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A model Pt/Al,Os catalyst was studied by transmission electron microscopy and Auger electron
spectroscopy. O, treatments under industrial catalyst regeneration conditions (500°C, 20 Torr, 1 h)
transform a monomodal distribution of Pt particles (mean diameter 18 f\) into a bimodal distribution
consisting of a phase of particles 40 to 100 A in diameter and a phase of very small clusters
(diameter < 10 A). This observation of stable small clusters is direct evidence for a Pt catalyst
dispersion in O,. Auger spectroscopy gives in situ information about particle transformation and
support interaction. An exchange of matter between particles which operates on a molecular scale

and might include platinum oxide is postulated.

INTRODUCTION

Much recent research has focused on
model catalysts composed of metal parti-
cles on a ceramic support and on the
changes which they undergo in a gaseous
atmosphere. In the present study it was
proposed to investigate the system Pt/
AL O3, because finely divided alumina with
a small amount of platinum (less than 2% in
weight) is widely used in industry as a
reforming catalyst. Such catalysts are nor-
mally prepared by impregnating alumina
with a soluble platinum compound. They
are activated by air calcination followed by
hydrogen reduction (I-3). These catalysts
are subject to a process of ‘‘ageing,”’ since
long use in the presence of hydrocarbons or
heating beyond 400°C in H, reduces their
activity (4-7). This deactivation is attribut-
able to poisoning (8—10) or to a decrease in
the metal surface area through grain co-
alescence. These processes can be assessed
either by measuring the metal surface area
using H, or CO adsorption (7), by X-ray
diffraction (4), or by microscopy (I11-13).

On the other hand, it has been observed
that an oxygen treatment at 500°C (followed
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or not by H; reduction at a lower tempera-
ture) can restore the initial activity of the
catalyst (3, 6); with this procedure, which is
known as regeneration of the catalyst, it is
possible to recover the initial H, or CO
adsorption capacity of the catalyst (8, 12,
14, 15). This reactivation cannot be ex-
plained only by the fact that the carbon
deposits are removed by heat treatment.
This phenomenon is called ‘‘redispersion’
because the increase in the adsorbing ca-
pacity is generally correlated with an in-
crease in the metal area, possibly resulting
from the Pt on the support having broken
up into smaller particles.

Whether or not an actual redispersion
takes place under oxygen treatment re-
mains an open question. Many investiga-
tors using transmission electron micro-
scopy (TEM) have attempted to confirm
and even to explain this point (16—-18). With
commercial catalysts, it is difficult to con-
firm this hypothesis by TEM because the
smallest platinum grains would not be visi-
ble in the alumina powder due to lack of
contrast, as shown in the following example
(19). An H,PtClg-impregnated alumina with
0.4% wt Pt was prereduced at 400°C. The
particle size distribution showed that the
mean diameter was drey = 10 A in agree-
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ment with hydrogen adsorption measure-
ments (dyy = 8 A), assuming spherical parti-
cles and H/Pt = 1; heating in H, at 600°C
led to drgy = 16 A and dyg = 28 A by ad-
sorption, which would be equivalent to an
ageing by coalescence. This sample treated
at 600°C in a mixture containing 3% O; in
N, (under atmospheric pressure) was found
by TEM to have undergone considerable
coalescence, drgy = 200-2000 A, but hy-
drogen adsorption measurements indicated
that d,g = 25 A. Other authors using only
hydrogen adsorption data (/4, 15) have re-
ported a decrease in d,q occurring after
treatment at around 500-550°C. The au-
thors of another recent study (I2) confirm
this point and claim that under TEM the
grains were found to have decreased in size
and even to have vanished; however, this
statement was not supported with histo-
grams and so is not very convincing. The
fact that oxygen produces a d, decrease
and a drgy increase is a paradox which still
needs to be elucidated.

