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Specimens of a commercial platinum/alumina catalyst were prepared for transmission electron
microscopy by a new technique based on the sol-gel process. Sintering of supported particles in
specimens heated at 600°C in air was investigated. An examination of sintering data suggested that
a change in the predominant sintering mechanism occurred after approximately 2 hr. In specimens
heated for 8 hr or longer, anomalously large (>200 A) particles were commonly observed. Analyses
of such particles by X-ray microanalysis and convergent beam electron diffraction were consistent
with metallic platinum. Average particle diameters determined by microscopy were corroborated
by surface area measurement using the H, pulse-flow method.

INTRODUCTION

Metal particle sintering plays a major role
in the deactivation of supported metal cata-
lysts. This has been established in a large
number of studies using a variety of tech-
niques, chiefly X-ray diffraction, selective
chemisorption, and transmission electron
microscopy (TEM). A study of noble metal
automotive oxidation catalysts using CO
adsorption and TEM (/), for example, has
shown that sintering can result in a 95%
loss of available metal surface area. How-
ever, while the evidence for sintering is
well documented, the mechanism is imper-
fectly understood and has been the subject
of much discussion in the literature. Sev-
eral attempts have been made to develop
mechanistic models to account for sintering
behavior. These models may be grouped
into two types: those which envisage
growth through the random migration of
metal particles across the support surface
followed by collision and coalescence (2—
4), and those which involve migration of
single metal atoms (or molecular species)
from small particles to large ones (5-9).
The aim of these models is to predict ki-
netic parameters for the sintering process

and to discuss I general terms how the
metal particle size distribution should
change with time.

There have been numerous attempts to
elucidate the mechanism through TEM
studies of “‘model’’ catalysts, usually com-
prising metal particles evaporated onto a
carbon or oxide film (e.g., 7, 10-16). While
some of these studies have led to indica-
tions of the predominant sintering mecha-
nism, the relationship of sintering behavior
in idealized systems to that in commercial
catalysts with a different form of substrate
(support) has not been well established.
Clearly, a program of TEM studies of sin-
tering in “‘real’’ catalysts could be of great
value. It is surprising, therefore, that rela-
tively few such studies of commercial ox-
ide-supported catalysts have appeared in
the literature (/, 17-22). This is probably
due to the difficulties involved in preparing
TEM specimens from these hard, porous
materials. Traditional specimen prepara-
tion techniques have entailed either depos-
iting some of the powdered catalyst onto a
carbon film (23, 24) or alternatively setting
the catalyst in a resin and sectioning with
an ultramicrotome (25). Both procedures
may result in some disruption of the origi-
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nal catalyst morphology, and sufficiently
thin regions are often difficult to obtain.

In this study a new specimen preparation
technique, which avoids these difficulties,
is applied to a commercial platinum/alu-
mina catalyst. The technique involves mix-
ing an aqueous solution of a platinum com-
plex with an alumina sol, i.e., an aqueous
dispersion of colloidal particulates (26),
and dip-coating a microscope grid with this
material. After drying, firing, and reducing,
thin films of catalyst suitable for micros-
copy are formed across the grid. A similar
technique has recently been applied to a
study of ceria gels (27).

Specimens prepared by the new tech-
nique were subjected to a series of heat
treatments in air at 600°C. This combina-
tion of atmosphere and temperature was
chosen to represent a first approximation to
conditions experienced by catalysts in an
automobile exhaust train (28). Results of
the sintering experiments are discussed
with reference to existing theoretical
models. Characterization of some of the
larger particles is carried out by X-ray mi-
croanalysis and convergent beam electron
diffraction. Finally, values of the surface
average diameter determined by TEM are
compared with surface area measurements
carried out by the H, pulse-flow method.

EXPERIMENTAL

Transmission electron microscopy. Spec-
imens containing Pt/Al,O; in the proportion
1:15 by weight were prepared as follows.
Tetrammine platinous chloride (0.769 g)
(Johnson Matthey and Co. Ltd.) was dis-
solved in the minimum of water and mixed
with 25 ml of an aqueous colloidal sol con-
taining 270 g n-alumina per liter, to which a
wetting agent had been added to facilitate
formation of a catalyst film. Further mixing
was carried out in an ultrasonic bath. Stain-
less-steel TEM grids (100 mesh) were then
dipped into the mixture and withdrawn with
a film of the catalyst precursor suspended
across the squares of the grid. This was
then dried at 80°C, fired at 600°C in air for
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30 min, and reduced in a stream of flowing
hydrogen at 500°C for 1 hr. In this way ex-
tremely thin sheet-like regions were formed
across parts of the grid squares. Freshly re-
duced specimens were subjected to heat
treatments of 0.5, 2, 8, 16, and 24 hr in air at
600°C.

