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Abstract

A series of Pd–Cr bimetallic catalysts supported on a (Ce,Zr)Ox/Al2O3 mixed support or Al2O3 alone have been characterized us
a combination of X-ray diffraction, electron paramagnetic resonance, and Raman spectroscopy and employing in situ diffuse r
infra-red Fourier transform and X-ray near-edge structure spectroscopy to analyze the redox and chemical processes taking plac
course of the CO+ NO+ O2 reaction. The catalytic behavior of these bimetallic systems was strongly affected by the nature of the
In the case of the alumina support, evidence for interactions between Pd and Cr was observed in the calcined state. Under reaction
formation of a mixed oxide phase containing Pd(I) and Cr(III) appears to be responsible for the improvement in CO oxidation an
detrimental effect in the NO reduction process with respect to a monometallic, Pd reference system. In the case of the (Ce,Zr)Ox/Al2O3
mixed support, the addition of Cr was less influential in terms of catalytic activity. Results for the latter are rationalized mainly on
of the absence of interaction between the metal components in the calcined state and the presence of surface entities containi
when metallic-like Pd particles are formed during the course of reaction.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Three-way catalysts (TWC) have been widely used to
minish pollutant emissions from gasoline engine powe
vehicles [1]. Classical components of these systems us
include Rh, Pt, and/or Pd as active metals, ceria as prom
and high-surface alumina as support [1,2]. More recently
classical promotion by ceria has been extended to inc
other oxide components in order to increase or maintain
durability of the TWC while decreasing the toxic emissio
produced during the cold-start (or light-off) period, whi
may represent a considerable portion of the total emiss
produced during any driving cycle [1,3]. Among the latt
Ce–Zr mixed oxide systems have been considered as s
tutes for ceria on the basis of their greater oxygen storag
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pacity (OSC) after thermal sintering, which could potentia
decrease the cold-start emissions, mainly by allowing
catalyst to be located in positions closer to the engine m
fold with minimum system deactivation being produced [
Optimum promoter properties are achieved at Ce/Zr atomic
ratios close to one and when pseudocubic (tetragonal
metry for oxygen sublattice) or cubic structures of the mi
oxide are formed, which are presumably stabilized as n
sized particles [4–7]. When supported on alumina, th
chemical/structural characteristics have been optimize
employing synthesis methods based on reverse microe
sions [7], rather than more classical methods based on
impregnation [4,8,9]. The advantages induced by the us
adequate preparation methods are particularly evident w
the supports are subjected to aging treatments, which
grade the tetragonal structure of mixed oxides with Ce
atomic ratio close to 1 in a disproportion reaction which p
duces two (Ce-rich and Zr-rich) phases [7–10].
eserved.
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The use of Pd as the single active metal compon
in TWCs has recently received considerable attention
result of the high cost and scarcity of Rh, the availabi
of cleaner fuels, and its remarkable activity for oxidati
reactions [1,11]. However, some limitations are appa
for Pd-only systems with respect to their performance
NO reduction reactions [11–13]. It would be desirable
promote Pd with lower cost base metals instead of u
Rh as an additional active metal, despite the latter’s w
known activity for NO elimination [14]. As detailed in th
review by Coq and Figueras [15], promising results h
been obtained by using Mo [16,17], Mn [18], Cr [19],
Cu [20–22], which have been attributed to the format
of the corresponding alloys (with consequent perturba
of the Pd electronic properties) or, in the case of
or Mn, to a mixture of effects involving alloy formatio
(in the case of Mn) and/or the existence of Pd–Moδ+,
Pd–Mnδ+ interactions where the redox capabilities of t
non-noble metal facilitate both CO activation and N
dissociation. In the case of copper, the promoting ef
on both CO oxidation and NO reduction activities induc
by alloying may be explained, according to theoreti
studies [23], by the strong modification produced in the
valence electronic density by charge injection into thesp
subband.

The case of Cr is particularly interesting as the interac
between the two active components, Pd and Cr, is pre
in both the oxidized and reduced states. As in the cas
Cu [24], the existence of Pd–Cr mixed oxides [25] and
loys [26] is well known. However, a drastic difference c
be observed between these two binary systems when
existence and stability of zerovalent solid solution pha
which are the common phases detected in TWC syst
during treatment with reductive or stoichiometric mixtur
are compared [19,20,22,24]. While complete mixing is
tained in the Pd–Cu case, Pd–Cr displays limited solub
in a broad region around equimolar concentration at wo
ing temperatures (below 873 K). It is clear that the ext
of interaction between Pd–Cr in TWCs is largely unkno
and requires attention. In this work, the objective was to
dress this aspect using ceria–zirconia promoted Pd–Cr
alysts, focusing on determining which are the main ph
ical/chemical parameters affecting catalytic performanc
reactions of interest for the TWC. A series of Pd–Cr bime
lic catalysts supported on Al2O3 and on (Ce,Zr)Ox/Al2O3

mixed supports have been studied using a multitechniqu
proach involving XRD, TEM-XEDS, Raman, and EPR f
catalyst characterization and catalytic activity in combi
tion with in situ DRIFTS and XANES techniques to eva
ate the catalytic performance, along with the physicoche
cal processes which take place during the course of the
chiometric CO+ O2 + NO reaction.
t

-

-

2. Experimental

2.1. Catalyst preparation

A ceria–zirconia/alumina support (CZA) of 10 wt%
of mixed oxide—expressed as Ce0.5Zr0.5O2—was prepared
by modification of the microemulsion method used pre
ously for preparing the unsupported oxide [6]. Full deta
of the procedure can be found elsewhere [7]. After d
ing overnight at 373 K, this support was calcined un
air at 773 K for 2 h (SBET = 186 m2 g−1). According to
ICP-AES chemical analysis, it has a Zr/Ce atomic ratio of
1.0 ± 0.1. This CZA support was coimpregnated (incipie
wetness method) with aqueous solutions of palladium
and chromium (III) nitrates (from Alfa Aesar and Merc
respectively; purities> 99.99%) in an amount to give 1.
wt% of the precious metal and varying quantities (0.25,
and 1 wt%) of the base metal. These amounts correspo
Pd:Cr atomic ratios of 0.5, 1, and 2 respectively. Monome
lic references containing 1 wt% of Pd or Cr were also p
pared. Three additional systems of 1 wt% of Pd, 1 wt% of
and the corresponding bimetallic with 1 wt% of each me
were also prepared on the parent alumina (A; from Con
SBET = 180 m2 g−1). The catalysts were calcined follow
ing the same drying/calcination procedure described ab
for the supports and are referred to as PdA, PdCZA, C
CrCZA, PdxxCrA, and PdxxCrCZA, where xx denotes t
weight percentage of Cr.

