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Abstract

The behavior of Pd-based systems supported on alumina and ceria—zirconia and the complex ceria—zirconia on alumina was investigate
during light-off tests using a stoichiometrigBg + CO+ NO + O mixture. In situ XANES/DRIFTS studies of the Pd chemical state at the
surface and bulk of the materials were conducted to determine the noble metal response to the gas atmosphere during light off. The initia
oxidized PdO-like phase was converted to Pd(0) in all cases except for the ceria—zirconia-supported catalyst. Contact between Pd and bu
ceria—zirconia particles appeared to stabilize Pd clusters in the 373-673 K region with an average Pd(l)-like oxidation state. The presence c
hydrocarbon in the gas phase was essential in order to stabilize these Pd(l)-like species. The role of such a phase in providing a source
active oxygen for hydrocarbon oxidation is shown here to strongly decrease light off temperature and this, together with its stability over a
wide range of temperatures, may offer a contribution to reducing hydrocarbon emissions during cold start.
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1. Introduction of ceria on the basis of their greater oxygen storage capac-
ity (OSC) after thermal sintering, which could potentially
Three-way catalysts (TWC) have been widely used to di- decrease the cold-start emissions mainly by allowing the ca-
minish pollutant emissions from gasoline engine powered talyst to be located in positions closer to the engine manifold
vehicles [1-3]. Classical components of these systems usuwith minimum system deactivation being produced [3,5].
ally include Rh, Pt, and/or Pd as active metals, ceria as pro-Optimum promoter properties are achieved atZetomic
moter, and high surface alumina as the support [1-3]. The ratios close to one and when pseudocubic (tetragonal sym-
use of Pd as the single active metal component in TWCs metry for oxygen sublattice) or cubic structures of the mixed
has recently received considerable attention as a result of theoxide are formed, which are presumably stabilized as nano-
high cost and scarcity of Rh, the availability of cleaner fuels, sized particles [6-9].
and its remarkable activity for oxidation reactions [1,3,4]. Due to the complexity of the great variety of depollution
The classical promotion by ceria has been enhanced by in-chemical reactions involved in TWCs, a degree of contro-
clusion of other oxide components in order to increase or versy exists with respect to the most adequate configuration
maintain the durability of the TWC while decreasing the of the noble metal-supportinteraction in order to achieve op-
pollutant produced during the cold-start (or light off) pe- timum catalytic properties [3,4,10-12]. It is well known that
riod, which may represent a considerable portion of the total |imitations exist for Pd-only systems with respect to their
emissions produced during any driving cycle [1,4]. Among performance for NO reduction reactions [4,10,11], which
the latter, fluorite-type materials and, in particular, Ce—=Zr can be mostly resolved by careful engineering of the solid
mixed oxide systems, have been considered as substitutegatmyst, allowing part of the Pd to interact with the bare
alumina [3] or at the alumina interface with bidimensional
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or super ultralow level (SULEV) vehicles significant effort 30,000 ! were performed in a Pyrex glass flow reactor
has been focused on the reduction of hydrocarbon (HC) in system. Details of the experimental conditions employed for
the exhaust [1,3]. The majority of HCs (60-80%) are pro- these tests can be found elsewhere [20]. Gases were regu-
duced during the cold-start period of the driving cycle and lated with mass flow controllers and analyzed using an on-
thus it would be most desiderable if a close-coupled technol- line Perkin-Elmer 1725X FTIR spectrometer coupled with a
ogy could handle this problem [3]. Unlike CO and, probably, multiple reflection transmission cell (Infrared Analysis Inc.;
NO, HC conversion is typically not strongly promoted by 2.4 m path length). Oxygen concentrations were determined
oxygen-storage materials [3,14,15], but the presence of ox-using a paramagnetic analyzer (Servomex 540A). Experi-
idized Pd species has been shown to provide a source ofmental error in the HC, CO, and/or NO conversion values
oxygen to effectively enhance light off during cold-start con- obtained in these conditions is estimatecta&. Prior to
ditions [15,16]. The existence and maintenance of oxidized catalytic testing, in situ calcination was performed in diluted
Pd species in TWC systems during a light-off run are there- oxygen (2.5% @ in N3) at 773 K, followed by cooling un-
