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EXAFS has been used to study the reduction which leads to the active species of Pt~Rh and Pt—
Re reforming catalysts. The first moments of the formation of the metallic cluster have been
followed kinematically at the platinum absorption edge for two catalysts, Pt—Rh/y-Al,0; and Pt—
Re/y-Al 05, using two different modes for the EXAFS setup (different synchrotron stations). The
experiments have been made in situ, the sample being under flowing hydrogen at high temperature.
The main result is the appearance of long metal-metal distances, of the same range order as that of
the bond lengths existing in the alumina network. They occur solely for a very low number of metal
atoms and are probably due to an intergrowth process with the carrier. The phenomenon seems to

be general and disappears with the growth of the particle.

INTRODUCTION

In the field of oil reforming, an important
number of industrial processes involve het-
erogeneous catalysts made up of small ag-
gregates supported by light oxides (alu-
mina, silica) of high specific area (200 m?
g~ ! or more). In order to increase the effi-
ciency of these catalysts, the metal clusters
are extremely small (average size less than
10 A) and the metal concentrations rarely
exceed 1 or 2% in weight.

The numerous results already published
in this field (see, for example, Refs. /-4)
demonstrate that EXAFS is a very efficient
tool for studying such materials. In pre-
vious papers (5, 6), we have discussed the
case of Pt—(Re or Rh)/Al,Os;, and models
explaining the fixation of the metal precur-
sors during the first steps of the preparation
procedure, drying and calcination, have
been suggested. Investigations have also
been made of the reduction step, either af-
ter the reaction took place (7) or during the
activation procedure (8). We recently fo-
cused on the intermediate states which oc-
cur at the very beginning of the reduction
process (9). The main result we found in the
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case of the monometallic Pt/y-ALO; cata-
lyst (i.e., H,PtClg on y-alumina) was that
the growth of the platinum cluster is related
to the geometry of the carrier through oxy-
gen bonds. Very small and unstable units
made up of two to three platinum atoms are
linked to the alumina surface and they show
quite large intermetallic distances, the
length being fixed by the carrier network at
around 2.80 A. When the formation of the
cluster overcomes the bonding with oxy-
gen, these distances come back to their nor-
mal value (2.75 A) or less (2.70 A) on in-
creasing the temperature. The shortening of
the Pt—Pt distance observed under these
conditions is due to a decrease in the
strength and rate of the hydrogen chemi-
sorption on the metal atoms. Amplitudes of
the thermal vibrations within the clusters
increase with temperature and the hydro-
gen atoms encounter difficulties in interact-
ing strongly with the metallic aggregates.
There is consequently no compensation for
the well-known distance contraction linked
to the decrease in the particle size, a con-
traction which is relaxed when hydrogen
exchanges bonds with platinum.

It was logical to extend this type of
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EXAFS work to the bimetallic couples that
we have already studied either at the dried
or at the calcined stage and we report here
the analysis of data collected at the early
stages of the reduction. This is an investiga-
tion of the metal particle genesis in order to
check whether it follows the same trend as
that found for the monometallic case (some
epitaxy with the alumina network) and
whether the second metal has any influence
on the relationship.

EXPERIMENTAL

Synchrotron radiation from the DCI stor-
age ring running at 1.85 GeV with an aver-
age current of 250 mA was used. The EX-
AFS data were collected on two stations.
One was a conventional step-by-step setup
with a channel cut (Si 331) monochromator
and two ion chambers as detectors. The
other associates dispersive optics provided
by a bent crystal with a cooled photodiode
array used as a position-sensitive detector
(10). This last setup allows collection of a
limited spectrum at once in less than 10 ms
when a metallic foil is probed. The low con-
centrations we consider in our catalysts in-
crease this time to a typical 10 to 15 s per
spectrum (/1, 12) instead of 10 min for a
conventional setup.

The catalysts are highly dispersed Pt—(Re
or Rh) systems deposited on y-alumina ex-
trudates (BET surface area 240 m? g™!) us-
ing the so-called pore-volume impregnation
method. The different preparation parame-
ters and sample characteristics are listed in
Table 1.

For all the samples, we used a furnace
with boron nitride holders similar to that
designed by Lytle er al. (I13). This device
allows an in situ treatment of the catalysts
without any contact with the atmosphere. It
is important to note that in all cases the
hydrogen flow begins simultaneously with
the increase of the temperature.

