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Silica-supported Pd-Ni bimetallic catalysts were prepared either by coexchange or via surface
organometallic chemistry. In this later case, Ni(C;Hs); was allowed to react with a reduced Pd/
Si0Q,. The temperature of formation of the alloy was determined by in situ X-ray diffraction
performed under flowing H, and the atomic order was determined by EXAFS, It is shown that
the alloy is already formed at 620 K with organometallic precursors, whereas 840 K is necessary
with coexchanged solids. A comparison between the X-ray methods and a careful analysis of
the particle composition by EDX-STEM shows that the organometallic route leads to nearly
homogeneous alloys. Alloy formation also occurs with coexchanged precursors; however, nickel

in strong interaction with the support and unalloyed palladium are also observed.

Press. Inc.

INTRODUCTION

Bimetallic catalysts are widely used in
catalytic reforming and in fine chemistry.
Up to now, the reasons for choosing a given
pair of metals have lain on an empirical ba-
sis. For example, the efficiency of the Pt—Re
or Pt-Sn (/, 2) associations in reforming
catalysts was only explained a posteriori.
Recent progress in surface science tech-
niques, however, have led to a detailed
knowledge of the composition, structure,
and reactivity of the surfaces of alloys of
platinum or palladium with nonnoble metals
(3). It has been shown that two extreme
situations can occur, leading either to minor
modifications of the surface composition
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compared to that of the bulk, as in platinum
alloys (4), or to a strong segregation of one
of the components at the surface, which is
the case for alloys of Pd with Fe, Ni, and
Ag (3, 5). However, since one of the driving
forces leading to the segregation of one ele-
ment is the surface tension, it is hazardous
to extrapolate observations from bulk mate-
rials to fine particles. One of the purposes
of this work is to understand of segregation
in small particles.

Concerning the modifications of reactiv-
ity induced by alloying, the well-known con-
cept of site dilution by an inactive metal can
be invoked in a fairly large number of cases
where, for example, a C-C bond rupture is
concerned (6). Conversely, when two active
metals are alloyed, a marked synergy is
sometimes observed (7), which can be at-
tributed to modifications of the ratio of the
adsorption constants of the reactants and of
the reaction products. Indeed, a correlation
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SUPPORTED Pd-Ni CATALYSTS, 1

between these modifications of the chemi-
sorption properties of the alloy and the elec-
tronic structure of the noble metal could be
established for the Pt—Ni, Pt-Fe, and Pd-Cr
bimetallic systems (5, 7, 8). Little is known,
however, on the reactivity of the Pd-Ni
pair, two metals known for their activity in
hydrogenation reactions.

Part I, the present paper, is devoted to the
preparation and volume characterization of
our catalysts, whereas Part 1l will concern
their catalytic properties in relation to the
surface composition determined by ESCA.

An essential condition which has to be
fulfilled to perform this type of study is the
obtaining of solids with homogeneous com-
position; simultaneous impregnation or
coexchange of the two salts rarely leads to
homogeneous solids. On the contrary, it is
expected (9) that the decomposition of an
organometallic compound can take place
preferentially on metallic particles of the
first metal, avoiding the formation of mono-
metallic particles. Also, in most cases, the
formation of the solid solution can only be
verified a posteriori, after the preparation.
A valuable help in the determination of the
optimum conditions of thermal treatment
leading to the formation of an alloy, used in
the present study, is in situ X-ray diffraction
performed under hydrogen.

EXPERIMENTAL
Sample Preparation

Silica-supported Pd-Ni catalysts were
prepared by two different methods:

(i) Cationic coexchange. The silica sup-
port (Aerosil 200 Degussa) was treated in a
I N ammonia solution to increase its ex-
change capacity. An aqueous solution of
Pd(NH,),(OH), and Ni(NO,), - 6H,0 (John-
son—Matthey) was added to the carrier. The
suspension, maintained at pH 10, was
stirred for 24 h and the solvent was removed
under vacuum in a revolving flask. The sam-
ple was then dried at 370 K for 15 h. Further
treatments of calcination at 740 K and re-
duction under flowing hydrogen between
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300 and 1000 K were performed either in
the X-ray cell or in a preparation reactor.

