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Bimetallic Ag–Pd and Cu–Pd catalysts supported on pumice
have been prepared in order to be used in the selective hydro-
genation of dienes. The catalysts were obtained by the classical
impregnation method and in the case of the Cu–Pd system also by
organometallic precursors. They were analysed by X-ray photoelec-
tron spectroscopy (XPS) and X-ray diffraction (XRD). XPS allowed
us to determine the surface distribution and chemical state of the
two elements; XRD yielded the lattice parameters and allowed us to
establish the possible formation of alloys. The two bimetallic systems
behave differently. In the case of the Ag-Pd catalysts, Pd particles
covered by silver atoms along with highly dispersed monometal-
lic Ag particles interacting with the support were formed, without
evidence of alloy formation. The possibility of a layer of silver segre-
gated over the palladium particles would explain the Ag 3d binding
energy shifts and also the differences between the overall and the
surface Ag/Pd atomic ratios. Evidence of alloy formation was found
for the Cu–Pd system obtained by impregnation. Analogously, alloy
formation was detected in the organometallic samples reduced at
higher temperature. An investigation of the oxidation behaviour of
the Cu–Pd catalysts revealed a superior oxidation resistance of the
alloyed particles. The differences between the Ag–Pd and Cu–Pd
systems are discussed in terms of interaction with the support.
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1. INTRODUCTION

Among Group VIII metals palladium is the most active
and selective metal for the hydrogenation of acetylenics and
diolefins to the corresponding olefins. However, its use has
several disadvantages: the activity strongly decreases with
the feeds containing sulfur components, the selectivity is re-
stricted by competitive reactions such as the complete satu-
ration of the hydrocarbon and the olefin double bond shift,
and oligomerization occurs (1). Synthesis of the bimetallic
1 To whom correspondence should be addressed.
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catalysts consisting of palladium and a second metal de-
posited on a conventional support eliminates some of the
problems listed above (2–4). Addition of a second metal
can modify both the hydrogen availability and the strength
of diene or alkyne complexation, improving the selectivity
to alkene and also extending the lifetime of the catalyst (5).
Group VIII metals have an acidic character which depends
on their location in the periodic table (6). Such character
affects the bonding between the organic substrate and the
metal, resulting in a strong complexation and an inhibition
of the catalyst activity.

A way of controlling the stability of the intermediates
consists in adding an element donating electrons to the
metal. Such elements can be found among the Group Ib
metals (7). The intimate contact between the two metals is
crucial and is governed by the preparation procedure and
also by the nature of the support. Moreover, the knowledge
of surface composition and structure of bimetallic particles
is of primary importance for the adsorption and catalytic
phenomena. Quite often the surface composition is indeed
very different from the bulk and, as a general rule, the metal
with the lower energy of sublimation has a tendency to seg-
regate at the surface (7). Bimetallic-supported catalysts,
however, tend to be rather nonideal. Formation of small
bimetallic particles on a support is, in many cases, kineti-
cally rather than thermodynamically controlled (8). There
is a possibility that the catalyst preparation might not lead
to full thermodynamic equilibration. Furthermore, the na-
ture of the precursor compounds and their chemical inter-
action with the chosen support material can exert a strong
influence on the sequence of metal nucleation and reduc-
tion. Therefore, the chemical and physical properties of the
bimetallic surfaces are not simply related to bulk composi-
tion, but to the preferential segregation of one component
from the bulk to the surface of the material.

Finally, depending on the relative values of surface ten-
sions at the respective metal–support interfaces, different
degrees of interaction between the two metals and the
9
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support could be envisioned. This, in turn, would affect the
resulting shape, structure, and composition of the bimetallic
particles and in extreme cases precludes the formation of
bimetallic particles altogether (8).

In this work, the effects of the second metal, such as sil-
ver and copper, on the structure and surface of pumice-
supported palladium catalysts are described. The choice
of pumice as carrier is dictated by previous studies (9–11)
showing an electron donor effect from such support to the
metal. This property could favour an appropriate interac-
tion between the two metals. The importance of alloying
and of metal–support interaction on the electronic proper-
ties of the active metal is stressed.

