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Abstract

Pd—Ni catalysts supported on A3, (Ce,Zr)Q,/Al 2,03, and (Ce,Zr)Q were examined with the principle objective of determining the effects of
Ni on catalytic activity for CO oxidation and NO reduction reactions under stoichiometric conditions. Catalytic activity findings for+h@£O
and CO+ O» + NO reactions were analyzed in conjunction with in situ DRIFTS and XANES results to obtain information on the processes
occurring in the catalysts during the course of the reactions. The results reveal a significant dependence on the nature of the support in terms
the catalytic changes produced by nickel. In the absence of significant nickel-induced electronic perturbations of palladium, these are related 1
indirect effects on palladium distribution over the catalysts or to a certain impediment of the interactions between active palladium and Ce-Zr
mixed-oxide components. Significant promotion of CO oxidation was observed for the (Cg/&ROs-supported catalyst, which reveals a
relevant role for the particle size of the nanostructured Ce—Zr mixed oxide in this reaction.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction lysts. The presence of nickel apparently favors a preferential
interaction of palladium with the Ce—Zr mixed-oxide compo-
Part 1 of this work was dedicated to analyzing in detail asent of the support in the (Ce,Zr}{A\l,O3-supported system,
pects of characterization that could be relevant to understandinghereas nickel interacts preferentially with the alumina compo-
the catalytic properties of bimetallic Pd—Ni catalysts supportechent. Concerning the chemical nature of palladium and nickel
on Al;03, (Ce,Zr)Q./Al,03, and (Ce,Zr)Q [1]. These can be components in the initial catalysts, these are shown to appear
related to the amount and nature of the contacts established hig-the form of small PdO-type or NiO-type particles (in addi-
tween Pd and the different support components, the structurgbn, for alumina-supported samples, a part of the nickel can
and compositional characteristics of the Ce—Zr mixed-oxidgorm NiAl,Oy-type particles). Overall, the results suggest no
component of the support, the dispersion and chemical state gfrong interactions between Pd and Ni in the initial calcined
palladium, or the existence of interactions between Pd and Ndystems, although a certain degree of interaction between both
[2-12] In this respect, as we concluded in Paft], the pres-  components in the (Ce,Zr\@upported catalyst cannot be dis-
ence of rather homogeneous Ce—Zr mixed-oxide nanostructur@gnted. The dispersion of palladium and the corresponding
(with average particle sizes of 3.4 and 5.4 nm, respectively) Wagharacteristic size of the PdO particles were strongly influ-
revealed in (Ce,Zr)QAI203- and (Ce,Zr)Q-supported cata-  gnced by the support nature. These findings appear to be fairly
similar for systems having alumina as the carrier,(@4- and
" Corresponding author. (Ce,Zr)Q,/Al;03-supported systems), in which particle size
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of dispersion was seen in the (Ce,ZrySupported catalyst. In ture under the reactive flow at a ramp rate of 5 K nlirwith a
turn, nickel achieved highly dispersed states in all of the sysglass-sheathed thermocouple placed in the center of the catalyst
tems. bed for temperature control.

This second part of the study aims to analyze the catalytic Diffuse reflectance infrared Fourier transform spectroscopy
properties of such Pd—Ni systems, focusing in particular on théDRIFTS) analysis of adsorbed species present on the cata-
promoting effects induced by the presence of nickel in the catlyst surface under reaction conditions was carried out using a
alyst formulation. For this purpose, the catalytic activity for Perkin—Elmer 1750 FTIR fitted with an MCT detector. On-line
CO oxidation and NO reduction of the bimetallic Pd—Ni cat- analysis of the NO concentration at the outlet of the infrared
alysts supported on ADs, (Ce,Zr)Q./Al»03, and (Ce,Zr)Q  (IR) chamber was performed by chemiluminescence (Thermo
during light-off tests was examined in comparison with that ofEnvironmental Instruments 42C). The DRIFTS cell (Harrick)
monometallic Pd systems, which have been analyzed in detailas fitted with Cak windows and a heating cartridge that al-
in previous studief/,9,10] The present study is complemented lowed samples to be heated to 773 K. Samples of ca. 65 mg
by the analysis of the catalysts under reaction conditions by imvere pretreated in situ under diluted On a manner similar to
situ DRIFTS and XANES techniques to obtain information onthat for the catalytic tests), before introduction of the reaction
possible changes occurring during the course of the reaction anixture and heating at 2 K mirt from 298 to 673 K, recording

