (E
in Figs. 2e-2f and 2'a-2'e) could be ob-
served in both O; and H,, as shown in Figs.
2 and 2'. As seen on the micrographs (Figs.
2 and 2'), there is, in addition, a marginal
decrease in the size of all the particles on
heating in oxygen and an increase in size on
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heating in hydrogen (Figs. 2c¢ and 2d),
which is discussed in detail in Refs. (57,
58). It can be seen that while there is very
little ripening, especially of the global kind,
large particles (regions marked 1-5 in Figs.
2c¢-2f and regions 1 and 2 in Figs. 2'a-2’e),
as large as 8 nm (region 1 in Figs. 2'a-2'e),
migrate gradually over large distances (25
nm) and coalesce with other particles. At
region 2 in Figs. 2e and 2f, the large particle
appears to have migrated over a smaller
particle. The smaller particle is probably
trapped in a valley on the substrate surface
and does not hinder the migration of the
larger particle over it. On the other hand, at
region 1 in Fig. 2’, for example, the large
particle incorporates into itself the smaller
particles it encounters while migrating. The
numerous events marked A, B, and E in the
micrographs provide evidence for more
than isolated incidents of crystallite migra-
tion in supported model catalysts. Also,
dumbbell-shaped particles (E in Figs. 2 and

has 2’) remain over extended periods of heat
treatment, suggesting that coalescence can
be a rate-limiting step. This is in contrast
with the suggestion that coalescence must
be fast (I4). In addition, as noted before,
sometimes two neighboring particles col-
lide, partially coalesce, and then separate
into two again (L in Figs. 2¢, 2f and 2'd,
2'e).

It is clear that migration and coalescence
play a role in the coarsening of Pt/AlQO;
catalysts not merely during the initial stages
of sintering of a fresh sample but also after
prolonged heat treatment of the sample. In
contrast to the opinion that especially in an
oxidizing atmosphere only atomic/molecu-
lar migration takes place, the present
results show that migration and coales-
cence of crystallites also occur.

From the above results one can note that
when an already sintered sample is heated

Fi1G. 2. Same sample as in Fig. 1 heated subse-
quently in H; and O, alternately at 500°C. (a) Initial (65
hH; +28h0,+ 18hH, + 14h 0,); (b)6h H,; () 12h
0,;(d) 14h H,; () 12h O,; (f) 10 h H, + 10 h O,.
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further, changes begin to occur after two or
three cycles of alternate heating in H, and
O,. Very little change with regard to sinter-
ing is noticed on extended heating in the
same atmosphere. A change in exposure,
either of an oxidized sample to a reducing
atmosphere or of reduced particles to O,
brings about particle motion, coalescence,
etc. This is perhaps due to the heat of reac-
tion involved, as suggested also by Glassl et
al. (33). The above results show that migra-
tion of particles in Pt/ALO; catalysts oc-
curs at the relatively low temperature of
500°C, both with a fresh sample in H; and a
‘“‘sintered”’ sample in both O, and H,.

A different sample of 2-nm initial film
thickness was heated in additionally puri-
fied H, at 500°C for 12 h and subsequently
at 600°C for S h to generate particles. Fol-
lowing heating at 500°C, a large number of
particles of about 1.6 nm average size were
formed. The specimen employed in the ex-
periments described in the previous para-
graphs, which had a lower metal loading
of 1.5-nm initial film thickness, yielded
slightly larger particles following only 6 h of
heating at 500°C. The difference in the sin-
tering behaviors of these two specimens
points to the role of the type of hydrogen
used. Sintering is faster and relatively more
pronounced in the as-received hydrogen
(which contains traces of water) than in the
further purified H,. Similar trends were
also observed by Smith et al. (41). The ad-
ditional heating at 600°C for S h caused se-
vere sintering. Dumbbell-shaped particles
could be observed following both the 500
and the 600°C heat treatments (particles
marked with arrows in Figs. 3a and 3b).
Even though the sintering mechanism could
not be followed during these heat treat-
ments because of the severity of sintering,
the presence of dumbbell-shaped particles

