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A series of Pd—Cu bimetallic catalysts supported on Ce—Zr mixed
oxide or on (Ce,Zr)O,/Al,03; mixed supports (with loadings of 10
and 33 wt% Ce-Zr mixed oxide) have been examined and com-
pared to reference monometallic catalysts to determine the influ-
ence of copper on the catalytic activity for CO oxidation and NO
reduction using a mixture of either O, or O,-NO as oxidant un-
der stoichiometric conditions. The samples were characterized by
X-ray diffraction, transmission electron microscopy—X-ray energy-
dispersive spectrometry, and electron paramagnetic resonance, em-
ploying in situ diffuse reflectance Fourier transform spectroscopy
and X-ray absorption near-edge spectroscopy techniques to charac-
terize physicochemical processes taking place during the course of
the reactions. All the catalysts show Ce—Zr mixed oxide nanoparti-
cles with pseudocubic phases and a Ce/Zr atomic ratio close to 1. The
main differences between the samples are attributed to changes in
the distributions of the two metallic components over the supports.
The beneficial effects of copper on the catalytic activity of alumina-
containing samples are related to the formation of an active Pd—Cu
alloy in contact with the Ce-Zr mixed oxide component. A prefe-
rential interaction between copper and alumina in these samples is
proposed to optimize the properties of the alloy phase by decreasing
the copper concentration in the latter. However, the destruction of
the alloy under reaction conditions at high temperatures, required
for NO activation, removes the copper-promoting effects for NO
reduction. The catalytic behavior of the Pd—Cu/(Ce,Zr)O, sample
is governed by the Cu—(Ce,Zr)Oy character of its active sites, which
induces both beneficial and detrimental effects, on its catalytic pro-
perties, depending on the type of reaction.  © 2002 Elsevier Science (USA)

Key Words: Pd—Cu bimetallic catalysts; Pd-Cu alloy; CeO,-
Zr0O,; Al,O3; CO oxidation; NO reduction; XRD; TEM-XEDS;
Cu?*-EPR; in situ DRIFTS; in situ XANES.

1. INTRODUCTION

Three-way catalysts (TWC) have been widely used to di-
minish pollutant emissions from gasoline-engine-powered
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vehicles (1). The classical components of these systems usu-
ally include Rh, Pt, and/or Pd as active metals, ceria as pro-
moter, and high-surface alumina as the support (1, 2). More
recently, the classical promotion by ceria was extended to
other oxide systems to increase or maintain the durability
of the TWC while decreasing the toxic emissions produced
during the cold-start (or light-off) period, which may rep-
resent a considerable portion of the total emissions pro-
duced during any driving cycle (1, 3). Ce—Zr mixed ox-
ide systems have been considered as potential substitutes
to ceria on the basis of their greater oxygen storage ca-
pacity (OSC) after thermal sintering, which could poten-
tially decrease the cold-start emissions mainly by allowing
the catalyst to be located in positions closer to the engine
manifolds with minimum system deactivation being pro-
duced (4). A certain degree of controversy exists with re-
spect to the optimum configuration (Al,O3-supported or
unsupported) of the Ce—Zr mixed oxide component in these
catalysts (5). This controvery is mainly due to the difficul-
ties experienced when preparing the alumina-supported
materials. These are stabilized upon formation of nano-
sized particles (4, 6), achieving their catalytically optimal
configuration for Ce/Zr atomic ratios close to 1 and upon
formation of mixed oxide pseudocubic structures. Promis-
ing results were obtained by employing synthesis methods
based on the use of reverse microemulsions (6, 7) in con-
trast to more classical methods based on coimpregnation
(4, 8,9). On the other hand, uncertainties exist concerning
the formation of adequate interactions between the noble
metals and the mixed oxide component in the alumina-
supported configuration (5), although recent catalytic ac-
tivity results have suggested the optimum performance of
this configuration under stoichiometric CO + O, + NO gas
mixtures (10). Additionally, a higher OSC was achieved for
(Ce,Zr)O,/Al,O3 materials in comparison to unsupported
(Ce,Zr)O, or CeO,/Al, O3 systems (9, 11).

The use of Pd as the only active metal component in
TWC has received considerable attention on the basis of
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economical aspects (the high cost and scarcity of Rh), the
availability of cleaner fuels, and its remarkable activity in
oxidation reactions (1, 12). However, some limitations are
apparent for Pd-only systems with respect to their perfor-
mance in NO reduction reactions (12-14). In this sense it
would be desirable to promote Pd with lower cost base me-
tals instead of using Rh as an additional active metal, de-
spite the latter’s well-known activity for NO elimination
(15). In this respect, promising results were obtained by
using Mn, Cr, or Cu, which have been attributed either to
the formation of the corresponding alloys (with consequent
perturbation of the Pd electronic properties) or, in the case
of Mn, to a mixture of effects involving alloy formation
and Pd-MnO, interactions (16-18). In the case of copper,
the promoting effect induced upon alloying on both CO
oxidation and NO reduction activities may be explained,
according to theoretical studies (19), by the strong modifi-
cation produced in the Pd valence state upon charge injec-
tion into the sp sub-band. This beneficial effect of Pd-Cu
alloy formation under stoichiometric CO + O, + NO was
experimentally demonstrated over a Pd—Cu/CeO,/Al, O3
catalyst (18).

In this work, following a preliminary report on these
systems (20), we extend the study of a ceria-promoted
Pd—Cu catalyst (18) to similar systems promoted in this
case by a Ce-Zr mixed oxide, with a focus on deter-
mining which main parameters affect the catalytic perfor-
mance in the reactions of interest for the TWC. A se-
ries of Pd-Cu bimetallic catalysts, supported on either
Ce-Zr mixed oxide or (Ce,Zr)O,/Al,O3 mixed supports
with different mixed oxide loadings, were studied by a
multitechnique approach using X-ray diffraction (XRD),
transmission electron microscopy—X-ray energy-dispersive
spectrometry (TEM-XEDS), and electron paramagnetic
resonance (EPR) for catalyst characterization, and by
using catalytic activity in combination with in situ diffuse
reflectance Fourier transform spectroscopy (DRIFTS) and
X-ray absorption near-edge spectroscopy (XANES) tech-
niques to evaluate the catalytic performance and the physi-
cochemical processes which take place during the course of
stoichiometric CO + O, or CO + O, + NO reactions over
the catalysts.