Two techniques of analysis, X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS), were used. The
first technique offers information about the particle sizes
and lattice parameters, while the second one provides data
on the metal core level binding energy and elemental com-
position of the surface.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The Ag–Pd and one series of Cu–Pd pumice catalysts
were prepared by consecutive impregnation of the acid-
treated pumice support (5 m2/g) (13) with aqueous solution
of the precursor nitrates, starting with the palladium solu-
tion. Each impregnation was followed by removal of solvent
under vacuum and drying in the oven at 353 K. Finally the
catalysts were calcined under a stream of oxygen at 773 K
for 6 h and then reduced at 623 K for 6 h.

Another set of Cu–Pd pumice catalysts with low copper
content was obtained using organometallic precursor. With
this procedure aimed at reaching a better copper dispersion
(12), the monometallic palladium catalysts were prepared
from pentane solution of Pd(C3H5)2 according to a previ-
ous procedure (13) and subsequently reduced in a stream
of H2 between 258 and 298 K; then the Pd containing sam-
ples were contacted with the green-brown solution of (E)-
2-ethyl-1-hexenyl-copper (I) (14) of known concentration
in (C2H5)2O, under nitrogen, at a temperature of 258 K and
while stirring it for 3 h. The anchoring reaction

(Pd)Pum–OH+ C4H9C==CHCu(I)
|
C2H5

→ (Pd)Pum–OCu+ C4H9C==CH2 [1]
|
C2H5
occurred, where Pum represents the pumice and OH indi-
cates the free hydroxyl groups of the support.
ET AL.

The subsequent reduction was carried out at 258 K for
10 min, then at 263 K for 1 h and at 273 K for 30 min. High-
purity H2 (provided by SOL S.p.A. of Palermo) passed
through a BTS catalyst (Fluka) for removal of oxygen traces
was used for all the reduction treatment. The samples were
slowly heated to room temperature and kept 30 min under
flowing hydrogen. The chemical composition of the cata-
lysts was determined by atomic absorption spectroscopy
(AAS). Henceforth, the figures preceding the metal in the
notation of the catalysts indicate the corresponding weight
percentage.

2.2. Structural Analysis

XRD measurements, performed with a Philips X-ray
diffractometer using nickel-filtered CuKα radiation, al-
lowed us to obtain the crystallite sizes as well as the lattice
parameters of the metal phase. A proportional counter and
a 0.05◦ step size in 2θ were used. The reproducibility on
the lattice parameters was estimated to be ±0.005 Å. The
metal particle sizes of the reduced catalysts were estimated
as volume-averaged crystallite dimension, through the line
broadening (LB) of the available reflection peaks using the
Scherrer equation according to the method reported in the
literature (15).

XPS measurements were performed with a Kratos ES
300 ESCA instrument working in fixed analyser trasmis-
sion (FAT) mode using a pass energy of 40 eV. Spectra were
generated by AlKα X rays (hν= 1486.6 eV, 150 W). With a
constant line width of the peaks during sample analysis, dif-
ferential charging was considered absent. The uniform sam-
ple charging was eliminated by referencing all the binding
energies to the Si 2p core level energy from the support, pre-
viously found at 103.5 eV (16). Referencing with respect to
the C 1s peak of the contamination carbon yielded the same
energy values. The experimental spectra were resolved into
Lorentzian–Gaussian components after background sub-
traction, using a nonlinear least-square fitting routine. Bind-
ing energies and intensity ratios were obtained according to
previously described procedures (9, 10). During the analy-
sis, the pressure was in the 10−9 Torr (1 Torr = 133.3 Nm−2)
range. The powder samples were pressed into a copper grid
and then mounted onto the tip of the sample holder rod.
The absence of any signal from the copper grid was checked.
Further sample treatments were carried out in an atmo-
spheric chamber attached directly to the ESCA machine,
thereby preventing air exposure prior to the XPS mea-
surements. The samples underwent hydrogen treatment at
298 or 623 K, depending on the adopted reduction tem-
perature, for 1 h prior to XPS analysis. Then they were
pumped while still at a high temperature to eliminate the

Pd hydride formation. The organometallic series of Cu–Pd
catalysts underwent additional hydrogen and oxygen treat-
ments.
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FIG. 1. X-ray diffractograms of (a) 0.5Ag/pumice and (b) 0.05Ag–
0.25Pd/pumice catalysts.

