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The effect of thermal degradation on the catalytic performance
in light-off tests of Pd three-way catalysts supported on alumina
and promoted with Ce–Zr mixed oxides has been investigated ei-
ther under synthetic gas mixtures (for catalysts in powder form)
or in engine tests (for catalyst monoliths). Accelerated aging of the
systems by oven heating at 1273 K produces a significant sintering
of both Pd and Ce–Zr mixed oxide active components, indicated by
X-ray diffraction, transmission electron microscopy, and diffuse re-
flectance Fourier transform infrared (DRIFTS) techniques. In spite
of these effects, the small differences between the light-off perfor-
mances of fresh and aged systems show the relatively low relevance
(particularly in real conditions under engine emissions) of the ther-
mal degradation on the overall performance of the system. In situ
DRIFTS results suggest that this is the result of the relatively low
structural sensitivity of the desorption of hydrocarbon fragments
adsorbed on the active sites, which act mainly as self-poisons for
the catalytic reactions. c© 2001 Academic Press
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I. INTRODUCTION

Three-way catalysts (TWC) have been widely used to si-
multaneously reduce emissions of hydrocarbons (HC), CO,
and nitrogen oxides (NOx) from gasoline engine powered
vehicles (1). Classical components of these systems usu-
ally include Rh, Pt, and/or Pd as active metals, and ceria as
promoter (1, 2). More recently, the use of Pd as the only
active metal component in TWC has received considerable
attention on the basis of economical aspects (the high cost
and scarcity of Rh) and the availability of cleaner fuels, and
despite limitations for NOx reduction reactions (3–6), this
component exhibits a remarkable activity for HC and CO
oxidation reactions. On the other hand, the classical promo-
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tion by ceria has been extended to other oxide systems aim-
ing to increase or maintain the durability of the TWC while
decreasing the toxic emissions produced during the cold-
start (or light-off) period, which may represent a consider-
able portion of the whole emissions produced during any
driving cycle (1, 7). Among these latter, Ce–Zr mixed ox-
ide systems have been proposed as potential replacements
for ceria on the basis of their larger oxygen-storage capacity
(OSC) after thermal sintering, which would eventually help
to decrease the cold-start emissions mainly by permitting
the catalyst to be located in positions closer to the engine,
with lower system deactivation being produced (8).

A degree of controversy exists in respect to the optimum
configuration (Al2O3-supported or unsupported) of Ce–
Zr components in these catalysts. Jiang et al. (9) propose
employment of unsupported materials based mainly on
the more precise control at a compositional–morphological
level, for achievement of optimal catalytic properties, which
could potentially be achieved, and on assuring establish-
ment of interactions between noble metals and the mixed
oxide component (9). However, recent investigations have
shown the superior redox properties of the alumina-
dispersed nanoparticle mixed oxide configurations, in com-
parison with unsupported cases (at least when treatments
leading to surface–textural modifications have not been
performed (10)), in terms of the dynamic-OSC achieved,
particularly for systems aged under air at 1273–1373 K (11).
Additionally, recent catalytic activity results under stoichio-
metric CO–NO–O2 reactant mixtures suggest the involve-
ment of Pd interaction with Al2O3-dispersed mixed oxide
entities as the active sites for NO reduction reactions (12).
Nevertheless, important difficulties must be considered in
the preparation of alumina-supported mixed oxide in its
most active phases, which involve Ce/Zr atomic ratios close
to or slightly higher than one (11, 13). Promising results in
this respect have been obtained by employing a reverse
microemulsion approach, as structurally homogeneous
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nanoparticle configurations of the mixed oxide are achieved
as a consequence of the spatial confinement to which the
precursors are subjected within the microemulsion (14, 15).

In this context, it is desirable to determine which are the
main parameters affecting light-off performance for this
kind of materials. With this objective in mind, a catalyst
in which ceria–zirconia promoters have been incorporated
by the microemulsion method onto an alumina precoated
monolith has been tested with regard to its catalytic perfor-
mance under light-off conditions, employing the exhaust
gas produced by a gasoline engine as reactant. In order
to examine the influence of thermal degradation on the
catalytic properties of the system, two different initial con-
ditions, fresh and oven-aged at 1273 K (as a benchmark
temperature at which loss of structural homogeneity is pro-
duced in the Ce–Zr mixed oxide (11, 13)), were employed.
The results are compared with those observed for powdered
catalysts prepared using the same method and examined
under stoichiometric synthetic gas mixtures by catalytic ac-
tivity tests in a laboratory reactor, characterising the pro-
cesses occurring during the catalytic reactions by in situ
diffuse reflectance Fourier transform (DRIFTS). X-ray
diffraction (XRD) and transmission electron microscopy–
energy dispersive X-ray spectroscopy (TEM–EDS) tech-
niques are employed to characterise the catalysts.

