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ARTICLE INFO ABSTRACT

Keywords:
CO-NO elimination
Pd-M catalysts

A series of Pd-M bimetallic three-way catalysts (M = Cr, Cu and Ni) supported on a (Ce,Zr)O, material has
been characterized using a combination of X-ray diffraction and Raman spectroscopy, and employing in
situ diffuse reflectance Fourier transform infrared and X-ray near-edge structure spectroscopies to

In situ analyse the redox and chemical processes taking place during light-off conditions under CO, NO and O,.
XANES . . . . . .
DRIFTS The catalytic behaviour of these bimetallic systems was strongly affected by the degree of interaction

TWC between the noble and base metals in the calcined state. Among the base metals tested, Ni appeared to
exert the least influence over the noble metal state/behaviour after calcination and under reaction
conditions. Cr and Cu appear to interact with Pd in the calcined state, leading to a reduction in the
temperature at which Pd was converted to Pd(0) with simultaneous formation of a binary PdM alloy
during the reaction run. At high temperature, these alloy phases evolved into pure metallic Pd(0)
particles and, in the case of the Cu-containing catalyst, result in a strong interaction with the support. The
catalytic performance of these three Pd-M systems in the CO and NO elimination reactions are correlated
with the nature and properties of the oxidized and reduced Pd-containing phases which are present in

each case.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Three-way catalysts (TWC) have been widely used to
diminish pollutant emissions from gasoline engine powered
vehicles [1]. In recent years, typical TWC formulations have
included Pd as the active metal, fluorite-type oxides, such as
ceria-zirconia, as promoters and alumina as support as well as
other minor components mainly present in order to enhance
thermal stability [1,2]. A degree of controversy still exists with
respect to the inclusion of alumina when ceria-zirconia is used
as promoter [3]. Apart from deactivation problems related to
ageing of the system and which may be of importance in
defining the life-time of the system [1,2], recent experimental
evidence suggests that the behaviour of Pd under reaction
conditions is significantly different in ceria-zirconia (CZ) than in
ceria-zirconia/alumina (CZA)-supported systems [3-5]. This
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would appear to arise from the different degree of interaction
between the noble metal and size-limited/two-dimensional
ceria-zirconia patches, typically present in CZA supports, or
bulk-like, three-dimensional crystallites [4].

On the other hand, and in contrast with Rh [6], Pd-based
catalysts display limitations with respect to their ability to reduce
NO [3,6,7]. Modification of Pd by introduction of a second, cheaper
metal would appear to offer a viable solution from both an
economical and catalytical point of view [8]. As now well known,
the resulting bimetallic catalyst may display special catalytic
features not anticipated by simple interpolation of the reactivity of
constituents. The main physico-chemical effects exerted by the
second metal on the noble metal component allow a simple
classification of bimetallic systems. First of all, catalysts are found
where the introduction of the second metal (M) may generate a
binary phase, either in the oxidized and/or reduced chemical
states. This is the case of Cu [9,10] or Cr [11,12]. A classic
explanation of the differential behaviour with respect to the
monometallic Pd system makes use of the interrelated structural
(ensemble) or electronic (ligand) effects [13]. Structural effects are
related to the generation or removal of certain surface sites while
electronic ones are more subtle and induce changes in surface
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valence states. The second class of bimetallic systems may present
modified behaviour as a consequence of the new “Pd” interface
with the reactants. This may occur if the interaction of the second
metal with the promoter or support is stronger [10], in turn not
only by modifying the initial state of the noble metal, but also by
forming new interfaces between Pd and this new component. The
latter in particular affects the catalytic behaviour when a Pd(0)-
M™ interface with redox capabilities (of the second metal) is
created, as may be expected in the case of Pd-Cr [12], Pd-Mo
[14,15] and Pd-Mn [16] catalysts. This second class of systems is
able to create new surface active sites for reaction or to block some
Pd sites which are present in the reference Pd system.

It is therefore clear that a wide range of physico-chemical
effects may influence the catalytic activity of Pd in TWCs by the
addition of a second metal. The presence of a promoter with redox
capabilities gives additional complexity to the system. In this work
we analyse the influence of a second metal M on Pd/ZC
performance for CO and NO elimination processes. To this end,
we have chosen three base metal, M = Cr, Ni, and Cu, with the aim
of covering the widest range of Pd-M interactions. While Cu and Cr
may form stable mixed oxides with Pd [12,17], the three base
metals may form binary Pd-M alloys [9-12,18]. Differences may
however be encountered with the second metal miscibility in a
zero-valent Pd fcc-matrix [18]. Additionally, the presence of a Pd-
CrO, interface has been claimed to affect catalytic activity [12]. The
present Pd-M/CZ systems have been studied by using a multi-
technique approach involving XRD, TEM-XEDS, and Raman for
catalyst characterization and catalytic activity in combination with
in situ DRIFTS and XANES techniques to evaluate the catalytic
performance and its physico-chemical background.