(if) Preparation via organometallic route.
This was performed in two steps. A mono-
metallic Pd catalyst was first prepared by
the exchange method described above and
nickelocene (bis-cyclopentadienyl-nickel,
Aldrich) was decomposed on the surface in
the presence of hydrogen. This reaction,
studied by Pleass and Schimmel (9), can be
written in the following way:

(Cqu):Nl + ZHadS — Ni + 2C5H6.

These authors have shown that the decom-
position of the complex also takes place
on the oxide, but one order of magnitude
more slowly than on the metal. Moreover,
a 2-5 h induction period is observed on
oxides, whereas the reaction starts immedi-
ately and is completed within 1 h on met-
als. This difference can be attributed to
the presence of chemisorbed hydrogen.
Therefore, one can assume that nickel
would be preferentially in contact with the
palladium.

The nickelocene was purified by subli-
mation, and dissolved in dehydrated isoa-
mylacetate (Aldrich) purified by fractional
distillation. This solution was added under
flowing argon to a suspension of reduced
Pd/SiO, in isoamylacetate. The green sus-
pension was stirred under flowing hydro-
gen at a temperature which was progres-
sively raised from 300 to 390 K. This
temperature was maintained until complete
discoloration corresponding to the decom-
position of the complex and formation of
zerovalent nickel (9). After removal of the
solvent, the catalyst was dried under vac-
uum at 320 K and transferred via a glove
box to the X-ray diffraction oven or to
the preparation reactor.

The main characteristics of the catalysts
are gathered in Table 1, in which CE stands
for coexchanged catalysts and OM for sol-
ids obtained via the organometallic route.
The figure following the abbreviations rep-
resents the value of Pd at% on the basis
of chemical analysis.
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TABLE 1

Characteristics of the Coexchanged (CE) and Organometallic (OM) Catalysts

Sample Composition Composition (at%) Reduction Mean
(wt%) Pd temperature (K)  diameter (nm)
Pd Ni
Pd/SiO, 1.4 — 100 S10 l.1¢
CE21 1.4 2.9 21 840 2.8
CES3 1.7 08 53 840 1.9
CE71 3.0 0.7 71 840 3.1¢
OMI5 1.3 4.2 15 720 7.0
OM40 2.7 23 40 720 4.0%
oM77 28 0.5 77 720 7.0t

“ Measured by SAXS.

» Measured from the (111) diffraction linewidth.

X-Ray Diffraction

The in situ X-ray diffraction study of the
alloy formation was performed on equip-
ment including

—A Siemens X-ray generator delivering
CuKk, radiation (Ni filtered, 1500 W).

—A Siemens D 500 goniometer set in the
vertical position and bearing a horizontal
oven. This homemade stainless steel oven
is closed by a water-cooled cylindrical Be
window and can be evacuated or flushed
with dehydrated O,, H,, or He. The pro-
gram-controlled temperature can reach
1000 K.

—A  position-sensitive  proportional
counter (Raytech) filled with a flowing
argon—methane mixture at 3 bar, which cov-
ers a 16° (28) angular range. The data acqui-
sition, controlled by a microcomputer, can
be performed with the counter in a fixed
position or in a scanning mode if a larger
angular range is needed. An evacuated colli-
mator is fixed on the counter to eliminate
the parasitic scattering produced by air and
by the Be window. Compared to conven-
tional X-ray equipments, using a scintilia-
tion detector and working in step-scanning
mode, this detector improves the statistics
by two orders of magnitude. Good quality
spectra on weakly scattering materials such
as a 2% Pd supported catalyst are recorded

within 2 h. Including the spatial resolution of
the detector (0.2 mm), the effect of parallax
(which is the major factor), the size of the
source, and the collimation effect, the in-
strumental resolution measured on a silicon
powder was found to be 0.25°(28). This rela-
tively low resolution does not broaden the
structure including the (111) and (200) lines
of a f.c.c. metal composed of 2—-3 nm parti-
cles, which extends over 10°—12°(26). Actu-
ally, the quantitative analysis of such spec-
tra, implying the subtraction of the support
background, necessitates the recording of a
30° (26) angular range. A typical diffracto-
gram is given in Fig. 1. A comparison be-
tween Figs. 1a and 1b shows that the scatter-
ing by the metal phase is only 20% of the
total scattering; the background subtraction
is however possible because the X-ray dia-
gram of the support is structure free in the
30°-60° (20) range (Fig. 1¢).

