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The behavior of a series of palladium and palladium—copper
catalysts supported on ceria/alumina for the CO + NO + O, reac-
tion has been analyzed by a combination of electron transmission
microscopy, infrared, and electron paramagnetic spectroscopies
and catalytic test studies. In both systems, the catalytic behavior
is dominated by the properties of the metal-ceria interface. The
addition of copper to a palladium system leads to beneficial effects
related to alloy formation in which both CO and NO elimination are
enhanced. The chemical consequences and catalytic implications of
Pd-Cu alloying are discussed. @ 2000 Academic Press

I. INTRODUCTION

The tightening of exhaust emission legislation expected
for the XXI century will necessitate an improvement of
current catalytic converter technology used in automo-
biles. Under stoichiometric conditions, low light-off cata-
lysts, which start conversion of emitted gases at reduced
operating temperatures, constitute one of the most success-
fulways to achieve thisobjective (1, 2). Aslead iseliminated
and sulfur levels in fuels are lowered, the use of palladium
has increasingly attracted the attention of the catalytic com-
munity in order to develop efficient catalysts for hydro-
carbon and CO oxidation at low temperatures (1, 3). The
specific chemical-physical properties of the Pd—Ce interface
have been determined as a result of studies concerning their
catalytic behavior. For CO oxidation, contact between the
metal and support yields surface metallic palladium from
initial contact with the reactant gases at room temperature
(RT) as well as creating surface ceria anion vacancies able
to activate oxygen, which subsequently reacts with CO ad-
sorbed on metallic sites to generate CO, (3). Both effects
are characteristic of the Pd-Ce interaction, with asimilar ef-
fect for other noble metals such as Pt only being observed
at significantly higher temperatures (3, 4).

However, the performance of Pd-based systems for NO
elimination usually requires improvements in order to
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reach acceptable standards of current systems (1, 2). Sub-
stitution of Rh in three-way catalysts (TWCs) is another
desirable objective from an economical view, and promo-
tion of Pd with a second “active” metal is seen as a useful
way to achieve this goal. Mn (5) and Cr (6) significantly en-
hance the activity of Pd in the NO elimination. In the first
case, either dual Pd-Mn or MnOy entities are believed to
facilitate NO dissociation while in the second case, the pres-
ence of a Pd-Cr alloy phase, which strongly perturbs the Pd
electronic properties, is thought to be the origin of the en-
hanced NO dissociation. Theoretical studies have shown
that Cu can strongly modify the Pd valence state by in-
jecting charge into the sp subband (7). The consequence
of this electronic modification is that Pd—Cu alloys facili-
tate NO dissociation with respect to Pd by varying the na-
ture of the NO interaction with Pd surface centers, which
change from almost purely covalent (in the case of the pure
metal) to a mixture with an ionic component. This ionic
component increases with the copper content of the alloy
and progressively weakens the N-O bond (8). These theo-
retical studies suggest that Pd—Cu catalysts might be a po-
tential alternative for future TWC systems. Here copper-
rich Pd—Cu systems supported on a conventional, mixed
ceria/alumina support have been studied along with a ref-
erence monometallic Pd and a binary Pd—Cu reference sup-
ported on neat alumina. The CO + NO + O; reaction has
been used as a catalytic test to analyze the behavior of these
catalysts under stoichiometric conditions. Characterization
under reaction conditions was performed using infrared
spectroscopy (DRIFTS), and the specific role of the oxygen
vacancies of the oxidic components was studied by elec-
tron paramagnetic resonance (EPR). The study attempts a
detailed analysis of how the metal-support interaction af-
fects the reactivity of the reactant gas molecules and how
electronic and/or geometric modification of Pd by alloying
influence these phenomena.