2. EXPERIMENTAL

2.1. Catalyst Preparation

Two ceria—zirconia/alumina supports, 10 and 33 wt%,
of mixed oxide—expressed as CegsZrysO0,—(10CZA and
33CZA;Sper =186 m? g~ and Spgt = 164 m? g~ !, respecti-
vely) were prepared by modifying the microemulsion
method used previously for preparing the unsupported
oxide (CZ; Sger =96 m? g~!) (6). Full details of the pro-
cedure can be found elsewhere (7). After drying overnight
at 373 K these supports were calcined under air at 773 K
for 2 h. According to inductively coupled plasma—atomic
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emission spectroscopy (ICP-AES) chemical analysis, the
two CZA and the CZ samples have Zr/Ce atomic ratios of
1.0£0.1 (6, 7). The three supports (10CZA, 33CZA, and
CZ) were coimpregnated (incipient wetness method) with
aqueous solutions of palladium and copper nitrates (from
Alfa Aesar and Merck, respectively; purities >99.99%) to
give 1.0 wt% metal loadings of each metal. The catalysts
were calcined following the same drying/calcination pro-
cedure described previously for the supports. The cata-
lysts are referred to as PdCul0CZA, PdCu33CZA, and
PdCuCZ, corresponding to the systems supported on
10CZA, 33CZA, and CZ, respectively. Similar methods
and materials were applied for the preparation of reference
catalysts PA10CZA, Pd33CZA, and PdCZ (with 1 wt% Pd
on 10CZA, 33CZA, and CZ, respectively), CuA (1 wt%
Cu on alumina), and CuCZ (1 wt% Cu on CZ).

2.2. Catalytic Tests

Catalytic tests using stoichiometric mixtures of 1%
CO+0.5% Oz 0r 1% CO+0.45% O, 4+ 0.1% NO (N; bal-
ance) were performed at 30,000 h™! in a Pyrex glass flow
reactor system. Details of the experimental conditions em-
ployed for these tests can be found elsewhere (21). Gases
were regulated with mass flow controllers and analyzed on-
line using a Perkin—Elmer 1725X FTIR spectrometer cou-
pled with a multiple reflection transmission cell (Infrared
Analysis Inc.). Oxygen concentrations were determined
using a paramagnetic analyzer (Servomex 540A). The ex-
perimental error in the conversion values obtained under
these conditions was estimated as +7%. Prior to cata-
lytic testing, in situ calcination was performed in diluted
oxygen (2.5% O, in Ny) at 773 K, followed by cooling under
the same atmosphere and a N, purge at room temperature
(RT). A typical test consisted of increasing the temperature
from 298 to 823 K at 5 K min~!.

2.3. Characterization Techniques

Powder XRD patterns were recorded on a Siemens
D-500 diffractometer using nickel-filtered CuK o radiation
operating at 40 kV and 25 mA with a 0.025° step size.

TEM experiments were carried out using a JEOL 2000
FX (0.31 nm point resolution) equipped with a LINK
(AN 10000) probe for XEDS analysis. The sample spot for
XEDS analysis was in the 50-100 nm range. Portions of
samples were crushed in an agate mortar and suspended
in butyl alcohol. After ultrasonic dispersion, a droplet was
deposited on a nickel grid supporting a perforated carbon
film. Micrographs, electron diffractograms, and, where nec-
essary, dark-field images were recorded over selected areas
with compositions previously characterized by XEDS. Six
to 10 aggregates of a typical size of 200-300 nm were stud-
ied for each sample, using TEM-XEDS to analyze about
two to four different zones of each aggregate.
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Electron paramagnetic resonance (EPR) spectra were
recorded at 77 K with a Bruker ER 200 D spectrometer op-
erating in the X-band and calibrated with a «,o’-diphenyl-
B-picrylhydrazyl (DPPH) standard (g =2.0036). Portions,
between 20 and 40 mg, of the sample were placed inside
a quartz probe cell with greaseless valves and pretreated
with 300 Torr of pure O, at 773 K, followed by thorough
outgassing at room temperature.

DRIFTS analysis of adsorbed species present on the
catalyst surface under reaction conditions was carried out
using a Perkin—Elmer 1750 FTIR spectrometer fitted with
an MCT detector. Analysis of the NO conversion at the
outlet of the IR chamber was performed by chemilumi-
nescence (Thermo Environmental Instruments 42C). The
DRIFTS cell (Harrick) was fitted with CaF,windows and
a heating cartridge that allowed samples to be heated to
773 K. Samples of ca. 80 mg were calcined in situ at 773 K
(with synthetic air —20% O, in N,-) and then cooled to
298 K in synthetic air before introducing the reaction mix-
ture and heating at 5 K min~! up to 673 K, recording one
spectrum (4 cm™! resolution, average of 20 scans) gener-
ally every 10-15 K. The gas mixture (using the same con-
centrations as those employed for laboratory reactor tests)
was prepared using a computer-controlled gas blender with
75 cm® min~! passing through the catalyst bed.

XANES experiments at the Ce Lyj;- and Pd K-edges were
performed at line EXAFS-IV of the DCI synchrotron at
LURE. A Si(311), (for Ce) or Ge(400) (for Pd) double-
crystal monochromator was used in conjunction with a re-
jection mirror to minimize the harmonic content of the
beam. Transmission experiments were carried out using
N,/O,- or Ar-filled ionization chambers. The energy scale
was simultaneously calibrated by measuring a CeO, wafer
or Pd foil which was inserted before a third ionization
chamber. Samples were self-supported (absorbance 0.5
2.0) and placed in a controlled-atmosphere cell for treat-
ment. XANES spectra were taken every 15 K in the pres-
ence of the CO + NO + O, flowing mixture (similar to the
mixture employed for catalytic activity tests) during a 5 K
min~! temperature ramp up to 623 K. The series of spectra
were analyzed by using a statistical method called principal
factor analysis, details of which can be found in (22).