fore a question of practical interest which has received little der the same atmosphere and subsequgptiging at room
attention in the literature of HC oxidation reactions [17—19]. temperature (RT). A typical test consisted of increasing the
In the present study, Pd-based systems using three differtemperature from 298 to 823 K at 5 K mih.
ent supports, alumina (A), ceria—zirconia (CZ), and ceria— DRIFTS analysis of adsorbed species present on the cata-
zirconia/alumina (CZA), have been analyzed in order to gain lyst surface under reaction conditions was carried out using
some insight into the potentially important parameters in- a Perkin-Elmer 1750 FTIR fitted with an MCT detector.
volving the interaction of the noble metal and the support Analysis of the NO conversion at the outlet of the IR cham-
which may be responsible for stabilizing an appropriate oxi- ber was performed by chemiluminescence (Thermo En-
dation state of Pd during ag€lg + CO + NO + O reaction vironmental Instruments 42C). Additional postcatalyst gas
run. As described elsewhere [3,19], Pd-based TWC systemsanalysis was performed using a Baltzers Prisma Quadrupole
evolve in a similar way under this model gas mixture than mass spectrometer. The DRIFTS cell (Harrick) was fitted
during engine tests in light-off experiments. The three sup- with CaF, windows and a heating cartridge that allowed
ports, on the other hand, enable analysis of Pd behavior un-samples to be heated to 773 K. Samples of ca. 80 mg were
der the interaction with all main supporting phases existing calcined in situ at 773 K (with synthetic air 20% @ N»)
in TWCs; namely, alumina and two- and three-dimensional and then cooled to 298 K in synthetic air before the intro-
patches of CZ [20]. In situ XANES was used to follow the Pd duction of the reaction mixture and subsequent heating at
oxidation state and phase distribution throughout the light- 5 Kmin—1 up to 673 K, recording one spectrum (4 th
off test while parallel in situ DRIFTS provided information resolution, average of 20 scans) generally every 10-15 K.
concerning the surface state of the noble metal. The gas mixture (using the same concentrations as those
employed for laboratory reactor tests) was prepared using a
computer-controlled gas blender with 75%min—1 passing
2. Experimental through the catalyst bed.
XANES experiments at the P& -edge were performed
A ceria—zirconia/alumina support with 10 wt% mixed on line BM29 of the ESRF synchrotron at Grenoble. A Si
oxide—expressed as §€7rp s0,—was prepared by mod-  (311) double-crystal monochromator was used in conjunc-
ification of the microemulsion method as used previously tion with a rejection mirror to minimize the harmonic
for preparing the unsupported ceria—zirconia oxide [6]. content of the beam. Transmission experiments were car-
This method allows a precise control of the primary and ried out using Kr/Ar-filled ionization chambers. The en-
secondary particle size; full details of the procedure and ergy scale was simultaneously calibrated by measuring the
its influence in the physicochemical characteristics of the corresponding metal foil inserted before a third ionization
promoter phase can be found elsewhere [7]. After dry- chamber. Samples as self-supporting disks (absorbance 0.5)
ing overnight at 373 K, these supports were calcined in were placed in a controlled-atmosphere cell for treatment.
air at 773 K for 2 h et = 105 (CZ) and 186 (CZA)  XANES spectra were taken every 15 K during a 5 K min
m?g~1). According to ICP-AES chemical analysis, both temperature ramp up to 673 K, in the presence of a flow of
ceria—zirconia materials have a/Z¥e atomic ratio of 0 + the GHe + CO + NO + Oy gas mixture (as employed for
0.1. The alumina, A, (Condedget =180 nfg~1),CZ,and catalytic activity tests). Note that XANES and DRIFTS ex-
CZA supports were impregnated (incipient wetness method) periments are run up to 673 K as chemical changes detected
with aqueous solutions of palladium (II) nitrate (Alfa Cae- in the samples (see Section 3) are completed below such
sar; purities> 99.99%) in an amount to give 1.0 wt% of the limiting temperature.
precious metal. The catalysts were calcined following the  Results obtained in XANES experiments were subjected
same drying/calcination procedure described above for theto normalization using standard procedures and analyzed
supports and are referred to as PdA, PACZA, and PdCZ.  using principal component analysis (PCA) [21-23] which
Catalytic tests using stoichiometric mixtures of 0.1% assumes that the absorbance in a set of spectra can be mathe-
C3Hg + 1% CO+ 0.9% & + 0.1% NO (N balance) at matically modeled as a linear sum of individual components,
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called factors, which correspond to each one of the palla- HC
dium species present in a sample, plus noise [24]. To deter- 500+

