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Abstract. Silver-palladium bimetallic clusters were synthesized on pumice by the reduction of aqueous
solution of metal salts with different Pd:Ag ratios. Used as bimetallic catalysts, in hydrogenation reactions,
in situations where molecules can undergo several different reactions, they eliminate undesired reactions
and maximize the desired ones. To characterize the structure of these bimetallic catalysts and control
if the two metallic elements do mix or not to each other to form an alloy, the structure of the Ag-Pd
bimetallic clusters was investigated by means of X-ray-absorption fine-structure spectroscopy (XAFS) and
anomalous wide angle X-ray scattering (AWAXS) experiments performed at the European Synchrotron
Radiation Facility (ESRF) using the GILDA and the BM16 beamlines. A correlation between Ag and Pd

was found but not a clear evidence of alloying.

PACS. 61.10.-i X-ray diffraction and scattering — 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEX-
AFS, XANES, etc. — 61.43.Gt Powders, porous materials

1 Introduction

The hydrogenation of highly unsaturated hydrocarbons is
of great industrial importance. Indeed, small concentra-
tions of alkynes and alkadienes must be removed from C2,
C3 and C4 alkenes feedstocks before they can be processed
by polymerization [1,2]. Palladium is the most active and
selective metal for these kinds of reactions. Nevertheless
its use involves several drawbacks: the selectivity is re-
stricted by competitive reactions such as the complete hy-
drogenation of the hydrocarbon and the isomerization of
the diolefins containing more than 3 carbon atoms. Sev-
eral attempts have been made to minimize these undesired
side reactions by using bimetallic catalysts [3,4]. Differ-
ent synthetic strategies have been used for the production
of such multimetallic clusters [5,6] sometimes favouring
alloying [5], sometimes the growth of monometallic clus-
ters [6]. In particular Pd-Ag bimetallic catalysts [7] have
shown better performances than monometallic palladium
probably due to the modified chemical environment of the
Pd atoms [8] induced by the presence of Ag.

In this paper, the structural characterization of bimet-
allic Pd-Ag catalysts, supported on pumice, is reported,
showing that a correlation exists between the Ag and Pd
atoms.
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In order to perform this structural investigation X-ray
Absorption Fine Structure (XAFS) spectroscopy was used
to investigate the short-range order characteristics around
the Ag and Pd atoms, while Anomalous Wide Angle X-
ray Scattering (AWAXS) was used to investigate the long-
range ones.

2 Experimental

The pumice from the island of Lipari (Italy) is an amor-
phous volcanic alumino-silicate whose atomic structure [9]
is not very different from that of amorphous silica, a com-
pound often used as a carrier for heterogeneous catalysts,
expecially when synthesized as a high surface area ma-
terial. Despite its very low specific surface area (about
1 m?/g, according to small angle X-ray scattering data
analysis [9]), pumice has been successfully employed in
the synthesis of monometallic Pd [10], Rh [11] and Ni [12]
catalysts; this reported good efficiency has been demon-
strated to depend on the presence of sodium-bearing
species in the support framework [13], that modify the
electronic properties of the supported metal, and on the
transport of reactants and products favoured by the small
surface area.

The Ag-Pd metal clusters were supported on
pumice using the following synthesis technique [8]:
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i) impregnation of pumice with [Pd(NH;3)4](NO3)2 and,
subsequently, with [Ag(NHs3)2]NO3 metal salts in aque-
ous solution with different Ag:Pd ratios; ii) calcination
at 773 °C, 1 atm Og; iil) reduction at 623 °C, 1 atm.
Two monometallic reference samples and three bimetallic
Pd,Ag, samples with different Pd and Ag concentrations
were prepared. The Pd and Ag content in the samples was
determined by atomic absorption with a relative error of
about 10%. The bimetallic samples are: sample A with
z = 0.25 wt.%, y = 0.08 wt.%, sample B with z = 0.17
wt.%, y = 0.07 wt.% and sample C with = 0.25 wt.%,
y = 0.05 wt.%. The monometallic ones are: sample D with
z =0,y =0.05 wt.% and sample E with z = 0.2, y =0
wt.%.