interaction with the reactant mixture. one spectrum (4 cri resolution, average of 50 scans) gener-
ally every 10-15 K. The gas mixture (similar to that used for
2. Experimental catalytic tests) was prepared using a computer-controlled gas
blender with 80 crimin—1 passing through the catalyst bed.
The catalysts were prepared as indicated in Pgif.1The X-Ray absorption near-edge structure (XANES) experi-

bimetallic Pd—Ni catalysts are referred to as PdNiA, PANICZA ,ments at the P& -edge were performed on beamline BM29
and PdNICZ (with 1 wt% loading for each of the metals) for of the ESRF synchrotron and at station 9.3 of the SRS syn-
the systems supported on8l3, CeZrQy/Al 03 (with 10 wt%  chrotron. A Si(311) double-crystal monochromator was used in
of the Ce—Zr mixed oxide), and CezZi{respectively. Another conjunction with a rejection mirror to minimise the harmonic
two bimetallic catalysts with 0.5 and 2 wt% Ni and the samecontent of the beam. Transmission experiments were carried
Pd loading (1 wt%) over the CZA support were prepared by theut using Kr/Ar-filled ionization chambers. The energy scale
same methods described in Paiftl] and are denoted here by was simultaneously calibrated by measuring a Pd foil using
Pd0.5NiCZA and Pd2NiCZA, respectively. Monometallic ref- a third ionization chamber. Samples were self-supported (ab-
erence catalysts (with 1 wt% loading in all cases) are identifiedorbance, 0.5-1.0) and placed in a controlled-atmosphere cell
with either Pd or Ni as a prefix. for treatment. XANES spectra were taken every 15 K in the
Catalytic activity tests using stoichiometric gas mixtures ofpresence of the C&® NO + O, flowing mixture (similar to the
1% CO+ 0.5% & or 1% CO+ 0.45% Q@ + 0.1% NO (N one used for catalytic activity tests) during a 5 K mirtem-
balance) at 3 10* h~! were performed in a Pyrex glass fixed- perature ramp up to 673 K. The series of spectra were analyzed
bed flow reactor. Space velocity (310* h~1) and sieving size  using principal factor analysis (PCA), details of which can be
(particles in the 0.125-0.250 mm range) were selected to minfound elsewhergl4].
mize diffusion effect§13] as estimated from independent tests  Further analysis of the catalysts after use in the catalytic tests
performed on the PdNICZA catalyst for the COx-€@action, mentioned earlier was performed by X-ray diffraction, using the
which indicated the absence of significant mass-transfer limiequipment described in Par{1]. The diffractograms obtained
tations for particle sizes ca. 0.5 mm (at least for conversion were analogous to those observed for the initial calcined cat-
values< ca. 50% in this case); in this respect and for comparalysts, thus revealing the stability of the support components
ative purpose, it is worth noting that no significant differencesunder reaction conditior4].
in textural properties (surface area, pore distribution) were de-
tected when comparing monometallic Pd and bimetallic Pd—NB. Results
catalysts on each respective support. The gases used (all of
commercial purity: 99.9% CO, 99.99%(and 98.5% NO, the 3.1. Catalytic activity tests
latter with 1% NQ and 0.5% NO as the main impurities) were
regulated with mass flow controllers and analyzed on-line us- Fig. 1shows the conversion profiles obtained for the bimetal-
ing a Perkin—Elmer 1725X Fourier transform infrared (FTIR) lic catalysts under C@ O,. The results demonstrate the pro-
spectrometer coupled with a multiple reflection transmissiormoting role of the Ce—Zr mixed-oxide component, in accor-
cell (Infrared Analysis Inc.). Oxygen concentrations were deterdance with results reported previously for the monometallic
mined using a paramagnetic analyzer (Servomex 540A). ExpeRd catalyst$9]. Relatively low apparent activation energies, in
imental error in the CO and/or NO conversion values obtainedhe 25-35 kJ mol range (which should be considered only in
under these conditions is estimated-a8%. Before catalytic qualitative terms, because the high activity of the catalysts at
testing, a calcination pretreatment was performed in situ undeoom temperature precludes a guarantee of the system'’s differ-
2.5% Q@ (in N») at 773 K, followed by cooling under the same ential behavior), are estimated from analysis of low conversion
atmosphere and a thorough purge at room temperature. Tests points of PdNICZ and PdNICZA catalysts, suggesting active
were performed in the light-off mode, increasing the temperasites involving palladium-cerium conta¢i$]. Greater promo-