mine the number of individual components, Antest based

on the variance associated with factoand the summed 450
variance associated with the pool of noise factors was per-

formed. A factor was accepted as a “pure” chemical species

(i.e., a factor associated with signal and not noise) when 4004

the percentage of significance level of thdest, %SL, was

lower than a test level set in previous studies at 5%. The latter 1007
means that the null hypothesis of thetest, e.g., that factor .
k is associated with noise, is rejected for %SL values below 500+

such limiting value. The ratio between the reduced eigenval-
ues,R(r), which describes the ratio between the mathemati-
cal norm of factors, was also used in determining the number
of chemical species present in the sample. This ratio should
approach one (e.g., equal statistical “weight”) for noise-only
factors. These tests are fully described in Ref. [21]. Once
the number of individual components was set, XANES spec-
tra corresponding to individual Pd species and their con-
centration versus temperature profiles were generated by an
orthogonal rotation (varimax rotation) which should align
factors (as close as possible) along the unknown concen- 5504

tration profiles, followed by iterative transformation factor

analysis (ITFA). ITFA starts with delta function represen- 500+
tations of the concentration profiles, associated with each

chemical species, located at temperatures predicted by the 4504

450

400+

1003

varimax rotation, which are then subjected to refinement by
iteration until error in the resulting concentration profiles is 400-
lower than the statistical error extracted from the set of raw

spectra [21-23]. .

0- .
T20
Fig. 1 shows the isoconversion temperatures for2g)( Isoconversion Values
and 50% {50) HC, CO, and NO conversion from the light-
off curves. From thdxg values, representing the initial part Fig. 1. Isoconversion temperatures for 20 and 50% _conversion of HC, CO,
of the light-off curves, it appears quite evident that the PdCz 34 NO- Dark gray, PdA; light gray, PACZA; and white PACZ.
system presents the lowest temperature for both oxidation
reactions while differences between PdA and PdCZA were and 525 K for PACZA. Only in the case of PdCZ was an
less significant. A more complex behavior was evident for intermediate Pd species detected. This species displayed a
the NO conversion profiles which have been analyzed in pre- maximum concentration around 570 K, before conversion to
vious studies using simpler C® NO + O, stoichiometric a third and final Pd phase.
mixtures [13]. The XANES spectra corresponding to the chemical ma-
In order to test a potential relationship between the pres- trixes containing the noble metal are shown in Fig. 3. Fig. 3A
ence of a particular Pd phase and catalytic oxidation activity displays the spectra of the initial species which may be com-
(particularly HC) during light off, an in situ XANES study pared with the spectrum of a PdO reference. As XANES is
in the presence of the complete reaction mixture was per- sensitive to local symmetry [23], this comparison indicates
formed. The sharp deviations in the %SL aR¢-) values that Pd is initially present in an oxidid)2n-like environ-
(Table 1) clearly indicate the existence of two species for ment for all samples. Small differences between the samples
PdA and PdCZA and three for PACZ. The concentration pro- and the reference can be mostly ascribed to the small particle
files associated with these species are displayed in Fig. 2size, although in the case of the PdCZ it is apparent that ad-
together with the profile for PACZ under a GONO + O, sorbed species from the reaction mixture may contribute to
mixture (two species; dashed lines in Fig. 2). It can be seenthe differences. In fact, the Pd XANES spectra obtained after
that the maximum rate of conversion of the initially present calcination (not shown) strongly resemble those displayed
Pd species occurs at ca. 490 K for PdCZ, 500 K for PdA, by the other samples in Fig. 3A. As a significantly lesser

3. Resultsand discussion

Temperature (K)
5
--T- -!
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Table 1 A
Principal component analysis of Rg-edge XANES results
Factor Eigenvalue %SL R(r) Variance
©
A. PdA Q
1 40735 000 95734 99897 8
2 0.38858 000 4032 0095 g
3 0.00875 2009 132 0002 g
4 0.00596 2438 137 0002 kol
5 0.00387 3119 101 0001 N
6 0.00243 3094 121 g
7 0.00224 3592 093 5
8 0.00157 3458 120 =z
B. PdCZA
1 49042 000 14534 99935
2 0.31265 000 10532 0064 . ' . . . : . :
3 0.00273 804 144 24320 24340 24360 24380 24400
4 0.00174 879 173 Energy (V)
5 0.00090 1461 175
6 0.00047 2405 159
7 0.00026 3486 097
8 0.00023 3456 117
C. PdCz o
1 47572 000 91132 99893 Q
2 0.48109 000 1743 0101 8
3 0.02541 000 1673 0005 ]
4 0.00139 1067 164 3
5 0.00076 1638 208 <
6 0.00033 3214 099 ﬂ,)
7 0.00030 3181 116 ®
8 0.00022 3584 099 g
Variances lower than I0 are not reported. z
1.0+4 T T T T
24320 24340 24360 24380 24400
= Energy (eV)
@ 0.8
c
o
£
g 0.6+ C
]
s 1 oo, A 0 T
5 04
5 0.4 ©
5 g
© o)
8 0.2- 5
- el
< 3
o
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Temperature (K) 2
Fig. 2. Concentration profiles during the temperature-programmed reaction 24330 24340 24350 24360 24370 24380
run for Pd-containing species. Initial species (open symbols); intermedi- Energy (eV)
. g . h . . T T T T T T T T
ate species (half-filled symbols), and final species (filled symbols). Circles, 24320 24340 24360 24380 24400