3. RESULTS AND DISCUSSION

3.1. Ag–Pd Catalysts

In Figures 1a and 1b the X-ray diffractograms relative
to the monometallic 0.5Ag/pumice and to the bimetallic
0.05Ag–0.25Pd/pumice, respectively, are reported. Using
the appropriate (111) and (200) reflections, the metal par-
ticle sizes and the lattice parameters of the metallic par-
ticles were obtained. As shown in Fig. 1b, the diffraction
pattern of the bimetallic catalyst does not contain any of
the silver reflections, unlike in the case of the monometal-
lic 0.05Ag/pumice, for which a diffraction pattern similar
to that shown in Fig. 1a but of smaller intensity was ob-
served. Therefore, the silver loading of the bimetallic cata-
lysts was above the detection limit of the X-ray diffrac-
tion technique, and the lack of silver-related reflections in
the Ag–Pd catalyst diffractogram of Fig. 1b should be at-
tributed to highly dispersed silver atoms rather than to the
low concentration. In Table 1 the surface atomic ratios aris-
ing from chemical analysis (CA) and XPS analysis are re-

ported along with the lattice parameters and the particle
diameters. Among the bimetallic catalysts, a decrease of
the Pd particle size with the increasing Ag/Pd atomic ra-
PORTED ON PUMICE 451

TABLE 1

Pumice-Supported Catalyst Ag/Pd Atomic Ratios from Chemical
Analysis (CA) and from XPS Analysis

Ag/PdCA Ag/PdXPS dPd dAg aPd aAg

Catalyst (at% Ag) (at% Ag) (Å) (Å) (Å) (Å)

0.28Pd 139 3.888
0.05Ag–0.25Pd 0.19(16) 1.7(56) 210 3.894 —
0.08Ag–0.25Pd 0.28(22) 1.0(50) 187 3.895 —
0.06Ag–0.17Pd 0.36(27) 1.5(60) 119 3.895 —
0.05Ag 400 4.091
0.50Ag 300 4.082

Note. Pd and Ag particle sizes, d, and lattice parameters, a, are deter-
mined by XRD. In parentheses are indicated the corresponding atomic
percentages of the silver. Bulk values: aPd= 3.890 Å; aAg= 4.086 Å.

tio is observed in Table 1. The invariance of the Pd-related
lattice parameters upon addition of silver would indicate
that the bulk of the palladium particles is monometallic.
The Ag/Pd atomic ratios derived from XPS intensity data
are larger than the corresponding overall values. The dis-
crepancy may be explained by two different situations: (a)
higher dispersion of monometallic silver particles as com-
pared to the monometallic palladium particles, in agree-
ment with the XRD results; (b) segregation of silver on the
Pd aggregates. Obviously both cases may coexist and, more-
over, formation of small (≤15 Å) alloyed particles, not de-
tectable by the X-ray diffraction technique, cannot be ruled
out. The surface enrichment of silver in various Ag–Pd sys-
tems has been already observed and attributed to the lower
surface energy of silver with respect to palladium (17, 18).