F1G. 2'. Same sample as in Fig. 2. The micrographs
are of a different region. (a) Initial (same as in Fig. 2);
(b)6h Hy;(c)12h 0O, + 14h H,;;(d) 12h O,;(e) 10 h
H, + 10 h O,. The regions bounded by the black
margins are from a different area.
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suggests that at both temperatures crystal-
lite migration and coalescence were in-
volved. This sample was subsequently
heated alternately in O, and purified H;. A
few select micrographs are shown in Figs.
3" and 3”. The heat treatment in O, was car-
ried out from 300 to 500°C, with a 50°C in-
crement in successive cycles. But the heat
treatment in H, in each cycle was carried
out at 500°C. (The incremental heating in O,
was carried out in an attempt to identify the
lowest temperature at which film formation
around the particles, or a decrease in size of
all the particles, occurs. Film formation
around particles when Pt/Al,O; model cata-
lysts are heated in O, is discussed in Refs.
(57, 58).) Throughout this treatment and es-
pecially up to the 500°C O,/H, cycling, the
growth was slow and gradual and the mar-
ginal growth occurred mostly by coales-
cence of nearby particles (C in Figs. 3'b-
3'f). However, at 500°C, as with the other
sample reported in the previous para-
graphs, significant migration and coales-
cence were observed on alternate heating in
H, and O,. A number of particles as small
as 1 nm remained with very little change
throughout the various cycles of heating for
up to a total of about 100 h (some are
marked with arrows in Figs. 3'a-3'f and
3"a—3"h), while a few others disappeared.
This suggests that at low temperatures very
little global ripening, involving a large num-
ber of particles, takes place (in spite of the
alternating oxidizing and reducing treat-
ments). Particle migration (A), migration
and coalescence (B and C in Figs. 3’ and
3"), and direct ripening between a small and
a larger particle via a narrow whiskerlike
bridge (G, region 1 in Fig. 3") were all ob-
served. In other cases nearby particles
made and broke contact a few times with-
out any change in the size of the particles
(region 2 in Fig. 3"). These events indicate
that in some cases the coalescence is re-
tarded or inhibited altogether and that co-
alescence may also be a rate-limiting step,
as stated before.

Another sample from the same batch as

SUSHUMNA AND RUCKENSTEIN

the preceding one with a 2-nm initial film
thickness of Pt was heated similarly in puri-
fied H, at 500°C for 12 h and subsequently
at 600°C for 5 h to obtain an initial crystal-
lite distribution (Fig. 4a). Heating this sam-
ple further in purified H, at 700°C for only §
h led to severe sintering (Fig. 4b). A large
number of small and relatively large parti-
cles disappeared, other particles of the
same size and even smaller remained unaf-
fected, while some of the smaller particles
also decreased in size (particles marked
with arrows in Figs. 4a, 4b). In addition, a
large number of neighboring pairs of crys-
tallites coalesced, as indicated by the elon-
gated and/or dumbbell-shaped particles in
the micrographs (C, E in Figs. 4a, 4b). In
one location, out of the two small particles
adjacent to a much larger particle, the
seemingly larger of the two decreased in
size while the smaller grew or remained un-
affected (regions 1, 2 in Figs. 4a-4d). In
another place, two large particles of about
the same size coalesced into one, while the
nearby very small particles decreased only
slightly in size (F in Figs. 4a— 4d). This indi-
cates that both local ripening and short-dis-
tance migration and coalescence occur ad-
jacent to each other. Probably because of
the high temperature, most of the particles
were faceted and rectangular. Subsequent
heat treatment at the same temperature for
up to a total of 5 h resulted in gradual sinter-
ing, and similar events such as coalescence
of neighboring particles (C), decrease in
size of small particles (H), decrease in size
and migration (D), gradual migration and
coalescence (B), and disappearance of
small particles (particles marked with ar-
rows) could be observed (Figs. 4b—4d).
Also, the particles became relatively circu-
lar. Heating this sample further in H, at
800°C for 2 h led to a drastic decrease in the
number of particles and an increase in the
average particle size. A large number of
both small and large particles disappeared
(I and particles marked with arrows in Figs.
4d, 4¢). Some relatively large particles de-
creased in size while considerably smaller
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particles nearby remained unchanged (I).
The sintering was very fast and it can only
be inferred that both short-distance migra-
tion and subsequent coalescence of parti-
cles (B, C) and localized ripening (H) and
migration of smaller particles, which de-
creased in size as they migrated (regions 1,
3 in Figs. 4d, 4e), contributed to the growth
of the particles.

Another sample of 1.5-nm initial film
thickness was heated in purified H, at 750°C
for 1 h to generate crystallites. Only 1 h of
this high-temperature treatment of the fresh
sample with a lower loading (1.5 nm)
yielded particles considerably larger than
those obtained with a sample of higher
loading (2 nm) after 12 h of heating at
500°C. As expected, the sintering is faster
and more pronounced at the higher temper-
atures. Further heating in purified H, at
750°C for § h led to a drastic decrease in the
number of particles. The average size of the
particles also decreased. The decrease in
the number of particles and also an overall
decrease in their size cannot possibly be at-
tributed to sintering by a global ripening
mechanism. A part of the crystallites is lost
via evaporation, or more likely has diffused
onto or into the substrate, or has spread as
a thin undetectable film. Figures 5a, 5b, 5'a
and 5'b show some of the events. A large
number of small and large particles disap-
peared completely without significant
growth of the remaining particles (J). In
fact, in some locations, the large particles
decreased in size significantly while much
smaller particles adjacent to them were af-
fected only marginally or even remained
unchanged (I). Larger particles were de-
tected in regions where there were smaller
particles before, suggesting growth by colli-
sion and coalescence of smaller particles
(K). Small particles could be seen in re-