264 AB. Hungrfa et al. / Journal of Catalysis 235 (2005) 262-271

100 1004
80 80 -
\E 604 .6 60
Rl 2]
8 2 40
5 i
g 40- 8
g Q
o o 209 —e— PdNiA
O 20- —e— PdNIiA —u— PdNiCZA
—m— PdNiCZA 0 . —A— PdNiCZ
—A— PdNiCz L B e e e
04 300 350 400 450 500 550 600 650
T T T T T T T T T T T
300 350 400 450 500 550 T(K)
T(K)
Fig. 1. CO conversion profiles obtained during the C@-+€action over the 1004
indicated catalysts.
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Fig. 2. Conversion profiles obtained during the CQ—RO0 reaction over the
CZ-supported 335 <303 498 356 358 520 448 485773 indicated catalysts.

tion of CO oxidation activity was achieved in the presence of NiSYStém Table . In contrast, no specific influence of the pres-
for the CZA-supported catalyst, as evidenced by data present&fic® ©f Ni could be identified in overall terms in regard to
in Table 1 These data reveal an important promoting effect of 12 Sélectivity in the NO reduction process, in accordance with
nickel in this system that appears to be almost independent Hyevious report$7,10]). _Ot_her details apparent in the NO con-
the amount of nickel present in the catalySalfle 3. In con-  Version proﬁle; shown ifrig. _2concern the presence of oscil-
trast, the presence of Ni produced an apparent decrease in dations at relatively low reactlo_n ter_nperatures (part!cularly.for
oxidation activity in the CZ-supported system, but had no sig{h® CZ-supported system), which, in accordance with previous
nificant influence on the A-supported systeTaffle 9. analyses[lO]_, are es;_entlally relate(_j to adsorption/desorption
Different effects were induced by the presence of NO inof NO, species. Addltlonal_ly, angly5|§ of the datariable 1re-
the reactant mixture as a function of the support and/or thi¥€@ls that changing the Ni loading (in the 0.5-2.0 wt% range)
presence of Ni in the catalysFig. 2 Table 3. The only ma- " the bimetallic CZA—supportgq system producgd onlylmml—
terial for which the presence of Ni did not appear to exertma! effects on thg catalypc activity for these reactions, with th(_a
any significant influence was the A-supported catalyst, whictpPtimum properties achieved in global terms for the 1 wt% Ni
in turn displayed the greatest NO reduction activity. As ob-SyStem (PANICZA). In contrast, comparison with the catalytic
served previously for the monometallic Pd cataly2id0], the ~ Performance observed over monometallic Ni systeTable )
presence of NO had a detrimental effect on CO oxidation aclhdicates that the catalytic behavior observed in the bimetallic
tivity in the bimetallic systems. However, in contrast to the catalysts cannot be attributed to effects induced by Ni alone.
behavior observed for the monometallic systems for which the
magnitude of the NO-induced reduction of the CO oxidation3.2. Insitu DRIFTS
activity was observed to increase with the CZ content of the
catalyst[10], a relatively greater level of deactivation was ob-  The results of DRIFTS experiments recorded underd®
served here for PANICZA than for PdNICZ. In terms of NO and CO+ O 4+ NO for the bimetallic systems are shown in
reduction, the results reveal that the presence of Ni somewh&igs. 3 and 4respectively. A reasonable correlation is observed
limited the detrimental effect induced by the establishment obetween evolution of bands due to gaseous Gippearing in
Pd—CZ contactfl0]. This Ni-induced enhancement of NO re- the 2400-2300 cm' range) and CO conversion in the cat-
duction activity was particularly pronounced for the PANICZ alytic tests Figs. 1 and 2 Unfortunately, the relatively low
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Fig. 3. In situ DRIFTS spectra obtained during the course of the GQe@xtion for the indicated catalysts. Spectra taken every 20 K from 303 up to 483-543 K
(from bottom to top).
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Fig. 4. In situ DRIFTS spectra obtained during the course of the GONO reaction for the indicated catalysts. Spectra taken every 30 K from 303 up to 573 K
(from bottom to top).

concentration of NO used in these tests prevents direct moni- Results for the CGr- O, reaction show the formation of
toring from analysis of the NO gas phase bands in the DRIFT@n atop carbonyl species chemisorbed on metallic Pd parti-
spectra. Nevertheless, on-line chemiluminescence monitoringes immediately on contact with the reactant mixture at room
of NO, species during the C@ O, + NO reaction revealed temperature (band at 2100-2060 dinseeFig. 3) [7,16-19]