Il. EXPERIMENTAL

The CeO,/Al,O3 support was prepared by incipient wet-
ness impregnation of alumina (Condea Puralox, Sget=
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180 m?g~1) with an aqueous solution of Ce(NQO3), - 6H,0,
corresponding to 10 wt% CeOQ,. After drying at 353 K, the
supportwas calcined at 773 K for 6 hindry air. This support,
10CA, and the parent alumina, A, were impregnated with
aqueous Pd(NOs3); - xH,0O and Cu(NO); - 2H,0 to give 0.5
and 1.0 wt% metal loadings, respectively. A monometal-
lic 0.5 wt% Pd10CA reference catalyst was also prepared
following a similar procedure. Catalysts were calcined fol-
lowing the same drying/calcination cycle.

Catalytic tests using a 1% CO +0.1% NO + 0.45% O,
(N balance) mixture at 30,000 h~* were performed in a
Pyrex glass reactor system. Gases were regulated with mass
flow controllers and analyzed on line using a Perkin—-Elmer
1725X FTIR spectrometer coupled with a multiple reflec-
tion transmission cell (Infrared Analysis Inc.). Oxygen con-
centrations were determined using a paramagnetic analyzer
(Servomex 540A). Prior to catalytic testing, in situ calcina-
tion at 773 K was performed, followed by cooling in syn-
thetic air and a N, purge at room temperature (RT). A
characteristic test consisted of increasing the temperature
from 298 to 823 K at 5 K- min .

TEM experiments were carried out using a JEOL 2000
FX (0.31 nm point resolution) equipped with a LINK (AN
10000) probe for EDS analysis. Portions of samples were
crushed in an agate mortar and suspended in cyclohex-
ene. After ultrasonic dispersion, a droplet was deposited
on a nickel grid supporting a perforated carbon film. Mi-
crographs and electron diffractograms were recorded over
selected areas with compositions previously characterized
by EDS. Diffraction images were digitalized with a scan-
ner and subjected to computer densitometry using in-house
software to yield angle-integrated radial profiles.

DRIFTS analysis of adsorbed species present on the
catalyst surface under reaction conditions was performed
using a Perkin—-Elmer 1750 FTIR fitted with an MCT de-
tector. Analysis of the NO conversion at the outlet of the
IR chamber was performed by chemiluminescence (Ther-
mo Environmental Instruments 42C). The DRIFTS cell
(Harrick) was fitted with CaF, windows and a heating car-
tridge that allowed samples to be heated to 773 K. Samples
of ca. 80 mg were calcined in situ (as before) and then cooled
to 298 K in synthetic air before introducing the reaction
mixture and heating at 5 K - min~! to 673 K, recording one
spectrum (4 cm~* resolution) every 15 K. The gas mixture
(1% CO, 0.1% NO, 0.45% O,, N, balance) was prepared us-
ing a computer-controlled gas-blender with 75 cm®- min~!
passing through the catalyst bed.

EPR spectra were recorded at 77 K with a Bruker ER
200 D spectrometer operating in the X-band and calibrated
with a DPPH standard (g =2.0036). Portions of ca. 40 mg
were placed inside a quartz probe cell with greaseless stop-
cocks. A conventional dynamic high-vacuum line was used
for different treatments. In situ pretreated samples (as be-
fore) were reduced with 100 Torr of CO at increasing tem-
peratures (298, 373, 423, and 473 K) for 1 h and evacuated
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for 30 min at the same temperature. In a parallel set of ex-
periments, after CO treatment and subsequent outgassing
at 423 K, NO adsorption (10 Torr) was performed at the
same temperature as the CO reduction for 1 h, followed by
thorough outgassing. Over these two sets of preconditioned
surfaces, oxygen (70 umol - g~ unless otherwise specified)
adsorption at 77 K, followed by 30 min outgassing (resid-
ual pressure 2 x 10~* mbar) was performed and oxygen-
related radicals were detected by EPR. Some experiments
were continued by warming the sample to RT and adsorb-
ing successive doses of oxygen at 77 K.