2.2. Catalytic tests

Catalytic tests using stoichiometric mixtures of 1% CO+
0.45% O2 + 0.1% NO (N2 balance) at 30,000h−1 were
performed in a Pyrex glass flow reactor system. Detail
the experimental conditions employed for these tests
be found elsewhere [27]. Gases were regulated with m
flow controllers and analyzed using an on-line Perkin–Elm
1725X FTIR spectrometer coupled with a multiple refle
tion transmission cell (Infrared Analysis Inc.; path length
m). Oxygen concentrations were determined using a p
magnetic analyzer (Servomex 540A). Experimental erro
the CO and/or NO conversion values obtained in these
ditions is estimated as±7%. Prior to catalytic testing, in
situ calcination was performed in diluted oxygen (2.5%2
in N2) at 773 K, followed by cooling under the same
mosphere and subsequent N2 purging at room temperatur
(RT). A typical test consisted of increasing the tempera
from 298 to 823 K at 5 K min−1.

2.3. Characterization techniques

Powder X-ray diffraction (XRD) patterns were record
on a Siemens D-500 diffractometer using nickel-filte
Cu-Kα radiation operating at 40 kV and 25 mA an
with a 0.025◦ step size. Transmission electron microsco
(TEM) analysis of materials was done with a JEOL 2
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FX (0.31-nm point resolution) equipped with a LIN
(AN10000) probe for energy dispersive X-ray spectrosc
(XEDS).

Raman spectra were acquired using a Renishaw
persive system 1000, equipped with a single monochro
tor, a holographic Notch filter, and a cooled TCD. Sa
ples were excited using the 415 nm Ar line in an in s
cell (Linkam TS-1500), which allowed treatment under c
trolled atmospheres. Samples were analyzed as store
after drying at 773 K using synthetic air; spectra consis
of 100 accumulations during 15 min acquisition time, us
a typical running power of 25 mW.

EPR spectra were recorded at 77 K and room tempera
(RT) with a Bruker ER 200 D spectrometer operating
the X-band and calibrated with a DPPH standard (g =
2.0036). Portions of ca. 40 mg of sample were placed in
a quartz probe with greaseless taps, calcined at 77
for 1 h under 200 Torr of oxygen, evacuated at RT (1×
10−4 Torr), and measured at liquid nitrogen temperatu
Quantitative estimation of the amount of paramagn
species was performed by double integration of the spe
and comparison with a copper sulfate pentahydrate stan

DRIFTS analysis of adsorbed species present on
catalyst surface under reaction conditions was carried
using a Perkin–Elmer 1750 FTIR fitted with an MC
detector. Analysis of the NO conversion at the outlet
the IR chamber was performed by chemiluminesce
(Thermo Environmental Instruments 42C). Additional po
catalyst gas analysis was performed using a Baltzers Pr
Quadropole mass spectrometer. The DRIFTS cell (Harr
was fitted with CaF2 windows and a heating cartridge th
allowed samples to be heated to 773 K. Samples of ca. 8
were calcined in situ at 773 K (with synthetic air, 20%2
in N2) and then cooled to 298 K in synthetic air before
introduction of the reaction mixture and subsequent hea
at 5 K min−1 up to 673 K, recording one spectrum (4 cm−1

resolution, average of 20 scans) generally every 10–1
The gas mixture (using the same concentrations as t
employed for laboratory reactor tests) was prepared us
computer-controlled gas blender with 75 cm3 min−1 passing
through the catalyst bed.

XANES experiments at the Cr and PdK-edges were per
formed on line 7.1 at SRS, Daresbury (CrK-edge), and on
line BM29 of the ESRF synchrotron at Grenoble (PdK-
edge). Si(111) (for Cr) and Si(311) (for Pd) double-crys
monochromators were used in conjunction with a Pt-co
focalized mirror (7.1) or rejection mirror (BM29) to min
mize the harmonic content of the beam. Additionally, a
tuning of 30% was used for experiments conducted on
tion 7.1. Transmission experiments were carried out u
N2/O2 (Cr) or Kr/Ar-filled (Pd) ionization chambers. Th
energy scale was simultaneously calibrated by measu
the corresponding metal foil inserted before a third ion
tion chamber. Samples as self-supported discs (absorb
0.5–2.0) were placed in a controlled-atmosphere cell
treatment. XANES spectra were taken every 15 K durin
d

.

e

5 K min−1 temperature ramp up to 673 K, in the prese
of the CO+ NO + O2 flowing mixture (similar to that em
ployed for catalytic activity tests).