2. Experimental
2.1. Catalyst preparation

A ceria-zirconia (CZ) support was prepared by using a
microemulsion method; full details of the procedure can be found
elsewhere [19]. After drying overnight at 373 K, this support was
calcined under air at 773 K for 2 h (Sger = 92 m? g ). According to
ICP-AES chemical analysis, it has a Zr/Ce atomic ratio of 1.0 + 0.1.
The bimetallic catalysts PAMCZ (M = Cr, Ni and Cu) were prepared by
coimpregnation (incipient wetness method) of CZ support with
aqueous solutions of palladium (II) and the second metal (copper(Il),
nickel(Il), or chromium (III)) nitrates, from Alfa Aesar and Merck;
purities > 99.99%) in an amount to give 1.0 wt.% of each of both the
precious metal and the base metal. Monometallic references
containing 1 wt.% of Pd or M (M = Cr, Ni and Cu) were also prepared.
The catalysts were dried overnight at 373 K and calcined at 773 K for
2 h, and are referred to as PdCZ, CrCZ, NiCZ, CuCZ, PdCrCZ, PdNiCZ, and
PdCuCZ.

2.2. Catalytic tests

Catalytic tests using stoichiometric mixtures of 1% CO + 0.45%
0, + 0.1% NO (N, balance) at 30,000 h~—! were performed in a Pyrex
glass flow reactor system. Details of the experimental conditions
employed for these tests can be found elsewhere [4]. Gases were
regulated with mass flow controllers and analysed using an on-line
Perkin-Elmer 1725X FTIR spectrometer coupled with a multiple
reflection transmission cell (Infrared Analysis Inc.; 2.4 m path
length). Oxygen concentrations were determined using a para-
magnetic analyser (Servomex 540A). Experimental error in the CO
and/or NO conversion values obtained in these conditions is
estimated as +7%. Prior to catalytic testing, in situ calcination was
performed with diluted oxygen (2.5% O, in N,) at 773 K, followed by
cooling under the same atmosphere and subsequent N, purging 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 X-ray diffraction (XRD) patterns were recorded on a
Siemens D-500 diffractometer using nickel-filtered Cu Ko radia-
tion operating at 40 kV and 25 mA and with a 0.025° step size. The
line parameters of the patterns (position (26), FWHM, B, and
shape) were obtained by the profile-fitting program ANALYZE
(RayfleX version 2.293) supplied by Pantak Seifert Gmbh & Co. The
line profiles were approximated by a pseudo-Voight function and
the background level was determined using [-spline curves
through the lower intensity points in the total patterns.

Transmission electron microscopy (TEM) analysis of materials
was done with a JEOL 200 FX (0.31 nm point resolution) equipped
with a LINK (AN10 000) probe for energy dispersive X-ray
spectroscopy (XEDS).

Raman spectra were acquired using a Renishaw Dispersive
system 1000, equipped with a single monochromator, a holo-
graphic Notch filter and a cooled TCD. Samples were excited using
the 415 nm Ar laser line in an in situ cell (Linkam TS-1500), which
allowed treatment under controlled atmospheres. Samples were
analysed as stored and after drying at 773 K using synthetic air;
spectra consisted of 100 accumulations during 15 min acquisition
time, using a typical running power of 25 mW.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) analysis of adsorbed species present on the catalyst
surface under reaction conditions was carried out using a Perkin-
Elmer 1750 FTIR fitted with an MCT detector. On-line analysis of
the NO conversion at the outlet of the IR chamber was performed
by chemiluminescence (Thermo Environmental Instruments 42C).
Additional on-line gas analysis was performed using a Baltzers
Prisma Quadrupole mass spectrometer. 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 mixture and
subsequently heating at 5 Kmin~! up to 673 K, recording one
spectrum (4 cm™! resolution, average of 20 scans) generally every
10-15 K. The gas mixture (using the same concentrations as those
employed for laboratory reactor tests) was prepared using a
computer-controlled gas-blender with 75cm®min~! passing
through the catalyst bed.

X-ray absorption near edge structure (XANES) experiments at
the Pd K-edge were performed at the BM29 line of the ESRF
synchrotron at Grenoble. A Si(1 1 1) monochromator, detuned at
50% to minimize harmonic content of the beam, and ionization
chambers filled with Kr/Ar were used to obtain the transmission
XAFS data. A Pd foil between the second and a third ionization
chamber was measured simultaneously to calibrate the energy
scale. Samples as self-supported discs (absorbance 0.5-2.0) were
placed in a controlled-atmosphere cell for treatment. XANES
spectra were taken every 15K during a 5 Kmin~' temperature
ramp up to 673 K in the presence of the CO+ NO + O, flowing
mixture (similar to that employed for catalytic activity tests).

