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Abstract

The behavior of Pd three-way catalysts promoted with Ce—Zr mixed oxides and supported on alumina subjected to thermal degradatiol
treatments has been examined during light-off tests under stoichiometrddNTIDE O, . Attention was paid to the region of aging temperature
1273-1373 K, where phase segregation of the ceria—zirconia promoter occurs. Characterization of the samples was performed using X-re
diffraction and Raman spectroscopy. In situ XANES/DRIFTS studies of the Pd chemical state at the surface and in the bulk of the materials
were conducted to determine the noble metal response to the gas atmosphere during light-off. Electron paramagnetic resonance was usec
analyze the promoter surface and to study the redox response of the materials in contact with the reactant gases. Thermal degradation appe
to sinter both the noble metal and promoter components of the catalyst but also stabilizes oxidized Pd entities in contact with the promotel
prior to the occurrence of the Ce—Zr phase segregation reaction. Additionally, it enriches the promoter surface in the lanthanide cation. The
influence of these physicochemical phenomena on the catalytic properties of the Pd-based TWC is discussed.
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1. Introduction tance to poisons [1,3]. The use of Pd in TWCs is restricted
by the presence of lead in the fuel, which may strongly de-
Regulations concerning automotive emissions are becom-activate the noble metal by poisoning [4]. On the other hand,
ing more stringent in the most advanced countries (see, as arceria—zirconia (CZ) materials having Ce:Zr atomic ratios
example, Directive 98/69/EC of the European Parliament), close to 1 and tetragonal or pseudo-cubic structures replace
driving the industry to an effort to diminish the environ- the classical ceria component due to their better thermal and
mental impact of pollutants emitted by vehicles. In this con- oxygen-handing properties [5,6].
text, the development of more efficient and resistant catalytic ~ During operation, TWCs display a general loss of cat-
converters, able to maintain maximum durability while de- alytic activity by the effect of a diversity of phenomena,
creasing pollutant emissions to minimum levels, is neces- which include fouling and mechanical, chemical, and ther-
sary. Three-way catalysts (TWC) constitute, up to now, the mal effects [7]. Among them, it is well established that ther-
most satisfactory and efficient solution to diminish pollu- mal ones are the major problem due to their irreversible
tant emissions from gasoline-engine-powered vehicles [1,2]. character [1,8,9]. The latter category comprises a series of
These mainly act through simultaneous oxidation of carbon phenomena aﬁecting the different components of TWCs. As
monoxide (CO) and hydrocarbons (HC) and reduction of ni- js already well known [1-6], a key factor limiting thermal
trogen oxides (mainly NO). In recent years, typical TWC gaging effects is maintenance of catalyst surface area, a fact
formulations have included Pd as the active metal, fluorite- directly related to the stabilization of the gamma alumina
type oxides, such as ceria—zirconia, as promoters, and alupgarticle size and, more importantly, to the inhibition/delay
mina as support, as well as other minor components, mainly of phase transition(s) leading to theta or delta polymorphs
present in order to enhance thermal stability and/or resis- 5 finally to the low-surface-area alpha (alumina) phase.
Among the TWC components, the CZ promoter is known to
~* Corresponding author. help in stabilizing alumina; however, for Ce:Zr atomic ra-
E-mail address: m.fernandez@icp.csic.es (M. Fernandez-Garcia). tios close to 1, this component may suffer phase segregation
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above 1273 K, leading to a significant decrease in catalystof the CZ and CZA materials gave Ae atomic ratios of
surface area [5,6]. Additionally, the CZ catalytic role may 1.0+0.1.
be altered by this phase segregation reaction, as significant A, CZ, CZA, CZA-m1273, and CZA-m1373 supports
growth of promoter particle size and strong modification of were impregnated by the incipient wetness method with
its surface composition and redox properties have been re-aqueous solutions of Pd(NJ) to give a 1.0 wt% metal load-
ported [5,6]. Thermal aging can also influence the number ing. The resulting catalysts were calcined following the same
of noble metal sites as a consequence of Pd sintering and/odrying/calcination procedure described above for the sup-
encapsulation [9-11], affecting catalytic activity mainly by ports (773 K, 2 h) and are referred to as fresh PdA, PdCZ,
the concomitant loss of metal-promoter interface sites [1-4, and PACZA samples or PACZA-m1273 and PACZA-m1373
9-11]. All of these phenomena are interrelated but to a large model systems. Oven aging of the fresh PdA, PdCZ, and
degree depend on the interface interactions between the noPdCZA materials was performed by successive treatments
ble metal and promoter as well as between the promoter andat 1273 K (samples PdA-a1273, PdCZ-a1273, and PdCZA-
the alumina carrier, which are in turn largely responsible for a1273) and 1373 K (PdA-a1373, PdCZ-al1373, and PdCZA-
the stabilization of the corresponding components during ag- a1373) under air for a total of 12 h for each step. Therefore,
ing of TWCs. the fresh sample for each support (PdA, PdCZ, PdCZA),
Although thermal aging has been also studied in classi- as well as model PACZA-m and aged PdA-a, PdCZ-a, and
cal, ceria-promoted automotive catalysts [12], much less is PACZA-a series, have been prepared. Note that only the sup-
known about the physical phenomena occurring in the more port underwent high-temperature (1273-1373 K) aging in
complex case of CZ-promoted TWCs. As above mentioned, materials denoted with an -m suffix, while both the noble
a basic understanding of the interface effects between com-metal and support are jointly aged for materials denoted with
ponents may help to understand the chemicophysical phe-an -a suffix.
nomena associated with the thermal aging and their catalytic
consequences. To this end, we have studied a typical Pd-2.2. Catalytic tests
based TWC, paying attention to the effects of thermal degra-
dation in the high-temperature region 1273-1373 K, where  Catalytic tests using a 1% C® 0.1% NO+ 0.45% Q
experience shows the occurrence of an abrupt degradatior(N» balance) stoichiometric mixture at 30,000 hwere
of the CZ component properties [5,6]. A model stoichiomet- performed in a pyrex glass reactor system. After grinding
ric CO+ NO + O, mixture will be used to test the effect of and sieving, catalyst particles in the range 0.12 to 0.25 nm,
aging in two of the main toxic exhaust emission gases, CO for which internal diffusion effects were minimized, were
and NO [1-3]. In an attempt to separate some of the aboveemployed for these tests. Gases were regulated with mass
mentioned effects, model systems in which Pd has been im-flow controllers and analyzed on-line using a Perkin—Elmer
pregnated over an aged CZ component supported on alumina 725X Fourier transform infrared (FTIR) spectrometer cou-
have been included in the study. These Pd—TWC systemspled with a multiple reflection transmission cell (Infrared
have been analyzed using a multitechnique approach involv-Analysis Inc.; path length 2.4 m). Oxygen concentrations
ing XRD, TEM-XEDS, Raman, and EPR for catalyst char- were determined using a paramagnetic analyzer (Servomex
acterization and catalytic activity in combination with in situ  540A). Prior to catalytic testing, in situ calcination was per-
DRIFTS and XANES techniques to evaluate the catalytic formed in diluted oxygen (2.5% £in N3) at 773 K, fol-
performance in the C@ NO + O, reaction. lowed by cooling under the same atmosphere and subsequent
N2 purge at room temperature (RT). A standard test con-
sisted of increasing the temperature from 298 to 823 K at