Experiments on model catalysts (plati-
num deposited by evaporation onto thin
alumina films) provide more favourable
conditions for microscopy. A recent study
(20) was carried out by the authors of Ref.
(/19) with similar initial grain diameters
(drem = 18 A) and treatments, but without
any measurement of the specific platinum
surface area. Heating in H, at 500°C trans-
formed drgy from 18 to about 40 A. The
coalescence was further increased by a
subsequent treatment in O, at 500°C (dtem
= 250 A). The faceting of Pt crystallites was
observed at 600°C and it was therefore
concluded that a reactivating treatment in
0, does not produce a redispersion of size,
but on the contrary a much more active
coalescence in O, than in H;. Similar con-
tradictory results have been reported by
others authors (21). A possible explanation
for this paradox may be as follows: an
oxygen treatment reducing the total plati-
num area (coalescence) increases the activ-
ity, as observed elsewhere with hydrogen
adsorption measurements, by creating ac-
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tive sites. Nevertheless, an alternative ex-
planation is that measurements with the H,
adsorption technique might detect platinum
crystallites which were not revealed by
TEM on a real catalyst.

In summary, the literature suggest that
there may be several explanations for reac-
tivation of Pt catalyst by oxygen treatment:

—removing of carbon contaminant
—creation of active sites
—formation of small Pt clusters.

The aim of this study was to observe and
compare the behaviour of platinum crystal-
lites obtained by evaporation onto an a-
ALO; single crystal, as-deposited, during
heating in H, and during heating in O,. The
pressure and temperature conditions (350—
550°C, 1 Torr to 1 atm) were similar to
those pertaining in industrial catalyst regen-
eration processes (1 Torr = 133.3 N m™).
Auger electron spectroscopy (AES) was
used to check the substrate purity and
evaporation deposit. Similar (but thinner)
substrates were simultaneously subjected
to the same treatments and were subse-
quently observed under TEM. Granulo-
metric distributions down to a size of 5 A
could thus be determined, and the crystal-
lite morphological development observed.
As reported below, an O, treatment was
found to transform the monomodal distri-
bution of platinum particles into a biomodal
distribution. Many very small-sized clus-
ters appeared simultaneously with large
crystallites; this bimodality in size may help
to resolve the apparent contradictions dis-
cussed above.

EXPERIMENTAL

Alumina substrates. Single crystals of
(1010)a-ALLO; were polished with 0.5 um
diamond paste. The sample used for AES
was a disk 8 mm in diameter. The plates for
TEM, lamellas of (3 X 3) mm? X 50 um,
were prethinned from the backside around
the center by ion-beam etching, until a
small hole was formed; the edge of the hole
was sufficiently thin for TEM. These lamel-
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las were each supported by a thick Al,O;
ring; both parts were movable and could be
put either on the AL,O; disk for the experi-
ments or in the microscope.

Heating holder. The above two samples
for AES and TEM were placed (as shown in
Fig. 1) on a furnace made entirely of plati-
num, the insulator being pure alumina. A
chromel-alumel thermocouple was applied
against the rear face of the alumina disk;
the front face temperature was standard-
ized using data on the melting of various
metal pellets. This furnace can operate in
O, or H, atmospheres up to 600°C and in
UHYV, without producing any contami-
nation.

Experimental preparations. The heating
holder was placed at the end of a four-
motions manipulator, in a UHV vessel (mo-
lecular and ionic pumps). Before the exper-
iments, several tens of nanometers of the
surface were removed by argon ion bom-
bardment. An air lock leading to the UHV
chamber was used as the treatment cham-
ber. Heating at 550°C in 10~ Torr O, was
performed in this air lock until a clean
surface for AES was obtained; in particular
the carbon and sulphur Auger peaks there-
fore completely disappeared and only
aluminium and oxygen peaks remained at
the maximum intensity. These peaks were
shifted by 3 eV by charge effect (48 and 500
eV) (22, 23); these positions were stable
under the electron beam.