Results obtained in XANES experiments were subjec
to normalization using standard procedures and anal
using principal component analysis (PCA) [28–30], wh
assumes that the absorbance in a set of spectra ca
mathematically modeled as a linear sum of individ
components, called factors, which correspond to eac
the palladium or chromium species present in a sam
plus noise [31]. To determine the number of individ
components, anF -test based on the variance associated w
factor k and the summed variance associated with the
of noise factors is performed. A factor is accepted a
“pure” chemical species (i.e., a factor associated with sig
and not noise) when the percentage of significance lev
the F -test, %SL, is lower than a test level set in previo
studies at 5% [28,29]. The ratio between the redu
eigenvalues,R(r), which approaches one for noise facto
was also used in determining the number of factors. Onc
number of individual components was set, XANES spe
corresponding to individual Pd or Cr species and th
concentration versus temperature profiles were gene
by an orthogonal rotation (varimax rotation), which sho
align factors (as closely as possible) along the unkn
concentration profiles, followed by iterative transformat
factor analysis (ITFA). ITFA starts with delta functio
representations of the concentration profiles, associated
each chemical species, located at temperatures predict
the varimax rotation, which are then subjected to refinem
by iteration until error in the resulting concentration profi
is lower than the statistical error extracted from the se
raw spectra [28–30].

3. Results

3.1. Activity results

The CO and NO conversion profiles for Pd and Pd
catalysts containing 1 wt% of Cr are presented in Figs.
and 1B, respectively. A CrCZA reference system has
been included for comparison purposes. Below 350 K, c
version of NO corresponds to adsorption/desorption p
nomena, as calculated by mass balance of the outlet g
NO2 was never detected after contact of the reaction m
ture with the samples. Concerning N-selectivity of the
duction process, a maximum of N2O of roughly 30% was
obtained for all catalysts at temperatures below full con
sion. For PdA, PdCZA, and PdxCrCZA full selectivity
N2 is reached around 480–520 K, while Pd1CrA only g
to that point above 580 K. With the exception of PdA, C
oxidation over all samples proceeds at a lower tempera
than NO reduction. A comparison of light-off behavior f
all samples may be obtained by comparing the tempera
(Table 1) required to attain 50% conversion. As can be
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Fig. 1. CO (A) and NO (B) conversion profiles for the CO+ NO+ O2 reac-
tion over palladium–chromium (closed symbols) samples and monom
lic references (open symbols). Circles, Pd1CrCZA and PdCZA; squ
Pd1CrA and PdA; triangles, CrCZA.

duced from Fig. 1 and Table 1, the temperature differe
between the two reactions ranges from about 25 K for
CZA to 75 K for Pd05CrCZA. The addition of Cr exhibi
catalytic effects with a marked dependence on the sup
in the case of alumina, it appears that Cr decreases the
light-off by 75 K and increases the NO value by ca. 45
An additional effect is the existence of a plateau in NO c
version (Fig. 1B) at temperatures from ca. 450 to 550
A lesser effect, on the other hand, is observed for the C
Fig. 2. Raman spectra of CrA (a), Pd1CrA (b), CrCZA (c), and Pd1CrC
(d) samples. Dashed lines, hydrated samples; full lines, calcined samp

supported samples, with a moderate decrease in CO l
off and negligible influence on NO reduction. In this ca
Cr loading had only a slight influence on CO conversion
did not influence NO reduction performance. Cr-only c
alysts display poor performance in both reactions, the
performance being achieved using CrCZA, Fig. 1.

3.2. Sample characterization

Calcined samples were analyzed using XRD, TE
XEDS, Raman, and EPR spectroscopies. A summar
XRD/TEM results is presented in Table 2 and mainly
flects information concerning the ceria–zirconia (CZ) co
ponent; significant differences were not apparent from c
paring the Cr-containing samples analyzed here and
monometallic Pd reference samples reported earlier [
Briefly, the CZ-supported component has a Ce:Zr ato
ratio of ∼ 1, with an average crystallite size of 2 nm, a
is irregularly dispersed over the alumina support [7].
patches can be classified in two simple groups: bidim
sional patches with strong interaction with alumina and tr
mensional patches with properties approaching those o
bulk material [7,10]. In our case, bidimensional CZ entit
are dominant [7].

Characterization of Cr and Pd in the oxidized state w
performed using Raman and EPR spectroscopies. M
and bimetallic systems containing 1 wt% of Cr have R
man spectra shown in Fig. 2. Spectra are shown for
drated (as stored) and de-hydrated (calcined) samples
strong changes observed between these states provid
A

9
2

Table 1
50% isoconversion temperatures (T50, K) observed for the bimetallic and monometallic reference catalysts in the CO+ O2 + NO reaction at 30,000 h−1

Pd1CrCZA Pd1CrA Pd05CrCZA Pd025CZA PdCZA Pd

T50 (CO conv.) 391 403 384 403 432 47
T50 (NO conv.) 458 458 458 458 455 41
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Table 2
Summary of results for the ceria–zirconia component from XRD and TEM/ED/XEDS analysis

Sample Cell parameter Average particle (Ce/Zr)at. ratio
b (Ce+ Zr/Al)at. ratio

b,c

(Å) size (nm)a

PdCZA 5.30d 2 0.8–1.2 0.25–0.45
Pd1CrCZA 5.30d 2 0.8–1.3 0.2–0.5

a Obtained from dark-field TEM images using the (111) ring of CexZr1− xO2.
b XEDS results.
c Only zones presenting detectable amounts of Ce,Zr are included.
d From electron diffraction results.
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idence for the presence of highly dispersed species ra
than well-developed Cr-containing phases [32–34]. The
man profiles are dominated in all cases by bands at ca.
and 875 cm−1, ascribed to terminal Cr=O and bridging
Cr–O–Cr vibrations, respectively, and attributed to Cr(
species in the form of chromates with different degr
of oligomerization [32–34]. These bands appear with
minished intensity in the presence of Pd. Additional m
nor bands are detected at 1050 cm−1 in the case of hy
drated CrZCA, ascribed to the Cr=O stretch of isolated
species [32–34], at 360 cm−1 for hydrated CrA, which can
be attributed to a Cr–O deformation mode [32–34], an
625 cm−1 for calcined Pd1CrCZA. The last is typical
alumina-supported Cr materials [32,34] and may be a
ciated with the presence of amorphous or poorly crysta
Cr2O3. In connection with this band, it is interesting to no
the absence of a sharp band close to 550 cm−1due to crys-
talline Cr2O3 [32–34]. An alternative assignment of ban
around 650 cm−1 is theB2g mode of PdO, since this mat
rial has a resonance-enhanced Raman signal peaking a
energy [35]. However, as the band is centered at 625 c−1

and the excitation line used here is 415 nm it is unlikely t
a resonance enhanced signal should be detected.