2. Experimental 5Kmin~L.
2.1. Catalyst preparation 2.3. Characterization techniques
A ceria—zirconia/alumina support (CZA) of 10 wt% of Powder XRD patterns were recorded on a Seifert diffrac-

mixed oxide, expressed as §3Zro 502, was prepared us- tometer using nickel-filtered Cu-Kradiation, operating at
ing y-Al203 Condea Puralox as carrier and an adaptation 40 kV and 40 mA, and with a 0.0Ztep size, using a con-

of the microemulsion method used previously for prepar- tinuing time of 5 s. Fitting of XRD data was performed
ing the unsupported oxide, hereafter called CZ [13]. Full using Pearson VIl functions and the Winfit! Program (by
details of the procedure can be found elsewhere [14]. Af- S. Kumm;http://www.geol.unerlangen JeBET surface ar-

ter drying overnight at 393 K, portions of these alumina, eas were determined frompMdsorption isotherms in a Mi-
ceria—zirconia, and ceria—zirconia/alumina supports (here-cromeritics 2100 automatic apparatus.

after called A, CZ, and CZA, respectively) were calcined at  Raman spectra were acquired with a Renishaw Micro-
773 K for 2 h under dry air flow or aged under air by a treat- Raman System 1000 equipped with a cooled OCD detector
ment at 1273 (CZA-m1273) or 1373 (CZA-m1373) K fora (200 K) and a holographic super-Notch filter that removes
total of 12 h for each step. Chemical analysis (by ICP-AES) the elastic scattering. The samples were excited with the
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514 nm Ar line. The spectra acquisition consisted of 60 ac- tion (varimax rotation) which should align factors (as close
cumulations of 10 s acquisition time for each sample, with a as possible) along the unknown concentration profiles, fol-
typical running power of 25 mW. lowed by iterative transformation factor analysis (ITFA).

DRIFTS analysis of adsorbed species present on the cataiTFA starts with delta function representations of the con-
lyst surface under reaction conditions was carried out using acentration profiles, associated with each chemical species,
Perkin—Elmer 1750 FTIR fitted with a MCT detector. Analy- located at temperatures predicted by the varimax rotation,
sis of the NO conversion at the outlet of the IR cell was which are then subjected to refinement by iteration until er-
performed by chemiluminescence (Thermo Environmental ror in the resulting concentration profiles is lower than the
Instruments 42C). The DRIFTS cell (Harrick) was fitted statistical error extracted from the set of raw spectra [15-17].
with Cak windows and a heating cartridge that allowed Electron paramagnetic resonance (EPR) spectra were
samples to be heated to 773 K. Portions of ca. 65 mg wererecorded at 77 K with a Bruker ER 200 D spectrometer
calcined in situ with synthetic air (20%23n N) and then operating in the X-band and calibrated with a DPPH stan-
cooled to 298 K in the same atmosphere before introductiondard ¢ = 2.0036). Portions of the samples were placed
of the reaction mixture and subsequent heating at 5 Kthin  inside a quartz probe cell with greaseless stopcocks, using
up 573 K, recording one spectrum (4 thresolution, av- a conventional dynamic high-vacuum line for the different
erage of 50 scans) generally every 15 K. The gas mixture treatments. Oxygen adsorption treatments were initiated by
(1% CO+ 0.1% NO+ 0.45% Q, N2 balance) was prepared admitting a dose of 210 pumol of Qper gram of sample at
using a computer-controlled gas blender with 6 emn—1 77 K. This treatment was followed by thorough outgassing at
passing through the catalyst bed. Following runs under re- 77 K (aiming to minimize magnetic interactions with non-
action conditions, the samples were cooled under inert gaschemisorbed oxygen) and referred to as @lsorption at
flow. Subsequently, CO (3% inf)l was flowed at RT and 77 K. Subsequent 30 min warming to room temperature
finally CO(g) was flushed out with N (RT) will be denoted as @adsorption at RT. Some of the

XANES experiments at the PK-edge were performed experiments were continued by subsequent outgassing at
on line 9.2 at SRS, Daresbury. A Si(220) double-crystal RT. These experiments were designed on the basis of for-
monochromator was used in conjunction with a rejection mer work, in order to get maximum intensity and optimum
mirror to minimize the harmonic content of the beam. Addi- resolution of superoxide signals formed upon oxygen inter-
tionally, a detuning of 30% was used. Transmission experi- action [6,19,20]. Pretreatments under CO or-€QO were
ments were carried out using Kr/Ar-filled ionization cham- performed by admitting at RT, respectively, 100 Torr of CO
bers. The energy scale was simultaneously calibrated byor, in a consecutive way, 100 Torr of CO and 10 Torr of
measuring the Pd foil using a third ionization chamber. Sam- NO, followed by heating at 453 K for 1 h and outgassing
ples as self-supported discs (absorbance ca. 0.5) were placedt 453 K for 0.5 h. Computer simulations were employed in
in a controlled-atmosphere cell for treatment. XANES spec- some cases to determine spectral parameters or contributions
tra were taken every 15 K during a 5 K mihtemperature  of individual signals.
ramp up to 723 K, in the presence of the GONO + Oz
flowing mixture (similar to that employed for catalytic ac-
tivity tests). 3. Results

Results obtained in XANES experiments were subjected
to normalization using standard procedures and analyzed3.1. Catalytic tests
using principal component analysis (PCA) [15-17], which
assumes that the absorbance in a set of spectra can be mathe- Results obtained during the light-off tests for the Pd-
matically modeled as a linear sum of individual components, CZA, PACZA-m1273, PdCZA-a1273, PACZA-m1373, and
called factors, which correspond to each one of the palla- PACZA-al373 systems are depicted in Fig. 1. Comparison
dium species present in a sample, plus noise [18]. To deter-with the reference PdA and PdCZ systems is presented in
mine the number of individual components, an F-test based Table 1 on the basis of conversion values at a 50% |&¥g) (
on the variance associated with factorand the summed  for fresh and 1273-K-aged materials.
variance associated with the pool of noise factors is per-  Aging by thermal effects seems to have a significant im-
formed. A factor is accepted as a “pure” chemical species pact onthe CO and NO conversions displayed by the PACZA
(i.e., a factor associated with signal and not noise) when system (Figs. 1A and B). Thus, an increase in Thgtem-
the percentage of significance level of the F-test, %SL, is perature of 60/25 and 25/35 K is detected in the CO/NO
lower than a test level set in previous studies at 5% [15,16]. elimination reactions in comparing, respectively, PdCZA
The ratio between the reduced eigenvalugs,, which ap- and PdCZA-al1273 samples and the two aged PdCZA-a cat-
proaches one for noise factors, was also used in determin-alysts (Fig. 1; Table 1). The physicochemical effects taking
ing the number of factors. Once the number of individual place during aging of the CZA support seem of lesser impor-
components was set, XANES spectra corresponding to in-tance in defining catalytic performance; this follows from the
dividual palladium species and their concentration versus fact that both model systems, PACZA-m1273 and PdCZA-
temperature profiles were generated by an orthogonal rota-m1373, show close or improved performance in both CO
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Fig. 1. CO (A) and NO (B) conversion profiles, N@roduction (C), and W selectivity (D) during CO+ NO + Oy light-off tests.
Table 1 The strongest deactivation is clearly produced for the PACZ