The XAFS measurements at the Ag (25.514 kev) and
Pd (24.350 kev) K-edges were performed at the Euro-
pean Synchrotron Radiation Facility (ESRF) on the Ital-
ian beamline GILDA [14]. Beam energies were defined us-
ing a Si(311) double crystal monochromator that gives
a resolution of about 1.5 eV at these energies. The dy-
namical sagittal focusing of GILDA monochromator [15]
allowed to focus 4 mrad of the orizontal beam divergence
to achieve a small (2 mm) and intense (10! ph/s) spot
at the sample. This configuration is particularly suited
for fluorescence XAFS measurements on diluted samples
where high photon fluxes are required. Harmonic rejection
was achieved using two Pt coated mirrors (energy cut-off
at ~ 27 keV) which also focus the beam in the vertical
direction.

The samples for the XAFS measurements were pre-
pared by suspending the fine powder of the pumice sup-
ported samples in ethylic alcohol and depositing it on mil-
lipore membranes under No atmosphere, to avoid any ox-
idation from air.

The XAFS measurements were performed in transmis-
sion geometry, with two Ar-filled ionization chambers to
detect the incident (Ip) and transmitted (I;) beam, on
three bulk Ag, Pd and AgyO reference samples and in
fluorescence geometry on the pumice supported samples.
The Ag and Pd K, fluorescence intensities (Ir) excited by
the primary beam were detected using a 7-element HP-Ge
multidetector (MD) each covering an area of 100 mm?.
The MD energy resolution allows to select a specific K,
line over the background due to elastic, Compton and oth-
ers fluorescence signals, improving the data quality. All the
XAFS spectra were recorded at 77 K to reduce the ther-
mal effect of disorder which damps the amplitude of the
XAFS oscillations.

The AWAXS data were taken at the ESRF high-
resolution powder diffraction BM16 beamline [16]. This
beamline, built on a bending magnet, is optimised for
carrying out powder crystallography to solve and refine
crystal structures; it can be used in a wide range of ma-
terial science applications including anomalous scattering
studies. The beam energies are defined using a Si(111)
double crystal monochromator. The diffracted intensity is
detected using a 9-crystal analyzer stage (nine Ge(111)
crystals separated by 2° intervals) that, coupled with the

high collimation of the incident radiation, gives narrow
instrumental broadening.

Three samples were investigated at BM16: sample A
a monometallic pumice-supported Pd sample used as ref-
erence, and a pure pumice sample. X-ray diffraction spec-
tra were recorded at room temperature on the samples
contained in thin-walled glass capillary (21.5 mm) and
spinned in order to accurately measure the diffraction in-
tensities. The diffraction data were taken at three different
wavelengths: far from both Ag an Pd K-edges (Aog), at
the Pd K-edge (Apq) and at the Ag K-edge (Aag). The Ag
and Pd K-edge energy values were chosen at the inflec-
tion point of the absorption edges of the pumice-supported
monometallic Ag and Pd samples. The wavelength calibra-
tion was performed with high accuracy refining the diffrac-
tion patterns of a c-Si standard powder sample which gave
also an estimation of the instrumental broadening that
was smaller than 0.01°. The off-edge wavelength was de-
termined as Aog = 0.63586 A, whereas the K-edge ones
were Apg = 0.50909 A and \a, = 0.48600 A, respectively.
Data were collected in a continuous scanning mode to
eliminate the dead times of conventional step measure-
ments. The spectra were normalized, averaged and recal-
culated to an equal step size of 0.002°. Absorption effects
were negligible due to the low absorption coefficients of
the samples at the wavelengths used in the experiments.
For the differential intensities determinations, the patterns
were interpolated and put on the same sin 8/ scale.