Results obtained in XANES experiments were subjected to
normalization using standard procedures and analysed using
principal component analysis (PCA) [20-23] which assumes that
the absorbance in a set of spectra can be mathematically modelled
as a linear sum of individual components, called factors, which
correspond to each one of the palladium species present in a
sample, plus noise [23]. To determine the number of individual
components, an F-test based on the variance associated with factor
k and the summed variance associated with the pool of noise
factors is performed. A factor is accepted indicating the presence of
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“real” chemical species (i.e. a factor associated with signal and not
with noise) when the percentage of significance level of the F-test,
%SL, is lower than a test level set in previous studies at 5% [20,21].
The ratio between the reduced eigenvalues, R(r), which approaches
one for noise factors, was also used in determining the number of
factors. Once the number of individual components was set, XANES
spectra corresponding to individual Pd species and their concen-
tration versus temperature profiles were generated by an
orthogonal rotation (varimax rotation) which should align factors
(as close as possible) along the unknown concentration profiles,
followed by iterative transformation factor analysis (ITFA). ITFA
starts with delta function representations of the concentration
profiles, associated with each chemical species, located at
temperatures predicted by the varimax rotation, which are then
subjected to refinement by iteration until error in the resulting
concentration profiles is lower than the statistical error extracted
from the set of raw spectra [20-22].

3. Results

The CO and NO conversion profiles for Pd and Pd-M catalysts
are presented in Fig. 1A and B, respectively. Of the Pd-free samples,
only CuCZ has been included in the plots as the remaining MCZ
catalysts display zero activity below 500 K (CO) or 573 K (NO). CO
oxidation proceeds at a lower temperature than NO reduction over
all PAMCZ samples and is almost complete by 423 K. Among the
bimetallic systems, only PdCuCZ displays a light-off profile for CO
conversion which was shifted to lower temperatures compared to
the remaining systems, with a modest decrease of about 25K at
50% conversion (Tso; Table 1).

Below 370K, conversion of NO corresponds to adsorption/
desorption phenomena, producing negative conversion values for
PdCuCZ and PdCrCZ. The case of PdNiCZ is different however, with
some net conversion at low temperatures with a maximum at
375 K. PdCZ presents also similar feature to the later one showing a
maximum at lower temperatures at 353 K. At high temperatures,
above 420 K, PACZ and PdNiCZ catalysts showed similar behaviour
for NO conversion with Tsq values at 445 and 448 K, respectively.
The addition of Cr appeared to have a positive influence on the
PdCZ system with a decrease in Tsq by ca. 70 K (Table 1). Cu, on the
other hand, shows a more erratic behaviour, giving conversion
from 373 K and displaying a plateau between ca. 400 and 473 K,
after which full conversion was only attained above ca. 573 K. The
last part of the NO conversion profile seems dominated by the Cu
component alone, as the bimetallic PACuCZ sample displayed
values equal to those of the CuCZ reference. For PACuCZ, the Tso
value was about 505 K (Table 1). NO, was never detected after
contact of the reaction mixture with the samples. Regarding N-
selectivity of the reduction process, a N,O maximum below
roughly 30% was obtained for all catalysts at temperatures below
full conversion. 100% selectivity to N, was reached around 25 K
beyond the temperature at which full NO conversion was achieved
for all systems (Fig. 1).

Calcined samples were characterized by XRD and TEM-XEDS. In
brief, XRD/TEM results mainly reflect information concerning the
ceria-zirconia (CZ) components with no significant differences
being noted when comparing the PAMCZ samples analysed here
and the monometallic Pd reference sample reported earlier [4] or
the CZ support alone [19]. According to these analyses, the CZ
support component displays a Ce:Zr atomic ratio of ~1 (in
agreement with chemical analysis), with an average crystallite size
of 5nm [19].

Pd mono- and bimetallic systems in a dehydrated state (dry air
treatment at 523 K) present the Raman spectra shown in Fig. 2.
Spectra are dominated by the band at 470 cm~!, which together
with a small band at 313 cm™!, are known to pertain to a tetragonal
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Fig. 1. CO (A) and NO (B) conversion profiles for the CO + NO + O, reaction over
bimetallic Palladium-M samples and monometallic references. Squares, PdCZ;
down-pointing triangles, PdNiCZ; diamonds, PdCrCZ; up-pointing triangles,
PdCuCZ; dashed line, CuCZ.

Table 1

Temperatures (K) for CO and NO 50% conversion.

Tso PdCZ PdNiCZ PdCrCZ PdCuCzZ
co 357 357 354 335
NO 445 448 413 504

t” CZ crystal phase (see Ref. [19] and references therein). A weak
band at 523 cm™!, present for PdCZ, is also related to this CZ phase
[19]. All samples also display a band at 617 cm™'. The latter can be
assigned to the By, mode of PdO, since this material has a
resonance enhanced Raman signal peaking at this energy [24].
Additional bands, only visible for PACrCZ are detected at 990 and
840 cm~! which are indicative of the presence of highly dispersed
species (rather than well developed Cr-containing phases) and
ascribed to terminal Cr=0 and bridging Cr-O-Cr vibrations of
Cr(VI) species in the form of chromates with a moderate degree of
oligomerization [25-27].