PdA; squares, PdCZA, triangles, PdCZ; dashed lines, profiles of the PdCZ
species under a C® NO + O, reaction run. Energy (eV)

Fig. 3. XANES spectra for PCA predicted chemical species. (A) Pd ini-
perturbed spectrum of the initial Pd species of PACZ was ob-tial, oxidized species; (B) Pd final, reduced species; and (C) Pd species
; ; ; ; ; detected for the PdCZ sample; lower, initial; middle, intermediate; upper,

tameg Ugdzr a C(:j(}hNOh~|— Oﬁ reaCtlfor;] mixture (Fig. 3C), it f final species. Full lines, Pd species undgHg + CO + NO + Oy; dashed
may e .e uced that the shape of the XANES spectrum OrIines, PdO (A) and Pd species under GO + O5 (C). Inset in (C) shows
PdCZ is influenced by the presence of propene even at rooMyerivative spectra of the Pd intermediate species and reference compounds.

temperature. The analysis of DRIFTS spectra of PACZA Lower case labels (a) PdA, (b) PACZA, and (c) PdCZ.
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Fig. 4. DRIFTS spectra of PACZA, sample in a flow of & 303 K (a) and 0.1% §Hg, 1% CO, 0.9% @, 0.1% NO, N balance at (b) 303, (c) 348, (d) 378,
(e) 423, (f) 453, (g) 483, (h) 503, (i) 523, (j) 553, (k) 608, and (I) 653 K.
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Fig. 5. DRIFTS spectra of PdCZ, sample in a flow of & 303 K (a) and 0.1% §Hg, 1% CO, 0.9% G, 0.1% NO, N balance at (b) 303, (c) 363, (d) 393,
(e) 408, () 423, (g) 453, (h) 483, (i) 513, (j) 543, (k) 573, (I) 603, (n) 633, (M) 663, (0) 693, and (p) 723 K.