The microscope, a Philips EM 300G in-
strument, was operated in bright field mode
at a calibrated magnification of 213,000X%
(£3%) for the study of particle sinotering;
this enabled particles as small as 10 A to be
imaged. Flynn et al. (29) and Treacy and
Howie (30) have pointed out that care must
be exercised in the interpretation of images
from particles smaller than about 20 Ain
diameter due to, among other things,
phase-contrast effects. However, this did
not constitute a serious drawback in the
present study since most of the particles
were larger than this critical size. Platinum
particle diameters were measured on prints
enlarged X3 from the plates, making an
overall magnification of 640,000x. Particle
size distributions were developed by divid-
ing the size range into 10-A increments (this
being the lowest meaningful division of
diameters suggested by Flynn et al. (29))
and assigning each particle to one of these
ranges. A population of 1000 particles was
measured in this way on micrographs of
several different areas from at least six
specimens which had undergone a given
heat treatment; 2000 particles were mea-
sured in fresh specimens. For each heat
treatment the number average diameter, d,,
and the surface average diameter, d;, were
determined. These parameters are defined
as follows (23):

Enidi
Eni

_ Enidi3
T Ind?

dy, =

where n; = number of particles in diameter
increment with mid-point of d; A.

The surface average diameter is the
weighted value such that if all the particles
were spherical and of this size, then this
would produce the observed surface area.
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It is therefore the most useful parameter to
relate to surface area measurements.

Convergent beam electron diffraction
and X-ray microanalysis. Convergent beam
electron diffraction patterns of individual
platinum particles were obtained using a
Philips EM 400T microscope in ‘‘microdif-
fraction’” mode. A focused spot was ob-
tained by increasing the excitation of the
first condenser lens while making suitable
adjustments to the second condenser lens
in the way described by Steeds (37). Con-
vergent beam experiments were confined to
the larger particles in heavily sintered spec-
imens. Some of these large particles were
also analyzed using an energy dispersive X-
ray analyzer (EDX).

Surface area measurement. Platinum
surface area was determined by the pulse-
flow hydrogen adsorption technique de-
scribed by Freel (24). The apparatus com-
prised a modified Perkin-Elmer Sigma 1 gas
chromatograph with a facility for automatic
injection of hydrogen slugs into an argon
carrier gas stream (32). Catalyst samples
were prepared by coating sections of Fe-
cralloy' steel (26, 33, 34) with platinum/
alumina sol and then drying, firing, and re-
ducing these under the same conditions as
for TEM specimens. Measurements were
carried out on fresh samples and on sam-
ples which had been aged in air at 600°C for
2, 8, and 24 hr. Pretreatment consisted of
flushing the sample tube with hydrogen at
500°C for 1 hr, followed by argon at 500°C
for 1 hr; TEM measurements indicated that
this would cause negligible sintering. The
sample was allowed to cool to 25°C under
flowing argon, and 0.1-ml slugs of H, were
then injected. Several repeat runs were car-
ried out on different samples which had un-
dergone a given heat treatment.

Surface areas were calculated assuming a
spherical approximation to the particle ge-
ometry, an adsorption stoichiometry of

! Fecralloy steel is a registered trade mark of the
United Kingdom Atomic Energy Authority for a spe-
cific range of steels.
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unity, and a Pt surface atom density of 1.12
X 10 atoms/cm? (24). This led to a deter-
mination of d;, the surface average diame-
ter, which could be directly compared with
the value from TEM.

The surface area of the alumina was 100
m?%g, as determined by a standard BET
measurement.

RESULTS AND DISCUSSION
Specimen Characteristics

Approximately 50% of specimens pre-
pared by the new technique contained re-
gions sufficiently thin to be useful for mi-
croscopy. Figure | illustrates a typical
sheet-like region in a fresh specimen, while
Fig. 2 shows the same region at higher mag-
nification. Such regions were sometimes
found to be unstable under a focused elec-
tron beam, but in most cases instability did
not constitute a major problem.