I11. RESULTS

Reaction Tests

The CO and NO conversion profiles obtained for the
three catalysts, Pd-Cu/CA, Pd-Cu/A, and Pd/CA, are pre-
sented in Fig. 1. Low-temperature (T <400 K) conversion
of NO corresponds to adsorption/desorption processes in
all cases. The Ce-free sample shows very similar light-off
behavior for CO and NO at ca. 500 K. The addition of ce-
ria to the binary Pd—-Cu system decreases the CO light-off
temperature by more than 100 K while the corresponding
modification to the NO light-off was around 75 K. In the
presence of ceria, CO oxidation is enhanced to a greater
extent than NO reduction while for alumina-supported sys-
tems both reactions occur simultaneously.

Addition of copper to a Pd/CA specimen also induces
beneficial effects in terms of both CO and NO conversion.
CO undergoes ca. 25 K decrease in light-off while the NO
profile changes in a more dramatic manner. Below 400 K,
both Pd-Cu/CA and Pd/CA catalysts retain NO without N,
evolution, resulting in similar profiles over the intermedi-
ate temperature range. The differences appear in the high
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FIG.1. CO and NO conversion profiles for the CO +NO + O, re-

action over palladium-copper samples. Triangles, Pd—Cu/CA,; squares,
Pd/CA; rhombs, Pd-Cu/A. Closed symbols, CO conversion; open sym-
bols, NO conversion.
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FIG. 2.

Radial, angle-integrated densitometry patterns of the electron diffraction rings observed for Pd-Cu/CA before (a) and after (b) reaction.

Vertical dashed lines mark the strongest reflections of ceria and alumina (subindexed as C and A, respectively).

conversion region with the presence of copper reducing the
100% conversion temperature by 125 K. The monometal-
lic Cu reference catalyst only shows contribution to NO
conversion (data not shown) above 543 K.

Morphological Characterization

As can be seen in Fig. 2, the electron diffraction analy-
sis of calcined and used Pd-Cu materials only gave rings
due to ceria (CeO;) and alumina (Al,O3) components. No
evidence for Cu- or Pd-containing phases was detected by
electron diffraction or EDS, consistent with previous re-
sults for Pd/CA (3). We assume that particles above 10 A
should have been detected by diffraction, and this result in-
dicates the high initial dispersion of the active components
and the absence of significant sintering during reaction. In
Pd-Cu/CA, ceriais (reasonably) homogeneously dispersed,
with no significant differences being observed compared
with the CA support in the range of Ce/Al atomic ratios
(0.02-0.10) obtained by EDS (9).

IR Experiments

DRIFTS recorded under reaction conditions (Fig. 3A-
C) indicate for all samples a progressive decrease in CO
gas contributions (2175/2125 cm~1) as a function of increas-
ing temperature which roughly parallels the light-off data
presented in Fig. 1. The CO; gas phase contribution (not
shown) did not give the same smooth increase in intensity
as a function of CO conversion, partially due to changes in

gas phase concentration originating within the beam path
but outwith the DRIFTS cell and, possibly, also due to
nonlinearity at the relatively high absorption of CO; gas
within the DRIFT cell due to a combination of the high
concentration (at high conversion) and the relatively long
path length within the cell. Despite this high absorption at
ca. 2350 cm™?, significant baseline distortion was not ap-
parent and bands in the range up to ca. 2270 cm~* could be
readily detected. Unlike the CO gas contribution, gas phase
NO (centered at 1876 cm™1) was not detected (Fig. 3) as a
result of the ten times lower concentration of the latter and
its lower absorption coefficient. The most intense features
common to all samples are bands at 2231 and 2256 cm™,
ascribed to NCO species adsorbed at exposed octahedral
and tetrahedral AI** cations of the alumina support (10).
This species may be a reactive intermediate in the reac-
tion mechanism, as it rapidly disappeared when the NO
flow was stopped at low conversion levels and reappear
when it was re-introduced. Additional similarities among
samples studied include the absence of peaks due to either
adsorbed NO species on metallic Pd (1750-1550 cm~1) or
adsorbed/gaseous N,O (vn-n around 2240 and vy_o around
1300-1250 cm™1) (12).