good agreement between NO conversion results obtained in tigifferences in the intensity and frequency of this type of car-
catalytic tests of-ig. 2 and those obtained using the DRIFTS bonyl species as a function of the presence or absence of CZ
cell. The DRIFTS spectra revealed the formation of differentin the catalyst are apparent. Whereas for PdNiCZ, maximum
chemisorbed carbonyl (or nitrosyl) species on interaction withintensity of these species was observed immediately on con-
the reactant mixtures. Their characteristics and evolution wertact with the reactant mixture at 303 K, decreasing in inten-
observed to depend on various factors, including the presenaity and red-shifting at higher reaction temperature, for PdNiA
or absence of NO in the mixture and the amount of CZ compothe maximum appeared at an intermediate reaction tempera-
nent present in the catalyst. ture (ca. 383 K), showing decreasing intensity along with red-
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shifting at higher temperatures. Of significance was the corre-

lation between the onset temperatures of the red shift of this

species and the CO oxidation activity, in agreement with pre-

vious results for alumina-supported palladium systefhsThe

PdNICZA system represents an intermediate case, because it

shows maximum intensity of the atop species at 303 K, whereas

the band appears to be split into two components at intermediate

reaction temperatures (at least up to 423 K) as a consequence of

the varying extent of perturbation. Analysis of the shifted com- =

ponent in this sample shows fairly similar positions as those X

observed for PANICZ. The band splitting is a consequence of |

the presence of two types of palladium species interacting with PANICZ -4

th.e two different suppo_rt components, CZ and A, in agreement M

with results presented in Par{1]. PANICZA ;
The spectra show also the growth (up to a certain, relatively

high, intermediate temperature) of bands due to two differ-

ent bridging (or bridging and three-fold coordinated, respec-

tively) carbonyls chemisorbed on metallic palladium (bands at

ca. 1970 cm?! and a broader one centered at ca. 1920%tm

and extending down to ca. 1800 T respectively]7,16—20] B

A decrease in intensity along with a red shift of bands due to wavenumber (cm’)

this type of carbonyl, likely related mainly to thermal desorp-

. . . Fig. 5. DRIFTS spectra recorded at the end of the run under G@#ter cool-
tion effects, was produced at high temperature. The decreasn}gg ’ ¢

. . . . T Vg down to 303 K under inert gas followed by admission of 3% CfOilew
atop/bridge carbonyl intensity ratio observed with increasing_) and subsequent purging undes - -) for the indicated catalysts.
reaction temperature can be related in part to the increasing size
of the Pd metallic particles produced during the course of thgyst \whereas PdNICZA and PdNiA showed greater similarities
reaction[7,21,22] (Different thermal stabilities should be also j this respect. This is in line with the smaller palladium parti-
considered17,19,20]) Indeed, this agrees with the fact that (g gjze in the final state of the PANICZ system, in agreement
evolution of the overall intensity of metallic palladium carbonyl | it the greater dispersion of palladium observed in the char-
species in PANiAFKig. 3) reflects that the degree of palladium acterization results of Part[1,21,22]
reduction increases with reaction temperature. In situ XANES The presence of NO in the reactant mixture significantly hin-

results presented later in this report are also in agreement Wittli'ered the formation of metallic Pd carbonyls (bands at 2100—

a gradual palladium reduction process during the course of th§060 and 19751900 cri), as can be inferred by comparing
reaction. '

. . Figs. 41 h i Is that the for-
Another carbonyl species detected during the runs underIgS 3 and 4In turn, such a comparison reveals that the for

i +
CO + Oy corresponds to carbonyl species chemisorbed at Oxr_natmn of Pd* carbonyls (bands at ca. 2160 and 2130 ¢n

idized Pd+ sites (band at ca. 2148-2142 ¢h [10,20] ob- V&S Promoted by the presence of NG 4). The extent of this
effect apparently increased with an increasing amount of CZ in

rv xclusivel t relatively low reaction temperatur . : : .
fsoer tﬁcei ?:ZC gsntzi)r/]irgz CStZIysetg:(go 3 eggrgful iensggcili (;Jnes)the catalyst. Indeed, for PANICZ, it became particularly difficult
e detect metallic Pd carbonyls during the temperature ramping.

of the spectra also reveals the presence of a small band 4 b . d id facz d oxi
ca. 2180 cm? at low reaction temperatures that was not de- ese observations provide evidence of a CZ-promoted oxi-

tected during similar runs performed using the monometalli¢izing effect induced by NO on the palladium component, in

Pd system$7,9]. This band is most likely related to carbonyls line with results reported for the monometallic palladium cata-
weakly chemisorbed at exposed?Nications present in the lysts [10]. Other bands observed in these spectra were related

NiO-type oxide that is highly dispersed on the catalgs?3]. to adsor.bt.ed isocyanate species (at ca. 2250 and 2231 fum