3. RESULTS

3.1. XRD and TEM-XEDS

XRDs of the Ce—Zr mixed oxide-promoted bimetallic
catalysts are shown in Fig. 1 and show peaks arising from
both the y-Al,O3 support and the Ce—Zr (CZ) mixed ox-
ide component. The latter are indexed in the cubic Fm3m
space group. They show a decreasing linewidth with increas-
ing the CZ concentration and are barely discernible in the
PdCul0CZA sample. An analysis of the lattice parameters,
which employ the most intense (111) reflection of CZ, and
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FIG.1. X-ray diffractograms of (a) PdACuCZ, (b) PdCu33CZA, and

(c) PACul0CZA. The main reflections of the CZ cubic phase are marked.
Peaks marked with an asterisk correspond to alumina-related diffractions.

a comparison to literature results obtained over a series
of Ce-Zr mixed oxides with different Ce/Zr atomic ratios
(4) are in agreement with the formation of a Ce,Zr;_, O,
phase in all cases. This shows a Ce/Zr atomic ratio ~1 for
PdCul0CZA and PdCuCZ, but a slight cerium enrichment,
corresponding approximately to an average-composition
Ce6Z19 40, for PACu33CZA. This indicates that some of
the zirconium is not detected by diffraction in the latter sam-
ple, as has been shown to occur in other Al,Os-supported
Ce—Zr mixed oxide samples (4, 8).

Figure 2 shows the radial densitometries extracted from
electron diffraction experiments which show maxima or

(Ce+Zr)/Al
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FIG. 2. Radial (angle-averaged) densitometry patterns of the elec-
tron diffraction rings observed in specific zones of (a) PACul0CZA and
(b) PACu33CZA. Vertical dotted lines mark the strongest reflections at-
tributed to Ce-Zr mixed oxide and alumina-related phases (subscripted
as CZ and A, respectively).
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TABLE 1

Summary of XRD and TEM/ED/XEDS Results

Cell parameter

Average particle

Samples A) size (nm)“ (Ce/Zr)at. ratio”  (Ce + Zr/Al)ag, ratio™
PdCul0CZA 5.30¢ 2 0.8-1.2 0.25-0.46
PdCu33CZA 5.324 3 0.3-1.6 0.2-1.8
PdCuCZ 5.307,5.29¢ 5 0.9-1.2 —

¢ Obtained from dark-field TEM images using the (111) ring of Ce,Zr;_,O;.

b XEDS results.

¢ Only zones presenting detectable amounts of Ce,Zr are included.

4 From electron diffraction results.
¢ From XRD results.

shoulders that are assigned, in accordance with XRD re-
sults, to the most prominent diffractions of the previously
mentioned cubic phase of the Ce—Zr mixed oxide and of y-
Al,O3.No evidence was obtained regarding the existence of
Pd- or Cu-containing phases in these experiments in any of
the regions analyzed, indicating that the catalysts presented
a relatively high metal dispersion. The stability of the sam-
ples under reaction conditions was verified by performing
X-ray or electron diffractograms on the samples, after their
use in catalytic reaction, which show the same features as
those observed for the initial fresh catalysts. The data ob-
tained from XEDS analysis of different zones of the sam-
ples and the main structural and geometrical characteristics
obtained for the CZ component by XRD and TEM-XEDS
experiments are summarized in Table 1. It may be noted
that in accordance with the linewidths observed by X-ray
or electron diffraction (Figs. 1 and 2), the particle size in-
creases with the amount of CZ, although moderate sizes,
mainly resulting from the particular characteristics of the
preparation method employed (7), are present in all cases.

Some information about the palladium distribution on
the samples was obtained by XEDS analysis (Fig. 3). Unfor-
tunately, it was not possible to perform an analogous study
for copper due to the presence of this element in the sample
holder of the microscope. Analysis of the data displayed in
Fig. 3 shows that Pd appears irregularly distributed over the
supports appearing mainly in zones enriched in Ce-Zr for
both PACuxCZA samples, particularly for the sample with
higher CZ loading.

3.2. EPR

EPR spectra of the calcined Pd—Cu catalysts along with
that of the reference CuA sample are shown in Fig. 4.
The spectrum of CuA (Fig. 4a), which was analyzed in
detail in a previous contribution (23), is composed of
two overlapping Cu?* signals. The first signal, which con-
tributes to roughly 20% of the doubly integrated inten-
sity of the spectrum, displays axial shape with g, =2.321
and g, =2.057 showing resolved hyperfine patterns of four

lines in each of its components with Ay =17.1 x 10~ cm™!

and A; =1.9 x 1073 cm~!. This can be assigned to isolated
Cu?* ions with a tetragonally distorted octahedral symme-
try (23, 24). The major signal does not show resolved hy-
perfine splittings and exhibits an anisotropic (quasiaxial)
lineshape with extremes at gy =2.24 and g, =2.05. On the
basis of its EPR parameters and the absence of hyperfine
splitting resolution, this can be generically assigned to clus-
tered Cu?* ions belonging to an oxidic phase, probably of
the CuAL Oy type (23, 25). Double integration of the spec-
trum and comparison with a copper sulfate standard show

0.040
Al-rich Ce/Zr-rich

0.035

0.030 4
&
D\_ 0.025+
g
~ JAN
-fé 0.020 + ’
g C
+ =
3 A
= 0.015+
3
o ¥ 0oag

0.010

O
AN AYN
0.005
VAN
0004——r—~rr
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(CetZr)/(Cet+Zr+Al) (at. %)

FIG.3. XEDS data obtained for PdCul0OCZA (squares) and

PdCu33CZA (triangles). Dashed vertical line is used only as a guide.
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FIG.4. EPR spectra at 77 K of initial calcined samples. (a) CuA,
(b) PACul0CZA, (c) PACu33CZA, and (d) PdCuCZ.