Factor Analysis of the XANES data taken at the Pd K-edge
(Table 2) gives evidence for the presence of two Pd-containing
species for PACZ and PdNiCZ and three for PACuCZ and PdCrCZ. In
some cases, the cut-off values for the %SL and R(r) may indicate a
possible (even if with low probability) third (PdNiCZ) or fourth
(PdCuCZ and PdCrCZ) component which, however, can be
dismissed by using more elaborated tests such as evolving factor
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Fig. 2. Raman spectra of PdCZ (a), PANiCZ (b), PACuCZ (c) and PdCrCZ (d) samples.

analysis [22]. Concentration variation profiles for the two Pd-
containing species extracted by ITFA for PdCZ and PdNiCZ are
shown in Fig. 3A. A similar evolution under the reaction mixture is
evident from this plot for both cases, with the maximum rate of
initial Pd species disappearance around 460 K. The profiles
corresponding to the two samples, PACuCZ and PdCrCZ, having
three Pd-containing compounds are included in Fig. 3B. Their

Table 2

Principal component analysis of Pd K-edge XANES results.

Factor Eigenvalue %SL R(r) Variance
A. PdCZ

1 522.11 0.00 2534.1 99.962
2 0.19096 0.00 74.53 0.037
3 0.003236 6.02 2.36 0.001
4 0.00091 17.71 0.98

5 0.00084 13.71 2.10

6 0.00037 28.22 1.15

7 0.00028 31.20 1.04

8 0.00024 31.93 1.06

B. PdNiCZ

1 544.38 0.00 1432.1 99.933
2 0.35417 0.00 93.53 0.065
3 0.00350 4.93 2.71 0.001
4 0.00118 18.69 1.27

5 0.00084 21.77 1.42

6 0.00054 28.99 1.00

7 0.00049 27.98 1.11

8 0.00039 29.74 1.27

C. PdCuCZ

1 643.99 0.00 418.34 99.975
2 1.4322 0.00 131.25 0.223
3 0.01013 0.62 3.95 0.002
4 0.00237 8.68 2.38 0.001
5 0.00091 23.74 1.25

6 0.00066 28.07 1.12

7 0.00053 30.28 1.01

8 0.00048 29.82 1.19

D. PdCrCZ

1 572.38 0.00 2363.45 99.958
2 0.22623 0.00 39.3 0.040
3 0.00534 2.40 1.99 0.001
4 0.00247 5.01 1.52

5 0.00150 5.57 2.80

6 0.00049 21.27 1.40

7 0.00032 28.09 1.24

8 0.00023 33.06 1.01

Variances lower than 10~ are not reported.
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Fig. 3. Concentration profiles during the temperature-programmed reaction run for
Pd-containing species of PACZ (squares) and PdNiCZ (down-pointing triangles) (A)
and PdCrCZ (diamonds) and PdCuCZ (up-pointing triangles) samples (B). Initial
species (half-filled symbols); intermediate species (filled symbols), and final
species (open symbols).

initial species evolve earlier than those of the other Pd systems
(maximum disappearance rate at 405 and 420 K for PdCrCZ and
PdCuCZ, respectively). They also share the common features of
both presenting an intermediate which coexist with the final Pd
phase almost from the onset. The intermediate species reached a
maximum concentration at ca. 455 and 555K for PdCuCZ and
PdCrCZ, respectively. Finally, above 650K, final Pd-containing
species predominated for all catalysts.

The Pd XANES spectra associated with the concentration
profiles are depicted in Fig. 4. Fig. 4A displays the spectra of the
initial species, which can be ascribed to different Pd(I) or Pd(II)
oxidation states by their edge position [22] and by comparison
with the PdO reference. PACZ and PdNiCZ species have a XANES
spectra with the edge shifted to lower energy and with diminished
intensity for the 5sp continuum resonance (CR) at ca. 24,365 eV
when compared with the PdO reference. Both facts clearly indicate
a partial reduction of the initial Pd species (which immediately
after calcination is PdO-like—result not shown) to an average Pd(I)-
like state by influence of the reactive atmosphere. Such an
influence is the consequence of the CZ support properties, as the
same metal component supported on pure alumina does not show
significant differences from the PdO reference XANES spectrum
after contact with the reactive mixture [28]. The influence on the
initial Pd phase is less important for PACrCZ and almost negligible
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Fig. 4. XANES spectra for PCA predicted chemical species. (A) Pd initial, oxidized
species; (B) Pd intermediate species; (C) Pd final, reduced species. Inset in B and C
shows the derivative of XANES spectra and Pd foil (full line, B). Lower case labels (a)
PdCZ (b) PANiCZ, (c) PdCrCZ, (d) PdCuCZ. Reference compound, PdO, as doted line.