3 Data analysis

3.1 XAFS data analysis

The X-ray absorption fine structure signal, x(k), is given
by the oscillations present in the absorption coeflicient,
w(k), of an atom (absorbing center) in the region above
its absorption edge. These oscillations, superimposed onto
the smooth total atomic absorption coefficient ug, are
linked to the local atomic arrangement around the ab-
sorbing center. The signal, x(k), is defined as

_ (k) — po(k)
x(k) = to(k)
where
k= QH—?(E — Ep)

is the modulus of the wave vector of the photoelectron cre-
ated in the absorption process and Fj is the energy value
corresponding to the maximum derivative of the absorp-
tion coefficient at the edge.

To determine the local structure, XAFS spectra can
be analysed using very different procedures; in this spe-
cific case the GNXAS package [17,18] was used. According
to this approach, the contributions of the local atomic ar-
rangement around the absorbing atom to the x(k) signal
are decomposed in terms of irreducible n-body contribu-
tions, “y(™”. Each v(™ is calculated, within the multiple
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Fig. 1. a) Best fit of the XAFS spectra of the bulk reference samples. The different kx(k) signals corresponding to pair
contributions (7)) for the different coordination shells are shown as continuous lines. A continuous line indicates also the
fourth shell contribution of the Ag and Pd foils where n®® = 4 + ) represents the three-body signal plus the fourth shell
two-body one. In the lower part of the figure the comparison between the experimental data (dots) and the total theoretical
signals (solid line), together with the residual experimental data are reported. b) k-weighted Fourier Transforms (FT) of the
experimental (full lines) and theoretical (dots) x (k) of the bulk reference samples.

scattering approach, considering all the contributions as-
sociated to a configuration of n-atoms, i.e. all the possi-
ble single and multiple scattering (MS) paths between the
n-atoms. The use of complex Hedin-Lundqvist potentials
permits a correct inclusion of the effects due to inelastic
losses. GNXAS applies a fitting procedure directly on the
experimental data carrying out a detailed error analysis
on the fitting parameters to achieve a good estimate of
the confidence interval on the final results. The statistical
errors on parameters are evaluated according to the di-
mension of ellipses which encloses, in the parameter space,
x? values with a confidence of 95% [18].

In order to analyze the EXAFS spectra of the pumice-
supported catalysts we had to analyze as first the EXAFS
spectra of reference samples in order to evaluate and fix in
the fitting procedures of the samples under study, ampli-
tude parameters and phase shifts. The transferability of
amplitudes and phase shifts between the reference sam-
ples and the ones under study requires similar chemical
environments.

As reference samples crystalline AgoO, Ag and Pd were
used and their v(") functions were generated up to about
6 A. Figure la reports the fine structure spectra, kx(k),
of the three reference samples (dots) together with the
best-fit data (full lines); in the lower part the residual is
reported.

The experimental kx(k) of AgaO was well reproduced
by using only two single scattering contributions (7(2))
relative to the first coordination shell made of 2 oxygen

Table 1. Best fit parameters achieved from reference samples
data fitting procedure.

Sample Ag Pd Ag20O
Ny 12 12 2
Ri(A) 2.87 (1) 2.75 (1) 2.05 (1)
o2 (x107%A%) 2.1 (4) 16(2)  25(5)
No 6 6 6
Ro(A) 4.04 (3)  3.86(2) 3.33 (2)
o3(x1073A%) 4.2 (5) 33(4)  11.0(7)
Ns 24 24

R3(A) 5.00 (7) 4.78 (7)

o3 (x1073A%)  5.0(7) 3.9 (5)

N, 12 12

R4(A) 5.74 (2) 5.49 (6)
o3(x10734%)  5.0(7) 3.7 (5)