that about 55% of the total copper content is detected in
this spectrum (Fig. 4a). A considerably smaller amount of
the total copper (19.5%) appears as EPR detectable species
in the spectrum of PACuCZ (Fig. 4d), which is composed of
two overlapping Cu®* signals similar to those observed in
previous studies of CuCZ (26). The first signal, attributable
to Cu®* ions in small copper oxide clusters (26, 27), pre-
dominates in the spectrum and shows unresolved hyper-
fine splitting and anisotropic (quasiaxial) lineshape with
extremes at gy =2.20 and g, =2.04. The second signal, at-
tributable to isolated Cu”* ions in tetragonally distorted
octahedral symmetry (26, 27), makes a very minor contri-
bution to the spectrum. This results in its poor definition,
resolving only its most prominent hyperfine perpendicular
featuresatg, =2.036and A; =1.8x107>cm™!. The spectra
observed for PACul0CZA and PdCu33CZA (Figs. 4b and
4c) are similar to that observed for CuA both in terms of the
signals present and in terms of the amount of Cu?* species
detected in them (63.1 and 43.5% of the total copper con-
tent for PACul0CZA and PdCu33CZA, respectively). This
suggests that the larger contributions to the spectra corre-
spond to Cu?* species in contact with the alumina compo-
nent of the samples. The presence of small amounts of Cu®*
species in contact with the CZ mixed oxide, which increase
with the loading of this component, is suggested by both
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the slight shift of the maximum of the spectra (appearing
in the central part of them) toward a higher magnetic field
and the presence of the most prominent hyperfine perpen-
dicular feature at g &~ 2.03, characteristic of these species,
as indicated by comparison to the spectrum of PdCuCZ
(Fig. 4d).

3.3. Catalytic Activity Tests

Conversion profiles for the bimetallic catalysts in the
CO+ 0, and CO+0O;+NO reactions are shown in
Fig. 5. Important differences are observed in the cata-
lytic performances as a function of changes in the sup-
port composition and the presence of NO in the feed
stream. Thus, while the efficiency for CO oxidation in
the absence of NO decreases in the order PACu33CZA >
PdCul0CZA > PdCuCZ (Fig. 5, top), in the presence of
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FIG.5. Top: Conversion profiles for the CO+ O, reaction over
PdCul0CZA (squares), PACu33CZA (triangles), and PdCuCZ (circles).
Bottom: As above for the CO-0,-NO reaction. Open symbols, CO con-
version; full symbols, NO conversion.
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TABLE 2

Fifty Percent Isoconversion Temperatures (759, K) Observed for the Bimetallic and Monometallic Reference
Catalysts in the CO + O; and CO + O, + NO Reactions at 30,000 h—1a

PdCul0CZA  PdCu33CZA PdCuCZ Pd10CZA Pd33CZA PdCZ CuCZ

Tso (CO conv.) (CO+ Oy) 327 306
Ts0 (CO conv.) (CO+ O, +NO) 424 354
Tso (NO conv.) (CO + O, + NO) 466 445

346 404 383 <303° 387
336 433 377 358 380
503 456 442 485 534

¢ Complete conversion profiles for the reference monometallic catalysts are available in Refs. (10) and (21) (Pd10CZA,
Pd33CZA, and PdCZ in CO + O, and CO + O, + NO reactions, respectively) and (26) and (40) (CuCZ in CO + O, and

CO + O, + NO reactions, respectively).

b Conversion, 100%, is achieved from the initial temperature (303 K), giving rise to a ca. 30 K temperature increase (as a
consequence of the exotherm), and maintained throughout the test.

NO it decreases monotonically with decreasing the CZ
loading (Fig. 5, bottom). A comparison of the CO conver-
sion profiles in the presence and absence of NO reveals
that while CO oxidation over CZA-supported cata-
lysts is significantly deactivated by NO, PdCuCZ is almost
unaffected, or slightly enhanced (see Table 2), by this reac-
tant. On the other hand, NO reduction activity follows the
order PdCu33CZA > PdCul0CZA > PdCuCZ. It is also
worth noting that significant NO desorption, producing
negative conversion values, is produced at temperatures
below ca. 370 K for PACuCZ. A comparison to data for the
reference monometallic catalysts (Table 2) shows the pro-
moting effect of copper in CO oxidation for both reactions,
with the exception of PACuCZ in the CO-O, reaction. In
contrast, NO reduction is slightly deactivated by the pre-
sence of copper in the CZA-supported catalysts and to a
greater extent in the CZ-supported system. It is worth not-
ing that, like in the case of PACuCZ, a slight enhancement in
catalytic activity for CO oxidation is observed in the pres-
ence of NO for CuCZ. It may be also observed that this
CuCZ catalyst, which may be assumed on the basis of
comparison to a similar series of CeO,- and CeO,/Al,O3-
supported copper catalysts (28), to be the most active for
CO oxidation among monometallic copper catalysts for
either a CZ or a CZA series of supported catalysts, shows
a poorer CO oxidation performance than its homologous
PdCuCZ.

3.4. In Situ DRIFTS

Spectra in the carbonyl stretching region for the three
Pd—Cu catalysts during the CO + O, reaction are shown in
Figs.6A to 6C. A reasonable correlation can be observed for
all samples between the evolution of bands due to gaseous
CO (barely discernible due to overlapping with bands ad-
sorbed carbonyl species, in the 2200-2050 cm ™! range) and
CO; (2400-2300 cm~!), and the CO conversion profiles pre-
sented in Fig. 5. In general terms, complex spectra are ob-
served resulting from the overlapping of different carbonyl
species due to adsorption on exposed palladium or copper

entities (in different oxidation states). Under these condi-
tions, the analysis of the evolution and the assignment of
the different bands observed are made mainly on the basis
of previous results obtained using similar monometallic sys-
tems (of both Pd and Cu) treated under similar conditions
(10,21, 26, 29).

For the three samples, a band at ca. 2110 cm™! appeared
immediately upon contact with the reactant mixture and
was of particularly high intensity for PACuCZ in which
itlargely dominated the spectra. This band shows maximum
intensity at intermediate, relatively low, reaction tempera-
tures, and it showed a slight red shift concomitant with a
decrease in intensity with increasing reaction temperature.
This band is similar to a band observed for the CuCZ refe-
rence catalyst treated under similar conditions (26) and,
consistent with the observation of its greatest intensity for
PdCuCZ, it arises from carbonyl species adsorbed on Cu™
ions at sites located at the copper oxide—CZ interface, which
are readily created by reductive interaction with CO (26,
27). Another band appearing at 2117 cm~! for PdCul0CZA
may be attributed to adsorbed carbonyls on Cu™ sites in
contact with the alumina surface (23).