The lattice parameter increases by 10%
from pure nickel to palladium (10). The
Pd—Ni system forms a continuous solid so-
lution over the whole range of concentration
and constitutes a favourable case for diffrac-
tion studies. However, a lattice parameter
cannot be measured straightforwardly from
Fig. 1 since the (111) and (200) lines are not
separated, as is well known for particles of
50-500 atoms (/!). The appropriate data
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FiG. 1. X-ray patterns (a) of the silica carrier and of
the CE21 sample after reduction (b) before and (c)
after background subtraction. Vertical bars indicate the
position of the Bragg peaks for palladium (full lines)
and nickel (dashed lines) extracted from the JCPDS
data set.

treatment would necessitate the fit of an in-
tensity distribution (given by the Debye law)
calculated for particles of discrete size and
of different compositions, with the experi-
mental profiles. Actually, after a background
subtraction (Diffrac-AT software from SO-
CABIM), the global diffraction profile was
simply adjusted to the sum of two Lorentzian
functions describing the (111) and (200) pro-
files.

From the position of the (111) diffraction
line, a unit cell parameter and thus a Pd
atomic concentration can be determined
with reference to the data of Bidwell and
Speiser (10). The uncertainty of the alloy
composition resulting from experimental er-
rors and of the data treatment is estimated to
*3 at%.

Analytical Electron Microscopy

The distribution of composition of the
particles was determined by scanning trans-
mission electron microscopy (EDX-STEM)
with a VG HB501 instrument using a probe
of 0.5 nm diameter. For each sample, 20 to
30 particles were analyzed by measuring the
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PdL, and NiK, emission lines at 2.84 and
7.47 keV. The smallest particles were ana-
lyzed in spot mode with the beam in fixed
position. The scanning mode on 3 X 3 or
10 % 10 nm? areas was used for large parti-
cles to improve statistics. Large areas (10°
% 10° nm?) of the support, where no parti-
cles were visible, were also scanned to ver-
ify the absence of atomically dispersed
metal.

Besides the mean composition, (x), de-
fined as

2 xnd’
Z nd}

where x; is the particle composition and #;,,
the number of particles of diameter d;. A
mean quadratic deviation with respect to
the composition, (D), was calculated by the
relationship

(x) =

En,d(r — ()
D — i
(D) S

Small Angle X-Ray Scattering

In situ SAXS experiments were per-
formed with a goniometer equipped with an
oven allowing treatment of the sample under
hydrogen prior to the experiment. Differ-
ence experiments between the support and
the catalyst led by application of the Porod
law, to a metallic surface and to a surface
weighted mean diameter. A particle diame-
ter distribution and volume averaged diame-
ter were also measured by this method (/2).

X-Ray Absorption Experiments

The experiments were performed at the
LURE synchrotron (Orsay, France) on the
XAS4 station. The optics are composed of
a Si (311) double crystal monochromator
and of a double glass mirror to suppress the
high order harmonics which are present at
the Ni K edge. The transmission mode, with
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Ar filled ion chambers detectors, was cho-
sen to study the Pd K edge, whereas fluo-
rescence, with Co filters (20 um thick) and
scintillation detector, was preferred for the
Ni K edge because of the high absorption
of palladium and silica at 8 keV. The spectra
were recorded over 1000 eV at 3 eV inter-
vals. At each energy, the counting time was
5to 10 s obtained by summing 3 to 6 spectra.
The data analysis has been explained in de-
tail in a previous work (8). A fit was only
attempted on the first coordination shell; the
quality of this fit is expressed by a merit
factor defined as

< R = Ixs))IE
Q=2 omr

where x° and x° are the calculated and exper-
imental absorption normalized coefficients.
Experimental backscattering amplitudes
and phase shifts were measured from exper-
iments on metal foils for the Pd-Pd and
Ni-Ni pairs (15 um and 4 um thick respec-
tively) and extracted from the theoretical
work of McKale et al. (13) for the mixed
pairs.