The EXAFS spectra are recorded above
the Ly edge of platinum (11560 eV) and
analyzed in a conventional manner (I4).
The equation fitting the EXAFS oscilla-

TABLE 1

Sample Characteristics and Procedures for the
Materials Considered for the Different Reductions

Preparation step Catalyst
Pt-Re Pt-Rh
Precursors H,PtCls and H,PtClg and
NH4R€04 RhCl; N 3H20

Impregnation Successively Simultaneously
Concentration

(wt%) 0.5 Pt/0.11 Re 1.5 Pt/0.5 Rh
Drying 24 hat 110°C 24 h at 110°C

Calcination 24 h at 530°C 24 h at 530°C

tions, assuming no multiple scattering, is
given by

x(k)
LGN, ~20%0-ThR Gin(2kR: + Wi(k
_;E—R?P}(k)e e sin(ZkR; + W¥i(k)),

where k is the wave vector of the gjected
photoelectron. The sum is over shells con-
taining Nj atoms at a distance R; from the
absorbing atom. The amplitude and phase
shift (Fi(k), Wi(k)) parameters associated
with the basckscattering process are ex-
tracted from reference compounds. o is the
relative displacement of the atoms, namely
the Debye—Waller factor, arising from both
static and dynamic disorder. In fact, we
measure the variation of o compared to its
value in the standard. Finally, we used a
two-shell least-squares fitting procedure to
extract the values of N, R and Ao. The pho-
toelectron mean free path, I', has been fixed
to its value in the standard, its influence
being quite negligible in our cases.

RESULTS

Two kinds of information were extracted
from the data. Qualitative information is
provided by the well-known change in the
white line intensity with the occupation of
the metal 5d band (15). This correlation is
parameterized by measuring the height of
the white line, H. The plot of this parameter
H versus time gives some indication of the
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kinetic change of the platinum electronic
state (16). Quantitative results are given by
the EXAFS analysis, and a common way to
visualize the evolution of the metal envi-
ronment during the reaction is first to plot
the magnitude of the Fourier transform
(FT) of the EXAFS oscillations. In our
case, we used a k* weighted Fourier trans-
form. This quantity can be related to a ra-
dial distribution function with one platinum
atom at R = 0 A. Even at this step of the
analytical procedure, it is easy to follow the
structural modifications around the plati-
num atom, as the moduli of the pure com-
pounds which limit the transformation, i.e.,
H,PtCls, PtO,, and Pt are very different.

We start by considering the direct reduc-
tion of a dried Pt-Rh/ALO; catalyst. The
experimental setup used in this case was
the dispersive one and spectra were re-
corded every minute. We first increased the
temperature up to 100°C, the sample being
under flowing hydrogen. The rate of tem-
perature increase was around 3°C/min so
that this operation took around 30 min. The
sample was then stabilized at 100°C in order
to limit the kinetics of the reduction. De-
spite the narrowness of the usable energy
bandwidth (200 eV), a fact which explains
the absence of numerical results, this ex-
periment shows clearly the different steps
of the reduction process. These qualitative
features have been completed a second
time by a study with a conventional setup
of two Pt—Re/AlL,Q; catalysts, one dried
and the other calcined before being re-
duced. The two samples were under flow-
ing hydrogen and the temperature had been
increased to 275°C (about 2°C per minute)
and 300°C (around 1.3°C per minute) for the
dried and calcined starting catalysts, re-
spectively.

A. Direct Reduction of a Pt—-Rh/Al,O;
Catalyst

In the initial phase, the average platinum
environment measured from spectra taken
with a conventional setup is made up of 5.1
chlorines at 2.32 A and 2.2 oxygens at 2.04
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FiG. 1. Reduction of the dried Pt—-Rh/Al,O; catalyst:
FT moduli changes at the Pt Ly edge during the first 30
min of treatment. The dotted line visualizes the mean
distance of the initial Pt—(C1,0) environment, (a) and
(b) being the positions uncorrected for phase shift of
the Pt—0 and Pt-Cl pairs, respectively. The arrow in-
dicates the place where the Pt—Pt contribution from
the PtCEZ™ neighboring complexes emerges.