(Fig. 4) and PdCZ (Fig. 5) taken during a light-off test in  yag/ys(CHs) 2975 »~ 2870 cn1l), indicative of the pres-
fact shows that the HC is able to strongly interact with the ence of saturated hydrocarbon chains adsorbed on ceria-
PdCZ system but not with PACZA. Thus, Fig. 5 display sev- containing surfaces [25], already from very low tempera-
eral C—H vibration modes/s/y s(CH) 2933/2856 cn?; tures. As the thermal behavior of such bands does not cor-
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relate with that of bands appearing in the 1800-1200%tm interpreted as being stabilized by such surface @Htities.
region and potentially ascribable 1gs/y s(OCO) ory (CO) It should be noted that the possibility of a well-formed Pd
modes, it is likely that propene interaction with PdCZ carbide phase is dismissed as the corresponding fdge
induces formation of polymeric (and not carbonyl- or XANES shape of such a phase would resemble that of the
carboxylate-type) species. These polymeric species are nozero-valent, metallic system, with small red shifts in the CR
detected with the support alone (result not shown) and mustpositions [29].
be formed by propene interaction with the noble metal; the  The presence of the Pd intermediate state at the cata-
XANES analysis (Fig. 3C) indicates thatracomplex of Iytically active surface of the material is demonstrated by
propene (or propene-derived) species and fully oxidized DRIFTS. The middle panel of Fig. 4 displays PdCZA
Pd(ll) is likely involved in the initial step of such inter- DRIFTS spectrain the C-O-stretching region during a reac-
action. Important to stress is the fact that such polymeric tion run. No significant differences were encountered when
adsorbate(s) as well as Pd(ll) species influenced by the reacanalyzing the behavior of the PdA (result not shown). The
tive mixture are not observed for the PACZA system (Figs. 3 band at 2159 cm! shows evidence of CO adsorbed at Pd(ll)
and 4), although contact between the noble metal and thesites [13,30,31], visible over the doublet characteristic of
promoter exists in this sample [20]. Therefore, it can be CQy. Such ad species were also detected for PACZ (Fig. 4)
concluded that the presence of CZ tridimensional patchesup to a similar temperature (ca. 393 K) but above 333 K,
is needed to facilitate the activation of the HC at low tem- these coexist with a Pd(l)-like carbonyl, responsible for the
peratures. 2115-2122 cm? band [13,30,31]. All these bands are gen-
On the other hand, the initially present Pd species were erated by adsorption of CO from the gas phase. Initially,
converted to Pd(0) particles for all samples (Fig. 3B) with at the lowest temperature (Fig. 5b), the band due to sur-
the latter appearing at similar temperatures (above 423 K)face Pd(l)-like carbonyls displayed a greater intensity than
for PdA and PdCZA while for PACZ the metallic species that of Pd(Il) carbonyls but this is somewhat expected due
was only detected above 550 K (Fig. 2). For the latter sam- to the larger extinction coefficient of the stronger covalent-
ple, comparison with the evolution of Pd species under the like CO interaction with a Pd species with some metallic
CO + NO + Oy reaction mixture shows that Pd(0) appeared character [32] with respect to the more labile character of a
at much lower temperatures (above 373 K; dashed lines inPd(I1)-~CO bond. The 2115-2122 crthband was still appar-
Fig. 2) in the absence of the hydrocarbon, again indicating aent up to 693 K (Fig. 5m), indeed indicating the formation
significant role played by propene in the behavior of Pd for of a strong Pd—adsorbate bond. The intensity of this band
this sample. The XANES spectrum of the intermediate Pd displayed, however, an unusual behavior; it decreased up
state during the reduction of the PdCZ catalyst is presentedto 423 K before gaining intensity above such a tempera-
in Fig. 3C together with the reduced and oxidized refer- ture. As will be shown elsewhere [33], analysis of the €O
ence Pd species. Analysis of the derivative of the absorptionNO + Oy, C3Hg + Oz, and GHg + NO reactions allows
edge region of the Pd intermediate (inset Fig. 3C) clearly us to correlate the carbonyl intensity increase with the onset
shows a small shift, half-way between the Pd metal and the of the NO reduction process (using hydrocarbon as reduc-
PdO references, but having a rather similar shape to the ox-tant) which gives CO as a by-product, and thus increases
idized compound. Further differences between the spectrumthe CQy concentration near the Pd particles. On the other
of the intermediate Pd state and the PdO reference can béiand, the presence of surface Pd(l)-like species (Fig. 5) is
appreciated in the continuum region, with the presence of concomitant with the temperature region in which the Pd in-
a continuum resonance (CR) at about 24,385 eV, absent intermediate species was detected by XANES (Fig. 2) and may
PdO. This CR is associated with (the=l 1 projection of) thus be considered as the dominant Pd surface state associ-
4f Pd-like states [23] and is therefore indicative of the pres- ated with the Pd intermediate phase. Note that CO adsorbed
ence of Pd—Pd contacts at distances much closer than thosepecies are not involved in the stabilization of the Pd(l)-like
in PdO and also of a certain, limited (probably a 1D or 2D phase, as demonstrated by the absence of such a phase in
conductor as in some Pd(l) oxides; see Ref. [26]) metallic- similar XANES experiments under a C® NO + Oz mix-
like character. An alternative to the Pd—Pd contact would ture (Figs. 2 and 3C).
involve a Pd—Ce(Zr) interaction but the proximity of the 4f To conclude, the XANES/DRIFTS study gives evidence
Ce levels to the Fermi edge [27,28] would produce distinc- of the influence of the support in the manner in which the
tive features (CRs) not present in our XANES spectrum. In distinct Pd species evolve with reaction temperature. Contact
summarizing all these data, the intermediate Pd species carbetween Pd and the bare alumina surface (PdA) or with two-
be described as a Pd cluster with an averade Rd close dimensional patches of the CZ component (PdCZA) [13]
to 1) oxidation state, likely induced by the presence of oxy- gives rise to negligible differences in the onset temperature
gen in the network, but having a certain metallic-like char- for conversion of the PdO phase at around 423 K. In the
acter derived from the existence of Pd—Pd chemical bonds.case of PACZ, on the other hand, conversion of this phase
The strong interaction with propene-derived (polymeric) ad begins at a lower temperature (ca. 373 K) and, more im-
species, already detected for the Pd(ll) state (Figs. 3A—C), portantly, yields a partially oxidized Pd species which, may,
is necessary in generating this Pd(l)-like species and can behowever, possess enough metallic-like character to activate
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the hydrocarbon at “low temperatures” (below 473 K). As

noted above, the availability of oxygen anions from the Pd

phase may correlate with the initial HC light-off tempera-

ture [15,16]. The presence of the Pd(l)-like intermediate for
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