EPR spectra of the samples (Fig. 3) show a comm
fairly symmetrical signal atg = 1.970 and with�Hpp ≈
45 G, whose integrated intensity represents a numbe
spins equivalent to ca. 5.0, 1.1, 1.7, and 1.6 wt% of
entire chromium content of the samples for CrA, Pd1C
CrZCA, and Pd1CrZCA, respectively. Additionally, a bro
and poorly defined signal (inset of Fig. 3) appears at
magnetic field. It shows the highest intensity for Pd1C
decreasing significantly for CrZCA and Pd1CrZCA a
was almost absent for CrA. The main difference betw
both signals concerns their behavior towards record
temperature: while a roughly threefold decrease is produ
in the intensity of the signal atg = 1.970, indicating
that the corresponding paramagnetic species approxim
follows the Curie law, the intensity of the low-magne
field signal essentially does not change or undergo
slight increase when the spectrum is recorded at RT.
behavior of the signal atg = 1.970 is typical of isolated
Cr(V) square pyramidal species [36,37]. The influence
the recording temperature of the low-field signal, along w
its relatively large linewidth, suggests that it correspond
species coupled with Cr(III) or Cr(IV) immersed in a ferr
r

is

y

or antiferromagnetic phase [38]. The presence of a w
narrow signal atg = 4.3 was also noted (see the inset
Fig. 3), whose intensity decreased with increasing recor
temperature, and which most likely corresponds to resi
Fe3+ impurities present in the alumina support material.

3.3. In situ XANES analysis

Factor analysis results at the PdK-edge (Table 3) fo
Pd1CrCZA, Pd1CrA, PdCZA, and PdA obtained durin
temperature-programmed run under CO+ NO + O2 are
consistent with the existence of two different chemi

Fig. 3. EPR spectra at 77 K of CrA (a), Pd1CrA (b), CrCZA (c), a
Pd1CrCZA (d). The inset shows a large magnetic field range spectru
PdCrA.



M. Fernández-García et al. / Journal of Catalysis 214 (2003) 220–233 225

ica
arly

se
are

nly
und
ere
rA,
rom
he

ate
r for
les
).
5 K
dO
he

ction
m-
bols;
er 4).
.

ces
ize
ilar
n
ence.
in
es

alent
nce
e

ZA,
all
).
with

an
tion
uld
urs

at
Table 3
Principal component analysis of PdK-edge XANES results

Factor Eigenvalue %SL R(r) Variance

A. PdA
1 491.351 0.00 701.23 99.868
2 0.64410 0.00 272.15 0.021
3 0.00217 8.03 2.08 0.001
4 0.00095 17.90 1.29 0.001
5 0.00066 20.61 1.46
6 0.00041 27.85 1.13
7 0.00032 29.84 1.33
8 0.00021 37.27 1.03

B. Pd1CrA

1 546.3 0.00 1104.32 99.914
2 0.45848 0.00 53.83 0.014
3 0.00779 0.07 13.04 0.002
4 0.00055 21.35 1.17
5 0.00042 22.53 1.36
6 0.00028 28.41 1.29
7 0.00019 34.48 1.08
8 0.00015 36.98 0.98

C. PdCZA

1 458.49 0.00 1334.23 99.930
2 0.31594 0.00 194.34 0.070
3 0.00149 10.24 1.45 0.001
4 0.00092 12.38 2.06 0.001
5 0.00040 25.48 1.23
6 0.00029 29.50 1.22
7 0.00021 34.36 1.01
8 0.00018 35.02 1.10

D. Pd1CrCZA

1 762.732 0.00 1334.65 99.929
2 0.53430 0.00 135.34 0.070
3 0.00366 7.24 1.29 0.001
4 0.00261 5.87 2.34
5 0.00102 16.84 1.88
6 0.00048 30.13 1.15
7 0.00038 33.46 0.98
8 0.00036 33.07 1.08

Variances lower than 10−3 are not reported.

species except in the case of Pd1CrA, where three chem
species are detected. The number of species is cle
indicated by sharp variations in the % SL andR(r) values
displayed in Table 3. In Fig. 4A the fraction of the
chemical species as a function of sample temperature
depicted. This plot shows that Pd is present initially as o
one chemical form when the reaction starts. This compo
is then directly converted to a final state in samples wh
only two species in total were detected, while for Pd1C
which showed evidence for three species, conversion f
initial to final sates involved an intermediate species. T
temperature at which the maximum rate of initial-st
(chemical species) disappearance occurred was lowe
Pd1CrA (ca. 450 K) but very similar for the other samp
(ca. 490 K for PdA and 510 K for Pd1CrCZA and PdCZA
In all cases, only one Pd species was detected above 62

When compared with the reference spectrum of P
(Fig. 5A,a), the shape of the XANES spectrum of t
l

.