A band at ca. 1970 cm~!, due to bridging carbonyl species
adsorbed on Pd’ surfaces (10,21,29,30), is also apparent for
the three samples upon contact with the reactant mixture,
showing maximum intensity at intermediate reaction tem-
peratures, and was slightly red-shifted (as a consequence of
decreasing CO coverage (10, 21, 29, 30)) for temperatures
above this maximum. It is worth noting that the species
giving rise to this band are developed less readily with re-
action temperature for the PACuCZ sample than either the
other two samples or the monometallic PACZ sample (21).
A band (or shoulder) at 20962063 cm~!, due to linearly
adsorbed carbonyls on Pd® (10, 21, 29, 30), may be also
be distinguished for PACuxCZA samples at T >ca. 323 K
and shows a red shift with an increasing reaction tempera-
ture which was more pronounced than that for the bridg-
ing carbonyls. This can be attributed to a decrease in the
CO coverage on the palladium particles, with the greatest
shift observed for the linear carbonyls being related either



CO-NO ELIMINATION OVER Pd-Cu/(Ce,Zr)O,/Al, 03 287

=
v
] L ] L [ L { T T T T T T T
2400 2200 2000 1800 2400 2200 2000 1800
Wavenumber (cm™) Wavenumber (cm™)
L% 2110 e C 1970
=
¥

T g T T T T T y — y T
2400 2200 2000 1800 2000 1960 1920 1880
Wavenumber (cm™) Wavenumber (cm™)

FIG. 6. Insitu DRIFTS spectra for (A) PdACul0CZA, (B) PACu33CZA, and (C) PdCuCZ (showing a detail of the 2030-1880 cm™! zone) catalysts.
(a) Before introduction of the reactant mixture. Recorded under 1% CO and 0.5% O, at the following temperatures: (b) 303, (c) 323, (d) 343, (e) 363,
(f) 383, (g) 403, (h) 423, (i) 443, and (j) 463 K.
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to their lower adsorption energy (30), thus greater ease of
desorption, or to the greater activity of the centers where
the palladium particles are adsorbed. Considering the high
sensitivity in the frequency of the linear carbonyls adsorbed
on the Pd’ to CO coverage, one cannot fully dismiss the fact
that these species are already formed for PACuxCZA upon
contact with the reaction mixture at RT, as observed for
monometallic Pd catalysts (21), which in this case are ob-
scured by the strong overlapping band of Cu™ carbonyls at
2110 cm~!. The previous observation is true at any reac-
tion temperature for PACuCZ. Other bands which, on the
basis of results for the monometallic Pd series (21), can be
attributed to Pd carbonyls are those at 2155-2152 cm™!,
which appear at relatively low temperatures and are at-
tributed to adsorption at Pd”* sites (21, 31).

To examine the state of the surface on completion of the
runs (under CO-O; up to 473 K) in the absence of reaction-
or thermal desorption-derived effects, the samples were
cooled under N, to room temperature and then exposed
to 1% CO in N, before flushing the cell with N;. Spec-
tra recorded under these conditions are shown in Fig. 7.
A band at 1980 cm~! due to bridging carbonyls adsorbed
on Pd® particles was observed for all three samples. Ad-
ditionally, linear carbonyls on the Pd® particles were also
detected as a band or shoulder at ca. 2099 cm~! for the
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FIG.7. DRIFTS spectra obtained following experiments shown in
Fig. 6, by cooling under a flow of N, and admission of CO at room tem-
perature and flushing with N, for (a) PdCuCZ, (b) PdCu33CZA, and
(c) PACulOCZA.
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PdCuxCZA samples. The presence of these carbonyls could
not be discerned, however, for PACuCZ; this may be due to
the strong absorption band of Cu™ carbonyls at 2110 cm ™.
This latter band was also observed, but with a significantly
lower intensity, for PACu33CZA and might also be present
for PACul0CZA, although this was not possible to con-
firm due to overlapping with other bands in that region.
PdCul0CZA also exhibited a band at 2117 cm~!due to Cu™*
carbonyls.

Spectra recorded under CO-0O,-NO reaction conditions
for the three Pd—-Cu samples are shown in Figs. 8A-8C.
Carbonyl bands with a similar nature to those observed
under CO-0, were observed in all cases. The three sam-
ples displayed bands in the 2120-2110 cm~! range due to
carbonyl species adsorbed on Cu'. Significantly, the band
for PACuCZ was of appreciably lower intensity than that
under CO-0O; and appeared at slightly higher wavenum-
bers at the lower reaction temperatures. Other differences,
when compared to the experiments performed under CO-
O,, concern the relatively higher stability of Pd** car-
bonyls (appearing at 2158-2155 cm™!) observed for the
PdCuxCZA samples in the presence of NO. It is of note
that these bands were not detected for PACuCZ (Fig. 8C).
Additionally, bands due to carbonyl species adsorbed on
Pd’ had a relatively lower overall intensity in the pres-
ence of NO and developed to a lesser extent with increas-
ing reaction temperature. Additional bands at 2250 and
2232 cm~!, not detected in the absence of NO, were ob-
served in the spectra of PACuxCZA samples from ca. 423
to 453 K for PACul0CZA and PdCu33CZA, respectively.
These species are assigned to isocyanate species adsorbed
on octahedral and tetrahedral AI’* cations, respectively
(32), and result from NO dissociation followed by N-CO
combination on the metallic particles and spillover of the
NCO species onto the alumina support (32). An addi-
tional band at 1874 cm~!, only observed for PACuCZ, is
attributed to nitrosyl species adsorbed on Cu?* cations
(33-35).