50% conversion temperatures (K) observed for fresh and 1273-K-aged Pd-gystem. Comparison between PdCZA and PdA shows mod-
CZA, PdCZ, and PdA systems erate differences in CO oxidation activity. These are much

Treatment PdCZA PdCZ PdA stronger for NO reduction activity, in particular due to the
co NO co NO co NO relatively strong increase in th&g value displayed by PdA

Fresh 435 475 360 465 470 420 after aging.

Aged: 1273 K 495 500 550 565 515 515

Difference 60 25 190 100 45 95

3.2. Characterization of the calcined samples

and NO elimination reactions with respect to the fresh Pd-  Powder X-ray diffraction patterns are displayed in Fig. 2.
CZA catalyst. The samples do not display significant dif- Reflections are here indexed for Ce-rich phases (pseudo-
ferences in the NO reduction selectivity during the light-off cubic t’ or cubic ¢ phases; Ce:Zf 1) as derived from the
tests, reaching 100%4\yield a few degrees after the tem- cubic Fm3m cation lattice symmetry, while Zr-rich ones
perature of full NO conversion (Fig. 1D). Small differences (tetragonal’t t) have been indexed usingfly/nmc space
are, however, encountered in the production ofaN@hich group symmetry. It can be noted that the poor resolution of
is typically negligible for Pd-based systems operating under the XRD data, inherent in the heterogeneity of the CZA-
stoichiometric conditions [21] but here visible for PACZA- related materials, does not allow a simple resolution of
al373 and, more clearly, for PdCZ-a1273. Nformation the tetragonal splitting of the corresponding Ce—Zr mixed
thus appears to be related to systems containing CZ particleoxides, as discussed previously for the CZA support [6].
of significant dimensionality (vide infra). Analyses of the cell parameters and particle size obtained
The influence of the support nature on the CO and NO from the XRD data as well as the BET area of the sup-
elimination catalytic activity is briefly illustrated in Table 1.  ports/catalysts are summarized in Table 2. The XRD data
The third row for each type of catalyst reports the difference indicate the presence of several transitional alumina phases
in T5o values between the fresh and 1273-K-aged catalysts.as a function of the aging treatment suffered by the CZA-
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Fig. 2. XRD diffractograms of support and Pd-containing samples. Peaks corresponding to ceria—zirconia mixed phases are indexed; C or Zrefixes refe
Ce-rich or Zr-rich phases, respectively. Peak positions corresponding to PdO are indicated by vertical dashed lines. Greek letters indieatédiffesent
alumina phases'(symbol corresponds to diffraction peaks which can be associated with several transitional phases). See text for details.

Table 2
Main characterization results for calcined materials

Sample SBET (m2 g 1) Cell parameter (A) Particle size (nfh)
A 200 - -
A-al273 84 - -
A-a1373 75 - -

cz 130 5.36 45
Pd/zC-al273 5 5.353.63/5.26 15,7
Pd/zC-al1373 2 5.3473.63/5.28 27,24
CZA 203 5.3% 3
PdCZA 201 5.38 3
CzA-al273 83 5.33 12
PdCZA-a1273 77 5.3 10
CzA-al373 37 5.3%,3.62/5.2§ 28,19
PdCZA-a1373 38 5.3473.61/5.38 26,15

@ When adequate, first average particle size is reported’farghases
while the second correspond tgtitetragonal phases.

b Fluorite-type cell withFm3m symmetry is considered for phases as-
cribed to cubic ¢ or tetragonal tphases assigned according to Raman
results.

€ Tetragonal-type withP4,/nmc symmetry is considered for /t
phases.

the corresponding mixed oxide compound. The XRD study
(Fig. 2 and Table 2) indicates the absence of significant dif-
ferences between the support and Pd-containing catalysts in
either the fresh or the aged states. Up to 1273 K, a growth
of CZ particle size and a small variation of the cell para-
meter are detected (Table 2); this suggests that the integrity
of the CZ component is mostly maintained, although the
asymmetry of the peaks indicates a certain degree of het-
erogeneity (see, as an example, the zone corresponding to
the ¢(11)) reflection of Fig. 2; note also that higher index
peaks with better resolved splittings do not yield a definitive
conclusion in this respect, due to their lower intensity and/or
overlapping with peaks from other compounds). Upon ag-
ing at 1373 K, the Ce-Zr phase compositional homogeneity
abruptly breaks, giving rise to two discernible phases (Fig. 2
and Table 2), one with G&r atomic ratio close to 3.3, ac-
cording to the value of its lattice parameter [5,6,22], and
the other exhibiting Zr enrichment and composition, which
cannot be determined on the exclusive basis of XRD due
to the rough steadiness of cell parameters fofZLe&om-
positions below 1 [5,22]. In the case of the PACZ system,
the phase segregation reaction is already visible after the

containing materials. Concerning these phases, the practicatreatment at 1273 K. Indeed, Table 2 indicates a degree of
absence of differences between the behavior under aging ofCe-Zr phase segregation for PACZ-a1273 similar to that for
the support (for which data obtained under the same con-PdCZA-al373, in spite of the fact that particle size appears
ditions can be found elsewhere [6]) and the Pd-containing to evolve in a roughly similar way with temperature for both

catalyst (Fig. 2) can be noted.