for PACuCZ. In the latter case, since Pd(Il) species present in PdCZ
after calcination gives rise to Pd(I) species upon contact with
CO + NO + O, we can presume that the oxidized phase present is a
Pd-Cu binary oxide, which has the same Pd local geometry as PdO

(D2p) and therefore displays a very similar XANES spectrum [30].
Alternatively, modification of the CZ properties by the Cr or Cu
component could also account for the different behaviour of the
noble metal with respect to the monometallic PACZ reference.

The XANES spectra of the intermediate species are shown in
Fig. 4B together with their derivatives at the edge region (inset).
Comparison of the latter curves with that corresponding to Pd foil
clearly indicates a zero-valent state of Pd in such chemical
matrixes [22]. In fact, the XANES shape displayed by both Pd-
containing intermediate species is close to that reported for Pd—-Cu
alloys with an atomic ratio close to 1:1 [17]. This allows a clear
assignment of the PACuCZ intermediate species to such an alloy. To
our knowledge, no previous report exists on PdCr alloy Pd K-edge
XANES spectra; however, analysis of results obtained for the Pd Ly;-
edge on these materials [31] evidences similar (moderate)
electronic/geometric perturbation of the Pd fcc-matrix due to
the effect of alloying with either Cu or Cr, thus giving support to the
assignment of the zero-valent intermediate phase to a PdCr alloy.
For bulk PdCr alloys, the solubility limit of Cr into a Pd fcc-matrix is
ca. 15 at.% [32]. Although the situation for small particles may be
different, this may well limit the Cr:Pd atomic ratio ascribable to
the intermediate species detected in PdCrCZ. It is important to
stress that both alloy species are unstable, decomposing to give a
final Pd(0)-species above 450 K (PdCuCZ) and 550 K (PdCrCZ).

The XANES spectra of the final Pd-species obtained for all
samples are depicted in Fig. 4C. For PdCZ, PdNiCZ and PdCrCZ the
XANES shape is readily ascribable to a Pd(0) species. Small
differences among samples, here restricted to the intensity of the
5sp (ca. 24,365 eV) and 4f (ca. 24,395 eV) CRs, can be explained on
the basis of moderate variations in particle size, which, on the
other hand, appears to be lower (considering the lower height and
larger width of the CRs [33]) for the PACrCZ system and very similar
for the other two systems. The only catalyst presenting noticeable
differences in the XANES shape of the Pd-containing final species is
PdCuCZ. Although the edge position and CR characteristics allow
an assignment to a zero-valent Pd(0) species in a fcc-like matrix
[22], no clear attribution can be made. Differences with the typical
pure metal XANES spectrum (as those displayed by the other
samples) concern the shift to higher energy visible for the 5sp and
4f CRs as well as a significant increase in the density of empty
states close to the Fermi edge (ca. 24,350-60eV). The edge
derivative displayed in the inset of Fig. 4C confirms the above
mentioned differences described in the Fermi region. The first
point, e.g. energy shift of CRs, could be justified on the basis of a 2D,
planar-like morphology for the Pd particle [33] while the second
strongly suggests a contribution from the Ce 4f states [34,35] as
cerium is the only cation among those present (Cr, Ce and Zr) which
can give significant density of empty states close to the Fermi edge
of Pd. Both facts could be understood by considering the formation
pathway of the Pd particles (see below).

DRIFTS spectra recorded under the CO + NO + O, mixture for
PdCZ, PdNiCZ, PdCuCZ and PdCrCZ samples are shown in Fig. 5. All
catalysts except PdCuCZ display main bands at ca. 2155 and
2130cm™! after contact with the reaction mixture at room
temperature. These bands are indicative of the presence of
oxidized Pd™ centres at the surface of the material [4,5,9-
13,36]. A contribution at or close to 2110 cm™', attributed to
carbonyls on Pd(I) centres [4,5,9-13,34], appeared as a shoulder of
those main bands. Also very weak bands due the formation of
metallic Pd carbonyls can be inferred at 2090-2040 and 1975-
1900 cm™! regions and ascribed to lineal and bridge-bonded
species, respectively [4,5,9-13]. When the temperature ramp was
initiated, the evolution of features for the three systems PdCZ,
PdNiCZ, and PdCrCZ was similar. All carbonyl species disappear
above 483 K. The PdCuCZ, on the other hand, displays larger IR
band intensity than the other catalysts (note the multiplication
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Fig. 5. DRIFTS spectra of (a) PdCZ, (b) PANiCZ, (c) PdCrCZ and (d) PdCuCZ samples in
a flow of 1% CO, 0.45% O, 0.1% NO, N, balance at 303 K (full line), 393 K (dashed
line), 423 K (dotted line), and 483 K (dashed-dotted line).

factor used in Fig. 5 for PdCuCZ) and is dominated at RT by a
contribution at 2116 cm™!, assigned to Cu(I) carbonyl species and
typically detected in Cu-containing CZ-supported samples [10].
The above mentioned Pd™ carbonyls are also visible in this sample
and show a thermal stability similar to that of the other catalysts.