Postreaction experiments similar to those shown in Fig. 7
were recorded after the runs under CO-0,-NO (Fig. 9).
The main differences between these spectra and those ob-
served after the CO-O; reaction involve the presence of
a shoulder at ca. 2150 cm~! for PdCu33CZA and with a
lower intensity for PACul0CZA, which indicates the pres-
ence of carbonyls adsorbed at Pd?* sites. On the other hand,
the nature and intensity of Pd’ carbonyls (bridging species
at 1985-1981 cm™! detected for the three samples and lin-
ear carbonyls detected as shoulders at ca. 2094 cm~! for
PdCuxCZA samples) appear roughly similar to those de-
tected after the runs under CO-O, (Fig. 7). Greater differ-
ences between both experiments involve Cu'-related car-
bonyls (bands at 2119-2110 cm™!), which show relatively
higher intensities in the experiments performed after the
CO-0,-NO runs and appear slightly blue-shifted for the
PdCuxCZA samples.
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3.5. In Situ XANES

Factor analysis results at the Pd K-edge, obtained during a
temperature-programmed reaction run under CO-O,-NO
for PACu33CZA, are consistent with the existence of three
different chemical species displaying the absorption spectra
exhibited in Fig. 10. From a comparison to XANES spec-
tra of reference compounds (36), components 1 and 2 are
identified as oxidized species with a local geometry similar
to that of PdO (D, symmetry) and a reduced species with
metal-like character, respectively, while component 3 is at-
tributed to a Pd—Cu alloy. Metallic-like Pd appears to have a
depleted 5sp population (resonance at ca. 24,365 eV), as was
shown to occur with the monometallic sample (10), while
the Pd—Cu alloy XANES spectrum displays the typical char-
acteristics of such a phase: a significant number of 5sp holes
and a strong modification of Pd f-final states (resonance
at ca. 24,385 eV) (36). An analysis of their concentration
profiles through the reaction coordinate (Fig. 10) indicates
that the reduced species developed from ca. 400 K, with full
reduction being achieved at T > 530 K. The reduction pro-
cess yields metallic Pd (from ca. 400 K) which is partially
transformed to the Pd—Cu alloy from ca. 440 K. This ini-
tial detection of Pd’ and posterior existence of the Pd—-Cu
alloy may be interpreted on the basis that palladium inter-
acts mainly with the CZ component, while copper interacts
mainly with the alumina component; this would indicate
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that Pd® formation and mobility are required to yield al-
loy formation. This alloy appears, however, to be unstable
under reaction conditions showing maximum concentra-
tion at ca. 500 K and reverting to metallic Pd at higher
reaction temperatures.

4. DISCUSSION

4.1. Characterization of the Pd—Cu Catalysts

XRD and TEM-XEDS analyses of the characteristics of
the CZ component reveal (Figs. 1 and 2, and Table 1) the
presence of Ce—Zr mixed oxide with Ce/Zr ratios close to 1
for PACul0CZA and PdCuCZ and with a slight cerium en-
richment for PACu33CZA. It must be noted that previous
Raman characterization of the supports indicates that the
cubic phase of the CZ component detected by the diffrac-
tion techniques most likely corresponds to a pseudo-cubic
(c¢/a=1,i.e., Ce and Zr cations remain in cubic positions)
t” phase with an overall tetragonal symmetry (P4,/nmc
space group) arising from the displacement of oxide anions
(6, 7). According to the literature, a metastable tetrago-
nal phase ¢’ (corresponding to space group P4,/nmc and
in principle distinguishable from phase ¢ by diffraction
techniques as it shows c/a # 1) is thermodynamically fa-
vored for the mixed oxide with Ce/Zr ratios close to 1 (4).
Stabilization of the less thermodynamically stable phase ¢”
for these samples can be attributed to the relatively small
sizes of the CZ particles (Table 1) achieved by employing
the microemulsion synthesis method (4, 6, 7). As observed
in a previous report on the CZA supports (7), analysis of
XEDS data (Table 1) indicates that the heterogeneity of
the CZ component is largely increased for PACu33CZA. In
any case, both CZA-supported samples present small CZ
particle sizes, and only a moderate particle size increase
(from 2 to 3 nm in terms of average values) is produced by
the threefold increase in CZ loading. According to previ-
ous oxygen adsorption EPR studies on the CZA supports
and the reference PdxCZA catalysts, the CZ component
appears in two different configurations in the PACuxCZA
materials (7, 21): as three-dimensional particles (3D-CZ)
and as two-dimensional patches (2D-CZ) dispersed on
the alumina surface, the latter being undetectable by
diffraction techniques. The relative amounts of these
entities in the samples were indicated as being roughly
proportional to the CZloading on the basis of analysis of the
relative intensities of superoxide entities formed on each
(7,21).

With respect to the metal components, XEDS and EPR
results (Figs. 3 and 4) suggest that both Pd and Cu are
irregularly distributed over the supports. Analysis of the
XEDS data for Pd reveals a tendency to interact with the
CZ mixed oxide component, which is less pronounced for
PdCul0CZA, in the PACuxCZA samples (Fig. 3). In this
sample, it appears (Fig. 3) that Pd may present a more
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homogeneous distribution. The opposite, i.e., a preference
toward interaction with the alumina component as ob-
served for CeO,/Al,O3-supported copper catalysts (23,
28), is apparent for copper in the PdACuxCZA samples as
suggested by the strong similarities observed in their EPR
spectra when compared to that of CuA (Fig. 4). In turn,
analysis of these spectra reveals that copper appears in
different configurations, a minor portion as isolated Cu**
species and a major one as clustered Cu?* species in oxidic
environments, which are most likely to be of a CuO-type na-
ture for species interacting with CZ and of a CuAl,Oy-type
nature for species interacting with the alumina (23, 25, 26).
In addition, a significant portion of the total copper, gener-
ally increasing with the amount of CZ mixed oxide present
in the samples, forms species which are not detected by
EPR. These may be attributed, on the basis of previous XPS
experiments on samples of this type (26, 27), more to the
presence of well-formed (most likely due to their relatively
larger particle size in comparison with EPR-detectable clus-
tered Cu*) oxidic phases of the CuO or CuAl,Oy type in
which most of the Cu?* are antiferromagnetically coupled
(23,27,37) rather than to the presence of diamagnetic states
of copper (like Cu™).

4.2. Catalytic Activity for the CO-O; Reaction

Previous work on the catalytic activity for this reaction
over the PdxCZA and PdCZ reference catalysts (see also
Table 2) showed that the CZ promoter enhances the cata-
lytic properties of the noble metal by favoring the forma-
tion of the metallic state and through generation of anionic
vacancies (doubly ionized V sites) in the CZ component
at Pd—(3D-CZ) interface sites, which are the most active for
the reaction (21). Both sites were created at room temper-
ature for those catalysts (21), which facilitates CO and O,
activation and opens up a new reaction pathway that cir-
cumvents the CO-inhibiting effects present in the absence
of a promoter effect (2, 21, 29).