To analyze the state of the catalyst at the end of the runs urfb-containing catalysts and a very weak one at ca. 2241'cm
der CO+ O,, the samples were cooled undes Nefore CO for the PdNICZ systenii7,10,18), providing evidence for NO
(3% CO in N flow) was admitted into the DRIFTS cell at dissociation. The initial appearance of these bands correlates
303 K, then purged undera\at the same temperature. The re- reasonably well with the onset of NO reduction. In addition,
sults of these experiments are giverFig. 5. The spectra show @ band at ca. 1850 cm appearing exclusively in the presence
the presence of the linear and bridging carbonyl species off nickel (also seen when the same experiment was performed
the metallic palladium particles, carbonyl species chemisorbetising a reference Ni/AD3 catalyst [results not shown]) was
on Pdt for the CZ-containing catalysts, and the band due toobserved at relatively low reaction temperatures and can be as-
weakly adsorbed carbonyls on®ications at ca. 2180 cnd,  signed to nitrosyl species chemisorbed oftNiations[24,25]
which readily disappears onyNpurging. Note that the ratio of Formation of this species hindered formation of the carbonyl
the intensities of atop and bridging carbonyls chemisorbed ospecies chemisorbed on i cations, in agreement with the
metallic palladium was particularly high for the PANICZ cata- higher adsorption energy of NO over such cati¢?8]. Re-
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the PdNIA catalyst in this case. In turn, analysis of the metal-
lic palladium chemisorbed atop/bridge carbonyl intensity ratio
is in agreement with the achievement of a smaller palladium
particle size in PdNiCZ after the runs under @D, + NO.
Analysis of the spectral range corresponding to chemisorbed
CO,- or NO,-related species (assignments made on the basis of
differences between experiments performed in the presence and
absence of NO) revealed differences as a function of the support
material usedKig. 7). PANICZ showed the presence of bands
attributable to carbonate or carboxylate species (bidentate car-
bonates at ca. 1580 and 1297 chand monodentate carbonates
or carboxylates at ca. 1506, 1400, and 1837]). A band due
to chelating-nitrite species (appearing at 1185 ¢rj28]) was
observed at low temperature and had a maximum at 333 K.
The evolution of this feature correlates well with the previ-
ously mentioned adsorption/desorption phenomena which was
responsible for the shape of the NO conversion profile at low
temperature during the catalytic tesEg. 2). Nitrate species,
displaying main bands at 1527 and 1273 ¢f29-31] are ob-
served at higher reaction temperatures. PdNIiA and PdNiCZA
catalysts showed the formation of hydrogencarbonate bands (at
1655, 1438, and 1227 cm [32,33) and a band at 1546 cm

cooling down to 303 K under inert gas followed by admission of 3% GO/N that can be ascribed to a bidentate carbonate Species (a band

flow (—) and subsequent purging undes (- -) for the indicated catalysts.

sults (similar to those presented kig. 5 of the postreaction
chemisorption of CO after the runs under G3D, + NO are

similar to this one is observed to grow with increasing reaction
temperature under C@ O), although nitrate species could
also contribute to this ban@3]. Bands attributable to nitrate
species (at 1560 and 1308 th{29,33] are observed at low re-

displayed irFig. 6. The nature of the carbonyls detected is simi- action temperature whereas other types of nitrate species (bands

lar to that of those observed after the run under-€0,. How-
ever, a relatively higher intensity of Pt carbonyls was de-

at 1610, 1578 and 1460 cth[29,33) appear at relatively high
temperatures. The presence of nickel does not apparently pro-

tected after the runs under GRO; + NO, indicating that they  duce significant differences in the nature or evolution of these
are apparently favored for CZ-containing catalysts. Howeverspecies, on the basis of comparison with results reported for the

in contrast to results observed after the €@- run (Fig. 5),

monometallic Pd catalys{3,34]. The carbonate- and nitrate-

a small band due to this type of species was also detected ftype species detected in these catalysts are similar to those
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Fig. 7. In situ DRIFTS spectra obtained during the course of the GONO reaction for the indicated catalysts (zone corresponding to carbonate- or nitrate-type
species, see text). Spectra taken every 30 K from 303 up to 573 K (from bottom to top).
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observed in the metal-free supports and in samples with other 1.0
metals deposited over these supp¢d,33,35] thus indicat- 1
ing that they become stabilized at support surface sites free
from significant interactions with either the palladium or nickel
components. In turn, their evolution as a function of the reac-
tion temperature, along with comparison with the respective
catalytic activities observed for the samplésg6. 1 and 2,
would eliminate any major relevant catalytic role for this type
of species, in accordance with previous repf#t81].
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0.6
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Fraction of pure component