In Fig. 2, as an example of typical Pd 3d and Ag 3d pho-
toelectron spectra of the catalysts, the experimental peaks
of the sample 0.05Ag–0.25Pd/pumice along with the fitted
curves are shown. The metallic state is indicated by the
asymmetric line shapes exhibited by both elements and fit-
ted using exponential tails on the high binding energy sides
(19). The binding energies of the main spin orbit compo-
nent 3d5/2 of the doublets are presented in Table 2. Two

TABLE 2

Pd 3d5/2 and Ag 3d5/2 of the Pumice-Supported Bimetallic and
Monometallic Catalysts (the Full Width at Half Maximum Is Given
in Parentheses)

Pd 3d5/2 Ag 3d5/2 1EAg 1EPd

Catalyst (eV) (eV) (eV) (eV)

0.28Pd 335.1 (2.2) −0.4
0.05Ag–0.25Pd 334.9 (2.1) 367.1 (1.8) −1.2 −0.5
0.08Ag–0.25Pd 334.9 (2.1) 367.0 (2.0) −1.3 −0.5
0.06Ag–0.17Pd 334.9 (2.2) 367.0 (1.9) −1.3 −0.5
0.05Ag — 367.9 (2.4) −0.4 —
Note. The corresponding chemical shifts with respect to the bulk ener-
gies, 1EAg and 1EPd, are given. Pdbulk3d5/2= 335.5 eV (9); Agbulk3d5/2=
368.3 eV (21).
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FIG. 2. Pd 3d and Ag 3d photoelectron spectra of the 0.05Ag–
0.25Pd/pumice catalysts.

points should be considered: (a) the Ag 3d5/2 binding en-
ergies of the bimetallic catalysts are lower than the corre-
sponding energies of the monometallic ones; (b) the Pd- and
Ag-related binding energies of the monometallic pumice
catalysts are both lower than the reference pure metal
bulk values. The binding energy of the Ag 3d5/2 of the
Ag–Pd catalysts shifts by about −0.90 eV relative to the
monometallic Ag/pumice and by about −1.2 eV with re-
spect to the silver bulk; this is different from the Pd
3d5/2, which maintains the same value with respect to the
monometallic, but is −0.6 eV below the corresponding en-
ergy for the palladium bulk.

A previous XPS study on coevaporated PdxAg1−x alloys
showed negative shifts for silver and positive shifts for pal-
ladium with respect to the pure metals (20). In a subsequent
investigation of carbon-supported bimetallic palladium–
silver clusters (21), positive cluster size shifts were ob-
tained by correcting the experimental Ag 3d binding energy
changes for the alloy shifts (20). Therefore, the negative1E
values listed in Table 2 cannot arise from size effects (21).
As established earlier, pumice is not a completely inert car-

rier, inasmuch as it affects the electron density of the sup-
ported metal (9, 10, 22). Previous XPS analysis of pumice-
supported palladium catalysts had shown negative Pd 3d
ET AL.

binding energy shift as compared to the unsupported metal.
The shift was attributed to the electron donor property of
the support determined by its alkali ion content (10). Ac-
cording to these previous results, an Ag 3d binding energy
shift of−0.4 eV is also found between the monometallic Ag
catalyst and the pure Ag metal. Moreover, while the Pd 3d
shifts of the Ag–Pd samples are typical of the monometallic
palladium on pumice (22), the corresponding Ag 3d shifts,
1EAg, relative to the monometallic Ag on pumice, listed
in Table 2, are considerably larger. Considering that, ac-
cording to a previous XPS study on Ag–Pd alloys (20), the
shifts on the Ag 3d binding energy of silver atoms embed-
ded in a palladium matrix can be as high as 1 eV, the present
values could be attributed to the interaction with the pal-
ladium. Within the accuracy of the data (±0.1 eV) the line
widths of the Pd 3d and Ag 3d peaks are constant among
the different catalysts. The smaller Ag 3d width of the Ag–
Pd samples with respect to the monometallic Ag catalyst
could be due to variation of the local d-density of states at
the Fermi level (23). Such density tends to decrease when
the element is surrounded by different elements like being
embedded in a support matrix or being alloyed.

Particles formed by a core of palladium covered by a layer
of silver atoms would be in accord with the intensity ratios
and with the binding energy shifts of the XPS peaks. The
silver layer as suggested from the absence of a silver X-ray
diffraction pattern cannot be thicker than 15 Å. In addition,
the decrease of the particle size with Ag/Pd atomic ratio,
observed in Table 1, may be ascribed to an inhibiting effect
of the silver atoms on the growth of the Pd particles. On
the other hand, on the basis of the experimental results, the
possibility of monometallic particles with silver in a highly
dispersed phase cannot be ruled out.