Platinum depositing and treatments.
Platinum was evaporated onto crystals
from a tungsten boat in UHV. Evaporation
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(from 0.3 monolayer at 1 A/mn) was mea-
sured with a quartz microbalance (Q equiv-
alent monolayers); the purity and surface
coverage were monitored by AES. The two
samples used for AES and TEM received
the same deposits and treatments. After
evaporation, the treatments in various
gases (O,, H, N,) were carried out in the
air lock, from 1 Torr up to 100 Torr, and
from 350°C up to 550°C for 1 h (in the case
of the present results). The absolute pres-
sures were measured with a membrane
gauge (Baratron) and the gas quality was
checked with a mass spectrometer.

Transmission electron microscopy
(TEM). The microscope used was a Jeol
100C, operating at 100 kV with a 500,000
magnification. The condenser aperture was
1 mrd, the spherical aberration coefficient
was C; = 1.7 mm, the objective lens aper-
ture in reciprocal space was 0.34 or 0.23
A" radius; the latter allows only the specu-
lar beam to pass (by suppressing the Pt and
Al,O; diffracted electrons). The micro-
graphs presented here were taken at about
~1000 A underfocus. The particle size dis-
tributions were measured from photo-
graphic enlargments, by visual counting
with 1 A resolution (the particle analyser
was a Carl Zeiss TGZs). The error on the
grain count, the mean diameter dygym, and
the surface fractional coverage in platinum
Orem Were estimated to be less than 10, 153,
and 20%, respectively (for grain sizes
higher than 10 A).

Auger electron spectroscopy. The equip-
ment used was a four-grid analyser with a
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45°C electron beam incidence (2 keV, 10
nA). The fractional surface area 6, of plati-
num particles and the mean thickness of
grains m, (monolayer number) can be cal-
culated from the normalized intensity J4 of
the 153-eV Pt Auger signal, as a function of
the Pt deposited (Q expressed in equivalent
monolayers, E.ML). The simplest possible
model of islands was used, namely homo-
thetic square prisms, n atoms in side length,
m atoms in thickness (A = m/n = constant)
and the graphic method given by Poppa and
Soria (24) was used. For the attenuation
factor of the adsorbate Auger peak (at 153
eV) through a monolayer of adsorbate, we
found the value of & = 0.63 = 0.1; this was
compatible with the values of 0.54 and 0.58
for the 64-eV Pt Auger peak given in the
literature (25-27).

RESULTS
1. Platinum Evaporation

Deposits at 200°C (Fig. 2a) show a diame-
ter distribution with a Gaussian form, maxi-
mum at 16 A, with a mean diameter d = 19
A. Some examples are given in Table 1.
The values of the last column, Qrgm, were
obtained with the hypothesis that particle
shape was hemispherical. They were
clearly lower than values of Q measured
with the quartz microbalance; this may be
due partly to the condensation coefficient
on Al,O; being lower than that on the
microbalance (coefficient = 1). The values
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of this coefficient for other systems, Pd/
MgO (28) or Au/NaCl (29, 30) vary from
0.2 to 0.5 (at 200-400°C). However, the
estimated error in the reproducibility of the
deposits was less than 20%.

At the practical level, it was possible in
each experiment to measure by AES under
vacuum the cleanliness and the Auger sig-
nal I3 of a given quantity of platinum Q.
These measurements were performed just
after deposit and after treatment. The
sample was then removed from the vacuum
chamber for TEM examination.

2. Heat Treatment under Vacuum
H, and N,

Annealing under vacuum for 1 h at 500°C
did not produce any significant changes
either in size distribution or in AES signal.
No significant changes occurred either in
Auger signals or in size distributions when
the specimens were heated in N, (20 Torr)
at 500°C or in H, (1 Torr) at 420°C (1 h). We
could not perform these treatments at
higher temperatures and higher pressures in
H.,.