In the case of bimetallic systems, EXAFS
allows one to determine separately two
mean coordination numbers around each
type of metal atom A and B (n,, and n,, by
an experiment at the A edge, ng, and ngy at
the B edge); simultaneously, the corre-
sponding bond lengths and Debye-Waller-
like factors are calculated. If the quality of
the data, of the treatment procedure, and of
the phase shifts are satisfactory, one should,
within the generally assumed precision
(£0.02 A), obtain equal values of R,5 and
Rg,. Also, ng, and n,y are related to the
atomic concentrations of A and B (¢, and
¢y, respectively) in the system via the rela-
tionship n e, = hgatp = Hpall — c4) U4).
This relation is strictly valid for an infinite
network and it can happen that for very
small particles it is not verified. Actually,
its fulfilment would be the best criterion for
the validity of the backscattering ampli-
tudes.

When ordering occurs, the additional in-
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TABLE 2

Atomic Palladium Contents Measured by XRD and
STEM Analysis

Sample XRD STEM
CE 21 13 (3) 55 (15)¢
CE 53 32(3) 58 (12)
CETI 60 (3) 86 (5)
OM 15 11 (3) 14 (5
OM 40 36 (3) 21n
OM 77 71 (3) 67 (5)

“ Pure Ni particles are also observed.
* Pure Pd particles are also observed.

equalities n,, < nc, and nyuy > neg (n, is
the total coordination number) would ac-
count for the tendency for an atom A to
be mainly surrounded by B, as in the well
known case of AuCu,, for example. Also,
information on a possible surface enrich-
ment and on the surface composition can
be drawn from the EXAFS data. Indeed, if
the element A is mainly located in the outer-
most layer, the total coordination number
should be appreciably lower around A than
around B.

RESULTS AND DISCUSSION
STEM AND X-RAY DIFFRACTION

The analysis performed by STEM on a
large sample area is in good agreement with
the chemical analysis (+2%) for all the cata-
lysts. This constitutes proof that the expres-
sion leading to the ratio of concentrations,
which takes into account the ionization
cross-sections and fluorescence yields, is
correct, which ensures that the measure-
ments on individual particles are reliable

CFE Cuatalysts

The STEM analysis of selected particles
and the X-ray diffraction results are summa-
rized in Table 2.

Considering first the CE2{ sample, which
has the larger Ni content, the X-ray pattern
of Fig. 2a shows that after calcination, the
only detected structure, around 35.5° (26),
corresponds to a mixture of NiO and PdO.
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F1G. 2. CE21 sample: X-ray pattern after calcination
(a) and after reduction (b) at 570 K (solid line) and 840
K (dashed line).

The PdO line is still present at 570 K under
hydrogen and disappears at 840 K (Fig. 2b).
At 570 K a bimetallic phase is already pres-
ent but the large width of the diffraction
lines indicates that the solid solution is not
homogeneous. It is noteworthy that at this
relatively low temperature, part of the
nickel has already been reduced, which is
not the case for pure nickel on silica. This
cooperative effect of a second metal has al-
ready been observed in the same system
(/5). Raising the temperature to 840 K elimi-
nates the remaining NiO and the shift of the
maximum of the diffraction line indicates
that more nickel has been incorporated into
the alloy.

For the CE53 sample, as shown in Fig. 3,
no marked modification of the diffractogram
can be observed between 720 and 840 K
under hydrogen. The analysis of this last
spectrum leads to a Pd concentration of 0.30
to 0.35 instead of 0.53, as obtained from
the chemical analysis. The particle diameter
deduced from the linewidth at the end of
thermal treatment agrees with the diameter
measured by SAXS, 1.9 nm.

Onthe CE71 sample, only PdO is detected
after calcination (Fig. 4a). If present, NiO
cannot be detected because of the low nickel
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F1G. 3. CES3 sample: X-ray pattern after reduction
at 720 K (solid line) and 840 K (dashed line).

loading and/or the formation of a dispersed
nickel silicate. At 570 K under hydrogen
(Fig. 4b), alimited amount of alloy is already
found, but as the diffraction line is asymmet-
ric, one cannot rule out the presence of pure
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FiG. 4. CE71 sample X-ray pattern (a) after calcina-
tion at 740 K (vertical bars indicate the position of the
Bragg peaks for palladium oxide): (b) after reduction
at 570 K (solid line) and 840 K (dashed line); (¢) under
hydrogen at 840 K (dashed line) and after subsequent
cooling at 300 K (solid line).
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metallic phases. The X-ray diffraction pat-
tern recorded at 840 K (Fig. 4b) seems to
indicate a nickel enrichment of the bimetal-
lic phase and the presence of unalloyed pal-
ladium. This is unambiguously confirmed by
the observation of the Pd hydride diffraction
line (Fig. 4¢), when this sample is contacted
with hydrogen at 300 K. From the main dif-
fraction line of this pattern the mean compo-
sition of the alloy has been found to be
Pd¢oNiyg.