0 (degrees) 180 (2) 180 (3)

atoms at 2.05 A and the second coordination shell made
of 6 Ag atoms at 3.33 A. To reproduce the XAFS of the
Ag and Pd foils, contributions up to the fourth shell were
included. Due to the alignment of the first and fourth shell
atoms, which enhances the multiple scattering contribu-
tion of the fourth fcc shell (focusing effect), for the first
three shells only v(?) signals were used while for the fourth
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Fig. 2. Comparison between the experimental XAFS data
(dots) and the total theoretical signals (solid line) of
the bimetallic (A,B,C) and monometallic (D,E) pumice-
supported samples taken at the Ag and Pd K-edges.
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Fig. 3. k-weighted Fourier Transforms (FT) of the experimen-

tal (full lines) and theoretical (dots) x(k) of one bimetallic (A)

and of the two monometallic pumice-supported samples at the
Ag and Pd K-edges.

one also a v(® contribution had to be included. Best fit pa-
rameters are reported in Table 1. The N values indicate
the coordination numbers, R the nearest-neighbor (NN)
interatomic distances and o2 the XAFS Debye-Waller fac-
tors. In Figure 1b the k-weighted Fourier Transforms (FT)
of the experimental (full lines) and theoretical (dots) data
are shown.

The values found for the reference samples are in agree-
ment with the expected ones and this allowed to use the
same local potentials in generating the v(™ contributions
for the XAFS spectra of the pumice-supported samples.

Figure 2 reports the experimental (dots) and theoret-
ical (full lines) x(k) of all the pumice-supported samples
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Fig. 4. WAXS spectra taken on sample A at Apg = 0.50909 A.
The (111) and (200) Pd diffraction peaks are clearly visible also
if the total metal scattering is very low compared to that of
the pumice support which gives the huge and wide halo in the
low 26 region and also the other smoother intensity features.

at the two different K-edges: due to the high dilution of
the samples, the data quality is not as good as for the ref-
erence samples but still high enough to allow the analysis

up to 16 A" at the Pd K-edge and to 13 A7! at the
Ag K-edge. To simulate the Pd K-edge data, the same
contributions were required as in the bulk reference sam-
ple. At the Ag K-edge all the bulk contributions were
necessary only for the monometallic Ag sample. For the
bimetallic ones only single scattering, 4(?), signals related
to the metallic phase had to be included together with an
Ag-O contribution. This means that in these bimetallic
samples Ag is present in two different phases: bound to
other Ag atoms to form small clusters and bound to the
O atoms of the pumice support. Best fit parameters are
reported in Tables 2 and 3. Figure 3 shows the k-weighted
FT of the monometallic pumice-supported reference sam-
ples and of one of the bimetallic samples (A); differences
between bimetallic samples cannot be ruled out at this
level. The big difference between the monometallic sam-
ple and the bimetallic one, at the Ag K-edge, is clearly
visible in Figure 3.

3.2 AWAXS data analysis

Figure 4 shows the wide angle scattering pattern taken
at the Apq wavelength on sample A. The huge and wide
halo and the other smooth and fainter intensity features
are due to the pumice support. The (111) and (200) peaks
are clearly visible, even if the total metal scattering is only
a small fraction of the support one.

For a more reliable profile analysis, the pumice un-
derlying intensity, measured at the A,z wavelength, was
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Table 2. Pumice-supported samples: best fit parameters achieved at the Pd K-edge.

Sample A(y=10.08) B(y=0.06) C(y=0.05 E(y=0.00)
N 10.2 (5) 10.3 (5) 10.9 (5) 11.1 (1)
Ri(A) 2.75 (2) 2.75 (2) 2.75 (2) 2.75 (1)
o2 (x10734%) 3.7 (3) 3.8 (3) 3.7 (3) 3.6 (2)
N 4.2 (3) 4.3 (3) 4.8 (3) 4.9 (2)
Rao(A) 3.87 (9) 3.87 (9) 3.87 (9) 3.87 (6)
o3(x107%A%) 5.0 (1.2) 4.7 (1.0) 4.0 (0.7) 3.3 (4)
N3 15.0 (5) 16.0 (4) 19.1 (4) 17.2 (4)
R3(A) 4.77 (8) 4.77 (8) 4.77 (8) 4.77 (5)
o3(x107%A%) 6.2 (6) 7.0 (5) 6.2 (5) 6.2 (5)
Ny 10.0 10.0 10.8 11.1
(R1(A)) 5.45 (9) 5.49 (7) 5.49 (7) 5.49 (7)
0 (degrees) 178 (3) 180 (2) 180 (2) 180 (3)

Table 3. Pumice-supported samples: best fit parameters achieved at the Ag K-edge.