II. EXPERIMENTAL

A. Catalyst Preparation

Cordierite monoliths (kindly supplied by Johnson
Matthey, 152-mm length, 101-mm diameter) with 400 cells
per square inch were used as support. These were coated
with alumina by employing a dip-coating procedure using
colloidal solutions prepared by dissolving 200 g of boehmite
powder Disperal SOL P-3 (from Condea) in 1.5 l of wa-
ter acidified with 10 ml of concentrated HNO3 (Panreac,
60 w/v%); an initial pH of ca. 1.0, which increased to
ca. 4.0 on introduction of the boehmite, was observed in
these conditions. The preparation was followed by drying
and calcination in air at 1073 K for 2 h. About 130 g of
alumina was incorporated into the monolith on the basis
of weight difference. The ceria–zirconia promoter was de-
posited on the alumina-coated monolith by employing re-
verse microemulsions of similar characteristics (in terms
of the constituent nature and volumes employed) as those
described in previous articles (14, 16). The procedure con-
sisted of successive immersions of the monolith, first into
a microemulsion (with n-heptane as organic phase, Tri-
ton X-100—from Aldrich—as surfactant, and hexanol as
cosurfactant) containing the cerium–zirconium precursors
(cerium(III) nitrate and zirconyl nitrate, Alfa Aesar) in its

aqueous phase in an amount chosen to give a maximum
15 wt% CeO2–ZrO2 in the washcoat and then, after blow-
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ing off the unretained liquid, into a second microemulsion
of similar characteristics containing the base (tetramethy-
lammonium hydroxide (Alfa Aesar)) in its aqueous phase.
Subsequently, the monolith containing the coprecipitated
cerium and zirconium precursors was dried for 24 h at
393 K and calcined in air at 773 K for 2 h. Finally, pal-
ladium was applied on the monoliths by direct impreg-
nation, filling the monolith channels with Pd(II) nitrate
(from Alfa Aesar) aqueous solution, followed by drying
at 393 K for 24 h and calcination in air at 773 K for 2 h.
This sample will be hereafter referred to as fresh PCZ-m.
Oven aging of the catalysts was carried out under air at
1273 K for 16 h. The main characteristics of the washcoat in
these catalysts were as follows: according to chemical analy-
sis measurements (performed by ICP–AES at the Centro de
Espectrometrı́a Atómica, UCM), the weight percent values
of Pd, CeO2, and ZrO2 were 0.77, 3.69 and 2.01, respectively
(corresponding to 0.83, 4.00, and 2.18 g per l of monolith ge-
ometric volume, respectively). This corresponds to a Ce/Zr
atomic ratio of 1.31. In turn, SBET values for the wash coat
in fresh and aged PCZ-m were 184 and 87 m2 g−1, respec-
tively. A commercial Pt–Rh monolithic TWC (supplied by
Johnson Matthey) has been used as a reference for the en-
gine tests.

A reference powder catalyst containing 1 wt% Pd and
10 wt% CeZrO4 promoter (compositions confirmed by
ICP–AES chemical analysis) on alumina (Condea Puralox,
SBET = 180 m2 g−1) was prepared by employing methods
and precursors similar to those used for preparation of the
catalyst monoliths. Full details of the procedure employed
can be found elsewhere (14, 15). This will be referred to as
fresh PCZ-p while the 10 wt% CeZrO4 supported on alu-
mina employed in this preparation will be referred to as CZ.
The aging procedure was in every case similar to that em-
ployed for the catalyst monoliths. SBET values obtained for
the fresh and aged PCZ-p catalyst were 194 and 85 m2 g−1,
respectively.

B. Engine Testing

Light-off tests from ambient temperature were per-
formed with a gasoline-fuelled spark ignition 1.8-l Volk-
swagen engine (model year 1990, electronic spark ignition
and fuel injection with Bosch K Jetronic carburettion) with
four cylinders and fitted with an oxygen sensor forλ control,
using commercial lead-free gasoline (BP 95 RON, specifi-
cation number BSEN 228; 100 ppm S according to commer-
cial specification) as fuel. Operation conditions were main-
tained constant during the tests at ca. 1600 rpm rotational
speed and ca. 6.0 N m torque, under slope conditions (cor-
responding to an estimated space velocity of ca. 24,000 Nl
l−1 h−1). Two different tests were run consecutively under
those conditions, the first beginning from ambient temper-