Fig. 4. Concentration profiles during the temperature-programmed rea
run for Pd- (A) and Cr-containing species (B). Initial species (filled sy
bols; species number 1 and 2); intermediate species (half-filled sym
species number 3), and final species (open symbols; species numb
Circles, Pd1CrCZA; rhombs, PdCZA; triangles, Pd1CrA; squares, PdA

samples in their oxidized state shows only slight differen
which may be a consequence of the limited particle s
of the oxidic Pd-containing entities. This suggests sim
local symmetry (D2h) and oxygen first-shell coordinatio
distances among the samples and also in the PdO refer
Similarly, the XANES spectra of the final state detected
the reaction (Fig. 5B) do not display significant differenc
between samples and can be readily identified as zerov
Pd. Slight differences when compared with the refere
Pd foil (Fig. 5B,a) include the smaller intensity of th
continuum resonances (CRs), particularly for Pd1CrC
and a shift to lower energy (ca. 1.4 eV; similar in
catalysts) for the 4f CR (located around 24,390 eV
As Pd–Cr alloys have reduced fcc lattice parameters
respect to Pd [39] and the positions of CRs have
inverse dependence with the square of the coordina
distance, the formation of such a binary phase wo
be consistent with a shift to higher energies, as occ
with the Pd LIII -edge White line [40]. It appears th
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etected for
(c) Pd1CrA;
Fig. 5. XANES spectra for PCA predicted chemical species. (A) Pd initial, oxidized species; (B) Pd final, reduced species; (C) Pd species d
the Pd1CrA sample; and (D) Cr species detected for the Pd1CrA sample. Lower case labels: (a) reference compounds, PdO or Pd; (b) PdA;
(d) PdCZA, (e) Pd1CrCZA. Labels 1 to 4 as in Fig. 4.
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the presence of Cr in the Pd network must be limited
most to a small percentage and that differences with
reference foil mostly reflects the small particle size and
an interaction with the support component (particularly w
the CZA support). The XANES spectrum of the intermedi
compound detected for Pd1CrA is presented in Fig.
together with the spectra of the other two Pd-contain
species and the PdO reference. Although its shape is r
complex to interpret in detail, the edge position (which
located at lower energy than the shoulderd-like resonance
observed at the adsorption edge region) indicates a P
like partially reduced state. This interpretation is based u
the universal linear relationship that has been show
exist between the formal oxidation state and the edg
CR position (see, for example, Ref. [30]). The prese
of a Pd partially reduced state is further confirmed by
decreasing intensity (with respect to the calcined mate
species numbered as 1 in Fig. 5C) of the first (5sp) CR
located ca. 24,365 eV.
r

-

Further information concerning the chemical nature
the intermediate was obtained by studying the CrK-edge
of the Pd1CrA (and CrA) sample(s). In this case, Tabl
gives evidence for the existence of four species. Fig.
shows the presence of two initial species in Pd1CrA, wh

Table 4
Principal component analysis of CrK-edge XANES results for Pd1CrA

Factor Eigenvalue %SL R(r) Variance

Pd1CrA
1 851.332 0.00 285.33 99.674
2 2.64623 0.00 193.15 0.323
3 0.01261 0.82 2.22 0.002
4 0.00521 0.63 4.06 0.001
5 0.00117 7.07 3.00
6 0.00035 25.88 1.46
7 0.00021 34.90 0.93
8 0.00020 33.33 1.08

Variances lower than 10−3 are not reported.
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are converted to an intermediate state above ca. 350 K,
ing another, final state above ca. 520 K. Consistent with
sults at the PdK-edge, transformation of the Cr species w
complete by 625 K. In Fig. 5D, the corresponding XANE
spectra of the Cr species are presented along with some
erence compounds. Comparison of the 1s → 3d pre-edge
feature (located around 5995 eV) and edge shape indic
the chemical nature of the two species present when
Pd1CrA was initially exposed to the reaction mixture; a n
centrosymmetric tetrahedral or subgroup Cr(VI) compou
with some similarities to the distorted-tetrahedral K2Cr2O7
reference, and another one similar to Cr(IV) in an oxi
environment. The presence of both Cr chemical states
alumina-supported materials calcined above 573 K has
shown on the basis of spectroscopic characterization s
ies [32–34,41,42]. It can be noted, however, that, accor
to the XANES data, the sample here seems to contain
dominantly Cr(VI) after calcination (result not shown). T
main point to stress here is that an intermediate compo
with maximum concentration about ca. 520 K is also
served at the CrK-edge. Comparison with reference ma
rials suggests that the compound contains Cr(III). Note
the huge edge shift (ca. 2–3 eV) displayed between Cr
mal oxidation states differing in one unit is extremely u
ful in providing an accurate description of the oxidati
state [30,41]. As this intermediate evolves with temperat
a Cr(VI) state in an oxidic environment (CrO3-like) is re-
covered. The CrA reference, on the other hand, also disp
the presence of a CrO3-like species in the calcined state,
this case showing stability throughout the temperature r
under the reactive atmosphere.

3.4. In situ DRIFTS

Spectra recorded under the CO+ NO + O2 mixture for
PdA, Pd1CrA, PdCZA, and Pd1CrCZA samples are sho
in Figs. 6A–6D, respectively. A rough correlation can
observed for all samples between evolution of bands
to gaseous CO (barely discernible doublet in the 22
2050 cm−1 region) and CO2 (2400–2300 cm−1) and the
CO conversion profiles (Fig. 1A). In general, the spec
give evidence for the presence of different carbonyl spe
mainly adsorbed onto Pd. Cr carbonyl contributions, wh
may be detected around 2160–2170 cm−1 [43], are not
observed, even for the CrCZA reference catalyst (re
not shown). This may be attributed to the low adsorpt
enthalpy of CO on Cr [43]. Analysis of Pd carbonyls
made on the basis of previous results for the monomet
references [27,44,45].