A. The environment of these isolated com-
plexes does not change during the first 30
min of the hydrogen treatment when the
temperature is increased to 100°C (spectra 1
to 30 in Fig. 1). This is shown by:

(i) the shape and position of the FT which
remain the same;

(ii) the absence of substantial changes ob-
served in the Pt-Pt contribution coming
from the presence of neighboring PtCi3~
units, as indicated by the arrow in Fig. 1.
The FT of spectrum 15, however, denotes
that this contribution may disappear from
time to time, a sign of some mobility for
these entities onto the alumina surface.

From spectra 30 to 37 (Fig. 2), the mixed
chlorine~oxygen neighboring starts to de-
crease regularly, the chlorine depopulation
being easier to see than that of the oxygen.
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F16. 2. As Fig. 1, but during the 7 min which follow.
The mixed chlorine—oxygen environment of platinum
begins to change regularly, the successive FT maxima
moving away from the Pt—(Cl,0) starting position and
intensity (dotted line).

All these points are in favor of a homoge-
neous decomposition of the PtCIZ™ unit.
The temperature where the reduction pro-
cess occurs is far less than the temperature
observed in the monometallic case (210°C),
a result of the rhodium effect on the plati-
num to alumina relationship. This agrees
with temperature-programmed reduction
measurements made by Ferretti (/7), who
showed that, after a 300°C calcination, pure
rhodium catalysts start to reduce at low

temperature, the maximum of the curve of

hydrogen consumption peaking at 90°C and
the reaction ending at 200°C. In the bimetal-
lic system, rhodium is thus expected to re-
duce first and then to catalyze the reduction
of the PtCIZ~ complexes. This difference in
temperature with the pure platinum catalyst
depends also on the total chlorine content
of the catalysts, a point we have recently
studied in detail (6).

The shape and position of spectra 38 to

89

42 indicate directly that when the number
of neighbors is small (less than four), the
situation becomes more complicated (Fig.
3). If the amplitude continues to diminish,
the Pt—(Cl1,0) distance can vary irregularly
(compare here spectrum 40 with spectrum
39 or 41 which are taken 1 min before or
after, respectively). This is in fact an illus-
tration of the local chemical inhomogeneity
present at this stage of the reduction, vari-
ous species existing simultaneously with
different stabilities, and equilibrium de-
pending on the local partial pressure of var-
ious components such as hydrogen, chlo-
rine, or HC| and water. An alternative
explanation of these sudden changes might
be the fact that we are not measuring the
same part of the sample, as the size of the
incoming beam is at least a factor of 10 less
than for a conventional step-by-step experi-
ment. We are not in favor of the latter ex-
planation for two main reasons: first, it
would mean that the sample will noticeably
move within the cell, under the hydrogen
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F16G. 3. As Fig. 2, but continuing for 5 min: irregular

variations of the Pt—(Cl1,0) first shell into Pt—Pt bonds
can be seen.
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FiG. 4. Reduction of the dried Pt—Rh/AlLO; catalyst:
shift of the platinum to first-neighbor distances versus
time. The horizontal line is the metallic Pt-Pt bond
length (2.75 A).

flow. The care we take to fill the container
and then to purge the sample with the gas
eliminates this occurrence, the compact-
ness of the powder remaining strong
enough to minimize the displacement of the
grains. If the grains do suffer any move-
ment, they are still largely located within
the diameter of the X-ray beam. The sec-
ond reason is related to the beam size itself:
the operating conditions we choose to run
the experiments (curvature of the crystal,
adjustment of the sample at the focusing
point) lead to a beam diameter of 1 to 2 mm,
a dimension large enough to minimize any
eventual displacement of the grains. In fact,
upon opening the container at the end of
each experiment, we saw no evidence for
any holes in the catalyst bed. Spectra 39
and especially number 40, show the occur-
rence of a nonnegligible amount of oxygen
in the vicinity of platinum. It looks as if
PtO, phases are needed as ignition com-
pounds for the reduction, all these instabili-
ties being related to the hydrogen flux. A
qualitative analysis based on the position of
the maxima of the FT moduli gives the
point where the first platinum-platinum
pairs are formed: Fig. 4 illustrates this

where the circles replace the stars. An in-
teresting feature is the Pt-Pt shift toward
distances higher than the normal value of
2.75 A measured in the bulk.