ature with the start of the engine; then, the exhaust temper-
ature was increased under the above-mentioned conditions
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until a stationary condition was achieved (cold-start test).
Subsequently, the engine was stopped, and a second test
was performed by restarting the engine after the exhaust
temperature had decreased to about 473 K, again allow-
ing the system to reach its stationary condition under the
above-mentioned conditions (hot-start test). As similar ac-
tivity vs temperature profiles were obtained in both tests,
only results of the cold-start test are presented. The after-
treatment system consisted of a single catalyst located ca.
1 m from the engine manifold, simulating the under-floor
position of an actual vehicle. Temperature monitoring was
performed using two thermocouples located ca. 1 cm be-
fore and after the catalyst. Analysis of the emitted gases
was achieved with a signal detection system consisting of a
FID (flame ionization detector) analyser for total hydrocar-
bon (THC) concentration measurements (concentrations
being referred to propane, which is employed as reference
gas for calibration), infrared detectors for CO and CO2 con-
centrations, a paramagnetic analyser for O2 concentration,
and a chemiluminiscence analyser for NOx (NO + NO2)
analysis.

C. Laboratory Reactor Tests on Powdered Catalysts

Catalytic tests using a model gas stoichiometric mixture
of 1% CO+ 0.1% C3H6 + 0.1% NO+ 0.9% O2 (N2 bal-
ance) at 30,000 h−1 were performed in a Pyrex glass reac-
tor system. Reference tests (CO–O2 and CO–O2–NO re-
actions) under stoichiometric conditions were carried out
with the same system by using 1% CO+ 0.5% O2 and
1% CO+ 0.45% O2 + 0.1% NO (N2 balance) mixtures at
30,000 h−1(all concentrations in volume percent units). Af-
ter grinding and sieving, catalyst particles in the 0.12- to
0.25-mm range, for which internal diffusion effects were
minimised (15), were employed for these tests. Gases were
regulated with mass flow controllers and analysed using
an on-line Perkin–Elmer 1725X Fourier transform infrared
(FTIR) spectrometer coupled with a multiple reflection
transmission cell (Infrared Analysis Inc.). Oxygen concen-
trations were determined using a paramagnetic analyser
(Servomex 540A). Prior to catalytic testing, in situ calcina-
tion was performed using synthetic air at 773 K, followed
by cooling in synthetic air and a N2 purge at room tem-
perature (RT). A standard test consisted of increasing the
temperature from 298 to 823 K at 5 K min−1.

D. Characterisation Techniques

DRIFTS analysis of adsorbed species present on the cata-
lyst surface under reaction conditions was carried out using
a Perkin–Elmer 1750 FTIR fitted with a mercury cadmium
telluride detector. Analysis of the NO conversion at the
outlet of the IR cell was performed by chemiluminescence
(Thermo Environmental Instruments 42C). The DRIFTS

cell (Harrick) was fitted with CaF2 windows and a heating
RIAS ET AL.

cartridge that allowed samples to be heated to 773 K. Sam-
ples of ca. 65 mg were calcined in situ (in a similar manner as
employed for the laboratory reactor tests) and then cooled
to 298 K in synthetic air before introducing the reaction mix-
ture and heating at 5 K min−1 up to 673 K, recording one
spectrum (4-cm−1 resolution, average of 100 scans) gener-
ally every 15 K. The gas mixture (similar to that employed
for laboratory reactor tests) was prepared using a computer
controlled gas blender with 60 cm3 min−1 passing through
the catalyst bed.

TEM experiments were carried out using a JEOL 2000
FX (0.31-nm point resolution) equipped with a LINK (AN
10000) probe for EDS analysis. The sample spot for EDS
analysis is in the 50 to 100-nm range. Portions of samples
were crushed in an agate mortar and suspended in butyl al-
cohol. After ultrasonic dispersion, a droplet was deposited
on a copper grid supporting a perforated carbon film. Mi-
crographs, electron diffractograms, and, where necessary,
dark-field images were recorded over selected areas, with
compositions previously characterised by EDS. Between 6
and 10 aggregates of a typical size of 200–300 nm were stud-
ied for each sample, analysing about two to four different
zones of each aggregate. by TEM–EDS.

Powder XRD patterns were recorded on a Siemens D-
500 diffractometer using nickel-filtered CuKα radiation op-
erating at 40 kV and 25 mA and with a 0.025◦ step size.

III. RESULTS AND DISCUSSION

A. Structural Properties

Powder X-ray diffractograms of fresh and aged PCZ-p
and PCZ-m catalysts are shown in Fig. 1. Peaks aris-
ing from the Ce–Zr mixed oxide component are barely

FIG. 1. X-ray diffractograms of (a) fresh PCZ-p, (b) aged PCZ-p,
(c) aged CZ, (d) fresh PCZ-m, (e) aged PCZ-m, and (f) the initial cordierite
monolith. The inset at the right top shows the pattern obtained by partial
subtraction of (d) from (e). CZ subindex refers to the Ce–Zr component.
Peaks labeled γ and δ refer to diffractions attributed to γ -Al2O3 and δ-