At low temperatures, a shoulder (above the CO
contribution) located at or below 2100 cm−1, and a broad
band centered around 1980–1970 cm−1 were observed
for all Pd-containing samples (Figs. 6A–6D). The form
which displays a significant red shift with temperatu
was observed down to ca. 2050 cm−1 and is attributed to
CO adsorbed onto Pd(0) on-top sites [27,43,44,46].
-

s

lower-frequency band, which also shows a red shift w
increasing temperature, is assigned to bridging carb
species adsorbed onto Pd(0) [27,44–46]. For both carb
species, the red shifts observed result from a continu
decrease in CO coverage of Pd particles resulting e
from desorption or from reaction with oxygen at the
centers. The magnitude of the shift may reflect differen
between the relative adsorption enthalpies of CO on th
sites [46], between adsorbed molecule distances an
between different catalytic activities for such centers. T
observed shift was greater for the linearly adsorbed spe

As a general rule, the intensity of carbonyls adsor
onto Pd(0) sites was decreased in the presence o
An additional band at 2155–2158 cm−1 assigned to CO
adsorbed onto Pd(II) sites [27,44–47] was detected in
cases except PdA. In the case of PdA and less so
the other samples, a band at ca. 2120–2130 cm−1, also
related to the presence of surface Pd(II) [25,44–47],
observed. The temperature dependence of the adso
Pd(II) carbonyl species was very similar among the sam
studied. DRIFTS spectra also contained bands at 2250
2232 cm−1, which were not detected in the absence of N
in the reactive mixture [7,21,27], and can be ascribed
isocyanate species adsorbed at octahedral and tetrah
Al3+ cations, respectively [48]. This species results fr
NO decomposition followed by N–CO combination
metal particles and spillover onto support sites, and the l
intensity of theνasNCO band and thus its ease of detect
may be used to roughly determine the onset temperatur
NO dissociation [42–48].

To examine the state of the metal surfaces on comple
of the reaction runs and in the absence of thermally dr
adsorption effects, samples were flushed at 623 K, co
in N2 to room temperature, and subsequently expose
1% CO/N2 before the cell was again flushed with N2.
Spectra recorded during this treatment are displaye
Fig. 7. A band centred at 1990–1980 cm−1, present in
all samples and attributed to bridging carbonyls adsor
onto metallic Pd particles, was observed with attenua
intensity for the CZA-supported samples. The presenc
Cr also affected the intensity of the latter, but this w
more marked for the alumina-supported samples. A
shoulder on the band due to bridging carbonyls, a br
band centered ca. 1925 cm−1 was observed for PdA an
with very small intensity for the remaining samples a
attributed to CO adsorbed in three-fold hollow sites
Pd(0) [27,44–47]. Linear Pd(0) carbonyls (band ca. 20
2100 cm−1) were detected for the monometallic referenc
with greater intensity for PdCZA, but were almost abs
in the presence of Cr. This linear carbonyl was the m
affected by the purging step in accordance with its l
adsorption enthalpy. Additional bands at 2118–2124
2152 cm−1 can be attributed to adsorption onto Pd
and Pd(II), respectively [21,22,27,44–47]. It should
mentioned, however, that the presence of Cr carbo
cannot be excluded in the presence of CO gas, altho
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Fig. 6. DRIFTS spectra of (A) PdA, (B) Pd1CrA, (C) PdCZA, and (D) Pd1CrCZA samples in a flow of 1% CO, 0.45% O2, 0.1% NO, N2 balance at (a) 303,
(b) 333, (c) 363, (d) 393, (e) 423, (f) 453, (g) 483, (h) 513, (i) 543, and (j) 573 K.
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Fig. 7. DRIFTS spectra following experiments shown in Fig. 6 a
exposure to CO (full lines) and subsequent flushing with N2 (dashed lines).
(a) Pd1CrA, (b) PdA, (c) Pd1CrCZA, and (d) PdCZA.

their absence was noted in the CrCZA case. Results in F
give firsthand evidence that the Pd morphology/particle size
is very different for A and CZA monometallic sample
This is supported by the intensity ratio of the on-top
bridge Pd(0) carbonyl bands. On the other hand, Cr
two clear effects. First, in A-supported specimens a dra
influence on morphology is shown by the strong decre
in Pd(0) bridging carbonyls. This can be mainly related
described below) to the genesis step of the Pd zerova
phase. Second, the intensity of bands related to oxid
Pd centers clearly indicates that the presence of Cr fa
the formation of such centers, at the surface, indepen
of the nature of the support. This appears to selectiv
influence the Pd, centers where CO is adsorbed in the o
mode and located in closed packed (111)-like planes, ha
much lesser impact in those corresponding to open (1
like planes which are mainly (although not exclusive
associated with the CO bridging adsorption mode [21
27,44–47,49]. Of course, the analysis of the second e
is somewhat masked by the first in the case of the alum
supported samples.

4. Discussion

4.1. Structural and morphological nature of samples

As is evident from Section 3, a clear influence of t
support on the evolution of samples with temperature
observed under reaction conditions. In the case of alum
supported samples, a degree of interaction between
noble metal and the Cr is apparent, even in the calc
material. This is schematically represented in Fig. 8I
where according to XANES, both metals are mainly inser
into oxidic matrixes with Pd(II) (PdO-like) and Cr(VI
t

t

(CrO3-like) oxidation states. The EPR spectra show t
the Cr EPR-visible species are influenced by the pres
of the Pd, decreasing the amount of Cr(V) and indica
the presence of a phase containing magnetically cou
cations in the Pd1CrA catalyst but not present for CrA. T
influence is also evident in the evolution of the XANES
K-edge spectra immediately upon contact with the reac
mixture at RT; as depicted in Fig. 8I B and justified
the XANES study, the reaction mixture changes the
phase distribution and chemical state, giving a tetrahe
Cr(VI) plus a Cr(IV), CrO2-like chemical phase. For th
sake for simplicity, Fig. 8I does not differentiate betwe
the two Cr(VI) phases already mentioned. Although
extent and nature of the Pd–Cr interaction is unclear, b
techniques do show that Pd and Cr are in sufficie
close proximity to alter the behavior of the Pd1CrA syst
significantly with respect to the monometallic reference. T
close proximity of both active elements in the calcined s
induces the formation of an intermediate in the ca. 3
625 K temperature range (Fig. 8I C), this phase contain
Pd(I) and Cr(III) as the principal oxidation states an
in terms of its local order, showing similarity to PdCrO2
oxide [25]. This chemical compound has Pd–Pd distance
2.83 Å, very close to metallic dimensions (2.75 Å), giving
1-D (dimension) electronic conductor [25], with some Pds