FiG. 3'. Sequence of changes in a different region of
the same sample as in Fig. 3. (a) Initial (12 h H;, 500°C
+ 5 h H,, 600°C); (b) 4 h O, 300°C; (c) 2 h H, 500°C;
(d) 4 h O,, 350°C + 4 h H,, 500°C; (e) 3 h O,, 400°C +
4 h H,, 500°C; (f) 5 h O,, 450°C.
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40nm

gions adjacent to places where larger parti-
cles had disappeared (D), indicating de-
crease in size and subsequent migration of
particles or vice versa. It is unlikely that the
new small particles have grown in size from
undetectable particles via atom capture be-
cause considerably larger particles could
be seen to decrease in size or disappear
nearby, which is not compatible with the
growth of smaller particles from capture of
single atoms. It is likely that these particles
are migrating remnants of dissolving larger
particles. Short distance migration of small
particles (~1.5 nm) without coalescence
(A) and a few instances of migration with
subsequent coalescence (B) could be ob-
served following heating for an additional }
h at 750°C (Figs. 5'b, 5'c). However, the
decrease in the number of particles was
very small. Subsequent heating at 3- and 1-h
intervals resulted in migration and coales-
cence of nearby particles (B) (Figs. S'c,
5'd). A few small particles also disappeared
(particles marked with arrows). It is likely
that these small particles collided with
nearby larger particles and merged with
them, since other small particles of about
the same size or larger migrated (A) and a
few nearby small particles grew (region 1 in
Figs. 5'c, 5'd). Beyond 4 h, when longer
heating intervals were employed, particle
coarsening continued up to a total of 31 h of
heating in H; (Figs. 5’e-5'g). In addition to
coalescence of nearby particles, the de-
crease in size and/or disappearance of a
number of small particles were also ob-
served.

Figure 6 shows another sample heated at
750°C. The micrographs show the events
observed on heating in H, at 750°C, subse-
quent to one cycle of heating in H; and O,
at the same temperature. The micrographs
show migration of particles (A), particles

FiG. 4. Sequence changes on heating a Pt/ALO;
sample of 2 nm initial film thickness in purified H,. (a)
Initial (12 h H,, 500°C + 5 h H,, 600°C); (b) 4 h H,,
700°C; (c) 2 h H,, 700°C; (d) S h H,, 700°C; (¢) 2 h H,,
800°C.
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that were initially apart but later contacted
each other, indicating migration and colli-
sion (B), dumbbell-shaped particles (E),
separation into two of contacting particles
(L), and generation of two particles from
one (M). Also, a number of instances of
overlapping particles (N) could be seen.

DISCUSSION

The results reported here have provided
further evidence for crystallite migration
and coalescence and their contribution to
sintering of Pt/Al,O; catalysts in H, and on
alternate heating in H; and O,. However, as
reported before in the case of Pd/AlLO; (36)
and Fe/Al,Os (39), ripening, especially of
the localized kind, also often takes place
concurrently. In fact, a variety of events
takes place during sintering of supported
metal catalysts and a few of them observed
here in the case of Pt/Al,O; are summarized
schematically in Table 1. Even though
short-distance migration and coalescence
of nearby particles (particles that are one to
afew diameters apart) is probably the major
mechanism of particle growth, especially in
the initial stages, a decrease in size of
smaller particles because of localized ripen-
ing has also been observed. A number of
small particles of about 1.5 to 2 nm in diam-
eter or smaller disappeared. Since, as men-
tioned in the previous section, a number of
particles of similar size remained unaf-
fected or migrated and since larger particles
have also been observed to migrate on the
same micrograph, there appears to be no
compelling reason to attribute the disap-
pearance of such small particles to ripening
only. It is possible and quite probable that
these particles migrate relatively fast, espe-
cially because of their small sizes, and co-
alesce with the larger particles. Some small
particles that remain stationary and un-
changed might have been trapped in the
valleys of the heterogeneous substrate sur-
face, as also noted previously in the case of
Pd/AlLO; (36).