For the bimetallic samples, bands due to carbonyls ad-
sorbed on Cu?* (2145 cm™1) and Cu™ (2120 and 2100 cm™2)
(12), and to nitrosyls on Cu?t (1905, 1865 cm™1) (13)
were visible after contact with the reaction mixture at RT.
Around 333 K, an additional band at 2136 cm™, probably
due to CO adsorption at Cu™ sites (12), was also detected.
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FIG.3. (A) IR spectra of Pd—-Cu/CA sample in a flow of (a) 0.5% of O, at 303 K, then 1% CO, 0.1% NO, 0.5% O, N, balance at (b) 303 K;
(c) 333 K; (d) 363 K; (e) 393 K; (f) 423 K; (9) 453 K; and (h) 503 K. An arrow marks the zone displayed in the inset. (B) IR spectra of Pd—Cu/A sample
in a flow of (a) 0.5% of O, at 303 K, then 1% CO, 0.1% NO, 0.5% O,, N, balance at (b) 303 K; (c) 333 K; (d) 363 K; (e) 393 K; (f) 423 K; (g) 453 K; and
(h) 503 K. An arrow marks the zone displayed in the inset. (C) IR spectra of Pd/CA sample in a flow of (a) 0.5% of O, at 303 K, then 1% CO, 0.1%
NO, 0.5% O,, N balance at (b) 303 K; (c) 333 K; (d) 363 K; (e) 393 K; (f) 423 K; (g) 453 K; and (h) 503 K.
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On heating, the weaker CO-Cu?* and NO-Cu?* bond-
ing interactions allowed desorption of the adsorbates be-
low 373 K, while the CO-Cu™ bands, which experienced a
downward shift of less than 15 cm~!, were observed over
the whole temperature range studied, although they disap-
peared more quickly in the Pd-Cu/A specimen due, prob-
ably, to a stronger sintering process. Note that the high
stability at elevated temperatures of the species giving the
2100 cm~*band strongly support an assignment (dubious on
the exclusive basis of the frequency) to a CO-Cu™ species,
excluding the presence of metallic copper. Above 373 K, an
additional contribution at ca. 1960 cm™, due to carbonyls
bridging two Pd(0) atoms (14), was detected (Fig. 3 inset).
This band was observed at lower temperatures and with a
greater intensity for the cerium-containing bimetallic sam-
ple. For Pd-Cu/CA, a band at 2060 cm~* was observed from
473 K. This may be attributed to strongly adsorbed on-top
carbonyls at Pd(0) atoms, the low frequency resulting from
the low coverage and limited dipole coupling between ad-
sorbed molecules at reaction temperatures (14, 15). The
dilution of surface Pd centers by Cu (8) or, less likely (for
energetic reasons), the presence of Pd in coordinatively un-
saturated positions due to small particle size might also con-
tribute to the low-frequency position observed (14-18). The
presence of this contribution also suggests that the band at
2100 cm™?, assigned above to CO-Cu*, may also contain a
contribution from CO adsorbed at Pd single sites at tem-
peratures between the inital observation of Pd and 473 K
(temperature of appearance of the 2060 cm™! band).

The monometallic Pd/CA sample shows significant dif-
ferences from the Pd-Cu catalysts. No features indica-
tive of adsorption on metallic Pd were detected and new,
low-intensity bands around 2160/2120 cm~* were observed
below 473 K. These bands may be assigned to Pd?*/Pd™* (16)
or Ce®* (8 <3) species (3, 17, 18), although their absence
for the CA support reduced with CO up to 523 K in the ab-
sence of Pd, favors the former assignment. The 2160 cm~?
band intensity decreases with temperature til NCO species
appear (i.e., NO reduction starts), becoming after then a
strong feature of the spectra. NCO species were detected as
mentioned but with much lower intensity than in bimetallic
samples.

After running the CO + NO + O; reaction to 523 K (and
473 K for cerium-containing systems in a separate set of
experiments), flushing for 15 min and cooling to RT in ni-
trogen, 100 Torr of CO were admitted at RT and gave rise to
maxima in the 2150-1900 cm~* region for all three catalysts
(Fig. 4). These IR bands may be considered as indicative of
the oxidation state of palladium and copper at high levels
of conversion. The monometallic Pd system contains con-
tributions around 2090 and 1970 cm~! due to mono- and
bi-coordinated carbonyls adsorbed on close-packed (111)-
like and (100)-like metallic facets, respectively (14). The
intensity of these bands, particularly of the second one, ap-
pear to be strongly depleted in the binary catalysts, which
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FIG. 4. IR spectra after CO adsorption at RT on spent catalysts.