Treacy and Howie (30) and Flynn et al.
(29) have described the variations in parti-
cle contrast with specimen orientation that
can occur as a result of amplitude contrast
effects. These variations were commonly
observed in the present study, but tilting
experiments suggested that they would
rarely cause a particle to become indistin-
guishable from the support. Contrast ef-
fects often resulted in smaller particles
(<100 A) appearing ‘‘transparent’’; this is
not taken to imply necessarily a raft-like
morphology. A significant proportion of
particles exhibited internal structural fea-
tures such as twin boundaries. Figure 3a
illustrates a singly twinned particle while
Figs. 3b and ¢ show examples of the less
commonly observed multiply twinned par-
ticles. Such particles, which have been ob-
served in previous studies of commercial
catalysts (35, 36), would be more clearly
imaged under dark-field conditions. How-
ever, for the catalyst studied here overlap-
ping of the diffraction rings from platinum
and alumina makes dark-field imaging of
particles difficult.

External particle shape varied considera-
bly. As a general rule, particles smaller
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. Typical thin region of freshly reduced Pt/Al,O, specimen.
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than 50 A appeared approximately circular
in projection, while some degree of facet-
ting became increasingly prevalent for par-
ticles larger than this size. Some of the fast-
growing particles discussed in the next
section exhibited a plate-like morphology;
this was established by tilting experiments.

Metal Particle Sintering

Figures 4a—d illustrate the growth of plat-
inum particles in specimens heated at 600°C
in air for periods up to 24 hr. The particle
size distributions (PSD) corresponding to
fresh specimens and to heat treatments of
0.5, 2, 8, 16, and 24 hr are presented in
Figs. Sa—f; Table 1 gives the values of d,,
the number average diameter, for these
heat treatments. In this section, the shapes
of the size distributions will be discussed in
terms of the theoretical predictions and
some conclusions will be drawn about the
mechanism of sintering. The kinetic order
of the sintering process will also be dis-
cussed.

The statistical model of Grangvist and
Buhrman (4) predicts that growth by parti-
cle migration and coalescence should lead
to ‘‘log-normal’”’ size distributions. The
PSDs presented here have been fitted to
log-normal distribution functions (LNDF)
in the way suggested (4), and good fits were
obtained for the freshly reduced catalysts
and catalysts heated for 0.5 and 2 hr (Figs.
Sa—c). The fit becomes progressively less
satisfactory, however, for longer sintering
times (Figs. 5d-f). In terms of the

TABLE 1

Mean Platinum Particle Sizes for Catalysts Heated in
Atir at 600°C, with 95% Confidence Limits

Sintering time Number average diameter

(hr) d, (A)
0 498 + 1.0
0.5 66.0 = 1.6
2 73.5 1.6
8 953 +2.0
16 103 =3
24 109 =3
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Granqvist and Buhrman theory, this would
suggest that particle migration and coales-
cence plays a predominant role for heat
treatments less than 2 hr in duration, while
an alternative mechanism becomes more
important after this time. Further evidence
that migration and coalescence is at least
partly responsible for sintering is provided
by considering the behavior of particles
smaller than 40 A in diameter. Freshly re-
duced specimens contain a high proportion
of particles which fall into the 10-20, 20—
30, and 30-40 A ranges. The relative pro-
portion of such particles decreases when
specimens are heated for 0.5 and 2 hr, and
after 8 hr no particles smaller than 40 A are
detected. This would appear to be inconsis-
tent with the interparticle transport models
(5-9), which postulate that particles
smaller than a variable ‘‘critical size”
should shrink, resulting in a permanent
non-zero concentration of the smallest par-
ticles. The likely explanation, therefore, for
the disappearance of particles <40 A is that
migration and coalescence occurs very rap-
idly for such particles. Wynblatt and Gjos-
tein (5) using formulas derived by Gruber
(37) for the migration of pores in solids,
have concluded that nonfacetted particles
smaller than about 100 A should indeed mi-
grate considerable distances at 600°C: a 50
A particle, for example, would be expected
to move 3300 A in S hr. This distance is well
in excess of the typical particle separation
in fresh specimens (roughly 150 A), and
would suggest that collision and coales-
cence is the probable mechanism for the
growth of the smaller particles, even when
the heterogeneous nature of the support is
taken into account.