3. Heat Treatments in Oxygen

Table 2 and Figs. 2 and 3 show the
overall results obtained with an amount of
Pt Qrem = 0.5 monolayer. Very small clus-
ters appeared under some conditions, and
to make sure that these were produced by

TABLE 1

Deposits of Platinum Particles on AL,O; Measured with Quartz
Microbalance in Equivalent Monolayers Q and with Electron Mi-
croscopy (Orey) Assuming Hemispherical Particles of Density p

Quartz microbalance

Electron microscopy

¢ Orem dTDEM 14 Orem
(A) X 10%/cm?  (1/2 sphere)

1.2 0.12 13 9 0.25

1.2 0.10 12 7 0.2

1.2 0.13 13 9 0.3

3 0.20 18.4 8 0.5

3 0.23 18 9 0.55
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F16. 2. Micrographs and corresponding size distributions of similar Pt/Al,O; deposits (Qrgy ~ 0.5).
(a and b) Deposited at 200°C. (c) Al,O; substrate cleaned under standard conditions, but without
platinum deposit, then treated in O, (20 Torr, 500°C, 1 h). (d) Deposit treated in O, (20 Torr, 420°C, 1
h). (e and f) Deposit treated in O, (1 Torr, 550°C, 1 h).
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F16. 3. Micrographs and corresponding size distributions of Pt/Al,Oy deposits (Qrgym ~ 0.5). (a and
b) Deposit followed by an O, treatment (20 Torr, 500°C, 1 h). (c) Previous treatment followed by H,
reduction (1 Torr, 420°C, 1 h); example of moiré fringes. (d and e) Thinner Pt/Al,O; deposit (Qrey ~
0.2) treated in O, (20 Torr, 460°C, 1 h).
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TABLE 2

Data ObtainedwUéing AES (Peak-to-Peak Intensity Iy for Ptys; oy, I for Alg.v) and Microscopy
(Mean Diameter d) on Similar Platinum Deposits Resulting from Different Treatments (Qrgy ~ 0.5

Monolayer)
Treatments AES peak-to-peak Microscopy
(1h) height (a.u.) —
d (A) Diffraction
1y (PY) I, (AD)

Pt deposit 2 3 20 Pt ring
Under vacuum at 500°C Unchanged 20 Pt ring
Under N, ambient at 500°C Unchanged 20 Pt ring
20 Torr O,, T < 450°C 1.3 10 Weak contrast Diffuse ring
20 Torr Oy, T = 500°C 0.2 10 <10 A and >30 A

(bimodal distribution) Pt ring
I Torr O,, T = 550°C 0.2 10 From 5 A to 40 A

(broad distribution) Pt ring

evaporated platinum, the following experi-
mental precautions were taken:

—The treatment chamber contained only
the heating holder with its platinum fil-
ament.

—Before each experiment, each sample
was observed in TEM; through-focus series
were taken to make sure there were no
visible clusters due to ionic etching during
sample preparation.

-—A counterexperiment was performed,
without any Pt deposit; the AlLO; surface
treated under the same conditions (prepara-
tion and O, treatment) remained unchanged
as ascertained by microscopy and AES,
and no trace of small clusters was visible
(Fig. 2¢).

In our presentation of the results, treat-
ment under O, carried out at T < 450°C will
be analysed separately from treatments
performed in the temperature range 450-
550°C.

(a) Temperature lower than 450°C. The
micrograph of Fig. 2d shows the results of a
treatment under 20 Torr O,, 1 h, 420°C. The
size and denmsity of grains varied little,
although some became less contrasted and
partly vanished into the substrate, and oth-
ers became slightly larger; the diffraction
rings of platinum deposit, which were al-

ready weak, became even weaker. The
Pt(153-eV) Auger signal decreased by 30 to
40% whatever the pressure (between 1 Torr
and 1 atm), and the oxygen peak increased.
More surprisingly, the Al peak, which was
attenuated by the deposit, increased again
until its intensity and position (eV) ap-
proached those of the bare substrate,
whereas the uncovered surface of Al,O; (as
observed under TEM) hardly increased.
These data indicate that Pt crystallites re-
acted with the substrate without undergo-
ing any size variations.