CZ- and CZA-supported systems. A mutual stabilization be-

Peaks related to the CZ component (discussed elsewheréween the promoter and the alumina carrier then becomes
in Refs. [5,6]) are dominated by the cation sublattice of apparent. The tetragonal character of the Zr-rich t phase is
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650 ther to a localized defect or an impurity-derived vibration
mode. The ca. 470 cmt band is first order anion-lattice
associated vibration [23], whose characteristic frequency
displays low sensitivity to changes in & composition
near the unity [6]. A point to stress is the apparent absence
of well-resolved bands from the Zr-rich phase formed upon

475"

: phase segregation as a consequence of the aging treatment
722 § at 7 > 1273 K. In this respect, for &t phases, apart from

. PdCZ-a1273 : other vibration modes, a Zr-O stretch mode should be eas-
@ ily detected at around 235 crh for a Zr-rich (Ce/Zr ca.
>, | 1045 931 0.33) phase or below ca. 260 ch the corresponding value
o PdA:—a1273 I of the tetragonal Zr@phase [25]. The absence of such fea-
2 " R ) . i
o | : L tures suggests a significant structural disorder in the anion
| : N E sublattice of the Zr-rich phase, in accordance with EXAFS
c PdCZA-a1373 /\J : results reported for such phases [26].
g s The model systems obtained from the aging treatment of
Sl PdCZA-a1273 : the CZA support (PdCZA-m1273, PACZA-m1373; Fig. 3)

do not show a significantly perturbed Raman shape with re-
spect to the support alone. A difference is the presence of a
band at ca. 650 cmt ascribable to thé3>, Raman mode of
PdO [27], which, on the other hand, is absent in the fresh
251" PdCZA catalyst [28], but discernible in PdCZ aged speci-
- v . mens (Fig. 3). A general decrease in Raman intensity can
M&WMMM be also noticed in the model systems and could be mostly
| |CZA | | | | associated to the colour change in samples. The presence
' ' ' ' ' ' of a better crystallized PdO phase is detected in the aged
1050 900 750 600 450 300 PdCZA-al1273 and PdCZA-al373 samples; the numerous
Wavenumber /cm'1 peaks associated with this well-developed noble metal ox-
idic phase are readily ascribable by comparison with the
Fig. 3. Raman spectra of support and Pd-containing materials. Peaks re-SPectra of the PdA-a1273 system (Fig. 3). It must be noted
lated to Ce-containing components are marked with a cross; other peaks ard¢hat possible attribution of these bands to some of the tran-
associated with the PdO phase. sitional alumina phases observed by XRD (Fig. 2) is dis-
carded on the basis of comparison with the spectrum of
PdCZz-a1273 (Fig. 3). On the other hand, the presence of
better developed in the PdCZ-a1373 sample, according tothe noble metal in the PACZA-a series of catalysts affects
the presence of all characteristic reflections ofAi& /nmc to some extent the CZ component. A loss of Raman peak
symmetry (marked in Fig. 2). intensity of CZ-associated bands is detected in the PACZA-
Peaks attributable to Pd-containing phases are only de-a1273 spectrum (see, for instance, the peak at ca. 47% cm
tected for aged PACZA samples, independent of the thermalin Fig. 3), which suggests that a certain loss of anion-lattice
treatment (Fig. 2). PdO peaks are shown as vertical dashedrdering is produced in that phase upon aging at 1273 K.
lines in Fig. 2 and their absence is noted in the PACZ series, The intensity of such features (particularly evident for the
indicating some limitation in the growth of the noble metal ca. 475 cm! band) is, however, significantly recovered af-
with respect to the PACZA series. In fact, TEM/EDS analysis ter the phase segregation induced by the aging treatment at
(not shown) gives evidence that large Pd particle sizes are as1373 K (Fig. 3). Preliminary studies in a similar series of
sociated with sample regions depleted in ceria—zirconia andceria/alumina supported specimens indicate the exclusivity
are thus characteristic of PdA-like regions. of such interaction to the ceria—zirconia-containing alumina-
In contrast to the cation-dominated information yielded supported materials, although similar effects may be present
by XRD, Raman spectra of fluorite-related phases are dom-in Pd/Ceria systems, as formation of a Pd—Ce solid solution
inated by lattice oxygen vibrations [23] and are obviously has been reported [29].
sensitive to crystalline symmetry. Raman spectra of the
CZA support after the different treatments (Fig. 3) give evi- 3.3. Insitu DRIFTS
dence of the presence of a pseudo-cubic, tetragb@d+Zr
phase, which accounts for the ca. 470 and 618phonon DRIFTS spectra obtained under reaction conditions for
modes [6,14,22], irrespective of the treatment temperature.the fresh PACZA (Fig. 4A), model PACZA-m1273 (Fig. 4B),
An additional peak at 251 cm has been also detected in  and PdCZA-m1373 (Fig. 4C) systems and the aged PdCZA-
supported ceria specimens [24], and could be ascribed ei-a1373 catalyst (Fig. 4D) show a general evolution o (&>

BAdCZA-MI373 /.
PdCZA-m1273 | )

16185041:
czA-a1373 i Y
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Fig. 4. DRIFTS spectra of (A) PACZA, (B) PACZA-m1273, (C) PdCZA-m1373, and (D) PdCZA-a1373 samples in the presence of nitrogen (a) and a flow of
1% CO, 0.45% @, 0.1% NO, N balance at (b) 303, (c) 318, (d) 333, (e) 348, (f) 363, (g) 378, (h) 393, (i) 408, (j) 423, (k) 438, (I) 453, (m) 468, (n) 483,
(0) 498, (p) 513, (q) 528, (r) 543, (s) 558, and (t) 573 K.

a barely discernible doublet in the region 2050-2250tm Analysis of the PACZA sample has been provided else-
and CQ 4, which roughly correlates with catalytic activity =~ where [21]. In brief, the presence of carbonyls adsorbed
results (Fig. 1). N@ is typically not detected in the em- on Pd(ll) sites (2140-2160 cm), on Pd(l) (ca. 2110-
ployed conditions due to its lower absorption coefficientand 2120 cnt1), and atop (2096—-2050 cm) and bridge (1975—
concentration in the feed [21]. 1945 cntl) Pd(0) sites is observed at low temperatures