(a) Pd/CA; (b) Pd-Cu/CA,; and (c) Pd-Cu/A. Dashed line, 0.1 Torr; full
line, 100 Torr.

show additional, intense maxima at around 2100 (CO-Cu*
and possibly CO-Pd(0)), 2120 (CO-Cu'), and 2140 (CO-
cu?t) em~t (12).

EPR Experiments

The EPR results obtained after oxygen adsorption on
CO or CO plus NO pre-treated samples are summarized in
Fig. 5. For spectra 5Ac and 5Ad, subtraction of the spectra

A 2.028 N 50 G B
a)
b)
c)
c)
FIG.5. (A) EPR spectra following oxygen adsorption at 77 K.

(a) Sample Pd/CA treated in CO (4 vacuum) at 423 K. (b) Sample
Pd/10CA treated in CO (+ vacuum) and subsequently in NO at 423 K.
Spectra ¢ and d are similar to spectra a and b, respectively, for sample
Pd-Cu/CA. Computer simulations of a—c are overlapped as thinner lines.
(B) Typical individual signals used for the simulations of the experimental
spectra: (a) O1; (b) O2; and (c) O3.
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obtained prior to oxygen adsorption was performed in an
attempt to eliminate Cu?* signal contributions. Mn?* impu-
rities were also detected and are indicated by asterisks. As
shown in previous studies (19-22), oxygen adsorption on
ceria-containing reduced samples leads to formation of su-
peroxide species (Ce**-0;) due to electron transfer from
the surface in a process that can be envisaged (using formal
charges) as Ce**-V; + O, — Ce*™-0; , where V, denotes a
doubly charged oxygen vacancy. Evaluation of the intensity
and nature of the species formed by this process gives infor-
mation on the degree of reduction achieved by the sample
and on the nature of reduced centres involved in such pro-
cesses. A signal at g; =1.967 and g, =1.941, correspond-
ing to ceria-related structural defects but not participating
in the redox processes due to their relatively high stability
(19), was observed in all spectra.

Spectra were analyzed by computer simulations in or-
der to determine the characteristics of the signals obtained.
Reasonable simulations could be obtained in the three cases
analyzed by considering a single orthorhombic signal at
0, =2.028, gx=2.018, and gy=2.012 in each of the cases
(Fig. 5Aa-5Ac; no attempt to simulate the spectrum of
Fig. 5Ad was carried out due to the low intensity and poor
quality of the spectrum obtained). However, in order to ob-
tain an accurate simulation of the central part of the spectra,
rather large linewidth values are required for the g4 com-
ponent (ca. three times higher than those employed for the
other two); this differs from previous results for similar sam-
ples in which different signals were observed which could
be isolated by subjecting the systems to different thermal
conditions (4, 19, 20). Also, no simultaneous proper fitting
of the tails of the spectra at lower and higher magnetic fields,
and of the spectral shapes at magnetic fields corresponding
to g; and gy values could be achieved by considering single-
signal simulations. This strongly suggests that the spectra
are formed by overlapping of different signals. It is also
worth noting that previous studies on samples with simi-
lar characteristics showed spectra containing overlapping
signals for samples treated under similar conditions as em-
ployed here (3, 4, 9, 21).