2143 2090 1976

et 2108

K-M

T T — T T — T T T
2200 2100 2000 1900 1800
Wavenumber (cm™ )

Fig. 6. DRIFTS spectra following experiments shown in Fig. 5 after exposure to CO
(full lines) and subsequent flushing with N, (dashed lines). (a) PACZ, (b) PdNiCZ, (c)
PdCrCZ, and (d) PdCuCZ.

Minor bands at 1850-55 cm~! ascribed to NO-Ni(II) (PdNiCZ) and
NO-Pd(0) (PdCrCZ), were detected occasionally at low tempera-
tures and assigned on the basis of similar experiments performed
on monometallic PACZ and MCZ reference systems.

To examine the state of the metal surfaces at the end of the
reaction runs and in the absence of thermally driven adsorption
effects, samples were flushed at 673 K and cooled in N, to room
temperature and subsequently exposed to 1% CO/N, before again
flushing the cell with N,. Spectra recorded during this treatment
are displayed in Fig. 6. Again strong similarities are apparent
between PdCZ and PdNiCZ and to a lesser extent for PACrCZ. In
these three samples, bands at/around 2090, 1975 and ca. 1925/
1850 cm™!, ascribed to on-top, bridge and three-fold Pd(0)
carbonyls, respectively, coexist with a band at 2143 cm™!,
characteristic of the presence of surface Pd(IlI) centres [4,5,9-
13,34]. The latter appeared with greater intensity for PACrCZ. The
spectrum for PACuCZ was, on the other hand, dominated by the
band due to a CO-Cu(I) complex [10] while Pd(Il) and three-fold
Pd(0) contributions were probably absent as they are observed
with strongly diminished intensity.

4. Discussion
4.1. Palladium phase evolution under reaction conditions

All samples after calcination showed strong similarities in the
Raman (Fig. 2) and XANES (data not shown) spectra in respect to
the initial Pd species. The oxidized Pd compound displays,
however, different behaviour when the reaction mixture interacts
with its surface at room temperature. While PdCZ and PdNiCZ
samples evolve to give a partially reduced Pd(I)-like species, the
presence of Cr appears to control the evolution of Pd while Cu,
apparently, completely blocks it. This can be rationalized on the
basis of the Pd-promoter interface, which remains essentially
unaltered in the presence of Ni but is partially blocked by oxidic Cr
entities. Some of the oligomeric Cr(IV) species detected by Raman
must then modify the CZ component or be in contact with Pd but
without generating any oxidized binary phase. The case of Cu is
better explained if the existence of a Pd,Cu,O, mixed oxide is
hypothesized. In any case, although a full explanation of the Pd-M
interaction developed after calcination remains elusive, the close
proximity of Cu and Cr to the noble metal is manifested by the
XANES results.

These differences in the initial, oxidized Pd state strongly
influence the evolution of Pd wunder the stoichiometric
CO + NO + 0, atmosphere. The lack of influence by Ni on the
initial (oxidized) noble metal state agrees with the observation
that the evolution of the Pd surface (Fig. 5) and bulk (Fig. 3A) states
in PANiCZ while heating under the reaction mixture is very similar
to that presented by the monometallic system. On the other hand,
an initial direct contact between PdO-like species and Cr(VI)
oligomers is more likely to induce the generation of a PdCr alloy.
This alloy is detected concomitantly with reduction of a portion of
Pd to the metallic state which, apparently, is not strongly affected
by the base metal. Both zero-valent Pd phases coexist during the
light-off test but above 555 K the PdCr alloy destabilizes to give the
final, metallic Pd(0) phase. A somewhat similar case is observed for
PdCuCZ. In this catalyst, the formation of the PdCu mixed oxide
also facilitates the formation of a binary alloy and, of course, of
zero-valent pure Pd species at temperatures below those found for
the other two systems (PdCZ and PdNiCZ). However, formation of
the third Pd-containing species appears a little retarded with
respect to the intermediate and could be interpreted in terms of
2D, raft-like Pd particles with some interaction with Ce ions of the
support. Again, similar to the case of PdCrCZ, the alloy evolves
above 450 K into the third, 2D-like, Pd(0) species. As the PdCr and
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PdCu alloys are expected to be thermodynamically stable phases
with respect to their corresponding zero-valent metals even for
nanosized entities (see Ref. [37] and references therein), their
rupture implies the formation of other unknown phases. It can be
hypothesized that the PAM bond rupture is thus induced by the
formation of (Cu,Cr)CeZrO, ternary mixed oxides, which are known
to exist [38]. Of course, the existence of raft-like Pd(0) particles
with strong interaction with the promoter can also add enthalpy-
related arguments to the Pd-Cu heterometallic bond rupture and
might be in the origin of the more facile rupture of the
corresponding alloy. Differences between these two PdM alloy
systems are thus mainly related to their ranges of existence/
stability, PdCu being the first to evolve to give Pd(0) particles
(Fig. 3B).