B. Reduction of a Dried Pt—RelAl,Os
Catalyst

In this case we used a conventional
setup, and a double analysis has been made
(i) by measuring the evolution of the white
line intensity and (ii) by fitting the EXAFS
signals. This offers the opportunity to see
whether any kinetic correlations exist be-
tween the electronic change in the platinum
atoms and the structural modifications of
their nearest environment.

Figure 5 shows the evolution of the white
line intensity H as a function of time. The
platinum atoms keep their initial electronic
state until there is a clear change, seen over
a few minutes, leading to the metallic state.
Table 2 lists the corresponding numerical
analysis of the EXAFS signals. One can see
that at the beginning of the reaction, a con-
stant chlorine—oxygen environment is ob-
served from spectra 1 to 10. Basically, an
average of three chlorine atoms at 2.32 A
and four oxygens at 2.00 A define the first
coordination sphere of platinum atoms. The
variations in the structural parameters are
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F1G. 5. Reduction of the dried Pt—Re/Al,O; catalyst:
change in the white line intensity H as a function of
time.
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TABLE 2

Changes in Platinum Neighbors during

the Reduction of a Dried Pt—Re Catalyst

Spectrum Reduction T (°C) Chlorine Oxygen Platinum
number time (min)
N R@A Acd) N RA Acd) N R@A) AcA)
1 10 24 3.3 232 0.02 4.4  2.00 0.01 None detectable
2 20 30 3.2 2.34 0.02 43 2.04 0.00 None detectable
3 30 34 3.4 231 0.00 3.6 2.04 0.02 None detectable
4 40 46 3.4 231 0.02 4.0 2.00 0.00 None detectable
S 50 84 2.8 231 0.02 4.1 2.03 0.01 None detectable
6 60 109 2.9 235 0.02 42 2.05 0.01 None detectable
7 70 130 33 232 0.02 44 2.03 0.00 None detectable
8 80 148 2.8 2.32 0.02 4.0 2.04 0.00 None detectable
9 90 174 3.5 2.34 0.00 3.6 2.03 0.00 None detectable
10 100 242 3.3 237 0.02 3.7  2.06 0.02 None detectable
11 110 264 1.9 2.34 0.02 3.7 2.06 0.01 None detectable
12 120 271 20 2.30 0.02 None detectable 1.5 2.85 0.01
13 130 275 1.3 231 0.02 None detectable 3.4 2.80 0.03
14 140 277 1.0 2.32 0.02 None detectable 44 2.74 0.03

within the experimental errors, which are
0.03 A for the interatomic distance R, 0.7
for the number of atoms N, and 0.02 for the
Debye—-Waller factor Ao. Then, the total
coordination decreases to the very low
value of 2.6 instead of 6 to 7. This loss of
ligands precedes the appearance of the first
platinum to second metal bonds. We have
here to make three important statements re-
lated to the creation of these platinum--
metal pairs:

(i) The number of both Pt-Cl and Pt-O
bonds decreases around this point, but the
chlorine linkages are less affected: Np.c
changes from around 3 (spectra 8, 9, 10,
Table 2) to 1 (spectra 13, 14), whereas no
Pt-O bonds are detectable in spectra 12, 13,
14, although we measured almost four of
them in spectra 8, 9, 10, and 11. The crea-
tion of platinum-metal pairs seems to be
preferentially related to platinum-oxygen
bond breaking, a point which has been pre-
viously noted for the pure platinum case. It
was also qualitatively observed in the pre-
ceding reduction of the Pt—Rh/AlL,O; cata-
lyst.

(i) The contraction of the interatomic
metal distance already seen after the reac-

tion took place is not measured. On the
contrary, we find again here an enlargement
of the platinum to the second metal inter-
atomic distance: spectrum 12 is, for exam-
ple, well fitted by the contribution of two
chlorines at 2.30 A and 1.5 platinum at 2.85
A. Figure 6 is an illustration of this phe-
nomenon. It plots the different moduli (%
weighted and uncorrected for phase shifts)
of experimental spectrum 14 (curve (1))
with the theoretical contributions of 4.5
platinum (curve (2)), one chlorine (curve
(3)), and one oxygen atom (curve (4)). At
this stage of the analysis it is already clear
that oxygen backscattering does not con-
tribute to the signal coming from the re-
duced catalyst (curve (1)). Part (I) of Fig. 7
thus represents the adjustment of curve (1)
in the R-space (for both the magnitude as
well as the imaginary part, the experimental
data being given as the full line), Part (IT)
being the same fit but shown in the k space.
They both give illustrations of the accuracy
we look for in our analytical procedure; the
numerical results are listed in Table 2.