3.2. Cu–Pd Catalysts

In Table 3 the Cu–Pd catalysts with the chemical anal-
ysis and XPS-derived surface atomic ratios, the diameters,
and the lattice parameters are reported. Similarly to the
Ag–Pd samples, the surface Cu–Pd atomic ratios are larger
than the overall ratios. On average, the series prepared by
the organometallic route and therefore involving lower re-
duction temperature is characterised by smaller Pd particle
diameters. The presence of Cu does not have a distinct ef-
fect on the particle sizes, contrary to what was observed on
Cu–Pd particles supported on carbon and on silica (3, 24),
for which a decrease in the first case and an increase in
the second case of the Pd crystallite size with increasing Cu
content were observed. For most of the catalysts, the diffrac-
tion technique does not detect any metallic or oxide copper
phase. On the other hand, the palladium-related diffraction
peaks allowed the calculation of the lattice parameters of

the corresponding phase. In the series of bimetallic catalysts
prepared from nitrates, involving higher reduction temper-
ature, a change of the lattice parameter with respect to the
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TABLE 3

Pumice-Supported Catalyst Cu/Pd Atomic Ratios As Derived
from Chemical Analysis (CA) and XPS Analysis, Pd and Cu Par-
ticle Sizes, d, and Lattice Parameters, a, As Determined by XRD

Cu/PdCA Cu/PdXPS dPd dCu aPd aCu

Catalyst (at%) (at%) (Å) (Å) (Å) (Å)

0.28Pda 139 3.888
0.05Cu–0.24Pda 0.35 (26) 2.0 (67) 250 3.875
0.06Cu–0.20Pda 0.50 (33) 1.5 (60) 264 3.873
0.08Cu–0.27Pda 0.50 (33) 1.5 (60) 147 3.859
0.22Cu–0.28Pda 1.32 (57) 2.9 (74) 127 3.849 3.648
0.50Cua 400 3.611
1.5Pdb 110 3.890
0.6Pdb 63 3.883
0.05Cu–1.5Pdb 0.05 (5) 0.2 (17) 78 3.901
0.05Cu–0.6Pdb 0.10 (9) 0.3 (23) 76 3.883
0.05Cub

Note. In parentheses the copper percentages are given. Bulk values:
aPd= 3.890 Å; aCu= 3.615 Å.

a These catalysts have been prepared by impregnation and the X-ray
diffraction and XPS-derived values refer to the samples reduced at 623 K.

b These catalysts have been prepared by organometallic route and the
X-ray diffraction and XPS-derived values refer to the samples reduced at
room temperature.

one relative to the monometallic palladium catalyst is ob-
served. Such a change implies the formation of alloy phases.
Using previous data of Cu–Pd alloy lattice parameters (25),
from the unit cell edge of the Cu–Pd catalysts (Table 3), the
corresponding alloy compositions listed in Table 4 are de-
termined. The lower Cu content of the alloys with respect to
the overall loading indicates that most of the copper must be
present as highly dispersed monometallic species. The dif-
ferences between the atomic ratios from chemical analysis
and from XPS analysis of Table 3 would accordingly be ex-
plained. To distinguish the effect of temperature from the
effect of the preparation procedure, sequential reduction
and oxidation have been carried out, in the pretreatment
chamber of the XPS spectrophotometer, on selected sam-
ples obtained from the organometallic precursor. Follow-
ing the treatments, the Pd 3d and the Cu 2p spectra change.
In Table 5 the corresponding binding energies along with

TABLE 4

Alloy Composition of the Bimetallic Particles of the Pumice-Sup-
ported Catalysts As Derived from the Lattice Parameters

Catalyst Alloy composition (at%Cu)