In particular, the CA support produced in similar condi-
tions signals called O1 and O2 with parameters (g, =2.027
and g, =2.012) and (9, =2.027, gy=2.017, and gy = 2.011),
respectively (3, 4, 9, 21). On this basis, simulations of the
spectra of Fig. 5 were performed using the mentioned sig-
nals O1 and O2. In addition to these signals, the presence
of signal O3 was observed which presented a significantly
greater line width, and which was required in some cases for
proper fitting of the tails at lower and higher magnetic fields.
O3 presents a nearly symmetric line shape; fairly good sim-
ulations could be obtained when parameters close to those
of signal O1 were used, but the best fits were achieved with
the parameters g, = 2.032, gx = 2.016-2.015, and gy = 2.012.
Table 1 lists the amount of each component used in simu-
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TABLE 1

Characteristics of the EPR Spectra Observed after Oxygen Ad-
sorption at 77 K on the Samples Treated in CO (4 Vacuum) or in
CO (+ Vacuum) and Subsequently in NO (+ Vacuum) at 423 K

Percentage of each signal®

Intensity
Sample and treatment (10 umol-g™!)  O1 02 03
Pd/CA, CO 217 16 51 33
Pd/CA, CO +NO 0.88 36 64 —
Pd-Cu/CA, CO 1.18 — 53 47
Pd-Cu/CA, CO+NO neP’ n.e. n.e. ne.

2 As determined by computer simulations.
®n.e. = not evaluated (see text).

lating the EPR spectra. Although the precision of the per-
centage values is only modest, they allow a semiquantitative
evaluation of the differences between samples.

The assignments of these O-type signals are based on pre-
vious studies (4, 19-22). Signal O1 is attributed to Ce**-O,
species formed at the periphery of two-dimensional cerium
oxide patches (2D-Ce entities) dispersed on the y-Al,O3
samples. These cerium oxide species appear to constitute
a dispersed form of ceria in these alumina-supported sam-
ples, as suggested by previous investigations (21) and con-
firmed more recently (9). Signal O2 is due to similar Ce**-
O, species located in this case at surface positions of the
2D-Ce patches (9). The proximity of the g values used to
simulate signal O3 to those typically observed for Ce**-O,
signals indicates that signal O3 is also due to these species.
A signal showing characteristics similar to those of signal
O3 has been recently observed for palladium supported on
different CeO,/Al,O3 samples and on pure CeO,, and was
attributed to Ce**-O; species formed at palladium—ceria
interfaces of 3D-Ce particles. Such an assignment was based
mainly on the promoting effect of palladium on the forma-
tion of the corresponding reduced cerium centers (3).

Table 1 provides evidence of the lower amount of Ce**—
O, species produced after CO reduction in the presence
of copper. This affects mainly signal O1, as previously ob-
served for monometallic Cu systems, and is attributed to a
blocking effect of the metal on surface ionic sites located
at the periphery of 2D-Ce patches (22). Most significant in
Fig. 5 (and Table 1) is, however, that the treatment with
NO at 423 K (subsequent to CO reduction) decreases the
number of ceria vacancies and that this decrease is pro-
portionally much more important on the copper-containing
sample.

IV. DISCUSSION

Monometallic Catalyst

The Pd/CA sample converts CO from ca. 350 K but only
begins to show appreciable NO conversion above 423 K.
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CO oxidation using O, has been studied recently for this
catalyst (3). Fernandez-Garcia et al. (3) and Xu et al. (23)
have shown that the presence of metallic Pd is essential
for CO activation as only this state of palladium is able
to introduce electronic charge in to the 2z* anti-bonding
orbital, thus weakening the C-O bond (24). Metal-ceria
interactions decrease the temperature from which the re-
quired metallic state is present under reaction conditions
in CO/O,. In the case of Pd, this state appears from RT
3).

As shown by the absence of the 1970-1960 cm~! band
for Pd/CA (Fig. 3C), the presence of NO in the reaction
blend maintains Pd in an oxidized state, which appears to
be confined to the surface. This deduction is based on the
CO adsorption experiments using the used catalyst where
only sites indicative of metallic particle surfaces were de-
tected (Fig. 4a). Global reduction of the active phase with
surface oxidation has been reported for Pd/Al,O3 under
CO + NO (25, 26). The detection of NCO (Fig. 3A-3C) for
all samples shows, on the other hand, that NO dissocia-
tion takes place over these Pd catalysts, independent of the
presence/absence of copper. Therefore, some small fraction
of reduced Pd, necessary for that reaction step, must exist
under reaction conditions.