(b) Treatments between 460 and 550°C
Sfor 1 h. A very different result was obtained
here (Figs. 2e, 2f, and 3), involving con-
siderable particle transformation.

(i) When the pressure was only 1 Torr,
the treatment at 550°C was shown by TEM
to lead to a broadening of the particle size
distribution, in the size range 50 A down to
a peak of very small clusters of about 5 A
(Figs. 2e and 2f). The histogram represents
all the particle sizes in the range 5 to 50 A.
Many particles exhibited a faceted shape or
moiré fringes with substrate indicating that
these were crystallites.

(if) Under higher pressures, the treatment
at 500°C, 20 Torr, for 1 h led to a bimodal
size distribution, with particles in the size
range 30 to 100 A and numerous clusters
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with diameters down to 5 to 10 A in the case
of the most visible clusters (Fig. 3a). In the
example presented, the density of the
smaller clusters was similar to the initial
particle density, i.e., about six times higher
than that of the larger particles. The latter
were often shape faceted, sometimes
twinned, and sometimes had moiré fringes
(Fig. 3c).

In this micrograph the faceted platinum
crystals have a low contrasted ‘‘envelope.”
We cannot explain this kind of image. This
envelope has nothing to do with any focus
effect. It has been found sometimes only
after hydrogen treatment. It may be due to
some contamination effect which is not
present when the sample was only oxygen-
treated.

In the electron diffraction patterns, the
first four rings of platinum were always
thinner and more intense than with the
initial deposit. On the other hand, the two
main rings of oxides PtO, PtO,, or Pt;0y
were missing, if their intensity were high
enough these rings should have been visible
because the interplanar distances of these
oxides differ by 0.2 A from that of platinum
(error on distance measurements within
+0.02 A). The ALO; surface became
amorphous due to the ion bombardment;
therefore the crystallites could not have an
epitaxial orientation, contrary to the results
obtained on mica or NaCl single-crystal
substrates (37). In an additional experiment
the O, treatment was followed by a reduc-
tion using H, at 1 Torr, 420°C for 1 h (as is
usual with catalyst preparation) without
any significant changes in morphology or
size distribution occurring. With a lower
initial deposit Oty = 0.2 (instead of 0.5)
with a treatment similar to the above, the
growth of the initially small particles (12 A)
was less conspicuous (35 A’maximum), but
the small clusters were again very numer-
ous (Figs. 3d and 3c¢).

For all the samples treated at around
500°C a noteworthy result was observed in
AES: the Pt(153-eV) peak nearly disap-
peared and its intensity (reduced by 90%)
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was much lower than that which might be
expected on the surface of the visible parti-
cles (coverage Orpy reduction < 50%; see
Table 2).

DISCUSSION

These experiments show the essential
difference between H, and N, treatments
on the one hand and O, treatments on the
other hand: the former have no significant
effect on platinum particles, but in O, and
under particular temperature and pressure
conditions, a complete transformation of
the grains takes place. These conditions
were chosen to match closely those of
commercial catalyst regeneration treat-
ments; referring to Berry’s diagram (Po,, T)
(32) established for platinum ribbon oxida-
tion (Fig. 4), we distinguished two treat-
ment domains:

(i) one domain where the oxidation rate
was maximum, i.e., with 20 Torr O, and a
temperature of around 400°C; no significant
size modification occurred here, but rather
volumic grain transformations involving
substrate interactions.

(ii) another at the edge between the oxi-
dation domain and the oxide dissociation
domain (500°C, 20 Torr), or in the latter;
here the particles became larger than those
at deposit, but also a population of very
small clusters (<10 A) appeared.