(iii) The kinetics of the electronic change
are faster than the structural reconstruc-
tion. This means that the platinum species
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F16. 6. Reduction of the dried Pt-Re catalyst: differ-
ent moduli of Pt—neighbor pairs are shown: curve (1) is
the experimental signal collected at 277°C after 140
min of reduction. Curves (2), (3), and (4) are contribu-
tions from 4.5 platinum, 1 chlorine, and 1 oxygen, re-
spectively: it is clear that oxygen is not contributing to
the experimental signal.

take on a certain metallic character within a
structure which is not yet the well devel-
oped network of the metal.

C. Reduction of a Calcined Pt—RelAl,O;
Catalyst

The conventional setup has again been
used; the EXAFS results are gathered in
Table 3 and Fig. 8 displays some of the cor-
responding FT moduli. Contrary to the
former case, the initial environment of plat-
inum changes as soon as the reduction
starts, while the oxygen number decreases
slowly, the chlorine number remaining con-
stant. To explain this difficult removal of
the chlorine from the platinum environ-
ment, we must remember that these plati-
num-~chlorine bonds have resisted the cal-
cination process. The result is that,
contrary to the dried samples, several kinds
of species exist after this step on the sur-
face of the carrier. There are probably iso-
lated complexes, as well as large PtO,; parti-
cles. All this will lead to a spread in
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FiG. 7. Reduction of the dried Pt-Re catalyst: typi-
cal example of the agreement between an experimental
run (full line) and its simulation (crossed line). (I) is
curve (1) of Fig. 6 (modulus and imaginary part of the
Fourier transform uncorrected for phase shift). (IT) is
the same adjustment shown in the energy space.
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F1G. 8. Reduction of the calcined Pt-Re/AlO; cata-
lyst: some of the experimental spectra are displayed to
visualize the evolution of the starting complex (dashed
line) into a small platinum cluster. The arrow points
out the position of the long Pt-Pt bond length.
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TABLE 3

Changes in Platinum Neighbors during the Reduction of a Calcined Pt—-Re Catalyst

Spectrum Reduction T (°C) Chlorine Oxygen Platinum
number time (min) —_—_—
N RA Ac(d) N R@A Acd) N RA) Ac(A)
1 10 16 1.5 2.33 0.02 4.1  2.00 0.00 None detectable
2 20 16 1.5 2.34 0.02 3.8 2.01 0.00 None detectable
3 30 16 1.5 2.33 0.00 4.0 2.01 0.02 None detectable
4 40 25 1.5 2.33 0.02 3.8 2.01 0.00 None detectable
5 50 36 1.4 233 0.02 3.9 201 0.02 None detectable
6 60 51 1.5 232 0.02 3.8 2.01 0.00 None detectable
7 70 70 1.5 2.35 0.02 4.3 2.00 0.00 None detectable
8 80 89 1.5 235 0.02 3.8 2.02 0.01 None detectable
9 90 108 1.5 233 0.00 3.4 2.00 0.02 None detectable
10 100 139 1.8 235 0.00 2.9 2.00 0.00 None detectable
11 110 147 1.5 2.35 0.00 3.3  2.00 0.02 None detectable
12 120 156 1.5 2.31 0.02 2.7 2.00 0.02 None detectable
13 130 168 1.7  2.33 0.02 3.0 1.99 0.02 None detectable
14 140 183 1.5 2.34 0.02 32 199 0.02 None detectable
15 150 198 1.6 2.35 0.00 2.7 2.00 0.00 None detectable
16 160 213 1.1 2.35 0.02 2.7  2.03 0.01 None detectable
17 170 231 1.4 2.38 0.03 2.1 1.99 0.02 None detectable
18 180 244 1.4 2.38 0.01 2.1 1.99 0.02 None detectable
19 190 252 1.4 2.36 0.00 1.5 2.03 0.00 None detectable
20 200 262 1.2 2.36 0.00 1.5 2.00 0.00 None detectable
21 210 275 1.5 2.26 0.02 None detectable 3.4 281 0.03
22 220 305 1.5 2.28 0.02 None detectable 4.8 2.79 0.05