NO also influences the number and distribution of an-
ionic vacancies on ceria under reaction conditions. As indi-
cated by EPR (Table 1), NO competes with O, for vacancies
involved in the activation/dissociation of these molecules.
As for oxygen (3), for NO O1-type vacancies act as specta-
tors under reaction conditions while the remaining O-type
vacancies are active, O3 being the most active. Although
the existence of O3 vacancies (clearly detected for pure ce-
ria) is less neatly identified in the 10CA support, the results
suggest that anion vacancies formed at the Pd contact with
3D-Ce-like particles are the most effective in promoting the
dissociation of both O, and NO.

The influence of NO on the Pd and ceria components
has important consequences on the light-off behavior of
Pd/CA. The reduced number of cerium-anion vacancy cen-
tersavailable for oxygen activation/dissociation due to com-
petition with NO, and the presence of fewer reduced Pd
centerswhich are able to activate CO, lead to the ca. 50 K in-
crease in CO conversion temperature betweenthe CO + O,
(3) and CO + NO + O, reactions (Fig. 1). This behavior is
observed here even for small quantities of NO (1000 ppm)
such as those present in exhaust gases under real conditions.
The oxidized Pd state, and subsequent limited number of
reduced sites, also hinders NO dissociation, which is oth-
erwise only possible at moderate temperatures as a direct
result of the presence of ceria. A mechanism by which ceria
may enhance NO reduction becomes apparent in the EPR
results; anion vacancies at the interface help its dissociation
by partially capturing O atoms from NO molecules already
activated on the Pd surface.
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Bimetallic Catalysts

The first apparent consequence of the addition of Cu to
the catalyst formulation is the formation of Pd—Cu alloys
under reaction conditions, as deduced from the decreased
intensity of the 1970-1960 cm~! band, due to bridging car-
bonyls on Pd(0) sites (Fig. 4). This decrease cannot be as-
cribed to a higher dispersion of Pd, as this would give rise to
a large increase in the contribution of the 2090 cm~! peak.
The absence of bridging sites due to large-scale sintering
must be also excluded as TEM did not detect the presence
of such Pd particles after reaction. The presence of copper
atoms at the surface of the Pd-containing metal particles
could explain the decrease in number of Pd(0) neighboring
pairs required to produce this adsorbed species. Neglect-
ing effects of dipole-dipole coupling and assuming random
mixing of both active components and similar average par-
ticle size for all catalysts (as suggested by the microscopy
study), a rough estimate of a 0.7 surface copper fraction can
be calculated from the intensity loss of the 1970-1960 cm*
band. The lower surface free-energy of copper, the exother-
micity of the Pd-Cu alloy formation and the strain effect
resulting from the different Pd/Cu atomic radii would sug-
gest that the estimated surface copper fraction is probably
a lower limit of the real value (27). On the other hand, a
strong dilution of surface Pd centers by Cu has been al-
ready observed for Pd/Cu atomic ratios even above unity,
depending on the open/closed (packed) surface character-
istics (28). Interesting to note is that the ratio between atop
and bridge-bonded Pd-CO species (Figs. 3 and 4), so that
the ratio between closed and open exposed facets, is dif-
ferent in the bimetallic catalysts studied, suggesting that
they may have different alloy particle morphologies. In both
specimens, the active metals distribution is completed with
the presence of nonalloyed copper species which dominate
the 2150-2100 cm~ IR region but are of low significance to
interpret the catalytic behavior of the samples.