Al2O3, respectively. For peaks labeled p and p′, see text.
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discernible in the pattern of the fresh PCZ-p catalyst
(Fig. 1a), for which only a broad, poorly defined peak at
ca. 29◦ can be attributed to the most intense (111) diffrac-
tion of that component. In contrast, the most intense peaks
of that component are clearly resolved in the diffractogram
of the aged PCZ-p system (Fig. 1b), which indicates that
a significant degree of sintering of the Ce–Zr mixed ox-
ide is produced as a consequence of the aging treatment.
Other changes occurring on aging of PCZ-p affected the
alumina component, which is mainly transformed from
γ -Al2O3 to δ-Al2O3, as revealed by comparing the pat-
terns of Figs. 1a and 1b. Careful analysis of the diffraction
pattern of the aged PCZ-p catalyst (Fig. 1b) reveals the
presence of additional peaks at 33.97◦ (labelled p), and at
40.25◦ and 46.76◦ (labelled p′), which cannot be attributed
to other transitional aluminas, by comparison with the pat-
tern of the reference-support CZ aged under similar con-
ditions (Fig. 1c). The positions of peaks p and p′ coincide
with those showing appreciable intensity for the thermody-
namically most stable phases (17–19) of, respectively, PdO
(JCPDS 06-0515) and Pd (JCPDS 01-1201). The presence
of these features in the pattern of the aged PCZ-p catalyst
indicates that a significant sintering of the Pd component
is also produced upon aging. With respect to the catalysts
in the form of monoliths (the patterns of which are shown
in Figs. 1d and 1e corresponding to fresh and aged PCZ-m
catalysts, respectively) the diffractograms are mainly dom-
inated by peaks corresponding to the cordierite support
(whose pattern is shown in Fig. 1f), which impedes analysis
of those patterns. In any case, a comparative analysis sug-
gests that transformations occurring on aging of the PCZ-m
system are similar in nature to those taking place for the
PCZ-p catalyst. Thus, palladium sintering is indicated by
the presence of peaks p′ in the pattern of the aged PCZ-m
system while transformations involving the alumina com-
ponent appear to occur also, on the basis of slight changes in
the peak positions of that component and of the appearance
of new peaks in the pattern of the aged system. In this re-
spect, the presence of a peak at ca. 33.0◦, which was slightly
shifted to a higher angle with respect to peaks observed in
that zone for δ-Al2O3 (compare Figs. 1c and 1e), suggests
that a certain amount of θ -Al2O3 (diffractogram JPCDS 47-
1771) might also have been produced on aging of the PCZ-
m system. On the other hand, sintering of the Ce–Zr mixed
oxide component is suggested by the appearance of a peak
at ca. 29.0◦, revealed by performing subtraction operations
between the patterns of Figs. 1e and 1d (as shown in the
inset of Fig. 1), in the pattern of the aged PCZ-m catalyst.

Sintering of the Ce–Zr mixed oxide induced by ag-
ing treatment of both PCZ-p and PCZ-m is more clearly
seen by the analysis of electron diffraction rings (Fig. 2)
and in dark-field TEM images of the catalysts (Fig. 3).

Thus, while relatively broad and barely discernible peaks
of the Ce–Zr mixed oxide are observed in the electron
ON LIGHT-OFF PERFORMANCE 241

FIG. 2. Radial (angle averaged) densitometry patterns of the electron
diffraction rings observed in specific zones of (a) fresh PCZ-p, (b) fresh
PCZ-m, (c) aged PCZ-p, and (d) aged PCZ-m. Vertical dotted lines mark
the strongest reflections attributed to Ce–Zr mixed oxide and alumina-
related phases (subindexed CZ and γ and δ, respectively).

diffraction patterns of the fresh catalysts, a considerable
narrowing of those peaks is observed for both systems
on aging (Fig. 2). Accordingly, dark-field TEM images of
PCZ-m (Fig. 3) show that the Ce–Zr mixed oxide average
particle size increases from ca. 3 to 9 nm on aging, while
increases from ca. 2 to 10 nm are observed when similar
experiments are performed on PCZ-p (results not shown).

With respect to the bulk structural and compositional
levels of the Ce–Zr mixed oxide present in each case, the
absence of significant splittings in the electron diffraction
peaks attributable to this component suggests that pseu-
docubic mixed oxide phases, most likely phase t′′ according
to previous work (14, 15), are present in all cases. On the
other hand, analysis of lattice parameters from the most in-
tense (111) reflection in both X-ray and electron diffraction
patterns yields values of ca. 5.30 and 5.32 Å for the PCZ-p
and PCZ-m materials (in both fresh and aged states), which
are roughly consistent with expected values (8) for Ce–Zr
mixed oxides, with the compositions observed by chemical
analysis (see experimental). Consistent with EDS analysis,
results show Ce/Zr (atomic ratio) values in the 0.9–1.1 and
1.1–2.0 ranges for the fresh PCZ-p and PCZ-m catalysts,
respectively, which are not significantly modified on aging
of the systems.