Sample A(y=0.08) B(y=0.06) C(y=0.05) D(y=0.05)
Oxide phase

Ag-O

N 1.0 (7) 1.0 (7) 1.2 (8)

Ri(A) 2.26 (2) 2.27 (2) 2.26 (2)

o?(x1073A%) 4.0 (6) 4.0 (6) 4.0 (7)

Ag-Ag

Ny 0.6 (8) 0.6 (8) 0.6 (9)

Ra(A) 3.57 (3) 3.56 (3) 3.57 (3)

o3(x1073A%)  17.0 (6) 17.0 (6) 18.0 (8)

Metallic phase

Ag-Ag

N 5.7 (5) 5.6 (5) 5.6 (6) 10.6 (4)
Ri(A) 2.82 (3) 2.82 (3) 2.83 (4) 2.87 (2)
o3 (x1073A%) 5.6 (5) 6.0 (5) 6.0 (6) 4.0 (5)
N 2.7 (6) 3.3 (6) 2.4 (7) 3.9 (5)
Ra(A) 3.95 (5) 3.94 (5) 3.95 (6) 4.03 (5)
o3(x1073A%)  11.0 (5) 11.0 (6) 10.0 (6) 5.0 (5)
N3 9.5 (7) 9.98 (7) 8.85 (8) 16.6 (6)
Rs3(A) 4.90 (5) 4.90 (5) 4.89 (6) 5.00 (6)
o3(x1073A%)  13.0 (6) 13.0 (6) 13.0 (7) 8.6 (6)
Ny 0.4
(R4(A)) 5.74 (8)
0 (degrees) 177.7 (3.0)

subtracted from the A patterns after proper normaliza-
tion.

In Figure 5 the (111) A sample diffraction peaks re-
sulting from the pumice subtraction at the different ex-
ploited wavelengths are reported (dots) together with the
corresponding pure Pd one taken far from the edge. The
(111) diffraction peak of the monometallic Pd sample, due
to the large clusters dimensions, is very narrow and also
highly symmetric. On the contrary, in the Ag-Pd sample,

the presence, in the low angle region, of a peak asymmetry
is clearly visible. Since this asymmetry is not present in
the (111) peak of the monometallic Pd sample, we exclude
that it comes from instrumental effects (in particular, ax-
ial divergence [19]), and attribute this asymmetry to the
presence of an additional contribution to the diffraction
patterns.

As is well known, the simultaneous analysis of size-
strain according to the Warren-Averbach procedure re-
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Fig. 5. Sample A (111) diffraction peaks (dots) recorded at
different wavelengths and pure Pd (111) peak taken far from
the edge (dots) together with their best fits indicated by a
continuous line.

quires the availability of at least two reflections belonging
to the same reciprocal lattice direction. For fcc structures,
the first couple of peaks eligible for this treatment are the
(111)-(222) ones; as can be seen from Figure 4, this is not
suitable for our samples because the (222) reflection, at
about 26.11°, is completely merged with the background.
As a consequence, the (111) peak alone has been ana-
lyzed, attributing the peak broadening to size effects only
and calculating the mean size as
1 . 0A(D)
(D) == lim =55~

where A(D) is the FT of the (111) peak profile [20]. This
procedure gives an area-averaged mean cluster size that is
underestimated due to the neglected disorder effects. A(D)
has not been calculated from the rough data, but instead
from a fitted analytical function [21]. The exploited one is
constituted by the sum of two Lorentzian functions with
independent width, position and amplitude. The choice
is probably the most suitable as concerns: i) the correct
asymptotic behavior as Q=2 [20]; i) the good fitting to the