reducibility and thus to a continuous, rather
than to an abrupt, decrease in the number
of oxygen neighbors. This continuous de-
crease in the number of oxygens seems in
line with the fact that the reduction of a
calcined sample is made up of a succession
of small structural modifications. This is il-
lustrated in Fig. 9 which is the plot of the
change in the white line intensity H versus
time: the change here is monotonic and
does not show the sudden variation we
measured during the reduction of the dried
sample (Fig. 5). Although the reduction of
the oxidized species is softer than that of
the chlorinated species, it leads neverthe-
less to the same phenomenon: the loss of
ligands is once more accompanied by the
formation of long platinum-to-second-metal
bonds. This is visualized in Fig. 8 by the
existence of a shoulder on the right side of
the first coordination peak (arrowed on

spectrum 22). The intensity of this feature
is quite important compared to that of the
main peak and the different conditions we
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FiG. 9. Reduction of the calcined Pt-Re/AlO; cata-
lyst: change in the white line intensity H as a function
of time,
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F1G. 10. Imaginary part of the FT of spectrum 21
(calcined Pt-Re catalyst). (I1) is an enlargement be-
tween 3 and 4.4 A of (I), which illustrates the shift
toward long Pt—Pt distances.

used to Fourier transform the experimental
signals definitely ensure that such a lobe is
not produced by any spurious mathematical
treatment. Fitting the corresponding fil-
tered k3 x(k) signal leads to an average of
1.5 chlorines at 2.27 A and 4.1 metallic at-
oms at 2.80 A for the first neighborhood of
platinum.

Figure 10 provides evidence for the si-
multaneous presence of light and heavy ele-
ments around platinum. Part (I) is the imag-
inary part of the FT of spectrum 21 (black
dots) and pure metallic foil (full line), the
plot being given uncorrected for phase
shift. The displacement toward a short dis-
tance presented between 1 and 2.5 A is very
clear and chlorine has been determined to
be the main atom which contributes to this
effect, as the result of the adjustment is bet-
ter than when oxygen is considered. The
Pt-Cl distance of 2.26 A which we found is

however slightly shorter than the normal
value of 2.32 A, a point which could indi-
cate that a few oxygens are still remaining
in this signal. Part (II} is a magnification of
part (I) between 3 and 4.4 A and shows un-
ambiguously the existence of the long
metal-metal distance. The effect is appar-
ent not only on the first shell which is
spreading up to around 3.5 A under our an-
alytical conditions (5.6 A~ in the k space),
but also on the higher shells as the shift in
distance is still visible after this limit. The
signal there is nevertheless too weak to be
accurately analyzed.

On the other hand, the energy bandwidth
used in our analysis, no matter what kind of
reduction we made, from the dried or the
calcined samples, is another limitation of
the accuracy of the results. These draw-
backs, however, are counterbalanced by
the fact that the nature of the first backscat-
terers which surround platinum is very dif-
ferent: (i) low Z elements such as chlorine
and/or oxygen and (ii) high Z elements such
as platinum and/or rhenium. There is no
difficulty in clearly separating their respec-
tive contribution to the experimental signal:
at this step of the analysis we systemati-
cally considered the plots of log[x(cata-
lyst)/x(platinum foil)] as a function of &2, a
test which is very sensitive in proving the
existence of a light element in the coordina-
tion sphere of platinum.

The main problem we encountered came
from an eventual differentiation between
oxygen and chlorine atoms (the Pt and Re
backscattering atom contributions in any
case cannot be separated) during the reduc-
tion of calcined samples. Even though there
is a total phase shift between the two Pt-O
and Pt—Cl pairs around 200 eV after the ab-
sorption edge, we consider that the number
of neighboring atoms is too small to make
significant three subshell (Pt-0O, Pt-Cl, and
Pt—Pt) fitting operations. Spectra 21 and 22
(Table 3) show the results of several tests
we made to decide which was the main light
atom contributor, using only two subshells
in the fitting procedure by comparing the
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results of a (Pt—0) + (Pt-Pt) combination
with those of a (Pt—Cl) + (Pt-Pt) combina-
tion. It appears that the reliability factor
was largely reduced in the second case (Pt-
CI neighbors). If some Pt-O contributions
were subsequently introduced into the cal-
culation, the agreement with the experi-
mental signal became worse. We therefore
associated the disappearance of Pt-O
bonds with the simultaneous formation of
the first Pt—Pt pair. However, as we already
pointed out, the Pt—Cl bond length is short-
ened compared with the reference value, a
point which could be interpreted as fewer
oxygen atoms remaining in the vicinity of
platinum.