B. Catalytic Properties of the Powder Catalysts

Figure 4 shows the activity profiles for the fresh and aged

powdered catalysts during the CO–O2–NO–C3H6 reaction.
It is interesting that only marginal differences are observed
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a
FIG. 3. Dark-field TEM pictures of (

between both catalysts (both in terms of overall conversions
of the three pollutants and in terms of N2 yield—calculated
on the basis of mass balance and assuming that adsorp-
tion of N-containing molecules is not significant at those
conversion temperatures, which roughly follows the NOx

conversion curves), in spite of the significant structural dif-
ferences detected. Analysis of the conversion profiles shows
that the reaction onset is slightly retarded for the aged sys-
tem although its conversion curve shows a steeper slope,
so that only at conversion levels below ca. 50% is the fresh
catalyst superior to the aged one. It may be noted that the
NOx conversion below ca. 500 K is affected by adsorption–
desorption phenomena on the basis of mass balance,
which is consistent with previous temperature-programmed
desorption experiments performed on systems of this kind
(20). Analysis of results in Table 1 shows that the catalytic
behaviour observed with the most complete mixture con-
trasts with similar experiments performed in the absence of
hydrocarbon, which, taking into account the significant sin-
tering of components on going from fresh to aged catalysts,
would indicate a generally low degree of structural depen-

dence for the reaction with the most complete mixture. In
turn, data in Table 1 show a decreasing activity for CO oxi-
) fresh PCZ-m and (b) aged PCZ-m.

dation, as NO and then C3H6 are introduced in the reaction
mixture. Similarly, activity for NO reduction also decreases
in the presence of hydrocarbon. In a previous paper, the
deactivation effects induced by the presence of NO on CO
oxidation over this catalyst were analysed in detail (12). In
this work, attention is focused mainly on the effects of the
presence of the hydrocarbon on the overall performance
of the system. It may be noted that earlier work has shown
that any of the reactants involved in these reactions can in-
duce poisoning or inhibiting effects on the activity of noble

TABLE 1

Isoconversion Temperatures (K) in Stoichiometric Conditions at
30,000 h−1 over Fresh and Aged PCZ-p

CO NOx
HC

1 2 3 2 3 3

T10 323 (373) 362 (432) 423 (485) 400 (420) 495 (500) 452 (491)
T50 411 (473) 432 (495) 500 (520) 460 (498) 533 (528) 535 (520)
T90 471 (490) 490 (515) 545 (552) 486 (518) 559 (560) 558 (553)
Note. Isoconversion at 10, 50, and 90%. Reactions 1, CO–O2; 2, CO–
O2–NO; and 3, CO–O2–NO–C3H6. Aged values in parentheses.
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FIG. 4. Conversion profiles for the CO+O2 +NO+ C3H6 reaction
over fresh (filled symbols) and aged (empty symbols) PCZ-p catalysts.

metals for the reduction–oxidation reactions taking place
in these systems (21).

DRIFTS spectra obtained under reaction conditions for
the fresh catalyst (Fig. 5) show evolution of CO (g) and

CO2 (g), which roughly correlate with the catalytic activity
results (Fig. 4). It must be noted that the lower concen-
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trations of NO (g) and C3H6 (g) prevent their detection
under the same experimental conditions. Only one band at
2159 cm−1 appears at relatively low reaction temperatures
in the carbonyl-stretching region of the spectra. The ori-
gin of this band, which can be assigned to Pd2+-adsorbed
carbonyl species, was investigated in detail in a previous
contribution (12). These sites are created by NO-induced
oxidation of Pd sites at Pd particles in contact with Ce–
Zr mixed oxide particles. These are the most active sites
for CO oxidation (12, 14). The oxidizing interaction was
proposed as that mainly responsible for the lower CO ox-
idation activity observed for this system in the presence of
NO (Table 1). An additional feature was a very weak band
at 2246 cm−1, due to NCO species adsorbed on the support
(14), which appeared at temperatures from ca. 503 K, in
rough agreement with onset of NO reduction. Comparison
with experiments in the absence of C3H6 (Fig. 6), reveals
some characteristics including the hindering effect of propy-
lene on the formation of carbonyls on metallic Pd (bands at
2097–2055 cm−1 for on-top species and at ca. 1970 cm−1 for
bridge carbonyls). This is attributed to strong adsorption
of propylene and/or its decomposition fragments onto the
metallic particles. Also, a C3H6-induced blocking effect of
sites at the support or in preventing formation of NCO at the
active metal sites is inferred from comparative analysis of
adsorbed-NCO species in each case (compare Figs. 5 and 6).