electron delocalization, resembling the metal.
Around 520 K this binary oxide is transformed, yieldin

two monometallic single phases containing Pd(0) and Cr
(Fig. 8I.D). It should be stressed that the evolution of t
chemical compound gives the same Pd and Cr phases a
monometallic references at temperatures above 520 K
evidence is detected that would indicate the formation
binary Pd–Cr alloy, in spite of the existence of the bin
oxidic precursor. The presence of a miscibility gap for b
Pd–Cr alloys has been reported, and typically a maxim
of ca. 15 at% Cr is known to be substitutionally pres
in the fcc lattice structure of Pd [26,39]. The absence
a significant alloying effect for samples here indicates
the Pd–Cr bulk alloy binary phase diagram obtained for b
phases [26] is also appropriate for nanosized materials
that the surface contribution to the total energy may furt
lower the limit of Cr solubility in the Pd. An additiona
influence of the gas phase on the resulting zerovalent p
composition may also need to be considered. In any ca
is clear that Pd–Cr alloy phases have been described u
(CO+ NO) stoichiometric mixtures only in prereduced (H2
at 870 K) materials [19], indicating that the presence of C
before and/or at the beginning of the reaction may be
importance in obtaining/maintaining the binary zeroval
phase. The formation of metallic Pd particles from
Pd–Cr oxidic intermediate has, however, a clear imp
on the final zerovalent Pd phases formed. Compar
of IR results for CO-adsorption on postreaction samp
mainly shows a lowering of the bridge and threefold Pd
carbonyls as well as a larger intensity of Pd(II) in t
presence of Cr. The first fact clearly indicates a sma
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ualizes th
Fig. 8. Schematic view of the main Pd- and Cr-containing chemical phases detected in the Pd1CrA (I) and Pd1CrCZA (II) systems. (A) sketch vise
calcined materials; (B), (C), and (D) sketches of systems under the reaction mixture at temperatures below 400 K, at 500 K, and above the latter.
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particle size of the monometallic Pd particles, while
second gives evidence for the coexistence of metallic
oxidized Pd sites at the surface, which may be driven by
presence at the high (reaction) temperatures of small o
Cr entities (ions or small aggregates) at the surface of
noble metal particles. The presence of such oxidized en
has been also mentioned for Mn or Mo (Pd-) bimeta
catalysts [16–18].

In the case of CZA-supported samples, there was
evidence from EPR, Raman, or XANES for any signific
interaction between Pd, either in the oxidized, Pd(II),
partially reduced, Pd(I), state, and Cr. This absence
interaction between the components was found for Pd
catalysts with Pd:Cr atomic ratios from 0.5 to 2. It seems
the presence of the CZ component prevents, to a large ex
the close proximity of these components in these no
ceria–zirconia TWC catalysts. As Raman spectra (Fig
suggest broadly similar Cr distributions on A and CZ
after calcination, the absence of Cr–Pd interactions coul
attributed to the Pd distribution, which tends to locate
at the interface between the CZ patches and the A ca
in the CZA-supported sample [27]. This is schematica
shown in Fig. 8II A, where Pd particles are located
the mentioned interface between CZ patches and alum
and Cr entities can be present in both the alumina car
as Cr(VI) oligomers, and CZ patches, as amorphou
poorly crystalline Cr2O3-like entities (which, according t
t,

,

Raman results, is the Cr species exclusive of CZA materi
This Pd1CrCZA system does not evolve until the reac
temperature exceeds 400 K (Figs. 8II B and C). The
zerovalent particles formed are not significantly affected
terms of either their size or morphological characteristics
the presence of Cr, although the surfaces of these par
display a significant quantity of Pd(II) sites after reacti
Again, this suggests the presence of small Cr ions
aggregates located at the surface of the noble metal par
(Fig. 8II D). The Pd(II)/Pd(0) surface equilibrium is shifte
to the oxidized state to a greater extent for CZA- than
A-supported Cr-containing materials, but this effect m
also be observed for the monometallic Pd references (Fi
and has been previously reported for such reference
samples [44].

4.2. CO oxidation and NO reduction

In Table 5 IR and XANES evidence for the ons
temperatures of reduced Pd (Pd(0) and Pd(I)) state form
has been summarized and the results compared with
initial (T0) and T50 temperatures corresponding to 50
conversion of CO or NO. Note, of course, thatTIR values in
Table 5, which point to the presence of surface Pd(0) enti
are subject to COg availability and, thus, depend on C
conversion level. For NO reduction, catalytic activity d
are shown only for the 50% conversion level, as the o
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Table 5
Onset temperatures for IR detection of NCO (TNCO, K) and Pd(0) carbonyls
(TIR, K) and for detection of Pd(I) and Pd(0) by XANES (TXANES, K) and
initial and 50% conversion temperatures (T0 or T50, K) for PdA, Pd1CrA,
PdCZA, and Pd1CrCZA samples

Samples Pd(0) (Pd(I)) onset T0, T50 CO TNCO T50, NO

TIR TXANES

PdA 363 420 350, 479 423 412
Pd1CrA 423 470 (350) 321, 403 453 458
PdCZA 363 410 352, 432 453 458
Pd1CrCZA 423 410 321, 391 483 458

is not readily discernible due to the adsorption–desorp
phenomena at low temperatures and, in any case, differe
at the onset of the light-off are roughly equivalent at hig
levels of conversion.