In the STEM analysis on selected areas,
the mean squared deviation with respect to
the mean composition is for all samples 10%
to 15%. However, in all cases, a discrepancy
between STEM, X-ray diffraction results,
and chemical analysis (CA) is observed. In
samples like CE71, the divergence is not
very large. For the CE21 catalyst, in con-
trast, the 3 x 3 nm? area analyzed by the
microscope shows the presence of a Pd-rich
alloy and of particles of unalloyed Ni. How-
ever, the main reason for the discrepancy
between STEM and CA is the fact that the
smallest particles, with a diameter smaller
than 1.5 nm, are hardly visible and are prob-
ably not taken into account in the EDX anal-
ysis. This is especially the case if they are
nickel-rich, because of the poor contrast be-
tween silica and nickel.

Finally, the solid solutions observed by
diffraction are palladium-deficient, with the
corollary that ultrafine Pd particles, unde-
tected by STEM and X-ray diffraction,
should also be present. Only when the Pd
concentration is large (sample CE71) is a
Pd phase observed by X-ray diffraction. An
alternative explanation for the low Pd con-
centration measured by diffraction com-
pared to CA for CES53 and CE21 could be
the presence of non-f.c.c. particles. Indeed,
the shape of the diffraction lines observed
in Figs. 2 and 3 looks very similar to the
shape of those reported by Hall et al. (16)
in the case of unsupported silver particles
which were studied by electron diffraction.
These authors showed that for particle di-
ameters of 4 to 5 nm, icosahedral and deca-
hedral domains produce much broader dif-
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FiG. 5. Pd on silica sample (2.8 wt%): X-ray pattern
before (solid line) and after (dashed line) isoamylacet-
ate introduction.

fraction lines than f.c.c. particles, with no
separation between the first two lines and
an apparent shift toward large 26 values.

OM Samples

In Fig. 5, the effect of introducing the
isoamylacetate solvent on the Pd/SiO, cata-
lyst can be observed. Indeed, after reduc-
tion at 510 K, a coalescence of the particles
and a crystallographic reorganisation have
occurred. Their mean diameter is increased
from 1.9 to 4 nm. The slight shift of the
diffraction lines toward low angles with re-
spect to bulk palladium can be attributed to
the incomplete decomposition of the hy-
dride at 510 K.

In the diagrams represented in Figs. 6a,
b, and c, the first two diffraction lines are
now well apart and the concentration of Pd
in the solid solutions is close to the value
obtained from the CA.

For the OMIS5 and OM77 samples (Figs.
6a and c), the (111) and (200) diffraction lines
are already well identified at 490 K. Heating
under H, at 620 K modifies the composition
of the alloy, which is Pd-enriched for OM15
and Ni-enriched for OM77. Finally at 720
K, the line width corresponds to particles
with a diameter of 7 nm. This is a direct
proof that the alloy has a uniform composi-
tion. In contrast, the larger linewidth ob-
served in Fig. 6b for OM40 is an indication
of a composition distribution.

The analysis by STEM was hindered by
the presence of strings of particles which in
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FiG. 6. X-ray pattern after reduction at 490 K (solid
line) and 720 K (dashed line): (a) OMI1S sample: (b)
OMA40 sample; (c) OM77 sample.

some cases prevent the analysis of isolated
particles, but it confirms that all the metal
is located in the 10 x 10 nm® selected areas.
All these results show that this method of
preparation leads to homogeneous solid so-
lutions with no pure metal particles.

X-ray diffraction and STEM, however,
are not able to determine the order on the
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atomic scale, especially if some surface seg-
regation is present. An EXAFS study at
both edges was thus undertaken.

X-RAY ABSORPTION STUDY

The results concerning only the Pd edge
for the CE samples and both edges for the
OM samples are gathered in Tables 3, 4, and
5 and are illustrated in Figs. 7 to 10. The
following remarks can be drawn from these
resuits.