Comparison of other spectral regions with experiments
performed under CO–O2 or CO–O2–NO stoichiometric
conditions (results not shown), reveals bands due to the
presence of C3H6. A band at 1313 cm−1 was already ap-
parent following initial contact with the reactant mixture
at 303 K, and reached maximum intensity at 403 K. A sim-
ilar band at 1311 cm−1 was reported for the NO/C3H6 re-
action over Rh/Al2O3 (22). Identification of the species
responsible for this band is difficult in the absence of
other associated bands and with the analysis restricted to
wavenumbers above 1200 cm−1 (owing to the large absorp-
tion of alumina at lower frequencies). It may correspond to
the out-of-plane bending mode of a –CH3 fragment (δCH3)

(23) within a more complex molecular structure for which
infrared observation in the transmission mode of other vi-
bration modes is hindered as a consequence of adsorption
on metallic Pd particles. Concomitant to the decrease of the
band at 1313 cm−1, groups of bands appear at 3001, 2907,
1590, 1392, and 1376 cm−1, showing maximum intensity at
ca. 573 K. These bands are characteristic of formate ions
adsorbed on alumina, with the two former bands attributed
to νC–H stretching modes, the bands at 1590 and 1376 cm−1

attributed to the asymmetric and symmetric –COO stretch-
ing vibrations (νCOO modes), respectively, and the band at
1392 cm−1 attributed to the –CH bending vibration (δCH)

(24). Other bands, which appear exclusively in the presence
−1
of C3H6, are those at ca. 1570 and 1460 cm , which are ob-

served to grow from 503 K. These bands can be attributed to
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FIG. 5. In situ DRIFTS spectra of the fresh PCZ-p sample in a flow of 1% CO, 0.9% O2, 0.1% NO, and 0.1% C3H6, N2 balance. (a) Before

introduction of the reactant mixture. Under reaction conditions at (b) 303, (c) 348, (d) 378, (e) 408, (f) 423, (g) 453, (h) 483, (i) 503, (j) 523, (k) 553,

(l) 608, and (m) 653 K. Ordinate axis in Kubelka–Munk units.

FIG. 6. In situ DRIFTS spectra of the fresh PCZ-p sample in a flow

of 1% CO, 0.45% O2, 0.1% NO, N2 balance, at (a) 303, (b) 363, (c) 393,
(d) 423, (e) 453, (f) 483, and (g) 513 K.
adsorbed acetate or acrylate species on the support on the
basis of experiments of acetic acid and acrolein adsorption
on alumina, which shows exclusively bands of this kind due
to νCOO vibrations of the carboxylate group in that complex
(22). Observation of acetate species at higher temperatures
is consistent with a previous work showing their higher re-
sistance toward decomposition in comparison to adsorbed
formate species (25). There are other bands which appear
at similar frequencies, as observed when working under
CO–O2 or CO–O2–NO stoichiometric conditions, such as
those at 1545 and 1440 cm−1, which can accordingly be at-
tributed to the νCOO modes of alumina-adsorbed carboxy-
late species, and which apparently grow until ca. 553 K.
Additionally, bands due to hydrogen–carbonate species ad-
sorbed on alumina (bands at 1657, 1439, and 1229 cm−1) are
present in the initial sample, their evolution evidencing the
rapid decomposition of these species by interaction with
the reactant mixture.

The DRIFTS spectra obtained under the same conditions
for the aged catalyst (Fig. 7) are essentially similar to those
observed for the fresh catalyst, except that a generally lower
intensity of bands due to adsorbed species was observed,
as a result of the lower surface area of this system. A great
similarity is observed between both systems with respect to
the stability of the species giving the 1313 cm−1 band, al-
though it appears that its maximum intensity (reflecting the

temperature at which these species begin to decompose or
desorb) is produced at a slightly lower temperature for the
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FIG. 7. In situ DRIFTS spectra of the aged PCZ-p sample in a flow of 1% CO, 0.9% O2, 0.1% NO, and 0.1% C3H6, N2 balance. (a) Before introduc-
d
tion of the reactant mixture. Under reaction conditions at (b) 303, (c) 348, (

fresh (ca. 408 K) than for the aged (ca. 423 K) sample. Asso-
ciated with this, the appearance of adsorbed formate bands
appears to be produced at somewhat higher temperatures
for the aged catalyst than for the fresh one.