It is worth noting that in some cases, two
particles approach each other to a kind of
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distance of minimum approach and growth
subsequently occurs via transfer of atoms
or molecules from one particle to the other
through a very narrow bridge established
between the particles (G in Figs. 1'a, 1'b
and in Figs. 3"a—3"h). Such a growth by rip-
ening between two adjacent particles via a
whiskerlike bridge contact has also been
observed with Fe/Al,O; (39). It is also pos-
sible that the particles coalesce when pulled
together because of the contraction of the
connecting bridge. Arai et al. (37) have also
postulated that the growth of Pt particles
occurs via formation of a bridge between
two adjacent particles and coalescence by
an abrupt movement that brings the parti-
cles together, but only above 600°C and
only with particles larger than 10 nm. It ap-
pears that when the particles are close to
each other, growth via ripening is more of a
localized nature, aided by long-range inter-
particle interactions (which apparently gen-
erate a localized curvature that facilitates
the removal of atoms or molecules from
one particle to the other). In fact, in addi-
tion, the micrographs suggest that the mi-
gration of crystallites is not diffusional (ran-
dom) but directional, guided by long-range
interparticle interactions. The particles
seem to feel the presence of other particles
nearby and, in general, migrate toward
each other. Of course, migration of parti-
cles away from each other has also been
observed, though only occasionally. It
should be noted that there are also other
kinds of interactions affecting the migration
of the particles, such as the interactions be-
tween particles and support and the surface
roughness of the support. Direction-selec-
tive migration of particles has been sug-
gested before (36). When the interparticle
force is strong, it is possible that even if a
particle is trapped in a valley or is too large
to migrate, it may still rotate and rearrange
to orient its more highly curved protrusions
along the periphery (and in extreme cases
even form long whiskerlike protrusions) in
the direction of a nearby particle to emit
atoms or molecules toward it (G in Figs.
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FIG. 6. Sequence of changes in a Pt/ AL, O, sample of 1.5 nm initial film thickness heated in purified H,
and O, at 750°C. (a) Initial (15 h Hy, 750°C + 5 h Oy, 750°C + 17 h H,, 750°C + 6 h H,, 750°C); (b) 9 h

H,, 750°C.

3"a-3"h). Such events, though isolated,
have been observed with Fe/Al,O; previ-
ously (39). Of course, in the case of sup-
ported iron particles the interparticle inter-
action forces may be stronger because of
the ferromagnetic or superparamagnetic na-
ture of the particles.

Finally, there are at least two possible
reasons for failure to detect crystallite mi-
gration even in systems where it occurs.
Since the particles in a fresh sample are, in
general, small (less than 1 or 2 nm), they

migrate relatively fast and even 1 or 2 h of
observation (as is often used) may be too
long to identify such a mechanism. Shorter
heating intervals, especially in the initial
stages, may be helpful. Even in the case of
1 or 2 h of heating, particle migration and
coalescence may be detected or inferred if
considerable care is taken to follow the
same particles in various regions covering a
large area of the sample. Second, if the ob-
servation is not continued for longer than 1
or 2 h of heating, evidently it is not possible
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to detect the slower migration of the now
relatively larger particles and/or other phe-
nomena that may occur. Also in this case
the observation made above regarding care-
ful scanning of a large area might be useful.

In the case of model Pt/Al,O; catalysts,
as with other traditional supported metal
catalysts, sintering is pronounced at higher
temperatures, higher loadings, and at any
temperature in the initial few (4—6) hours of
heating a fresh catalyst. Sintering in as-
received ultrapure hydrogen (which, how-
ever, contains traces of moisture and O,) is
enhanced relative to that in the same hydro-
gen further purified to eliminate/reduce the
trace moisture and O,. In a hydrogen atmo-
sphere and below about 700°C, sintering
seems to occur primarily by short-distance
migration and coalescence of nearby parti-
cles as well as by localized ripening be-
tween a few neighboring particles. Signifi-
cant migration of larger particles occurs
around 500°C when Hj-treated samples are
heated in O, or vice versa. At T < 500°C
sintering is very slow in H, and on alternate
heating in H, and O, and even slower in O, .

CONCLUSION

Transmission electron microscopic evi-
dence for the role of crystallite migration
and coalescence among other mechanisms
in the sintering of model Pt/Al,Os catalysts
is provided. Results of model Pt/Al,O; cat-
alysts heated in H, and alternately in H,
and O, at temperatures in the range 500—
750°C indicate that a large number of phe-
nomena such as coalescence of nearby par-
ticles, crystallite migration (of both small,
1.5 nm, and large, about 8 nm, particles),
migration followed by coalescence, de-
crease in size and disappearance of small
particles near larger particles, disappear-
ance of small and larger particles, decrease
in size of large particles near unaffected
smaller particles, decrease in size and sub-
sequent migration of particles or vice versa,
collision and inhibited coalescence of parti-
cles, and collision—coalescence—separation
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of particles occur. It appears that the parti-
cles on the support feel the presence of
nearby particles probably via the interac-
tion forces between them and migrate or
emit atoms toward them, and consequently
the migration is directional and the ripening
is local.
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