DISCUSSION

The primary new result of these investi-
gations is to give evidence for a relationship
between the metal cluster and the carrier
through the measurement of an abnormally
long metal-metal interatomic distance.
This is contrary to the well-known contrac-
tion of the nearest neighbor distance which
occurs in small metal aggregates. Apai et
al. (18) have for example shown bond
shortening from the EXAFS measurements
they made on small Cu and Ni clusters.
This collapse is also in line with theoretical
studies (79, 20) which use an approximation
based on the second moment of the density
of states to calculate the cohesive energy
@2n.

A few years ago, Balerna er al. (22)
pointed out that this contraction was ac-
companied by an increase in the Debye-
Waller factor. The disorder we consider in
our fitting procedure assumes that the mo-
tion of neighboring atoms is small and har-
monic. Such an assumption, however, is
not really valid for nanometric clusters. As
a matter of fact Lytle er al. (23) demon-
strated that, in the case of platinum depos-
ited on SiO,, the disorder, when extrapo-
lated to the temperature of 0 K, remains
considerably larger than that for bulk plati-
num. Similar experiments led Marques er
al. (24) to the conclusion that the disorder

measured for the catalyst is 1.3 to 2 times
more than the value determined for bulk
platinum over all temperatures.

The effect of high disorder on the
EXAFS formula has in fact been exten-
sively studied (25-27). When one accounts
for anharmonic contributions, an accurate
determination of interatomic distances and
mean square relative displacements can be
made. The conclusion which must be un-
derlined is that the inadequate representa-
tion of thermal disorder in the EXAFS
equation leads to an underestimation of the
nearest neighbor distance. As our analyti-
cal procedure takes into account solely a
small quantity of disorder, the former re-
marks reinforce the existence of the long
metal-metal bond length we found for the
small nucleus made up of three to four
heavy atoms.

Particular attention must be paid also to
the presence of hydrogen. Its chemisorp-
tion may influence the amplitude of the con-
traction. Moraweck and Renouprez (28)
have determined for small platinum parti-
cles encaged in the framework of a Y-zeo-
lite, a contraction of 3% of the nearest
neighbor distance when the catalyst was
placed under vacaum. This contraction dis-
appears upon hydrogen chemisorption. If
the sample is observed at high temperature,
a contraction still exists as shown by one of
us (&) in the case of platinum supported on
alumina. The long metal-metal distance
cannot therefore be explained by hydrogen
chemisorption.

The only assumption which remains to
explain this abnormal interatomic metal
distance is that the platinum clusters can be
considered in epitaxy with the support.
This conclusion is based on the hypothesis
that the platinum atoms occupy adjacent
threefold hollow sites above the (111) oxy-
gen surface layer of the carrier where the
atoms are separated by 2.8 A. Such an in-
tergrowth has already been observed for
palladium on y-alumina (29) by microdif-
fraction experiments using a scanning
transmission electron microscope. The par-
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ticle and a large area of the carrier which
surrounds it are in the same orientation
when the impregnation procedure is not too
destructive of the surface of the alumina.

CONCLUSION

Different catalysts, mono- or bimetallic,
previously dried or calcined, have been in-
vestigated during the genesis of the first
metal clusters which appear at the begin-
ning of the reduction process. The observa-
tions were made in situ, as a function of
time, on the scale of a few seconds or a few
minutes. Ail the measurements lead to the
same result: when the very first metallic at-
oms gather to form the nucleus of the clus-
ter, the strength of the bonds they exchange
through chlorine or oxygen with their sup-
port is great enough to impose a continuity
with the network of the carrier. This effect
is revealed by an enlargement of the metal—
metal distance whose value becomes close
to the (111) interplanar distance of alumina.
This phenomenon seems therefore to be
general, whatever the second metal associ-
ated with platinum. When the reduction
time increases, this intergrowth becomes
weaker and the construction of a normal
metallic cluster may start. If a bimetallic
couple is considered, the metal segregation
often encountered then comes later on, the
duration of all these successive steps de-
pending on many parameters such as the
hydrogen pressure, the total chlorine con-
tent, and the temperature at which the re-
duction has been performed.
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