In summary, it appears that Cu and Cr are the base metals of
this study which exert a greater influence on the behaviour of
Pd. (i) In first instance, by decreasing the temperature at which
zero-valent Pd species first appears and generating larger
quantities of such species below 500 K. (ii) The generation of
PdM alloys has also obvious electronic effects; formation of
PdCu alloys induces a moderate gain/loss of Pd 5sp/4d electronic
densities [39] which might slightly enhance CO activation but
which strongly favours NO dissociation [40]. Such PdM alloy
phases are unstable under reaction conditions at high tempera-
tures breaking in the zero-valent Pd phase. This stability is
significantly lower for PdCuCZ. (iii) At high temperature, the
Pd(0) phases generated also show some differences with the
other two PdCZ and PdNiCZ systems. It appears that both Cu and
Cr decrease the Pd particle size, this being most significant in the
case of Cu, where a strong influence of the support is suggested
by the XANES results (Fig. 4C). Note that the small size of
the (raft-like) Pd(0) particles formed for PACuCZ is based not
only on the XANES results (Fig. 4C) but also on the IR spectrum
after CO adsorption (Fig. 6), which displays bridging carbonyls,
typical of open faces, rather than three-fold and on-top species
(the latter somewhat masked by the CO-Cu(l) contribution),
exclusive to closed packed (11 1)-like facets [4,41]. Note,
however, that Ni also has (a weak) influence in the noble
metal; the DRIFTS data (Fig. 6) showing the lower intensity
detected for Pd-carbonyl species for PANiCZ compared to PdCZ
while also the atop/bridge intensity ratio differs, suggesting a
difference in Pd dispersion, being higher for the monometallic
sample than for PdNiCZ. Further studies are required to
definitively address this point.

4.2. CO oxidation and NO reduction

In Pd model systems, while the CO + O, reaction is essentially
considered structure insensitive [41] the CO + NO reaction turns
out to be structure sensitive [42]. A weak sensitivity to the
structure can nevertheless be observed for small Pd particles in the
first reaction, as the CO desorption (the determining rate-step) has
a slight dependence on particle size [43]. The second reaction
appears structure sensitive since NO dissociation and, in particular,
N recombination (to give N,) steps are favoured, for small and large
Pd particles, respectively [42,44]. The situation is, however, more
complex in the presence of a support with redox capabilities.
As shown in several studies of cerium-containing promoters
[4,5,44-47], the Pd-promoter interface enhances NO and O,
dissociation, giving an additional structure-sensitive factor com-
mon to both reactions. All of these facts clearly indicate that the
NO/O, competition established for the reductant is strongly
affected by Pd particle size and morphology (the latter being
influenced by the Pd-support interface) and that both types of
reaction, but in particular the reduction of NO, are sensitive to
geometrical details of the Pd phase.

In the present case, the addition of a base metal permits a
modification of several important parameters related to the noble
metal phase behaviour under reaction conditions and thus its
catalytic performance for CO and NO elimination reactions. As can
be deduced by comparing Figs. 1 and 4, the light-off curves for CO
and, particularly, NO display more drastic changes in the presence
of Cr and Cu but in the temperature region where they perturb the
electronic and geometric characteristics of the zero-valent Pd
phases. The Ni case is different and no appreciable physico-
chemical effect was detected in the noble metal component. As
detailed in Section 4.1, the physico-chemical characterization
provides significant evidence to suggest a weak influence of Ni on
the noble metal.

For all Pd-containing samples, CO oxidation occurs selectively
with oxygen below 380 K (Fig. 1). On that range of temperatures the
formation of a bulk zero-valent Pd phase can be observed above
355 K (Fig. 3). On the other hand, DRIFTS data provides evidence for
the presence of on-top Pd(0) carbonyls below and up to 363 K
(Fig.5), suggesting that such surface centres might be responsible for
the CO activation and subsequent oxidation in all of these systems.
The enhanced CO oxidation shown by PACuCZ can, at least partially,
be ascribed to the presence of Cu(I) centres as detected by DRIFTS
(Fig. 5), which have significant activity in this reaction as
demonstrated by the CuCZ reference CO conversion profile
(Fig. 1A). This suggests that in these catalysts, the second metal
only exerts a marginal influence in the CO oxidation behaviour of Pd.