0.05Cu–0.24Pd 6
0.06Cu–0.20Pd 6
0.08Cu–0.27Pd 12

0.22Cu–0.28Pd 16

Note. The catalysts have been prepared by impregnation and reduced
at 623 K.
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TABLE 5

Binding Energy of Pd 3d5/2 and Cu 2p3/2, and Cu/Pd Atomic Ra-
tios after the Different Treatments of the Pumice Catalyst Prepared
by the Organometallic Precursor

Catalyst Treatment Pd 3d5/2 (eV) Cu 2p3/2 (eV) Cu/Pd

0.05Cu–1.5Pd H2 (298 K) 335.7 931.7, 933.9 0.2
H2 (623 K) 334.8 931.9 0.1
Air (623 K) 336.7 933.8 0.2
H2 (623 K) 334.5 932.1 0.1

1.5Pd H2 (298 K) 334.8
H2 (623 K) 334.8

0.5Cu H2 (298 K) 932.4, 933.8
H2 (623 K) 932.4

Note. The binding energies of the corresponding monometallic pumice
catalysts after reduction are also reported.

the Cu/Pd atomic ratios as obtained from the XPS inten-
sity data of the 0.05Cu–1.5Pd/pumice catalyst are reported.
For comparison, the binding energies of the monometallic
pumice catalysts are also given. The Cu 2p3/2 spectra after
the various treatments are shown in Fig. 3. The hydrogen
treatment at 298 K reduces palladium completely, whereas
it reduces copper only partially, as shown in Fig. 3a. The
spectrum contains two components, one due to Cu metal
and the other to CuO which is characterised by the pres-
ence of a shake-up satellites at around 8 eV above the main
photoelectron transition (26). The reducing treatment at
623 K produces metal copper characterised by the Cu 2p3/2

peak at 931.9 eV, which is about 0.4 eV below the usual
binding energy of the metallic copper (26). This shift al-
lows us to discriminate between Cu+ and Cu0 states, not
discerned by the XPS spectra because of the same Cu 2p
binding energies (27). The Auger spectra, different for the
two states, could not be used here because of the poor reso-
lution. The observed negative shift with respect to the bulk
metal copper may be indicative of the metallic state affected
either by support interaction or by alloying (3, 9) consider-
ing that in the case of the Cu+ species an electron donation
would not change its binding energy. Moreover, as seen in
Table 5, the monometallic copper catalyst has a Cu 2p3/2

value similar to that of the pure bulk copper, and therefore
the changes observed in the bimetallic catalysts could be
attributed to the alloying effect. It is interesting to notice
that the Pd 3d5/2 binding energy typical of the metallic state
obtained after reduction at 298 K shifts towards lower val-
ues after reduction at 623 K, yielding the binding energy
found for the pumice-supported palladium catalysts (9).
The presence of the copper oxide in close proximity of the
palladium metal clusters may neutralise, in a sense, the elec-
tron donor property of the support, thereby shifting the Pd

3d5/2 binding energies to the typical Pd bulk values (9, 10).
The absence of electronic effect due to copper on the
palladium is also in agreement with a previous FTIR CO
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FIG. 3. Cu 2p3/2 photoelectron peak of the 0.05Cu–1.5Pd/pumice cata-
lyst after the sequential treatment. (a) H2 at 298 K; (b) H2 at 623 K; (c) air
treatment at 623 K; (d) H2 at 623 K.

adsorption study (3). After air treatment at 623 K, binding
energies typical of PdO and CuO are obtained. The satellite
of the corresponding Cu 2p3/2 transition, in Fig. 3c, is now
in the appropriate intensity ratio with the main peak (26).