A. Iglesias-Juez et al. / Journal of Catalysis 221 (2004) 148-161 155

[21,28,30-32]. Carbonyls adsorbed onto threefold Pd(0) species, present at temperatures up to ca. 600 K (Figs. 4B,
sites are also visible as a red shoulder of the bridge carbonyl4C), favors the second assignment [35,37]. GiMoup could
contribution extending to ca. 1880 crth After contact with be obtained from NCO decomposition on the metal sur-
the reactive mixture at room temperature, differences be-face [35,36] or, less likely, may indicate C—O bond disso-
tween the fresh PACZA sample and PdCZA-m systems ciation, either directly or through the Boudouart reaction
mainly concern the easier detection of Pd(0) surface specie2CO — C + COp). Interesting here is the existence of a
for the fresh catalyst and the larger intensity, among car- visible correlation between the onset of NCO detection and
bonyls characteristic of oxidized Pd species, of those ad-the intensity changes with temperature above described for
sorbed onto Pd(l) sites for PACZA-m catalysts. On the other bridge-bonded Pd(0) carbonyls; however, details of the cor-
hand, the PdCZA-a1373 sample (Fig. 4D) does not show relation vary with sample and will be further analyzed in
features ascribable to adsorbed species, in agreement wittSection 4.
previous studies for the sample aged at 1273 K [32]. This To examine the state of the metal surfaces on com-
is consistent with a significant sintering of the noble metal pletion of the reaction runs and in the absence of ther-
phase. mally driven adsorption effects, the reactants were flushed
When the temperature is raised, transformation of Pd(ll) at 623 K and the sample was cooled under td room
and Pd(l) surface sites to Pd(0) is observed; except for thetemperature and subsequently exposed to 3% G@
aged PdCZA-al1273 catalyst, carbonyls adsorbed onto ox-fore the cell was flushed again withoNSpectra recorded
idized Pd species are detected up to about 423 K. Whenduring this treatment are displayed in Fig. 5. All spectra, ex-
increasing the temperature of reaction, the carbonyls ad-cept that corresponding to PdCZ-a1273, show contributions
sorbed on atop and bridge zerovalent surface sites displayfrom the already assigned bands of on-top (2105, 2095-
the characteristic red shift induced by changes in adsorbed-2085, 2044 cm?) and bridge-bonded (1992-1979 ch
CO dipole coupling by the effect of decreasing CO cov- carbonyls on Pd(0) sites; contributions from CO molecules
erage as the CO oxidation reaction progresses [28,30-32]adsorbed on Pd(ll) centers (2147-2144 &ncan be also
Differences between the fresh and model PACZA systemsobserved in the fresh PACZA and PdACZA-m1273 systems
(PdCZA-m series) are also detected during the light-off ramp (Fig. 5). A first point to note is that the atop to bridge inten-
and concern the behavior of Pd(0) centers with temperature sity ratio differs from the fresh to model PACZA systems; the
Considering carbonyls adsorbed on Pd(0) atop sites, a condarger ratio of the PACZA sample clearly indicates a more
tinuous decrease in frequency is detected for fresh PdCZAdispersed Pd phase and, consequently, a lower average par-
while the model catalysts appear to have two contributions, ticle size [21,28,30]. On the other hand, the aging procedure
one at 2096-2094 cm, invariant up to 423 K, and an- induces a general, strong decrease of the carbonyl-related in-
other at lower wavenumber, which apparently begins to shift tensity, consistent with previous reports [32]; however, some
downwards at lower temperature. Concerning bridge Pd(0) differences are clearly visible among our samples. The in-
sites, it can be noted that these are populated by CO fromfluence of the support nature on the aging effects exerted on
room temperature (RT) and display invariant frequency up to the noble phase is described after the treatment at 1273 K.
ca. 423 K in the PdCZA case; contrarily, practical absence The PdCZA-a1273 spectrum (Fig. 5) shows a strong resem-
of bridge carbonyls intensity is evident in both model sys- blance to the spectrum corresponding to PdA-al1273, while
tems at low temperature, beginning to appedr above ca. adsorbed species are absent in the spectrum of PdCZ-a1273

400 K. (Fig. 5). A more subtle effect of the aging treatment in the
In the fresh PACZA sample, two bands at ca. 2240 and

2211 cnt! are detected at temperatures close to 400 K. 1992 PdA-a1273

The first is assigned to isocyanate (NCO) species adsorbed 2105 20M L fggs T o

onto aluminum cations [21,32,33], while the second may
be described as NCO bending species also adsorbed onto
the support. An alternative assignment to N@elated
species [34] is possible, although such adspecies are unlikely=
to form under stoichiometric conditions. NCO species are < 2085
formed by N-O bond dissociation and reaction with CO at
metal surfaces followed by spillover to the support. The large PACZAm1373
intensity of NCO when adsorbed on alumina makes it a use- PdCzA-mi2r3

ful (though approximate) fingerprint for monitoring the NO 2147 i
dissociation process. In the model systems (Figs. 4B, 4C), |PdCzA > 1979

a band at 2168 crt is detected instead of at 2211 th oo 20 2000 1900
The band intensity runs parallel to the NCO one. This con-
tribution can be assigned to ionic (NCO3}pecies absorbed
on metallic surfaces [35,36] or CNspecies probably ad-  Fig. 5. DRIFTS spectra following experiments shown in Fig. 4 after expo-
sorbed onto alumina [37]. The thermal stability of such ad- sure to CO and subsequent flushing with N

PdCZA-a1373
x3

0.04

PdCZA-a1273

x3
PdCZ-a1273

2095

Wavenumber (cm™)
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PdCZA system is the presence of two atop species (2105,Table 3
2044 cnt1), which may indicate a more heterogeneous dis- Principal component analysis of At-edge XANES results

tribution of noble metal particle size. Factor Eigenvalue %SL R(r) Variance
A. PdCZA
3.4. Insitu XANES 1 45849 Q00 133423 99930
2 0.31594 000 19434 0070

Factor analysis results at the Rdedge (Table 3) for Pd- 3 0.00149 1024 145 0001

CZA, PdCZA-m1273, PdCZA-m1373, and PdCZA-a1273 4 000092 1238 206 0001

obtained during a light-off run under GONO+ O, are con- ‘Z 8‘888‘218 ggg 122

sistent with the existence of two different chemical species 5 000021 3436 101

in all cases. The number of species is clearly indicated by s 0.00018 3502 110

sharp variation in the %SL ankl(r) values displayed in Ta- B. PACZA-M1273

ble 3. In Fig. 6, the fraction of these chemical species as a 1 67754 200 4902 99810

functloq of r.e.actlon temperaturg is deplcteq. This plpt shoyvs > 12837 000 3614 0189

that Pd is initially present as a single chemical species which 3 003283 719 121 0001

evolves into a single final state. Small differences in the on- 4 0.02503 457 342

set of the initial species disappearance for fresh and model 5 0.00067 23715 119

systems can be noted. As can be expected, the aged PdCZA- ? 8'8882% 5653 égg

al273 evolves much later. Differences betwelen. the fresh and 4 000030 34593 097

model PACZA catalysts are somewhat maximized at inter-

mediate stages of the reaction run; the temperature of max- C. PdCZ-m1373

imum rate of initial-state (chemical species) disappearance 1 45932 000 47532 99808

is ca. 510, 550, 570, and 640 K, respectively for PdCZA, 2 ppsiond o 2o oo

PACZA-m1273, PACZA-m1373, and PACZA-al1273. Forthe 00137 o 289

fresh and model systems, only one species is detected above 5 0.00042 2990 118

ca. 625 K, while this is true above 700 K in the PAdCZA- 6 0.00031 3375 114

al273 case. It may thus become apparent that, according to 7 000023 3l 103

XANES, differences between the fresh and model PACZA 000019 4026 099

catalysts are absent at the onset and final reduction tempera- D. PACZA-al1273

tures, while the aged specimens reduction starts about 75 K 1 38346 000 49432 99819

later. 2 0.68891 000 16243 0179
When compared with the reference spectrum of PdO 3 0.00372 879 261 0001
. 4 0.00123 2253 143