Datain Table 2 indicate a copper-promoting effect for the
PdCuxCZA samples, the extent of which decreases with in-
creasing CZ loading, while the presence of copper appears
detrimental for the PACuCZ catalyst. This behavior can
be rationalized by considering the differences in the distri-
bution of the two metallic components over the different
supports. The lower activity of PACuCZ (with respect to
both PdACuxCZA and PdCZ samples and in contrast to the
monometallic Pd catalysts (21)) suggests that active sites in
this sample are located at copper—CZ interfaces, with cop-
per exerting a kind of blocking effect on the most active
Pd-CZ contacts (21). This hypothesis is supported by the
presence of a very intense Cu* carbonyl band at 2110 cm~!
(Fig. 6C), recalling that these species are characteristic of
Cu—CZ interface sites and are proposed to be formed by
a CO-induced Cu*" — Cu* reductive interaction which is
energetically very favored in this type of system (38), and
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a subsequent CO adsorption on the reduced site (26, 27).
On the other hand, on the basis of the slower growth of
Pd’ carbonyls with increasing reaction temperature ob-
served for the bimetallic system (Fig. 6C), the existence of
a copper-induced blocking effect, hindering the establish-
ment of Pd-CZ interactions, is supported by the fact that
Pd reduction under reaction conditions appears somewhat
retarded for PACuCZ with respect to PACZ (data obtained
under similar conditions presented in (21)). Nevertheless,
a certain specific role of Pd on the catalytic activity of this
catalyst is inferred from comparative analysis of the
catalytic performances of CuCZ and PdCuCZ (Table 2).
This may be related either to Pd-assisted CO activation for
further reaction on the Cu-CZ sites or, more simply, to
the fact that the blocking effect is only partial with some
Pd—CZ contacts remaining in the catalyst. As discussed in
Section 4.3, a combined analysis of catalytic performance
for CO-0O; and CO-0,-NO reactions suggests the for-
mer as the more likely hypothesis. In any case, one cannot
fully dismiss the fact that the peculiar catalytic behavior
observed for PACuCZ is related to the formation of a cer-
tain Cu-enriched Pd—Cu alloy with limited catalytic activity;
in this respect, experiments are in progress which should
provide a more complete picture of the Pd state in this
catalyst (39).

The presence of alumina appears to play an important
role in the copper-promoting effects observed for the
PdCuxCZA catalysts. This is most likely related to the fact,
according to EPR results (Fig. 4), that copper appears to in-
teract preferentially with the alumina component and could
induce different effects on the active Pd species. On the one
hand, this may lead to a relative increase in the amount of
Pd-3D-CZ active sites by simply decreasing, by a blocking
effect, the number of sites available on the alumina for Pd
deposition during sample preparation. A comparison of
XEDS values for Pd in these catalysts (Fig. 3) to similar data
reported for the PdxCZA catalysts (21) is not conclusive
in this respect. On the other hand, XANES results which
indicate the formation of a Pd-Cu alloy (Fig. 10) suggest
that the main effect induced by the affinity of copper for
establishing interactions with the alumina component can
be related to facilitating the formation of an active Pd—Cu
alloy in contact with 3D-CZ entities by decreasing the
copper concentration in that alloy. According to previous
work, promoting effects for CO oxidation induced upon
alloy formation are related to a greater stabilization of
the zero-valent state of Pd (18). A comparison between
XANES experiments under CO-0,-NO for PdCu33CZA
(Fig. 10) and Pd33CZA (10) supports this hypothesis, as a
somewhat lower temperature is required for Pd reduction
in the bimetallic system. In any case, the higher activity of
PdCu33CZA with respect to PACul0CZA can be related
to the greater amount of (Cu—)Pd-3D-CZ contacts present
in the former (21), as suggested by XEDS results (Fig. 3).
In terms of mechanistic aspects for this reaction, DRIFTS
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results indicate that the PACuxCZA systems behave in
a similar manner to their homologous PdxCZA systems
(21), thus indicating that CO and O, are activated at
metallic Pd and Vy sites of CZ located at the metal-CZ
interface, following a reaction path that overcomes the
CO-inhibition effects present in the absence of the mixed
oxide promoter (30).

4.3. Catalytic Activity for the CO-O,—NO Reaction

When comparing CO oxidation activity in this reaction,
analysis of the reactivity profiles for CO oxidation in the
presence and absence of NO (Fig. 5 and Table 2) reveals that
the effect induced on each of the samples by the presence of
NO in the reactant mixture essentially depends on whether
alumina is present or absent. While PdCuxCZA samples
are apparently deactivated, PACuCZ is almost insensitive
to the presence of NO. NO-induced deactivation effects for
CO oxidation over PdCuxCZA catalysts can be related in
the main to the greater difficulty in achieving the active
Pd’ states in the presence of NO, as proposed previously
for the reference PdxCZA catalysts (10). This is apparent
from comparisons of the intensities of Pd’-adsorbed car-
bonyls between DRIFTS experiments of Figs. 6 and 8 and
has been related to an NO-induced stabilization of oxidized
states of Pd, as evidenced by the relatively greater stability
of the Pd**-carbonyl species which give the band at 2158
2155 cm™!, either under reaction conditions (compare
Figs. 6 and 8) or in postreaction experiments (compare
Figs. 7 and 9). This has been shown to affect the Pd-
(3D-CZ) active sites for the reaction (10, 21).