If we now consider the PSD correspond-
ing to a heat treatment of 8 hr (Fig. 5d), we
find that the peak has become approxi-
mately Gaussian in shape, centered on ~85
A, with a long tail extending to 390 A. After
16 and 24 hr (Figs. 5e and f), the peak
moves very little, becoming centered on 95
A, and further sintering occurs mainly
through the growth of large particles (>200
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FiG. 4. Typical micrographs illustrating particle growth in Pt/AL,O;. (a) Freshly reduced; (b) heated
in air at 600°C for 2 hr; (c) heated for 8 hr; (d) heated for 24 hr.
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FiG. 4—Continued.
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F1G6. 4—Continued.
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F1G. 4—Continued.
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A), resulting in a progressively longer tail
toward the high diameter side. Figure 6
shows a number of such large particles,
which were frequently facetted and some-
times exhibited a plate-like morphology.
Wynblatt has observed similar ‘‘abnormally
large’’ particles in sintered Pt/Al,O; model
catalysts (7) and Roth has recently studied
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the phenomenon in a commercial Pt/Al,O,
catalyst (22). PSDs with long tails to the
high diameter side have also been reported
in an X-ray diffraction study of commercial
Ni/SiO; catalysts by Kuo et al. (38). The
phenomenon is difficult to explain fully by a
particle migration and coalescence model;
the most plausible explanation is that sug-

FI1G. 6. Abnormally large particles in Pt/Al,O; heated in air at 600°C for 24 hr.
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gested by Wynblatt (7), namely, that fast-
growing particles contain some crystallo-
graphic characteristic which facilitates
growth by an interparticle transport mecha-
nism.

Thus an analysis of the PSDs leads to the
likely conclusion that for periods up to 2 hr
sintering occurs chiefly by a particle migra-
tion and coalescence mechanism and that
interparticle transport becomes increas-
ingly predominant for longer periods. Fur-
ther confirmation that a mechanism change
occurs is provided by a consideration of the
kinetic order of the process. Wynblatt and
Gjostein (5) have stated that particle
growth kinetics can be represented by an
expression of the type:

R
nlog(—R—)Zlogt+c
0

where R is the mean particle radius in fresh
specimens, R is the mean radius at time ¢,
and c is a constant. Thus a plot of log (R/Rg)
vs log ¢ yields a value for n, and the sinter-
ing order is then (n + 1). Figure 7 shows
such a plot for the results set out in Table 1
and clearly demonstrates that the order
changes from ~14 to ~7 after 2 hr. Several
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of the published theoretical models of parti-
cle migration and coalescence (2, 3) and of
interparticle transport (5, 6, 8, 9) have at-
tempted to predict the order of sintering,
with results which are contradictory and in-
conclusive. However, in interpreting the
present data it seems reasonable to con-
clude that a change from high to low order
indicates a change from the particle migra-
tion and coalescence mechanism to the in-
terparticle transport mechanism. Kuo et al.
drew a similar conclusion from their X-ray
diffraction data (38).

Analysis of Fast-Growing Particles

Previous studies have reported microdif-
fraction patterns of small (<100 A) (39, 40)
and large (>250 A) (22) metal particles in
commercial catalysts. In the present study
convergent beam diffraction patterns were
obtained from ‘‘abnormally large™ particles
in specimens heated for 24 hr in air at
600°C. It was found that particles which
protruded from the edge of a crack in the
specimen provided the best patterns. How-
ever, specimen instability under a highly fo-
cused electron beam proved to be a serious
problem when attempting to record such

t,hours

4 8 16 24

04—y T T

log (R/m,)

T T T I

log t

Fi1G. 7. Plot of log (R/R,) vs log t for Pt/Al,O, sintered in air at 600°C.
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patterns. As a result, difficulty was encoun-
tered in obtaining patterns from particles
smaller than ~200 A.