(Fig. 7A), the shape of the XANES spectrum of the sam- 000072 2837 157

ples in their oxidized state shows only slight differences, ¢ 0.00038 4002 091

which may be a consequence of the limited particle size 7 0.00033 4013 107

8 0.00023 4649 106

of the oxidic Pd-containing entities and/or some interaction
with the support. This suggests a similar oxidation state, variances lower than I are not reported.
Pd(ll), local geometry D2;,), and oxygen first-shell coor-

dination distance for all the samples displayed in Fig. 7A.
Similarly, the XANES spectra of the final species detected 1,0
in the reaction (Fig. 7B) do not show significant differences __ ]
between the fresh and model samples and can be readily§ 084
identified in all cases as Pd particles in a zerovalent oxida- 8

Q. 4
tion state. A higher intensity of thesb and 4f continuum § 0.6
resonances (CRs) and a different energy position of the for- g | gggé’;mg;g
mer CR are, however, detected for the aged PACZA-al2732 , | —c—Pdcza-at273
specimen. As these CR energy positions have a geometrical®
contribution with an inverse dependence on the coordination £ 02

distance [17], it appears that the XANES technique is able to £
evidence differences in particle size only between the aged
(PdCZA-a) series and the remaining systems. Differences
between the fresh and model PACZA particle size are thus 300 350 400 450 500 550 600 650 700 750
not visible in the XANES spectra. On the other hand, the
similar XANES shapes detected for oxidized and reduced
Pd-containing species of fresh and model PACZA systemsrFig. 6. Concentration profiles during the temperature-programmed reaction
indicates a reasonable similarity in electronic properties.  run for Pd-containing species. See text for details.

Temperature /K
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2033 2.009
4

Normalized Absorbance

PdCZA-m1273
PdCZA-m137
PACZA-a1273 ..

T T T T T T T T
24320 24340 24360 24380 24400
1
Energy (eV) : 2.011 :
3300 3350 3400 3450 3500
Magnetic field (G)

Fig. 8. EPR spectra following oxygen adsorption at RT (and subsequent RT
outgassing) on the samples outgassed at 773 K. (a) CZA; (b) CZA-m1273;
(c) CZA-m1373. Computer simulations are overlapped as dotted lines on
the experimental spectra.

mentally achieved by performing a treatment consisting of
outgassing of the sample at 773 K followed by#&aisorption
at RT and subsequent RT outgassing [6,39]. Fig. 8 shows
the results obtained after this treatment for the fresh and
aged supports. The spectra are basically constituted by the
overlapping of two kinds of signals: first, an orthorhombic
signal OZ afg, = 2.033-2.032g, = 2.009, andg, = 2.002,
. - . - T " T which corresponds to superoxide species chemisorbed on
24320 24340 24360 24380 24400 zirconium cations (@ —Zr*+ species) [6,19,40]. Second,
Energy (eV) quasiaxial signals type OC witlg; = 2.040-2.031 and
Fig. 7. XANES spectra for PCA predicted chemical species. (A) Pd initial L =2.011-2.010, which correspond to superoxide species
ox?dized speciesr;) (B) Pd final, reF:juced species. Refe?ence compound, P’dOChemlsorbed on Ce.nur.n CatlonSZ(O_CéH_ species) [6,19,
(4A), as dotted line. 20,38,39]. The main differences between the samples con-
cern changes in the relative contributions of type OC and
] OZ signals. Thus, the results in Fig. 8 clearly show relative
3.5. EPRanalyss contributions of OC signals increasing with the aging tem-
perature; according to computer simulations, the/OZ
As shown elsewhere [6,19,20,38,39)-probe EPR is  ratio of integrated intensities is 1.9, 0.9, and 0.6 for CZA,
a powerful technique for obtaining insight into surface CzA-m1273, and CZA-m1373, respectively. This indicates
structural characteristics and redox properties of cerium- that cerium surface enrichment is gradually produced with
containing samples. A previous report has shown in detail aging in the 3D-CZ particles, in line with previous studies of
the characteristics of the superoxide signals obtained uponthe aging process of unsupported Ce—Zr mixed oxide sam-
O adsorption at 77 K on the CZA support outgassed at ples [41,42]. Another subtle difference concerns the appear-
773 K in either the fresh (calcined at 773 K) or the aged ance of a type OC signal feature g@at= 2.040 for the aged
(at 1273 or 1373 K) states [6]. From these results, presencesamples (Figs. 8b and c). According to a previous work [39],
of dispersed CZ entities (in the form of two-dimensional this is characteristic of the formation of relatively large 3D-
patches or 2D-CZ) on the surface of the alumina was re- CZ particles, which interact less strongly with the underlying
vealed. No strong change in the characteristics of these 2D-alumina, as a consequence of the sintering process.
CZ entities was apparently produced as a consequence of the Redox properties of some of the catalysts (the PdCZA-
aging treatment [6]. Significant changes are, however, pro-m and -a series treated at 1273 K) have been analyzed by
duced on the surface characteristics of bulk-like, aggregatedmonitoring the evolution of EPR signals formed after oxy-
three-dimensional CZ particles (3D-CZ entities). Insight gen adsorption on samples pretreated under either CO or
into these surface and redox characteristics can be experi-CO + NO at 453 K. Different @~ —Cé&* species, attribut-

Normalized Absorbance

PdCZA-a1273
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ble metal, the promoter, and the carrier. In this section we

[_JczA-m1273 . . . .
D raczaatars discuss the main physicochemical effects exerted by ther-
%Eggg’mm mal degradation. As already mentioned in the Introduction,