Regarding the NO reduction process, it can be first noted that Pd
and PdNi catalysts display a net NO conversion with a local
maximum below 400 K. As shown by Granger et al. [47], for Pd and
PdNi, the maximum at low temperatures can be related with the
oxygen handling properties of the Ce-containing support; this
latter component may supply oxygen vacancies located at the
metal-support interface where NO dissociation occurs at low
temperatures [5,44-48]. The relatively facile reaction of Pd-
adsorbed NO with CZ-based anion vacancies might lead to N-O
bond breaking with the O-fragment filling the anion vacancy and
the N adatom forming a nitride-like species on Pd (which from the
position of carbonyl IR bands would appear as oxidized Pd).
However a deactivation phenomenon is observed. This could be
related to the small Pd particle size in these catalysts. Previous
studies have shown that the N recombination step to give N, is
favoured for large particles; small particles present bigger
proportion of low coordinated sites giving high stable N,4 and
thus causing the suppression of active centers for NO dissociation
and therefore decreasing the activity by self-poisoning [42]. That
would explain why in spite of detecting bulk Pd reduction by
XANES (Fig. 3) almost no bands related to metallic carbonyls are
observed by DRIFTS (Fig. 5) and however they are present in similar
experiments carried out in absence of NO [4].

On the other hand, in the case of PdCrCZ, a clear correlation
appears between the formation of the PdCr alloy and the chemical
processes taking place above ca. 370 K (Figs. 1 and 3B). This alloy
specie appears at lower temperatures than the metallic phase for
Pd and PdNi samples. As mentioned above, a significant electronic
effect can be presumed in the alloy, which would strongly affect
the NO dissociation process [40] and thus its reduction. It is also
probable that the N recombination steps are additionally affected
by the presence of Cr at Pd surfaces. What is in any case clear, is
that the PdCr alloy lowers significantly the NO light-off tempera-
ture. This phase destabilizes and evolves into metallic Pd (Fig. 3.).
However, at the range of temperatures that occurs, the electronic/
geometric characteristics of the zero-valent Pd phase are of lesser
importance for the elimination reactions.

The Cu-containing catalyst displays strong similarities with Cr
at the initial part of the NO light-off profile, which could again be
attributed to the presence of the corresponding PdCu alloy.
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However, a “low temperature” plateau in the NO conversion plot
(Fig. 1B) is observed in the region of the maximum concentration of
the PdCu alloy, after which the system displays poor performance
with respect to PACZ and seems dominated by the contributions of
Cu-alone. Within the plateau region, a strong surface rearrange-
ment of the alloy with Cu segregation to the outermost layers is
expected prior to the rupture of the binary phase. Therefore, the
presence of Cu at the surface of the active phase, even from the
oxidized state (Pd-Cu mixed oxide) alters the metal-support
interface (oxygen handling) properties with respect to the parent
monometallic system, inhibiting NO reduction below 400 K and
dominating catalytic activity above 450 K.

The interaction between Pd and the second metal, M, is strongly
favoured for the CZ support with respect to alumina [28]. In similar
alumina-supported systems, the interaction is restricted to the
PdCr sample and only in the oxidized state, with formation of a
Pd(I)-Cr(III) mixed oxide. This suggests that the second metal may
have a potentially greater influence in the elimination of pollutants
(particularly NO) for TWCs when a ceria-zirconia support is used
instead of the more complex ceria-zirconia/alumina. Further
analysis is currently being performed to elucidate this aspect.

5. Conclusions

The behaviour of a series of Pd-M bimetallic catalysts for CO
oxidation and NO reduction processes has been tested and
compared with that of monometallic Pd references. The catalytic
properties display a strong dependence on the degree of
interaction which exists between the metals in the calcined state.
While no interaction is detected between Ni and Pd, Cr in the form
of Cr(VI) oligomers seems to present interfacial contact with Pd
while Cu appears to form a PdCu binary mixed oxide.

For CO oxidation with oxygen, the second metal plays no
significant role except in the case of PdACuCZ where a beneficial effect
was noted and mostly resulted from the presence of active Cu(I)
species. The enhancement in Pd-Cr and Pd-Cu interactions under
the reaction mixture above 370 K exerted a significant influence on
NO reduction. The initial decrease in the onset of light-off by ca. 70 K
is attributed in both cases to the previous formation of the
corresponding zero-valent binary Pd alloy phases. Differences
between these systems involve the stability and surface character-
istics of the alloy, being the former significantly lower for PACuCZ. A
correlation was detected between the maximum concentration
region of the PdCu alloy and the plateau in NO conversion displayed
by the PdCuCZ sample, after which the NO reduction activity was
dominated by Cu. Ni showed different behaviour for NO conversion.
No apparent influence on Pd under reaction conditions was detected
and a difference in the initial noble metal dispersion would account
for the differences in catalytic results.
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