The first chemical implication of depletion of the surface
noble metal with respect to the monometallic reference is
the lower number of anionic vacancies detected by EPR
in the ceria component (Fig. 5 and Table 1). In the first in-
stance, Cu hinders the formation of catalytically inactive
Ol1-type vacancies. As this happens also for monometal-
lic Cu samples (22), a blocking effect of nonalloyed cop-
per located at the periphery of 2D-Ce particles is the most
likely cause of this behavior. Additionally, alloyed copper
decreases the number of O2- and O3-type of anion vacan-
cies by about one half and one fourth, respectively (see
Table 1). Although these values have at most only semi-
quantitative significance, they do indicate that the number
of all types of vacancies is diminished uppon addition of
copper. Combined with the reduced number of active Pd
sites available at the surface, these characteristics would
be expected to have detrimental consequences on catalytic
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activity. However, the overall effect of copper addition is
clearly beneficial for both CO and NO conversion (Fig. 1).
The detrimental effects are more than compensated by the
positive contribution which is derived from the zero-valent
state of Pd which is maintained under reaction conditions
(1970-1960 cm~! band) as a consequence of the alloying
process. Pd-Cu alloys activate CO in a similar manner to
Pd, although with reduced adsorption energy (29), but ab
initio calculations predict a stronger activation of NO with
respect to pure Pd metal as a result of injecting almost one
electron into the 2z * orbital of the molecule (8). Compar-
ison of PACu/A and PdCu/CA indicates, however, that the
interplay between ceria and the zero-valent alloyed phase
is, in fact, the key factor in governing the catalytic activity, as
in the case of the monometallic samples in the CO + O, and
CO + NO + O; reactions (3). This active phase-ceria inter-
action enhances the formation of the zero-valent phase at
lower temperatures (inset of Fig. 3), which facilitates the
activation of CO and NO, and provides anion vacancy sites
close to that phase which assist in NO and O, dissociation at
such low temperatures. Although nonalloyed reduced cop-
per in contact with ceria may contribute to the enhanced CO
oxidation behavior of the bimetallic catalysts (21), such sites
are not active for NO elimination below 543 K. EPR evi-
dence suggests (Fig. 5) that the metal-support interface is,
in fact, more effective for NO activation/dissociation when
copper is present in the zero-valent phase.

The different surface oxidation state of Pd in mono and
bimetallic systems suggests a change in the limiting step of
the reaction rate. As observed for Pd/Al,O3 (25, 26), this
step can be associated with oxygen elimination from the Pd
surface (CO + Oy pq — CO3) in the monometallic sample.
The metal-adsorbed oxygen is expected to have a higher
activation energy for CO, formation than the correspond-
ing value for ceria-related oxygen (O?~ ions), which is the
main source for oxidation processes in the system. For Pd—
Cu, the reduced state of the surface indicates that N-O
bond dissociation is now the rate-limiting step and, con-
sequently, that O elimination from Pd (CO oxidation on
that surface) is significantly favored. The N-O dissociation
step is known to be faster than the CO + O4pq — CO; step
in Pd catalysts (26) and should be faster in the bimetallic
than the monometallic catalyst due to the larger activation
of the NO molecule produced by its adsorption on Pd-Cu
surfaces (8). Both facts constitute the enhancing effect of
Cu addition to Pd from a mechanistic point of view.

V. CONCLUSIONS

Ceria plays a key role in CO and NO elimination over
monometallic Pd systems. While both reactant molecules
are activated over the noble metal component, NO and O,
dissociation occurs at the metal/ceria interface with the par-
ticipation of anion vacancies of the lanthanide oxide. Under
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reaction conditions, Pd remains mostly oxidized at the sur-
face and anionic vacancies located at 3D-Ce particles are
believed to be the most effective in promoting the disso-
ciation processes required in the reaction mechanism. The
active component—ceria interface also governs the catalytic
activity for Pd—Cu systems. However, Cu modifies the noble
metal oxidation state during reaction, stabilizing the zero-
valent Pd while, on the other hand, reducing the number of
otherwise active anion vacancies of the ceria. Both effects
are explained by the formation of a Pd—Cu alloy which is
most likely surface enriched in Cu, and which is thermody-
namically more stable than the separated metals. The two
effects from Cu addition have opposing results over the cat-
alytic activity but the net-effect of copper addition to Pd is
beneficial. From a mechanistic view, copper improves ac-
tivity by enhancing the rate of the two elemental steps: CO
oxidation on Pd surfaces and N-O dissociation.
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