experimental profiles, as reported in Figure 5 (full lines);
iii) the use of the least number of parameters compati-
ble with the thorough definition of a peak function. As
already underlined, the evaluated instrumental broaden-
ing contribution to the FWHM was lower than 0.01° and
therefore absolutely not relevant in the size determina-
tion. In Table 4 the most significant parameters so ob-
tained are reported, together with the corresponding er-
rors determined either by the minimization routine or by
error propagation. The same analysis, performed on the
DAWAXS (Differential Anomalous WAXS) pattern cal-
culated from the couple constituted by the Pd-edge and
off-edge catalyst data, gave similar results on a qualita-
tive ground, but the worse signal-to-noise ratio gave rise
to higher uncertainty in the fitting results.

4 Discussion

The aim of the present investigation was to evidence the
presence of correlations between Ag and Pd in the bimetal-
lic pumice-supported catalysts.

XAFS data ruled out interesting correlations and
showed different environments for Ag and Pd. In both
the monometallic samples the interatomic distances found
were in agreement with the ones of the reference metallic
foils. On the other hand, the coordination numbers and
Debye-Waller factors were different from the bulk ones,
showing the presence of small metal clusters. The reduc-
tion of the coordination numbers, NV, can be used to es-
timate the average cluster sizes (D) [22]. Under the hy-
pothesis of spherical cluster shape the values found are
D = 35 A for the monometallic Ag sample and D = 60 A
for the Pd one.

It is well known that a reduction of the IV values could
be given also by other causes. The nontransferability be-
tween the reference samples and the ones under study of
an amplitude parameter like the electron mean free path
can lead to an incorrect evaluation of the coordination
numbers [23]. The same effect can be achieved if the pres-
ence of an asymmetric distance distribution, that could for
some systems, like small clusters, result from the anhar-
monicity of the motion of the atoms located at the surface,
is not taken into account [24]. As concerns the mean free
path transferability, as reported in reference [23], for noble
metals, as in our case, based on the experimental results
that are a comparison between the D values achieved by
electron microscopy and the ones deduced by the EXAFS
coordination numbers, there is no evidence of a substan-
tial change in the electron mean free path between the
bulk and the small particles while in other cases, like Al
and Fe, significant effects were found. Concerning possible
effects of anharmonicity on the N values of these pumice-
supported samples, we can stress that measurements were
taken at 77 K and that the EXAFS data are k-weighted,
so the high k& EXAFS values are not emphasized. More-
over if the reduction effect at 100 K is extrapolated from
reference [24], it is possible to show that it should be at
least smaller than 5% which is in any case included in the
10% indetermination affecting the EXAFS N values.
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Table 4. Structural analysis of the (111) peak of sample A.

Dot = 0.63586 A Apg = 0.50909 A \a, = 0.48600 A

Q11 2.788 (2) 2.794 (1) 2.786 (2)
Q22 2.7966 (2) 2.7968 (4) 2.7965 (2)
area;® 71 (12) 57 (16) 73 (13)
areas? 35 (4) 27 (4) 36 (4)
(a)1° 3.903 (3) 3.895 (3) 3.906 (3)
(a®)2° 3.8914 (3) 3.8912 (6) 3.8916 (3)

D" 33 (3) 30 (4) 30 (3)
D)8 183 (13) 158 (15) 177 (12)

! Q1 = 4wsin /), peak position in Q units (A_l) of the first
Lorentzian component.

2 Q2 = 4msinfy/), position in Q units (Afl) of the second
Lorentzian component.

3 Area of the fitted first Lorentzian component.

4 Area of the fitted second Lorentzian component.

® fee cell constant (A) as determined from Q.

6 fcc cell constant (A), as determined from Q.

T Average diameter (A) related to the first Lorentzian compo-
nent.

8 Average diameter (A) related to the second Lorentzian com-

95

ponent.