Following completed runs under reaction conditions, the
samples were cooled under inert gas flow, CO (3% in N2)
was flown at RT, and finally CO (g) was flushed with N2, and
the DRIFTS spectra in Fig. 8 were obtained. The fresh sam-
ple shows evidence for mainly metallic Pd (bands for CO
on top at 2088 cm−1 and bridging species at 1971 cm−1),
with a lower intensity of carbonyls adsorbed on partially
oxidised Pd particles (band at 2130 cm−1) also being ob-
served (12, 14, 26). In the case of the aged catalyst, a signif-
icantly lower intensity of Pd-related carbonyls is observed,
in correlation with the sintering of palladium produced on
aging. The spectrum of this sample shows mainly the pres-
ence of bridging carbonyls adsorbed on metallic Pd parti-
cles (band at 1979 cm−1), with a lesser contribution of car-
bonyls adsorbed on partially oxidised Pd particles (band at
2130 cm−1) (12, 26). These experiments indicate the pres-
ence of mainly metallic Pd particles in the post reaction
condition of the catalysts. The differences in the relative
ratios between the intensities of on-top and bridging car-
bonyls, when comparing fresh and aged states of the catalyst
in these experiments, would suggest changes in the particle
morphology induced by the aging treatment.

On the basis of these results and considering also the

onset temperatures of the reactions (Fig. 4), the light-off
performance for elimination of the three pollutants must
) 378, (e) 408, (f) 423, (g) 453, (h) 483, (i) 503, (j) 533, (k) 558, and (l) 648 K.
FIG. 8. DRIFTS spectra after CO admission at RT and flushing with
N2 on used PCZ-p. (a) Fresh and (b) aged specimens.
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mainly be limited by a self-poisoning effect due to the pres-
ence of fragments derived from C3H6 adsorption, which
form molecular complexes possessing at least –CH3 moi-
eties (giving rise to the band at 1313 cm−1). The relatively
strong adsorption of these fragments at the temperatures
at which CO and NO react in the absence of C3H6 (see
Table 1) indicates that activation of CO and NO is retarded
as a consequence of their hindered adsorption on the Pd
metallic surface. As soon as those C3H6-derived fragments
evolve from the metal and/or metal-support interface, as
a consequence of processes involving probably their com-
plete oxidation and/or spillover to the support as partially
oxidised intermediates (giving rise mainly to formate and
acetate species), free catalytically active sites appear (most
likely located at Pd–CexZr1−xO2 interfaces, according to
previous works (12, 15)). Note that the temperature at
which the 1311 cm−1 band begins to diminish (423 K) coin-
cides with the upper temperature limit where the ethylidine
species obtained from adsorption of propene on metal sur-
faces are dehydrogenated to leave CxHy species (27), thus
accounting for the loss of bands due to CH3 groups. These
sites released for adsorption of CO and NO are created
at the surface of the metallic particles the molecules be-
ing rapidly oxidised and reduced, since the temperatures at
which this process occurs is sufficiently high (according to
data in Table 1) for activation of these molecules to occur.
Certain similarities can be found to exist between this re-
action scheme and recent proposals based on studies of the
catalytic performances of Pt/Al2O3 catalysts for a similar re-
action (28). In the same context, the large similarities in the
performances of fresh and aged PCZ-p in the presence of
C3H6 must be attributed to the relatively low structural sen-
sitivity observed for the proposed propene self-poisoning
effect, as suggested by the in situ DRIFTS results (Figs. 5
and 7).

C. Engine Tests

Figures 9 and 10 show the essential characteristics of the
raw emission produced by the engine in the conditions em-
ployed. Figure 9 shows the temperature and λ value evolu-
tions during the test. The λ value was calculated according
to the formula (1, 6)

λ = {1+ 0.02545([CO]+ [H2]

+ 10[THC]− 2[O2]− [NOx])}−1,

in which it is assumed that [CO]/[H2]= 3 (1) and the con-
centrations are expressed as volume percent (of C3 for
THC). As under practical conditions, the test starts with
the catalyst under air having a large λ value, which rapidly
decreases, showing a slight oscillation at the beginning,
with a minimum at λ= 0.95 after 34 s and a maximum at

λ= 1.09 after 107 s. Then, as shown in more detail at the
bottom of Fig. 9, the λ value decreases gradually until a
RIAS ET AL.

FIG. 9. Characteristics of the raw emission in the engine system under
conditions specified in the experimental part. (Top) Temperature and λ
evolutions; (bottom) detail of λ evolution.

value of λ= 1.003 (T = 723 K) is achieved at the end of the
test. Characteristic points in this curve are the following:
λ = 1.020, T = 575 K; λ = 1.010, T = 603 K; and λ = 1.005,
T = 669 K. It is important to note that the exhaust condi-
tion is essentially lean throughout the test, although the oxi-
dant character of the gas mixture is progressively decreased.
Figure 10 shows the raw emission concentrations for the
three main pollutants. In the three cases, a maximum is
produced at the beginning of the test, with stationary val-
ues of 0.41%, 435 ppm, and 180 ppm being observed for
CO, THC, and NOx, respectively, at the end of the test.