The behavior of PdA for CO oxidation is consistent with
Langmuir–Hinshelwood mechanism, as observed for mo
Pd/SiO2 systems [46]. In the model case mentioned, at t
peratures below initial light-off CO coverage of the met
lic Pd particles is close to unity and the rate-determin
step is the rate of creation of vacant sites by desorp
of CO, where oxidants (NO/O2) can be activated [46]. Al
though this model has widespread applicability, Hoffman
al. [49] have recently shown that the CO-poisoning effec
the metal surface is strongly diminished for small partic
For preoxidized materials (such as those used here), the
alytic activity is very low until extensive reduction of Pd b
CO can take place [27,44,45] and a rough correlation ca
established for PdA between the temperature of appear
of Pd(0) sites at the surface by DRIFTS, when NO is u
as oxidant and the corresponding temperature of appea
of bulk Pd(0) by XANES when oxygen is used (Table 5).
the case of the alumina-supported system, the preferen
CO for NO or O2 as oxidant depends to a large extent
the Pd particle size which, in turn, drives the type (open
closed and number of edge and steps) of surface expos
the reactants, and is mainly based on the fact that NO d
ciation and reduction are structure-sensitive processes w
are favored in systems with large particle size [44–47].

The presence of Cr in the A-supported catalysts dram
ically decreases the temperature for CO oxidation. In
case, the correlation is with the presence of the Pd(I)–Cr
phase (Table 5). This is likely due to the metallic-like char
ter of the Pd 5sp band, which is still able to activate the C
molecule and to initiate the reaction. In this case, the abs
(or further decrease) of the CO-poisoning effect (charac
istic of the noble, zerovalent phase) can be also claime
contribute to the reduction in light-off temperature. Note,
the other hand, that classical Pd(I) and Pd(II) states (in t
monometallic oxide form) are usually believed to be less
fective for CO oxidation that metallic-like states [26,27,4
45,50].

It is well known that the presence of a reducible ox
such as CZ decreases the CO oxidation light-off tempera
with respect to alumina-supported catalysts due to
s

-

e

e

f

o
-

existence of a Pd–CZ interaction where additional sites
oxidant (NO/O2) activation are readily generated [27,44,5
and, in some cases, by the ease with which metallic P
formed [44]. Here, the presence of Cr plays only a secon
role, decreasing the light-off temperature by less than
of what is detected for the alumina system. As only sm
changes in particle size are expected on going from PdC
to Pd1CrCZA (DRIFTS results in Fig. 7), the effect
this parameter on light-off performance can be elimina
A more likely explanation can be proposed by consider
that the Pd(II)/Pd(0) surface distribution shows more b
toward oxidized states in the presence of Cr. This wo
suggest enhanced NO and/or O2 dissociation assisted by th
Pd–Cr interface, which would lead to a reduced CO cove
of the metallic particles and, consequently, to a reduc
of the CO inhibition effect on light-off with respect to th
alumina-supported samples.

With regards to NO reduction, Table 5 displays a rou
correlation between the appearance of NCO and theT50,
NO temperature, indicating that this molecule can be u
as a simple probe for the initiation of the NO reducti
process. For this reaction, the introduction of Cr into
catalyst has detrimental effects on A-supported syste
A correlation can be established between the evolutio
the Pd(I)–Cr(III) intermediate concentration (Fig. 4) and N
conversion (Fig. 1A), particularly for the plateau detected
the conversion plot (450–550 K) and the region of maxim
concentration of the intermediate. It therefore appears
the lower performance of the palladium alumina-suppo
in the presence of Cr can be ascribed to a lower acti
of the Pd(I)–Cr(III) intermediate for NO activation (alwa
with respect to the metallic, Pd reference). In fact, sm
variations in the Pd valence density of metallic-like syste
have either no effect or a moderate influence on
activation, while the corresponding NO process can
strongly favored or hindered [52]. Moreover, the interact
between Pd and Cr2O3 appears to have little impact on th
CO desorption temperature and C–O stretching frequen
such molecules when adsorbed onto the noble metal
After the disappearance of the Pd(I)–Cr(III) and in t
presence of Pd(0) the NO conversion profile reaches 10

For CZA-supported materials, no significant influence
Cr is detected. This despite the clear enhancement in
(and/or O2) dissociation already mentioned on the basis
the IR results and attributed to the presence of Cr ent
at the Pd surface. Although these observations are not
ily reconciled, they might be rationalized by suggesting
influence of Cr species on the N-coupling step(s) of the
duction process. Whether such step occurs near or at the
CZ interface and/or is modified directly by Cr presence
such sites or indirectly through modification of interfacial
(or Zr) centers remains unknown. Additionally, comparis
with PdA indicates that the Pd–CZ interface does not ap
to promote this reaction in our system, contrarily to pre
ous literature reports for similar reactions [43,54]. Howev
a comparison between PdA and PdCZA must be affecte
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particle size effects (Fig. 7), which exert a very important
fluence on the NO dissociation process [44–47]. The Pd
distribution and interaction with the support is known to
vor NO reduction in suitably prepared alumina systems w
respect to ceria or ceria–zirconia promoted catalysts [55

5. Conclusions

The behavior of a series of Pd–Cr bimetallic catalyst
CO oxidation and NO reduction processes has been te
and compared with that of monometallic Pd referen
The catalytic properties display strongly dependence on
degree of interaction existing between both metals in
calcined state and this is in turn dependent on the natu
the support.

In the case of alumina, both metals are closely loca
following calcination. Under reaction conditions, this pro
imity induces the formation at low or intermediate temp
atures of a Pd(I)–Cr(III) mixed oxide phase which alt
the catalytic response with respect to the monometallic
reference. This phase is apparently capable of activa
CO and its presence at lower temperatures than zerov
Pd in the reference system significantly reduces CO li
off temperature. In contrast, this phase is detrimental
NO reduction. It appears that such a Pd–Cr mixed o
could be used to enhance Pd activity in oxidation reacti
For (Ce,Zr)Ox/Al2O3 supported systems, no evidence w
found of significant interactions between the metals in
calcined state in a series of catalysts with Pd:Cr atomic ra
ranging from 0.5 to 2. However, under the course of the re
tion, formation of Pd(0) particles with Cr entities at the s
face was detected at high temperature. This may enhanc
activation/dissociation and moderately favor CO oxidat
but does not have any effect on NO reduction. This could
rationalized by considering that Cr may affect N-coupl
steps.
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