Figures 8a and ¢ show two convergent
beam patterns obtained from the particles
shown in Figs. 8b and d, respectively. Fig-
ure 8a corresponds to a Pt [110] pattern,
while Fig. 8c indexes as [111] with extra
spots of the type ¥ {422}, or alternatively
might be interpreted as [112] with extra 4
{311} spots. This pattern (Fig. 8¢) is similar
to those from large platinum particles re-
ported in the recent study of an alumina-
supported catalyst by Roth (22). There are
several possible explanations for the origin
of the extra spots. They include multiple
diffraction from either side of a boundary or
boundaries normal to the beam direction
(22, 41), an atomically stepped surface
(42), or an array of dislocations at a par-
tially coherent interface. Calculations of
the relative electron diffraction intensities
to be expected from each of these models
indicate that none of them is likely to be the
complete explanation. In general, a better
structural characterisation of the anoma-
lously large particles might be expected to
provide an understanding of the mecha-
nisms by which they grow preferentially.

X-ray microanalysis was used to confirm
that the large particles contained platinum.
Figure 9a illustrates the relative intensities
of the Pt and Al peaks in the X-ray spec-
trum from a wide area (~1000 wm?) of cata-
lyst. Figure 9b shows the greatly increased
relative intensity of the Pt peak obtained
when the probe was focused on the particle
shown in Fig. 8d.

Surface Area Measurements

In Table 2 the values of d;, the surface
average diameter, determined by H, ad-
sorption and TEM are compared. The error
on TEM determination of d; from a sample
of 1000 particles was found to be approxi-
mately *=5% (the error for fresh specimens
is smaller since a larger sample was mea-
sured), and the uncertainly on adsorption
measurements was +=10%. It can be seen
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Fi1G. 9. Pt and Al peaks in energy-dispersive X-ray
(EDX) spectrum of Pt/Al,O; heated for 24 hr in air at
600°C. (a) General region; (b) probe focused on parti-
cle shown in Fig. 8d.

from the table that the difference between
the two sets of d values is in each case
within the range of the quoted errors. This
would suggest that the platinum particle
size distribution in TEM specimens was
broadly representative of those in Fecral-
loy-supported catalysts.

CONCLUSIONS

A new technique for the preparation of
supported metal catalyst TEM specimens,

TABLE 2

Values of Surface Average Diameter Determined by
TEM and H, Adsorption

Sintering time d; (A) d, (A)
(hr) TEM H,; Adsorption
0 68.2 2.4 60 = 6
2 98.6 + 4.9 90 +9
8 119 =6 122 + 12
24 174 =+ 9 164 + 16
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based on the sol-gel process, has been de-
veloped. For the particular catalyst studied
here, a commercial platinum/alumina cata-
lyst, the new technique has a number of
advantages over traditional specimen prep-
aration techniques. Large thin regions can
readily be produced without any modifica-
tion of catalyst structure: the necessity to
grind or section the catalyst is also avoided.
No carbor film is required, so individual
specimens may be subjected to repeated
heat treatments in oxidizing environments.
This is not only convenient, but also en-
ables examination of the same area before
and after sintering, a possibility which is
being explored in further studies (43). In-
formation concerning the distribution of
catalyst particles with respect to the sup-
port morphology is also available with the
new technique. The technique is simple,
and large numbers of high-quality speci-
mens can be produced in a relatively short
time. Surface area measurements carried
out by H, adsorption have indicated that
the regions examined by TEM were repre-
sentative of the overall catalyst.

Catalyst specimens have been sintered in
air at 600°C, a typical temperature of opera-
tion for a catalyst in an automobile exhaust
system. A consideration of particle size dis-
tributions in sintered catalysts has led to
the conclusion that a change in the predom-
inant sintering mechanism from particle mi-
gration and coalescence to interparticle
transport occurs after approximately 2 hr,
when the mean particle size is 73.5 A. For
periods longer than about 8 hr sintering oc-
curs chiefly through the growth of ‘‘abnor-
mally large’ particles which are often
facetted and sometimes plate-like in
character. A decrease in the sintering
power-law exponent from ~14 to ~7 con-
firms that a change in mechanism occurs.
Convergent beam diffraction patterns of
fast-growing particles are consistent with
platinum metal, showing that these parti-
cles do not result from, say, a reaction be-
tween metal and support. Extra spots in
some of the diffraction patterns suggest that
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some of these large particles may have a
twinned structure. Smaller particles con-
taining twin boundaries have been observed
in bright field images of fresh and sintered
catalysts.
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