CE Samples

Despite several attempts, the modeling of
the EXAFS spectra taken at the Ni K edge
was not possible for the CE samples. As
can be seen in Fig. 7, the nickel K edge
structure of the CE71 sample is quite differ-
ent from that of the reference Nij foil and
close to that of nickel oxide. The Fourier
transform (FT) corresponding to the CE71
sample (Fig. 8a) clearly contains Ni-O dis-
tances and the magnitude of this peak indi-
cates the presence of an appreciable propor-
tion of nickel in interaction with oxygen.
This also holds for the other two CE sam-
ples. By comparison with the diffraction re-
sults described above, which do not detect
noticeable amounts of oxides, the best ex-
planation is that EXAFS is sensitive to
bonds between nickel and oxygen atoms of
the silica. Therefore, the presence of nickel
silicate cannot be discarded.

At the Pd K edge (Figs. 8b and ¢), the
coordination number for the pure Pd/SiO,

TABLE 3

CE Samples: EXAFS Results at the Pd K Edge

Sample Pd-Pd pairs Pd-Ni pairs Q%) o+ o
n Ri(A) Ag? " RyA) Ao?

Pd foil 12 2.75 — — —_ — — —

Pd/S10, 6.3 2.76 0.005 — — — 9 —

CE 21 6.9 2.70 0.003 1.6 2.7 — 6 8.5

CE 53 3.5 2.72 0.005 4.7 2.63 0.014 5 8.2

CE 71 8.3 2.71 0.005 1.3 2.67 0.006 7 9.6
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TABLE 4
OM Samples: EXAFS Results at the Pd X Edge
Sample Pd-Pd pairs Pd—Ni pairs Q%) n + n,
n R(A) Ag? 7 RyA) Ac?
Pd foil 12 2.75 — —_— — — — —
Pd/Si0O, 6.3 2.76 0.005 — — — 9 —
OM 15 1.5 2.70 0.000 9.3 2.57 0.008 12 10.8
OM 40 5.0 2.70 0.006 5.5 2.61 0.006 9 10.5
OM 77 8.3 2.70 0.004 2.4 2.67 0.010 12 10.7
catalystis 6.3, in agreement with the particle OM Samples

diameter of 1.1 nm measured by SAXS (Ta-
ble 3). For all the bimetallic samples, the
total coordination number, n, + n., lies be-
tween 8.2 and 9.6, a consequence of the
higher reduction temperature (840 K) than
in the case of pure Pd. Note also that one
finds a larger number of Pd neighbours
around Pd than is expected from CA. This
is especially the case for Ni-rich samples
such as CE21 and is a consequence of the
presence of nickel atoms bonded to oxygen,
which cannot directly interact with palla-
dium atoms.

Finaily, one must conclude that the local
order measured by EXAFS, especially
when limited to the first neighbours, can
hardly be compared with the long range or-
der measured by diffraction. Also, the pres-
ence of several phases makes the EXAFS
analysis questionable.

The first important remark is that Ni-O
distances are no longer observed on the
FT’s of the OM samples (Fig. 9), a differ-
ence from the CE samples. A second im-
portant remark is that the independent fits
at the two edges (Figs. 9 and 10) lead, within
0.03 A, to the same distances for the Pd-Ni
and the Ni-Pd pairs. Also, the total coordi-
nation number n, + n, varies between 10.5
and 10.8, which, for f.c.c. cuboctahedral
clusters, corresponds to particles of 1000 to
3000 atoms (/7) with a size of 4 to S nm for
pure palladium. This is in reasonably good
agreement with XRD results (Table 1), con-
sidering the uncertainties in the measure-
ments. Note also that no substantial differ-
ence can be observed between the total
coordination numbers, whether Pd or Ni is
the probed atom. The consequence is that
after a treatment at 720 K, no segregation

TABLE 5

OM Samples: EXAFS Results at the Ni K Edge

Sample Ni-Pd pairs Ni-Ni pairs O(%) n o+ a d(A)
n, R,(A) Ao’ ", R:(A) Ao

Ni foil —_ — 12 2.49 — — — —

OM 15 1.3 2.57 0.004 9.3 2.49 0.000 2 10.6 2.53

OM 490 6.4 2.61 0.014 4.4 2.48 0.000 9 10.8 2.60

oM 77 9.5 2.64 0.017 1.3 2.44 0.000 24 10.8 2.69
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Fi1G. 7. X-ray absorption edge structure of metallic
nickel (dotted line). nickel oxide (dashed line), and
CE71 sample (solid line).

of one of the elements at the surface can be
observed.