Pio, A
TORR
500}

100

Oxidation
X
50

Oxide
dissociation

8L X

1

X 1 i i g
550 500 450 400 T(°c)

F1G. 4. Oxide dissociation pressure versus tempera-
ture curve for a platinum ribbon (from Ref. (32)). (X)
(T, P) domain investigated in this article. (—) (7, P)
domain used in industry for catalyst regeneration. (1
Torr = 133.3 Nm~2.)
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Owing to the precautions taken and to
the counterexperiment (see paragraph 3 un-
der Results), these small clusters necessar-
ily originated from the initial platinum parti-
cles. In order to confirm that these small
clusters contain platinum we have per-
formed X-ray microanalysis with a TEM
JEOL 2000FX operating at 200 kV with a
probe size of 5 nm. When a 50-nm-diameter
region, containing only these small clus-
ters, was analysed, the platinum X-ray
emission lines M, and L, appeared with an
intensity which could be compared to that
emitted from neighbouring large particles.
The number of Pt atoms determined in this
way appeared to be in agreement with the
size of the small clusters determined from
the micrographs. Other than Pt no addi-
tional element was detected on the sample.
To make sure that the Pt signal from small
clusters was not an artifact, we have looked
for a 200-nm region on the sample without
large and small clusters. In this region, the
Pt X-ray signal remained negligible (ten
times smaller than that on the first region,
although the Al peak areas were similar).

The larger particles have a platinum core
as shown by electron diffraction, but the
composition of the clusters is unknown and
further experiments will be necessary to
establish it. From some micrographs it
seems that the clusters are situated not only
on the substrate but also on top or under-
neath some of the largest particles. One
might assume that these small clusters may
have been evaporated during the deposit
and that, penetrating into the substrate,
they did not participte in the surface parti-
cle growth during the deposit; the O, treat-
ment would make them visible.

This last hypothesis does not however
account for the experiment with weaker
treatment (1 Torr), which did not show two
modes of grains sizes, but all the sizes
ranging between S and 50 A (therefore with
some particles growing and others dimin-
ishing) and with a smaller proportion of
small clusters (Fig. 2e). This rather sug-
gests that a transformation mechanism in-
volving molecular migration may have
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taken place affecting all the particles. The
matter transfer mechanism as well as the
nature of the small clusters will be dis-
cussed below.

Matter Transfer by Molecular
Migration

(a) The molecular migration hypothesis.
This hypothesis might account for the de-
crease in the size of some grains and the
growth of some others; atoms or molecules
might be emitted and received by the parti-
cles, with a positive balance in the case of
those which coarsen and a negative balance
in the case of those which diminish. Vari-
able duration treatments with which vari-
ous stages of increase and decrease can be
observed are required in order to confirm
this assumption. However, with the classi-
cal Ostwald ripening process, the smaller
particles decrease until they completely
disappear (33, 34). This mechanism alone
thus cannot explain the presence of a stable
small cluster population on our catalysts.
However, it is possible that once a small
enough particle size has been reached, their
interaction with the support or their compo-
sition is such that they cease to be trans-
formed. However, the distribution of these
clusters is more inhomogeneous than that
of the deposit particles; in addition a por-
tion of this population might not be visible.
These small clusters may then consist ei-
ther of initial particle residues or of visible
remnants of mass transfer.

(b) Particle mobility. Among the two
transfer processes with which any particle
growth can be explained (crystallite migra-
tion and molecular migration), the migra-
tion coalescence of grains seems to have
intervened rather little in our experiments:
no grain gathering was observed as in the
case of a carbon deposit on ALO; (after
air treatment). The crystallite mobility on
a carbon film (35-37) stands in contrast
with the well-known immobility on clean
alumina (36). The stability agrees with the
slightness of the effects of UHV annealing
(see paragraph 2 under Results). An oxida-
tion might modify this immobility, but one
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would have to assume that the oxidation
was limited to a thin film not detected in
diffraction; this surface oxidation assump-
tion at 500°C leading to mobility seems to
be in contradiction with the likely oxidation
of grains and the immobility observed at
420°C (Results, paragraph 3a). Moreover,
an increase in the adhesion of platinum
films onto ALO; after heating in O, has
recently been reported (38); Al atom diffu-
sion through the Pt film is thought to be
responsible for this stronger adhesion. Fur-
thermore, the results of an experiment in-
volving successive treatments (1 h) and
observation of the same place in micro-
scopy do not support the mobility hypothe-
sis; none of the selected particles observed
after 1 h in O, moved during the subsequent
treatments. Above all, the mobility hypoth-
esis does not explain the decrease in size of
some of the particles.