previous reports have analyzed these in terms of the no-
ble metal particle sintering and/or its covering (by support
components) as well as the promoter sintering and phase
segregation reaction [8-12], but much less is known about
the specific interaction between the noble metal and the pro-
moter and the corresponding influence upon the catalytic
properties of the systems.
Concerning the metal component, our study displays re-
A B C sults similar to those of previous reports [9,12]; XRD only
Fig. 9. Overall intensity of @ —Cé&* signals obtained after £adsorption detects a qu phase '_n the case of the ageq PdCZA samples
on the samples indicated. (A)Cadsorption at 77 K, sample pretreated (PdCZA-a series), while XRD and Raman give evidence of
under CO at 453 K; (B) @ adsorption at 77 K, sample pretreated under the larger crystallinity of the oxidic Pd phase in the PACZA
CO+ NO at 453 K; (C) Q adsorption at RT, sample pretreated under CO  gystem with respect to similarly aged PdCZ samples (Figs. 2
at4s3 K. and 3). Additionally, the absence (or significant decrease)
of noble metal presence at the surface of the PACZ material
able on the basis of previous works to species formed onjs evidenced by the DRIFTS study of CO adsorption after
2D- and/or 3D-CZ entities at either promoter or Pd—CZ in- (eaction (Fig. 5). The comparative study of CZ- and CZA-
terface sites [21,28,43], are observed in the spectra. For thesypported catalysts shows therefore that Pd is significantly
sake of simplicity and considering its higher relevance for covered in the aged PdCZ samples, limiting the growth of
thIS Study, eXCIUSiVer the ana|ySiS of the eVOIUtion of the the nob'e meta| (or meta| Oxide) partic'e Size [11] On the
overall integrated intensity of these signals as a function of gther hand, data presented in Section 3.2 give evidence that
the treatment is presented (Fig. 9). The results show a gen-pq sintering in the PACZA system under thermal degrada-
eral decrease of intensity either upon warming to RT after tion is more acute in zones depleted in promoter presence
O adsorption at 77 K on the samples reduced under CO atand thus may be primarily associated with PdA-like zones.
453 K or by effect of introducing NO in the pretreatmentat ~ The thermal aging treatment also sinters the promoter and
453 K. This decrease must be in both cases a consequence ahe carrier, although previous results on the CZA-support
oxidation of surface cerium cations, previously reduced by clearly evidence the beneficial mutual influence between
CO, in accordance with previous reports [21,28,43]. Thus, these two components [6,14]. Comparative study of the
the decrease observed upon RT warming of the samplescza support and PdCZA system subjected to thermal ag-
with O, adsorbed at 77 K indicates a deeper progress in ing shows the absence of significant differences in terms of
the electron transfer from the sample surface toward oxygenparticle size of the CZ component as well as main com-
(within the generally accepted oxygen adsorption scheme, positional parameters (Ce, Zr-content of the final phases)
eg.,Q— 0y — 0> — ... — 207, givingrisetothe  pefore and after the promoter phase segregation (Fig. 2; Ta-
formation of diamagnetic species, e.g., peroxide or oxide an- ple 2). Additionally, Pd is not expected to exert an effect in
ions [43]. On the other hand, the decrease produced in thethe surface Ce-enrichment detected in the promoter patches
presence of NO indicates that some cerium sites are reoxi-(Fig. 8). It could be thus concluded that the noble metal
dized upon NO interaction [21,44]. It must be noted that the does not influence the evolution of bulk and surface prop-
magnitude of the electron transfer process responsible forerties of the promoter upon aging. A clear effect is, however,
the surface reoxidation can be related to the reduction degresyisible in the Raman spectra displayed in Fig. 3; at tempera-
achieved in each case after the treatment under CO, not onlytures below occurrence of the phase segregation reaction, the
in global terms but also at a local level [20,44]. On this basis, ceria—zirconia promoter appears to lose anion-lattice order-
the analysis of Fig. 9 indicates the higher general redox ac-ing to some extent, a fact that is attributable to the presence
tivity induced by the presence of Pd. Among Pd-containing of the noble metal and may be associated with the stabi-
samples, it appears that the redox activity follows the order |ization of fully oxidized Pd(ll) species forming part of the
PdCZA-al273< PACZA < PdCZA-m1273. ceria—zirconia solid solution [29]. This effect might be also
presentin the aged PACZ samples, but the bulk-averaged Ra-
man technique is not able to detect it, due to the significant

Superoxide Intensity (a.u.)

NN\

4. Discussion fraction of the promoter that presumably does not remain
in contact with the noble metal. This noble metal-promoter
4.1. Physicochemical effects interaction is lost after the phase segregation reaction, as

shown by the recovery of the Raman intensity of the ca.
Thermal aging influences the size/morphological as well 470 cnm! peak (compare Figs. 3f and 3g). The Raman spec-
as chemical properties of all the TWC components, the no- tra thus suggest that a minor part of Pd remains stabilized,
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probably in a fully oxidized Pd(ll) chemical state, in close the main factors governing the catalytic activity of TWC

contact with the promoter after aging at 1273 K, and that systems are the palladium dispersion (for active sites con-
the phase segregation may allow this to evolve as Pd singlestituted by particles in contact with the alumina component,
species, likely maintaining a certain proximity with the pro- and considering the mentioned structural insensitivity of this

moter. reaction) and the number and specific properties of Pd—CZ
interface sites. In cases where a sufficient number of the lat-
4.2. Catalytic effects ter sites are present, e.g., enough contact between the Pd

and CZ components in PACZA, they have been shown to

In systems of unsupported Pd or Pd on fairly inert sup- dominate the CO oxidation catalytic activity at low tem-
ports (the Pd/AIOs can be considered among these lat- peratures [28,32,43]. Another factor to be considered when
ter), it is well known that the CO oxidation is essentially examining this reaction in the presence of NO concerns
a structurally insensitive reaction [45], while NO reduction the catalytic interferences induced by occupation of active
is strongly sensitive due to the structural dependence of thesites on the metallic particles by species derived from NO
two steps, NO dissociation and N recombination, which may chemisorption [21,48-50]. This interaction produces a kind
be involved in the rate-determining step depending on the of self-poisoning effect as a consequence of the oxidation
noble metal particle size [30,46]. Recent evidence shows, of the sites over the metallic particles, clearly visible in the
however, that CO oxidation may display a weak sensitivity DRIFTS spectra (Fig. 4).
to structure in the case of small Pd particles [47]. Inany case, Taking all the above mentioned factors into account, the
when both reactants are present in the reactive mixture, thelower activity of the PACZA-a systems (Fig. 1) as well as the
kinetic regime and the corresponding surface coverage(s) athigher difficulty for Pd reduction (Fig. 6) in them is simply
the metal particles vary with particle size, in turn affecting interpreted as a consequence of the significant Pd sinter-
the elimination rates of each specific reactant [48]. Addi- ing produced upon aging (evidenced by XRD and Raman,
tionally, in the presence of a Ce-containing promoter, the Figs. 1 and 2), which induces the concomitant decrease in
size and morphology of the noble metal and the promoter the relative number of Pd—CZ interface sites with respect to
become critical, since the centers active at low temperaturethe nonaged PACZA system. On the other hand, the com-
are located at the metal-promoter interface [21,28,32,43,44 parison between the fresh PACZA system and those of the
49,50]. In PdCZ and PdCZA systems it is therefore obvious PdCZA-m series, where only the support suffered the aging
that the “structure sensitivity” concerns size and morphology process, appears quite interesting. The absence of significant
factors of the metal-promoter interface. It is also inferred differences between them or even the highest CO oxida-
from this that, in addition to geometric/electronic factors tion activity shown by the PACZA-m1273 system suggests
affecting the active metal or metal/promoter interface for differential properties for the Pd—CZ interface sites when
the CZA-supported systems, the metal distribution achieved PACZA-m systems are compared with the fresh PACZA one.
over the complex support is of relevance (i.e., whether the First, it can be noted that analysis of the DRIFTS spectra in
metal shows a preference for interacting with the CZ or the Figs. 4B and 4C confirms that Pd—CZ interface sites, and
alumina component). The dynamic nature of the catalytic not particles in contact with the alumina component, are the
system upon interaction with the reactant atmosphere dur-active sites for CO oxidation in the PACZA-m systems. To
ing a light-off run requires monitoring the formation of the show this, we must note that the observation of an atop car-
potential active phases during the course of the reaction.bonyl maintaining its frequency at a relatively high value (ca.
In this sense, comparison of catalytic activity (Fig. 1) and 2095 cnt!) for T < ca. 423 K is a typical fingerprint of the
DRIFTS/XANES results (Figs. 4-7) indicates that the light- behavior of Pd particles in contact with the alumina compo-
off profile roughly parallels the reduction of the noble metal nent [45,48]. The onset of CO oxidation in such unpromoted
and its concomitant aggregation, a fact reported in previoussystems coincides with the point at which a red shift is pro-
studies [21,47,51]. This fact indicates that the metallic state duced in that band (taking into account, as mentioned before,
(either at the surface or in the bulk) is the most active for any that the frequency of that band is determined by dipolar cou-
of the examined reactions, e.g., CO oxidation and NO reduc- pling effects and that the reaction is basically limited by
tion. In this respect, the higher difficulty for achieving the thermally induced desorption of CO). However, the temper-
metallic state displayed, according to XANES experiments ature at which the mentioned shift in the carbonyl band is
(Fig. 6), by the aged systems (-a series) can be consideredietected (ca. 423 K) is well above the onset of CO oxida-
as one of the main factors to account for their lower activ- tion in the PACZA-m systems. A careful analysis of the atop
ity in general terms. Nevertheless, as mentioned above andcarbonyl region in Figs. 4B and 4C shows the presence of
according to previous experience on TWC systems [21,28, another component which begins its red shift at lower tem-
32,43-50], the main factors affecting the catalytic activity peratures and which, in accordance with previous experience
are different for each of the reactions and are therefore dis-with systems of this kind [21,32,43], must be related to the
cussed separately. palladium particles in contact with the CZ component, which