Figure 11 shows the conversion profiles for the three main
pollutants. In this case, practically no differences are ob-
served over the whole conversion range between the fresh
and aged PCZ-m catalysts for any of the pollutants. T50 iso-
conversion values were observed at ca. 563 K and 543 K for
CO and THC, respectively, while NOx reduction started
at around 623 K, with ca. 40% conversion being achieved
at the end of the test (T = 723 K). The poor performance
of the catalysts for NOx conversion is probably a conse-
quence of the lean condition of the exhaust gas, as inferred
from analysis of the combined activity profiles (Fig. 11),
since it is known that significant difficulties for TWCs ex-
ist, particularly for Pd-only catalysts (4, 14), for NOx re-
duction under those conditions (1, 3). This is supported by
the fact that only a slightly higher NOx reduction perfor-

mance (XNOx = ca. 45% at 723 K) has been observed over
a reference commercial (Pt–Rh) TWC evaluated under the
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FIG. 10. Characteristics of the raw emission in the engine system un-
der the conditions specified in the experimental part. (Top) CO emission;
(middle) total hydrocarbons emission; (bottom) NOx emission. Concen-
trations in vol%, vol ppm C3, and vol ppm NOx (NO + NO2), respectively.

same conditions, while the performances of this commercial
catalyst for CO and HC oxidation were essentially similar to
those obtained for PCZ-m. As shown in Fig. 11, both THC
and NOx are removed to a certain extent at temperatures
below reaction onset, which must be due to adsorption–
desorption processes on the basis of mass balance and which
are usually observed to occur, particularly when working at
relatively low space velocity and in the presence of ceria-
related promoters (20), at those temperatures (7).

Similar phenomena as those proposed for the PCZ-
p catalysts, involving self-poisoning effects by hydrocar-
bons, can be invoked to explain the similar performances
observed for fresh and aged PCZ-m systems. The closer
similarity of both systems observed in the engine tests,
with respect to laboratory tests on powdered catalysts,
can be attributed to the considerably higher rate of
reaction-temperature increase produced in the engine sys-
tem (Fig. 9). Differences between catalytic activity results

observed for the powder and monolithic systems in this
study must be a consequence of the different nature of
ON LIGHT-OFF PERFORMANCE 247

the reaction system in each case in terms of factors such
as the nature of the reactants (a more complex HC mix-
ture being present for the engine test), the relative shift of
the reaction mixture from the stoichiometric condition, or
the presence of composition oscillations for the engine sys-
tem. Obviously, lesser differences between the components
constituting the catalyst in each case are probably also rel-
evant in this respect. These factors may explain the slightly
higher temperatures required for onset of CO and HC ox-
idation in the engine tests with respect to the model gas
FIG. 11. Conversion profiles for the reaction in the engine system
over fresh (solid symbols) and aged (open symbols) PCZ-m catalysts.
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tests, as well as the fact that in the engine tests, HCs ap-
parently begin to burn before CO oxidation onset (in con-
trast to the model gas tests), showing a somewhat irregular
and relatively slow conversion behaviour. In any case, the
results obtained for both catalytic systems, and most par-
ticularly for the tests obtained under real conditions with
the engine system, indicate the relative unimportance of
structural changes induced by thermal treatments (at least
up to the degradation point achieved for the catalysts used
in this study on aging and also considering the relatively
low space velocities employed) when the reaction mixture
contains HC (as under practical conditions). This also justi-
fies efforts leading to more efficient management of the HC
component, such as employment of HC traps or optimised
engine operation to obtain richer mixtures in the cold-start
stream (7), or noble metal promotion with alkaline metals
(28). A further point to remark on, which may also help to
explain the comparatively good performance of the aged
systems, is the fact that the PCZ systems used in this work
contain Ce–Zr mixed oxide phases which show fairly good
structural stability after aging at 1273 K, although, certainly,
further experiments on more deteriorated systems would
be required to corroborate this point.

CONCLUSIONS

The consequences of thermal degradation by oven-
aging of Pd/CexZr1−xO2/Al2O3-related three-way catalysts,
which leads to significant sintering of Pd and Ce–Zr mixed
oxide active components, are relatively insignificant in
terms of their light-off performances when tested either
with synthetic gas mixtures in laboratory tests (powdered
catalysts) or under engine emissions (catalysts in the form
of monoliths). This is attributed to the presence of HCs
in the reaction mixture which, following HC decomposi-
tion on the catalytically active sites, act as catalytic poisons
by the relatively strong adsorption of fragments. The des-
orption of these fragments show little structural sensitivity.
This has been confirmed for the powdered samples by in situ
DRIFTS, which show the presence of complexes contain-
ing –CH3 fragments adsorbed on the metallic Pd particles
at the temperatures at which both CO and NO are activated
in the absence of C3H6.
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