(c) The role of oxidation. One can calcu-
late the Pt atom coverage 6, emitted at T =
500°C by a collection of platinum particles
with a mean radius 7 = 15 A, volume 7, in
equilibrium with the mean vapour pressure
P(r), for a substance tension o = 2300 ergs/
cm? (39), an adsorption energy Pt atom-—
substrate AH,q = 2 ¢V (40), and the vapor-
ization energy AH; = 6 eV (27):

B = €Xp — (AH?, — AH,4 — g—l)g)/kT
(see Ref. (41)). The coverage calculated
with this relation is absolutely negligible
(<107%) and cannot account for the quan-
tity of matter transferred in 1 h (Fig. 2¢),
which is estimated to be ~2.107> mono-
layer/s. This result agrees with the Pt/Al,O;
system stability observed under vacuum
(36), as in the case of Pd/MgO (42). Now a
simple O, adsorption which would decrease
o would also lower the Pt coverage 6.
Thus it is unlikely that an Ostwald ripening
operates between Pt particles. The transfer
process is more likely to involve a superfi-
cial oxidation of platinum, decreasing AH,
down to 2 eV for PtO, (43, 32) and leading
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to a more realistic coverage of 2.10~! mono-
layer.

Ostwald ripening is certainly favoured
under oxygen atmosphere as has indeed
been observed; the platinum crystallites
increase their size to the detriment of the
smallest crystallites and these large crys-
tallites facet under oxygen. This faceting is
more pronounced after hydrogen treat-
ment. However, the formation of the small-
est clusters cannot be explained by Ostwald
ripening, if we assume that they are in the
same phase (e.g., platinum) as the large
crystallites. The small clusters could be Pt
oxide that would be visible in TEM. A
possible formation mechanism could be as
follows.

The Al,O; single-crystal substrate being
made amorphous at the surface by ion-
bombardment during the cleaning proce-
dure, it is conceivable that in addition to the
Pt clusters (visible by TEM) nucleating on
the surface some Pt atoms could diffuse
inside the amorphous layer and bind to Al
atoms. The modification of the Al Auger
line could be explained in this way.

An O, treatment could result in the sepa-
ration of the Pt from Al and favour the
formation of a Pt oxide if the conditions
(P, T) are fulfilled. Experimental results
show that these conditions are necessary to
see (by TEM) the small clusters. We have
proved that these small clusters contain
some Pt. In addition we have shown that
the original Al Auger signal was restored
after this treatment.

The next step of the explanation is that a
hydrogen treatment could reduce the small
oxide clusters to metallic Pt. However, at
this stage small clusters are no longer visi-
ble. Does this reduced Pt become bidimen-
sional as claimed by Yao et al. (44, 45),
does it join the large Pt clusters by Ostwald
ripening, or does it become atomically dis-
persed on special sites in the amorphous
alumina layer? Further studies, with suit-
able techniques, could give additional infor-
mation supporting one or another of these
explanations.
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CONCLUSION

Electron microscopy data show that
model catalyst particles (Pt/Al,O;) in O,
(500°C, 20 Torr, 1 h) are transformed into
two phases; one involves Pt particles larger
than the initial size and the other small
clusters (<10 A). This finding was made
possible owing to the good transparency to
the electrons of the alumina single crystals
and owing to the contrast between Pt and
ALO;. It solves the apparent contradiction
between the chemisorption measurements
(hitherto interpreted as a catalyst redisper-
sion in O,) and the microscopic data on
grain sintering.
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