In the case of the bimetallic samples, the Pd envi-
ronment was found to have the same local structure as
the monometallic sample, within the errors. The smaller
coordination numbers are indicative of cluster diameters
smaller than in the monometallic case, with values be-
tween 30 A and 50 A. Carefully observing Table 2, it
could be recognized that the coordination numbers of the
first three coordination shells in samples A and B, with a
Ag:Pd ratio of about 1:3, are similar even if the Pd per-
centages are quite different; on the other hand, sample C,
having a 1:5 Ag:Pd ratio, shows higher N values, although
the Pd content is the same as in sample A. This behaviour
is likely due to an interaction between Ag and Pd which
has the effect of inhibiting the growth of large Pd clus-
ters; however, there is no evidence, from the analysis of
the Pd K-edge, of the existence of an appreciable amount
of Pd-Ag bonds. In fact, the inclusion of Ag among the
Pd neighbors in the fitting procedure did not improve the
best fit quality.

The interpretation of the bimetallic samples data taken
at the Ag K-edge is more complicated than the Pd one
since, as shown in Table 3, in this case there is not only
a reduction of the N values and an increase of the o?
ones but also a reduction of the metal-metal interatomic
distance takes place. Another big difference compared to
the Pd case is that Ag atoms are present in two different
phases: bound to other Ag atoms to form small Ag clus-
ters and a smaller part bound to the oxygen atoms of the
pumice support. The Ag-O distances found in all samples
are 0.2 A longer than that in Ag,O, indicating weaker
bonds than in the oxide case because we are not dealing
with a real oxidation but only with an interaction between
the metal and the oxygen atoms belonging to the support.

The R values are in agreement with other XAFS studies
on metal clusters implanted in silica [25], on silver ions in
different matrices [26] and Rh on alumina catalysts [27].
Due to the presence of these two phases, it is not possi-
ble to use the same procedure as in the Pd case to evaluate
the Ag cluster dimensions; in fact in this case the N value
found for a specific neighboring atom is not the real co-
ordination number (Ny,) but is weighted by the atomic
percentage, «, of Ag atoms present in that phase, i.e.

N = O[Nth.

To determine the size of the clusters of the metallic phase,
the theoretical mean coordination numbers of the first
three coordination shells were calculated as a function of
the cluster radius R, under the hypothesis of a spherical
fce shape.

The experimental N values were divided by the cal-
culated ones [22] so achieving an extimation of a(R) as
a function of R. (Fig. 6). In the absence of errors, the
three curves obtained for the three shells should intersect
when R, is equal to the actual dimension of the clusters.
Taking into account the errors, we obtained two curves
for each shell; all curves define an overlap region in the
7.5 A < R. < 9.5 A range. The mean diameter so deter-
mined is at least a factor two lower than the value of
D = 35 A found in the monometallic Ag sample.

In order to control in the bimetallic pumice-supported
samples if we are really dealing with monometallic clusters
or alloyed Ag-Pd clusters, since Ag and Pd have similar
backscattering amplitudes but very different interatomic
distances values a higher sensitivity can be achieved us-
ing the R values. It is known that in fcc binary metallic
alloys Vegard’s law, which states that the mean lattice pa-
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Fig. 6. Ratio («) of the experimental N values of sample A
and the theoretical ones as a function of the cluster radius, R..

rameter varies linearly with the composition, is not valid.
According to reference [28], for a sample which presents a
1:5 ratio between Ag:Pd the R value predicted is of about
2.78 A. Such theoretical value is calculated for bulk sam-
ples and not for clusters; since the Pd clusters have mean
sizes around 50 A we consider that at least for Pd, the bulk
approximation must be valid. The experimental values we
achieved are 2.75 A at the Pd K-edge and 2.83 A at the
Ag one. At the Pd K-edge, the R values of the three Ag-
Pd samples are exactly the values found in the Pd bulk
and in the pumice-supported monometallic Pd reference
sample so we can conclude that there is no evidence of
alloying. At the Ag K-edge, the Ry values found show
a 2% contraction with respect to the reference samples
(2.83 A instead of 2.87 A). Contractions were found also
for the second (Rz) and third (R3) shells interatomic dis-
tances. The ratios Ry/R; = 1.40 and R3/R; = 1.73 are
still the ones expected for a fcc structure. The contraction
observed can be due to the small cluster dimensions as
already observed in small Ag cluster with mean diameters
lower than 25 A [29] and in other noble-metal clusters [30,
31]. In order to explain the reduced Pd cluster dimension
as the Ag amount increases, we can suppose that a part of
the Ag clusters sits on the surface of the Pd ones, giving
rise to some alloying only in the boundary regions. In this
case the observed contraction will partially be given also
by this effect.