The variation of the XPS-derived Cu–Pd atomic ratio in-
dicates that copper diffuses inwards upon hydrogen treat-
ment at high temperature whereas it is driven to the sur-
face during the air treatment. Probably the interaction with

oxygen represents the driving force for the copper surface
segregation. In Table 6 the particle sizes and lattice parame-
ters of the organometallic prepared samples after different
ET AL.

treatments are listed along with the at% Cu in the alloy
as derived from the lattice parameters. Unlike XPS, which
probes the outermost layers of a sample, XRD, as a bulk
technique, detects palladium metal still present after the air
treatment at 623 K. Sintering of Pd particles at 623 K un-
der the two different gas environments, hydrogen and air,
occurs. The lattice parameters observed in 0.05Cu–1.5Pd
and 0.05Cu–0.6Pd, upon H2 treatment at 623 K, are con-
sistent with alloys of 6 and 10 at% in copper, respectively
(25), which is closely comparable to the overall composition
given in Table 3. The composition of the alloyed particles
does not change upon air treatment, as shown by the in-
variance of the corresponding lattice parameters. Such oc-
currence indicates that the metal components of these par-
ticles are resistant to oxidation, unlike the monometallic
species of copper and palladium, which, as shown previ-
ously by the XPS spectra, are easily oxidised. It is inter-
esting to note that in the case of the samples prepared by
impregnation, containing a larger amount of copper, and
treated for longer times at higher temperature, the alloy has
a lower copper content relative to the overall composition.
On the contrary the samples prepared by the organometal-
lic route and reduced at high temperature for only 1 h con-
tain alloyed particles with the overall catalyst composition.
This result indicates that the anchoring of the second metal
to an already reduced metal catalyst favours alloying be-
tween the two metals during the second reduction step. An
analogous conclusion was drawn in a study of Pd–Sn and
Pd–Sb bimetallic catalysts supported on alumina where the
organometallic precursors yielded supported alloys in con-
trast with the method of the inorganic precursors in which
no interaction between the two metals was found (28).

TABLE 6

Particle Size, d, and Lattice Parameters,a, Relative to the Metal Ph-
ase after Different Treatment of the Pumice-Supported Catalysts

Alloy composition
Catalyst Treatment dPd (Å) a (Å) (at% Cu)

1.5%Pd H2 (298 K) 110 3.899
H2 (623 K) 200 3.885
Air (623 K) 274 3.887
H2 (623 K) 289 3.887

0.6%Pd H2 (298 K) 63 3.883
H2 (623 K) 200 3.881
Air (623 K) 350 3.883
H2 (623 K) 410 3.883

0.05Cu–1.5Pd H2 (298 K) 78 3.901
H2 (623 K) 214 3.873 6
Air (623 K) 276 3.876 6
H2 (623 K) 290 3.873 6

0.05Cu–0.6Pd H2 (298 K) 76 3.883
H2 (623 K) 200 3.866 10

Air (623 K) 266 3.866 10
H2 (623 K) 187 3.866 10



Ag–Pd AND Cu–Pd SUP

4. CONCLUSION

A combination of the surface technique, as XPS, and the
bulk technique, as X-ray diffraction, has allowed us to de-
termine the most likely structure of bimetallic catalysts sup-
ported on pumice. The Ag–Pd and the Cu–Pd systems seem
to behave differently. In the first case both techniques sug-
gest the formation of palladium particles, interacting with
pumice, and covered by a layer of silver atoms. The presence
of highly dispersed silver particles interacting with the sup-
port is also possible and in accord with the binding energy
shifts.

The Cu–Pd samples, prepared by two procedures,
impregnation and organometallic route, in addition to
monometallic copper phase, contain alloys with composi-
tion derived from the corresponding lattice parameter. The
binding energies of the Pd 3d reflect the interaction with the
support, and those relative to Cu 2p contain contribution
from the alloying state. The organometallic procedure, fol-
lowed by reduction at high temperature, favours the alloy
formation. Changes in the atomic ratios Cu/Pd upon H2 and
air treatments at high temperature are attributed to inward
diffusion of copper driven by the formation of alloy in one
case and outward diffusion of copper driven by the oxide
formation in the second case.

The different behaviour exhibited by the Ag–Pd and
Cu–Pd catalysts, with silver-decorated palladium particles
and dispersed silver particles in one case and mixture of
monometallic and alloyed particles in the other case, could
be a consequence of the stronger interaction, indicated by
the XPS binding energy shifts, of silver with the pumice
support.
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