0.2
3.3. Insitu XANES 00 _
With the aim of analyzing changes in the chemical state of 800 350 400 450 500 550 600 650 700
palladium in the course of the runs under GQD, + NO, T (K)

including the possibility that formation of Pd—Ni alloys may _ _ . . .
" . Fig. 9. Concentration profiles of species detected by XANES during the run

occur under such conditions (as observed pr_ewou_sly fo_r analQ; qer CO-G-NO for the indicated catalysts.

gous Pd-Cu catalys{8,4]), the two catalysts in which nickel

induces apparent changes in catalytic activity were explored by

XANES spectroscopy. Principal component analysis (PCA) ofThis can be related to the CZ-promoted reduction of palladium

the PdK -edge XANES spectra of PANICZA and PdNiCZ un- on interaction with CO, in agreement with previous postula-

der CO+ O, + NO suggested the presence of only two differenttions[9,36]. Such a process can in turn be favored by the higher

chemical species during the course of the ruUfig.(8). Com-  palladium dispersion in this samglg].

paring the XANES spectra of the two species with reference

compounds indicates that the palladium appears to be preseft Discussion

initially in the form of an oxidized P& species with a lo-

cal symmetry similar to that exhibited by PdO4{»symmetry Promoting effects of nickel in the bimetallic Pd—Ni systems

group). The second Pd-containing species can be readily abave been shown to depend strongly on the nature of the support

cribed to a zero-valent Bdcc phase by comparison with a Pd used Table 1. According to earlier report§2,7,9,10] such dif-

foil. Fig. 9 shows the evolution of the fraction of each of theseferences must be linked primarily to a series of factors which in

species as a function of the reaction temperature. The concegeneral terms can involve morphologic/structural or electronic

tration of the P&+ species decreased gradually from ca. 360modifications to palladium and/or the CZ active components of

and 410 K for PdNICZ and PdNIiCZA, respectively. The re-the systems, as well as changes in the nature or the amount of

duced P8 species appear concurrently, and their concentrationsontacts between both active components (as a consequence of

then grows until the reduction process becomes complete @hanges in the palladium distribution over the supports). Re-

about 580 and 630 K, respectively. These results reveal a greatsults given inTable 1discount significant direct involvement of