The absence of the Pd’*-carbonyl band at 2158
2155 cm~! for PACuCZ in the presence of NO, which is in
strong contrast to similar experiments performed on PdACZ
(10), further evidences the absence of Pd-CZ interactions
in that sample. As indicated earlier and in accordance
with the similar behavior observed for CuCZ (Table 2),
the insensitivity of CO oxidation activity to the presence
of NO can be related to the Cu—CZ interfacial nature of
the active sites in PACuCZ. The observation of significant
amounts of NO desorbed at low reaction temperatures for
PdCuCZ (Fig. 5, bottom) correlate well with the presence
and evolution at the reaction temperature of adsorbed ni-
trosyl species on Cu?* (Fig. 8C). These results also concur
with those obtained for CuCZ (40). On the other hand, the
fact that the Cut-carbonyl band observed for PACuCZ is
of appreciably lower intensity and appears slightly blue-
shifted in the presence of NO at the lower reaction tem-
peratures (compare Figs. 6C and 8C) suggests that copper
at Cu—CZ sites is less readily reduced when NO is present,
with the blue shift being related to the higher average ox-
idation state of the oxidic copper environment surround-
ing the Cu™-carbonyl species (23, 41, 42). It is interesting
that this NO-induced oxidizing interaction affecting active
copper species does not modify the CO oxidation activ-

HUNGRIA ET AL.

ity of the PdCuCZ system. This may be related, recalling
previous work (26), to the fact that the rate-determining
step for that reaction over CuCZ was attributed to the
oxidizing steps (related to O, reduction) within a redox
mechanism in which CO oxidation and O, reduction pro-
cesses are competing. These steps were related to the pro-
cesses of oxidation of Vg sites of the CZ component,
which would not be significantly affected by interaction with
NO. Experiments are in progress to further elucidate these
aspects (40).

Results for all catalysts show a copper-promoting effect
on the CO oxidation reaction in a CO-0O,-NO mixture
(Table 2). In the case of the PACuCZ this may be attributed
to the particular properties of the Cu—CZ active sites along
with a certain contribution of Pd (Table 2), probably re-
lated to its participation in CO activation processes. For the

1,0 4
5 0,8 -
c
Q
joR
= 064
Q
o
g
3 041
‘G
c
S 024
Q
C‘E J
% 00

T T T T T T
300 350 400 450 500 550 600 650

Temperature (K)

Absorbance (a.u.)

T T
24350 24400

Energy (eV)

T
24300
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reaction temperature in the in situ XANES spectra at the Pd K-edge of
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of the Pd K-edge XANES spectra.
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PdCuxCZA catalysts, the promoting effect may be at-
tributed to the beneficial properties of alloy formation. It
must be noted from DRIFTS and XANES experiments
(Figs. 8 and 10) that Pd reduction is first produced at a
surface level which occurs at 303 K immediately upon con-
tact between the catalyst and the reactant mixture (Fig. 8),
while progress of the reduction into the bulk of the particles
is produced at T > 403 K (Fig. 10).

The lack of copper-related promoting effects for NO re-
duction in the PdCuxCZA systems, which differs from re-
sults for a 10 wt% CeO,/Al,O3-supported Pd—Cu catalyst
(18), may be attributed, according to XANES evidence
(Fig. 10), to the destruction of the alloy phase below the tem-
perature at which NO activation is achieved. This may result
in a more heterogeneous situation in the catalysts in which
the detrimental effects of the presence of small amounts of
alloy-derived copper, at metal-CZ interface sites (as pro-
posed to occur for PACuCZ), may lead to a small degree
of deactivation for that reaction (in accordance with the
lower activity shown by CuCZ, Table 2). The destruction
of the alloy in these catalysts is intriguing when consider-
ing the greater thermodynamic stability of that phase with
respect to the individual metals (18). It may be noted that
a comparison to a Pd-Cu/CeO,/Al, O3 catalyst treated un-
der similar conditions, which showed a high stability for the
generated Pd—Cu alloy (18), suggests that alloy destruction
in the CZ-based systems may be related to the high stability
of copper in the zirconia phase.

CONCLUSIONS

The effects of copper on the catalytic behavior of a se-
ries of bimetallic Pd—Cu catalysts supported on (Ce,Zr)O,
or (Ce,Zr)O,/Al,O3 supports (prepared by a reverse mi-
croemulsion method) for CO oxidation-NO reduction un-
der CO-0O,; or CO-0O,-NO stoichiometric mixtures are
proposed to depend strongly on the metal distribution
over each of the supports. XRD and TEM-XEDS tech-
niques were used to characterize the mixed oxide compo-
nent showing the formation of Ce—Zr mixed oxide nanopar-
ticles with Ce/Zr ratios close to the nominal value of
1 and in which a certain degree of structural hetero-
geneity and a small enrichment in Ce are observed for
the Al,O3-supported sample with the higher (Ce,Zr)O,
loading (33 wt%). Differences in the distributions of the
two metallic components over the different supports were
demonstrated by XEDS and EPR spectroscopies and by
catalytic activity results.

To rationalize the catalytic behavior of the samples, they
can be classified into two groups as a function of the pres-
ence or absence of alumina in the support.

1. The catalytic behavior of Pd-Cu/(Ce,Zr)O, is ex-
plained by the particular nature of its active sites which is
constituted by contacts between copper and mixed oxide,
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with palladium having a more limited role, and attributed
to a certain participation in the CO-activation processes.
This is based on the following catalytic or spectroscopic ev-
idence: (i) As occurs for a Cu/(Ce,Zr)O, reference sample,
catalytic activity for CO oxidation is almost insensitive to
the presence of NO. (ii) The presence of Cu—(Ce,Zr)O, in-
terface sites is revealed by the formation of Cu*-carbonyl
species (IR band at 2110 cm™!) characteristic of these sites
(27). (iii) The absence of contacts between Pd and sup-
port is indicated not only by the slower thermal reduc-
tion of Pd under reaction conditions in comparison to a
Pd/(Ce,Zr)O, reference sample (21) but also by the lack of
formation of Pd** carbonyls at low reaction temperatures in
the presence of NO. These latter carbonyl species are char-
acteristic of Pd-(Ce,Zr)O, sites and were presented as the
main evidence in explaining NO-induced deactivating ef-
fects for CO oxidation in the monometallic Pd series of cata-
lysts (10).

2. In Pd-Cu/(Ce,Zr)O,/Al,O3 samples; copper-pro-
moting effects for CO oxidation (with either O, or O,—
NO mixtures) are attributed to the formation of a Pd—Cu
alloy (evidenced by in situ XANES) in contact with the
Ce-Zr mixed oxide component. The achievement of op-
timum properties for the Pd—Cu alloy is proposed to be
favored by a preferential interaction between copper and
alumina, probably leading to a decrease in the copper con-
centration of the alloy phase. The destruction of the alloy
under reaction conditions at high temperatures required
for NO activation is proposed as the main cause for the
absence of copper-promoting effects for NO reduction in
these systems.
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