Finally, from the relationship between
concentrations ¢ and coordination numbers
n, Cshag = cgngy = (1 — ¢ ng, (14), one
obtains 0.13,0.53, and 0.80 for the palladium
concentration for the OM 15, 40, and 77
samples, respectively. The agreement with
the chemical analysis is extremely good for
the two extreme concentrations and these
catalysts can be considered as true homoge-
neous alloys, even on the atomic scale. For
the OM40 sample, as mentioned above, the
diffraction lines are broader, the mean devi-
ation with respect to the mean composition
measured by STEM is 11% instead of 5%
for the other samples, and the local Pd con-
centration measured by EXAFS is 30%
larger than that obtained from the CA. This
might be the indication of a tendency for this
sample to be ordered at this composition.
Another explanation could be variations of
composition inside the particles.

A final interesting piece of information
drawn from the EXAFS results is the com-
parison between the mean first neighbours
distance extracted from the diffraction data,
using the position of the (111) Bragg peak
(d in the last column of Table 5), and the
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Pd-Pd, Pd-Ni, and Ni-Ni distances (Tables
4 and 5). The picture is a double coordina-
tion sphere around Ni atoms with Ni-Ni
distances comparable to that of pure nickel
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Fic. 8. CE71 sample: (a) Fourier transforms of the
sample (solid line) and standard nickel oxide (dotted
line) at the Ni K-edge; (b) Fourier transform of the
sample (solid line) and standard Pd foil (dotted line) at
the Pd K-edge; (c) first shell experimental (triangles)
and modeled (solid line) contributions at the Pd K-
edge.
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(2.492 A), shorter than the mean distance,
and longer Ni-Pd bond lengths close to the
mean distance. Around palladium, an ex-
panded coordination sphere is observed,
with a Pd—Pd bond iength close to that of
pure palladium (2.751 A).

CONCLUSIONS

The observations on CE samples are an
illustration of the difficulties encountered
when one tries to compare the results of
different methods of characterization if the
samples are not homogeneous. Obviously
the STEM analysis suffers from a lack of
statistics and hardly takes into account the
smallest particles. Concerning EXAFS and
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transform of the sample (solid line) and standard Ni
foil (dotted line); (b} first shell experimental (triangles}
and modeled (solid line) contributions.
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F1G. 10. OMI1S5 sample at the Pd K-edge: (a) Fourier
transform of the sample (solid line) and standard Pd
foil (dotted line); (b) first shell experimental (triangles)
and modeled (solid line) contributions.

diffraction, the discrepancies can be as-
cribed to differences between short and long
range order.

As expected and known from the litera-
ture, the preparation of bimetallic solids by
coexchange does not lead to homogeneous
solid solutions when one of the metals is
difficult to reduce or can form chemical
combinations with the support. This is
clearly the case of the CE samples which,
beside alloy phases, are composed of nickel
in interaction with the silica and pure palla-
dium. On the contrary, the new preparation
procedure (OM samples), consisting of re-
acting the nickel organometallic compound
with prereduced palladium in the presence
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of hydrogen, prevents the formation of unre-
duced nickel.

An important point is that at the tempera-
ture where a homogeneous solid solution
is formed (720 K), no marked Pd surface
enrichment is detected by EXAFS. This
phenomenon was in contrast observed by
the authors of Refs (3, 5) for samples pre-
pared above 900 K.

The good homogeneity of the OM samples
is perfectly explained by the nucleation-
growth theory. Following the ideas devel-
oped by Hamilton and Logel (/8), the forma-
tion of aggregates on a support by vapour
deposition of metal atoms proceeds in two
steps: a limited number of nuclei are first
formed on the defects of the support, and in
a second step, larger aggregates grow from
these nuclei to form three-dimensional parti-
cles. All the acidic sites of the silica are
nearly saturated by the palladium complex,
and after reduction, are no longer available
to bond the nickel organometallic complex.
Moreover, the decomposition and reduction
of the nickel complex is catalytically as-
sisted by the palladium and does not take
place on the support.
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