facility for bulk reduction of palladium in the PdNiICZ catalyst. nickel or alumina components on the catalytic activity, although
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these components may be indirectly involved by inducing moddesorption of CO allows the reaction to proceed over the par-
ifications in any of the properties mentioned. In turn, differ-ticles by leaving sites free for dissociative oxygen adsorption
ences as a function of the reactant mixture used in each casad further combination of the oxygen atoms with chemisorbed
must be related to the way in which such different conforma-CO moleculeg7,37,38] Within this scheme, the irregulari-
tions of active components operate with respect to interferencies observed in the CO conversion profile for this catalyst (at
between reactants or self-poisoning effects due to deactivaticlemperatures: ca. 440 K, giving rise to a kind of staircase-
induced on interactions among chemisorbed spgt@&s type shape; seEig. 1) can be attributed to the increase in the
On this basis, the absence of promotional effects of nickehumber of active sites resulting from the progressive growth of
in the PdNIA catalyst indicates that NiO-type species presenmetallic particles during the course of the reaction (in accor-
in the system, according to XPS and XANES results presentedance with DRIFTS results presentedHig. 3). The inhibiting
in Part 1[1], do not induce modifications in the characteris- effect of NO on CO oxidation activityTable ) can be corre-
tics of the active palladium particles and are not involved inlated mainly with the hindering of metallic palladium carbonyl
phenomena of reactant chemisorption that could affect the catermation observed in the presence of NO (compaigs. 3
alytic activity of palladium. This latter finding agrees with the and 4, indicating the greater difficulty in generating active re-
limited influence of the nickel entities on the formation of NO- duced palladium states at the surface of the partigigsin
or CO-derived chemisorbed species at temperatures relevant flurn, the absence of significant effects of nickel on NO reduc-
the catalytic activity, according to the results described earlietion (Table J) further confirms the similar nature of the metallic
In fact, only weakly chemisorbed carbonyl or nitrosyl speciespalladium particles formed during the course of the reaction for
appearing at low temperature could be identified as directly rePdA and PdNIA, given the strong structural sensitivity of such
lated to the presence of nickel in the catalysts. Such speciesreactior{7,40,41]
certainly would not be expected to play a significant role in In contrast to the A-supported catalysts, the presence of
aspects that could induce important catalytic changes, like prazickel significantly affects the catalytic performance of the CZ-
ducing a modification of the characteristics of the reactant mixsupported systemTéble ). The decreased CO oxidation ac-
ture at a local level or activating the reactants in any sense. tivity and enhanced NO reduction activity observed for the
must be noted, however, that direct comparison with results dbimetallic PANICZ system with respect to the monometallic
Yamamoto et al[5,6], who claimed an involvement of nickel PdCZ system, along with the absence of significant nickel-
species in chemisorption phenomena that could facilitate thanduced electronic modifications of palladium (according to
palladium activity for this type of reactid6], yields limited in-  XANES analysis;Figs. 8 and § suggest that contacts be-
formation because of at least two physicochemical differencesveen Pd and the CZ are to a certain (probably small) extent
related to the Ni component. First, their catalyst configuratiorblocked by nickel entities (most likely in the form of NiO-type
appears to present nickel fully in the form of a nickel alumi- specieq1]); in fact XPS results presented in Part 1 suggested
nate, according to XRD evidence. In contrast, a mixture othat some interactions between Pd and Ni components can oc-
highly dispersed NiO- and NiADs-type entities is apparently cur in this catalys{1]. It must be taken into account that the
present in the catalysts examined in this wiitk Second, we high CO oxidation activity achieved for PACZ must be mainly
use a considerably lower amount of nickel, because in fact optia consequence of the existence of contacts between both cat-
mum properties for the reactions examined here are apparentiyst component§2,9]. In the presence of such contacts, the
achieved for such low nickel loadingdble ). But possible direct participation of interfacial oxide anions at the surface of
influences of nickel on palladium at structural/morphologic orthe CZ support in CO oxidation processes allows the open-
electronic levels can be considered as residual in our case, @mg up of a new reaction path operating at low temperature
the basis of XANESKigs. 8 and Pand STEM analyseH]. (<423 K), which circumvents the CO-inhibiting effects ob-
Therefore, the catalytic properties of the PdNIA catalyst carserved in A-supported catalyg§%9,11] In turn, NO reduction
be assimilated into those of the analogous PdA system, whichppears to be strongly inhibited in the presence of such con-
were examined in detail in a previous stufy]. Briefly, the tacts as a consequence of the passivation of the active sites at
results observed for the C® O, reaction are compatible with the surface of metallic Pd particles due to the CZ-promoted
the typical Langmuir—Hinshelwood kinetic scheme in which theformation of oxidized states of palladium (in agreement with
reaction is initially limited by thermal desorption of CO from DRIFTS results described earlier; segy. 4). Such an effect
the metallic Pd particles whose surface atoms constitute the ais considered mainly responsible for the poorer response of
tive centers for the reactidi,20,37,38] This is based mainly CZ-supported palladium catalysts toward NO reduc{ib®],
on the correlation observed between the evolution of the frein agreement with results presentedTiable 1 On this ba-
quency of the atop carbonyl species chemisorbed on metallisis, a certain nickel-induced suppression of the establishment
Pd particles and the catalytic activitii¢. 3). Thus the rela- of contacts between Pd and CZ can explain the observed cat-
tively high frequency before reaction onset is due to dipolamlytic activity differences between PANICZ and PdJZlgle J).
coupling effects, which mainly govern the frequency of metal-However, another hypothesis that might explain these results
lic palladium carbonyls (those corresponding to atop speciesould be related to differences (even if small) in the respec-
being most sensitive to coupling39] in palladium particles tive palladium dispersions (i.e., a relatively larger palladium
highly covered with CO. The simultaneous triggering of COcrystallite size in PdNICZ; in any case, within the context of