In the results obtained from the WAXS data analy-
sis (Tab. 4) a strict similarity between the ones at Aog
and Apg can be seen. This shows that the Ag contribu-
tion is not relevant. Furthermore, the evident decrease of
the scattering intensity at Apq and the ratio of the two
components that is nearly constant for the three different
wavelengths, suggests that the investigated (111) peak is
mostly attributable to Pd scattering atoms. As a conse-

quence, it is possible to state that a bimodal Pd crystal-
lites size distribution is present, with mean dimensions of
about 32 A and 172 A, respectively. On the other hand, no
evidence of Ag clusters was found, probably due to their
small dimensions.

The absence of any recognizable structure in the
DAWAXS pattern corresponding to the Asg-Aog couple
confirms this result. The size distribution corresponding
to a Lorentzian peak profile is exponential, as can be
calculated from the second derivative of the peak profile
Fourier Transform [20]. In the present case, we have there-
fore a size distribution coming from (if other effects, like
instrumental or disorder ones, can be neglected) the su-
perposition of two different exponential size distributions.
It looks likely that, owing to the relatively high tempera-
ture of preparation and to the small specific surface area
of the carrier, the larger size component comes from those
particles that were close enough to undergo coalescence
during the catalyst preparation.

It is evident that the cluster dimension observed by
XAFS has a correspondence only with one of the two com-
ponents measured by WAXS. XAFS, in the presence of a
cluster size distribution, measures an average dimension
weighted by the fraction of atoms corresponding to each
size. If we assume the existence, in sample A, only of a
bimodal distribution, as measured by WAXS, we should
have evaluated, from the XAFS coordination numbers, a
cluster dimension of about 50 A instead of 30 A. The mis-
match probably arises because WAXS cannot reveal the
presence of cluster dimensions lower than 20 A: to find an
agreement between the results of the two techniques we
must assume the presence of a relevant fraction of clus-
ters with mean dimensions < 20 A.

Finally, it is worth noticing that the cell constant cor-
responding to the lower-size Pd population is larger than
that pertaining to the thicker component by about 0.01 A.
This value could give a hint of a Pd-Ag interaction, besides
the already discussed correlation existing between the Pd
cluster size and the Pd-Ag relative content. A possible
explanation of the observed phenomena could be that a
segregation of Ag atoms at the surface of the Pd clusters
both hinders the Pd growth and gives rise to an expanded
cell constant, more evident, for the higher influence of the
surface effects, on the smaller Pd crystallites. However it
cannot be excluded that, as already observed [32], a slight
expansion of the lattice parameter in the [111] direction
could be also given by the presence of small Pd clusters.

5 Conclusions

The synthesis technique used in the preparation of the
pumice-supported Ag-Pd catalysts led to the formation of
monometallic Ag and Pd clusters since no direct evidence
of alloying of both metal components was found. XAFS
data analysis revealed the presence of Pd clusters whose
mean dimensions are related to the amount of Ag present
in the sample and has shown that silver is partially dis-
persed in the support bonding oxygen atoms and partially
aggregated in small metal clusters (D < 20 A). AWAXS
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data analysis has shown no evidence of Ag clusters, prob-
ably due to their small dimensions but has revealed a pos-
sible interaction of Ag atoms and/or clusters segregated
at the surface of the Pd clusters.
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