With regard to CO oxidation, as briefly outlined above could then be considered as the most active sites for this re-
and in accordance with previous works [28,32,43,45,46,48], action. The fact that DRIFTS observation of features related
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to Pd particles in contact with alumina is more apparent for anion vacancies present in the promoter, which in turn af-
the PACZA-m systems in comparison with the fresh PACZA fects the NO activation processes [6,21,38,43,44]. We may
system suggests that a higher proportion of the Pd is in con-thus suggest that thermal aging affects NO reduction in Pd-
tact with the alumina component for the former catalysts, as CZA systems by decreasing the number of surface Pd atoms
expected when considering the lower general CZ dispersion(sintering of the noble metal) as well as stabilizing Pd(ll)
in the model systems (Fig. 2 and Table 2). The results thusspecies before the phase segregation reaction, but also may
indicate a higher CO oxidation catalytic activity of the Pd— have a positive effect driven by the Ce enrichment of the
CZ interface sites of the PACZA-m systems with respect to promoter surface in cases where the NO dissociation is in-
the fresh PACZA sample. This can be related to the changesvolved in the slow rate step [46]. Pd particle size and, to a
observed in the surface characteristics of the CZ componentimited extent, Ce concentration at the promoter surface ap-
upon aging; as revealed by EPR (Fig. 8) and reported in pre-pear as the key physicochemical factors affected by thermal
vious studies [52], the promoter surface is enriched in Ce. In aging and influencing catalytic activity for NO elimination.
turn, the EPR results of Fig. 9 evidence a strong parallelism
between redox and catalytic activity; therefore, a correlation
can be established between the CO potential to create vab. Conclusions
cancies at the metal-promoter interface and, associated to
this, the reoxidation ability of such vacancies upon interac- The behavior of a Pd-based ceria—zirconia-promoted
tion with oxygen. The comparison between model and aged TWC system has been analyzed for the CO oxidation and
series of catalysts shows that the CZ phase segregation readNO reduction processes under the influence of thermal aging
tion only produces a moderate effect on CO oxidation. effects. As already well known, the aging process aggre-
NO reduction is a structure-sensitive reaction which gates the noble metal and promoter components and induces
should be dependent on noble metal size/morphology prop-ceria—zirconia phase segregation above 1273 K. Encapsula-
erties, particularly influencing NO dissociation and N re- tion of the noble metal seems of relatively low importance
combination steps [30,46,48]. The analysis of metal particle in our alumina-supported Pd TWC. The thermal degradation
size and its effect in the reaction can be extracted from process also appears to increase the surface Ce concentra-
DRIFTS experiments (Fig. 4). This technique evidences dif- tion of the CZ component and to influence the redox state of
ferences in palladium particle size already from the starting the active metal fraction in close contact with the promoter;
point of the reaction; model systems show a larger sur- aging below 1273 K seems to stabilize Pd in a presumed ox-
face coverage by N-containing adspecies, which yield Pd(l) idized state, forming part of a solid solution with promoter
surface states after NO dissociation, as well as absence ofomponents. Such interaction decreased after the promoter
bridge-bonded carbonyls until the NO-product(s) disappearsphase segregation reaction.
from the metal surface concomitantly to NCO formation. The light-off behavior of the Pd-based fresh and aged
These aspects indicate a stronger NO interaction with Pd TWC samples under the CONO + O, atmosphere appears
particles in the PACZA-m systems in comparison to the dominated by the reduction of the noble metal component
fresh PACZA catalyst. Additionally, the CO adsorption on and its sintering. Comparison with the model PAdCZA-m se-
used samples (Fig. 5) gives further evidence of the largerries gives evidence that promoter aging only plays a limited
particle size, according to the higher bridge-to-atop inten- role in the general decreasing of catalytic activity induced
sity ratio, of model systems (PdCZA-m series). All these by thermal effects through the loss of metal-promoter con-
data are in agreement with the fact that model systems haveacts and, indirectly, by the loss of alumina surface area. This
a larger metal particle size already from the onset of the comparison also shows that the interface between Pd and
reaction (also observed in the Raman spectra, Fig. 3, ofceria—zirconia is critical for CO oxidation and less impor-
calcined materials) and show higher efficiency than fresh Pd- tant for NO conversion, although the enrichment in cerium
CZA in the NO adsorption/dissociation process [48]. All the detected during promoter aging after the phase segregation
“structural” factors, e.g., higher size of the Pd particles and phenomenon may have a positive influence in the NO disso-
lower amount of Pd—CZ contacts, are, generally speaking, ciation process.
in favour of a higher NO reduction activity of the PAdCZA-m
systems, in which active sites for this reaction are probably
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