oxidation and the red shift of the atop carbonyl reflects thawvery highly dispersed states for both systems). Unfortunately,
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the similar DRIFTS results observed for both samples (results Concerning the activity of PANiCZA when NO is present in
for the monometallic system available elsewhgt8]) does the reactant mixture, the data show an important NO-induced
not allow a distinction between these hypotheses, although ihhibition of CO oxidation, stronger than that observed for the
highlights the subtle character of the differences between botRdNICZ catalyst Figs. 1 and 2 Table 1. The behavior of
systems. PdNICZA in this respect (and in contrast to PANICZ, as dis-
The most striking promoting effects of nickel appear for cussed earlier) is more representative of the presence of pure
the CZA-supported catalyst and are particularly reflected in th€d—CZ contacts than those present in PACZ, which also shows
important improvement in CO oxidation activity observed fora large inhibiting effect of NQ[10], Table 1 According to
PdNICZA (Table ). In the absence of appreciable electronicprevious studie$l0], such an inhibiting effect can be related
modifications of palladium (according to XANES results; to the previously mentioned CZ-promoted formation of oxi-
Figs. 8 and § the most likely hypothesis to account for this dized states of palladium (according to DRIFTS results), which
effect must be related to the nickel-induced changes in the palwould impede CO adsorption and activation, and/or to NO in-
ladium distribution over the support. Thus, on the basis mainlterference with oxygen adsorption, leading to reoxidation of
of the XEDS results presented in Par{1], it has been ob- interfacial vacancies of C¥10,28] However, it is interesting
served that the presence of nickel favors the formation of conthat the PdNICZA catalyst still maintains a level of NO reduc-
tacts between Pd and CZ components of this system. Interedten activity similar to that achieved by the analogous PdCZA
ingly, in contrast to observations in the CZ-supported catalystgeference Table J). Because, as mentioned earlier, poorer NO
such contacts might not necessarily involve highly dispersededuction activity would be expected for palladium sites in con-
palladium particles, because the particle size of palladiuntact with the CZ componeit0], this result suggests a different
particles appears fairly close to that observed for the A-supnature for the sites active for such reaction. In fact, palladium
ported catalysts (on the basis of DRIFTS results discussed egrarticles in contact with the alumina component are shown to
lier and STEM-EELS observations presented in Pdf]L In  be most active for this reactiofigble 1), whereas interactions
addition, it must be considered that a part of the palladium mustf these with highly dispersed two-dimensional CZ entities can
be in contact with the alumina component of the catalyst (acalso favor such process¢$0]. In this sense, no significant
cording to DRIFTS and STEM-EELS resu[tH) but does not particle size differences were apparent for such noble metal
participate in the low-temperature CO oxidation activity of this particles, in comparison with the other CZA- or A-supported
system, in accordance with the absence of frequency shifts faystems of the analogous series, according to the analysis of
the corresponding atop carbonyl specieg(3). Taking these Z-contrast image$l]. Nevertheless, considering the prevail-
points into account, the fact that the PANiICZA catalyst displaysng interaction between palladium and CZ in this catalyst, the
a CO oxidation catalytic activity similar to that of PANICZ, in nickel-induced morphologic changes in palladium particles in
which palladium appears highly dispersed and the amount afontact with the CZ component (in particular, achievement of
contacts between Pd and CZ components (even if somewhatlarger particle sizl]) can also have an important role in the
damped by nickel entities according to the discussion above)lO reduction activity of this cataly$,7].
is maximized, indicates an important influence of CZ parti-
cle size on such activity. In brief, contacts established betweeb. Conclusions
Pd and CZ particles in PdANICZA (average CZ particle size of
ca. 3.5 nm[1]) appear to be appreciably more active for CO Pd-—Ni catalysts supported on28s3, (Ce,Zr)Q./Al,03, and
oxidation than those present in PdNICZ (average CZ particléCe,Zr)Q. have been examined with regard to their catalytic
size~ 5.5 nm[1]). This suggests an important role of Pd—CZ activity for CO oxidation and NO reduction under stoichiomet-
interfacial properties on such activity, as has been proposetc CO-G and CO-Q—-NO mixtures, focusing mainly on the
for other CZ- or ceria-supported metal catalyg34,42-44]  effects induced by the presence of nickel on the catalytic activ-
Size-dependent differences in the chemical activity of oxiddty. These are shown to depend strongly on the support used.
nanoparticles can be related to various factors, as has been digthereas practically no differences are detected for th©#
cussed previousli45,46] These factors can include electronic supported bimetallic catalyst in comparison with the analogous
changes (e.g., changes in band gap size or introduction of elemonometallic palladium systefi7,9,10]} apparent differences
tronic states within the oxide band gap, redistribution of atomicaappear for (Ce,Zr)@-containing catalysts. Because no apparent
charges) and structural or geometrical changes (e.g., stabilizerodification of the palladium electronic properties (as would
tion of determinate crystalline, or even amorphous, phasedie expected on, for instance, formation of alloys with nickel)
particularly at the oxide surface; changes in the amount or disvere detected by in situ XANES experiments, and no direct
tribution of defects). In the case of ceria-related oxides, it hagnvolvement on the catalytic processes could be attributed to
been observed that decreasing the size of the nanoparticles cdae highly dispersed oxidized nickel entities present in the ca-
decrease the reduction temperature of the ojdd@ in agree- talysts[1], the changes observed are related to indirect effects
ment with theoretical predictiongl8], and also enhance the involving modifications in the catalyst configurations with re-
electronic conductivityj49,50] Both aspects can play an im- spect to the corresponding monometallic palladium references.
portant role in the CO oxidation activity of Pd—CZ contacts, The lower CO oxidation and higher NO reduction activities
taking into account the direct participation of oxide anions ofobserved for the (Ce,Zr)Gsupported system suggest that ac-
the support in the catalytic process. tive contacts between highly dispersed Pd and (Ce Zgf@
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