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The behavior of a series of palladium catalysts supported on alu-
mina, ceria, and ceria/alumina for the CO + O, reaction has been
analyzed by a combination of electron transmission microscopy;,
infrared and electron paramagnetic resonance spectroscopies, and
catalytic test studies. Ceria is shown to decrease the onset of the re-
action by ca. 130 K due to an enhanced activation of both reactant
molecules. Even at room temperature, ceria facilitates activation of
CO by promoting the formation of metallic palladium and that of
oxygen by the presence of reactive vacancies at the Pd-Ce inter-
face. The optimum ceria promoting effect in the CO conversion is
observed for palladium particles in contact with 3-dimensional ceria
supported particles, which seem to be oriented by their interaction
with alumina, and ascribed to the specific characteristics of the an-
ionic vacancies located at the corresponding Pd—Ce interface. The
bulk ceriasupport, however, induces an oxidation—-deactivation pro-
cess of palladium at medium and high reaction temperatures which
hinders reaction between Pd-bonded CO and Ce-bonded oxygen at
the Pd-Ce interface. © 1999 Academic Press

I. INTRODUCTION

Cerium oxide isacommonly used promoter in currentau-
tomobile catalysts used in the control of pollutant gas emis-
sions (CO, NO, and hydrocarbons). Ceria is thought to play
anumber of roles in these catalysts. The Ce(1V)/Ce(llI) re-
dox pair may store/release gases under oxidizing/reduction
conditions, extending the operational window centered
close to stoichiometry (1-3). Ceria also increases the ther-
mal stability of the alumina support, yielding more durable
catalysts (4). Additionally, metal—ceria interactions lead to
several beneficial effects, including increasing the disper-
sion of the active components (5, 6) and promoting the
activation of molecules such as CO or NO (7). The large
dispersions observed are usually explained by the impor-
tant interactions between the active metal cations and ce-
ria produced during the preparation stage. The ease with
which oxygen vacancies of the ceria component are formed
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and/or reoxidized is believed to influence the extent of
the source/sink of active oxygen that results in the oxida-
tion/reduction of pollutant molecules (8). Current research
involving three-way catalysts (TWCs) is mainly directed
toward the elucidation of details relating to the role of the
metal-reducible oxide mutual influence on the activation
of reactants and the consequences for the overall activity.

Pd is a promising addition to current TWC formulations
and behaves particularly well when compared with Pt and
Rh-based catalysts for low-temperature oxidation of CO
and hydrocarbons (9). The specific chemical basis for this
behavior is still not clear. Recent studies involving Cu- (10—
12) and Pt- (13, 14) based catalysts indicate that metal—-ceria
interactions involve electronic contact between the compo-
nents that allow synergetic oxidation/reduction of both the
active metal and the ceria support, favoring the catalytic
performance of these systems over a wide range of exper-
imental conditions. In an attempt to analyze this situation
for Pd—Ce catalysts, the activity of a series of Pd-supported
catalysts has been tested in the CO + O, reaction. The se-
ries contains ceria, alumina, and ceria/alumina as supports.
Catalysts were characterized using transmission electron
microscopy (TEM) and their behavior under reaction con-
ditions followed using infrared spectroscopy (DRIFTS).
The existence of oxygen vacancies for the oxide compo-
nents and the influence of these on the reaction have been
studied by electron paramagnetic resonance (EPR) using as
a probe the superoxide (O3 ) radical detected after oxygen
adsorption.

Il. EXPERIMENTAL

Two CeO,/Al,O3 supports were prepared by incipient
wetness impregnation of an alumina powder (Condea
Puralox, Sget =180 m?g~1) with an aqueous solution of
Ce(NO3), - 6H,0, corresponding to a 10 and 39 wt% con-
tent of CeO,. After drying at 353 K, the supports were
calcined at 773 K for 6 h under dry air. These supports,
10CA and 39CA, the parentalumina, A, and a cerium oxide
(C, Rhéne-Poulenc, Sget = 287 m?g~1) were impregnated
with aqueous Pd(NO3);-xH,O to give a 0.5 wt% metal
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loading. Catalysts were calcined following the above dry-
ing/calcination procedure.

Catalytic tests using a 1% CO + 0.5% O, (N, balance) at
30.000 h~* were performed in a glass reactor system. Gases
were controlled with mass flow controllers and analyzed on
line using a Perkin-Elmer 1725X FTIR spectrometer cou-
pled with a multiple reflection transmission cell (Infrared
Analysis, Inc.). Oxygen concentrations were determined
using a paramagnetic analyzer (Servomex 540A). Prior to
catalytic testing, an in situ calcination in dry air at 773 K was
performed, followed by cooling in the same atmosphere and
purging in N, at room temperature (RT). A characteristic
test consisted of increasing the temperature from 298 to
823 Kat5K-min~1,

TEM experiments were carried out using a JEOL 2000
FX (0.31nm point resolution) equipped with a LINK
(AN 10000) probe for EDS analysis. Portions of samples
were crushed in an agate morter and suspended in cyclo-
hexene. After ultrasonic dispersion, adroplet was deposited
on a copper grid supporting a perforated carbon film.
Micrographs and electron diffractograms were recorded
over selected areas with compositions previously charac-
terized by EDS.

DRIFTS analysis of adsorbed species present on the cata-
lyst surface under reaction conditions was performed using
a Perkin—-Elmer 1750 FTIR fitted with an MCT detector.
The DRIFTS cell (Harrick) was fitted with CaF, windows
and a heating cartridge that allowed samples to be heated
to 773 K. Samples of ca. 80 mg were calcined in situ (as
before) and then cooled to 298 K before introducing the
reaction mixture and heating at5 K - min—*to 673 K, record-
ing one spectrum (4 cm~? resolution) every 15 K. The gas
mixture (1% CO, 0.5% O,, N, balance) was prepared us-
ing a computer controlled gas-blender with 75 cm®- min—!
passing through the catalyst bed.

EPR spectrawere recorded at 77 K with a Bruker ER 200
D spectrometer operating in the X-band and calibrated with
a DPPH standard (g =2.0036). Portions of ca. 40 mg were
placed inside a quartz probe cell with greaseless stopcocks.
A conventional high-vacuum line was used for different
treatments. In situ precalcined samples (as before) were
reduced with 100 Torr of CO at increasing temperatures
(298, 373, and 473 K) for 1 h and evacuated for 30 min at
the same temperature. Alternatively, samples were treated
with a stoichiometric mixture of CO + O, (700 umol of CO
and 350 umol of O, per gram of sample) at 323, 423, and
523 K. Over these preconditioned surfaces, oxygen adsorp-
tion was performed at 77 K, using doses of 70 umol-g~*
except otherwise specified, followed by outgassing at the
same temperature (residual pressure 2 x 10~* mbar) and
oxygen-related radicals detected by EPR (without inter-
mediate warming to RT). Some oxygen adsorption experi-
ments continued (when specified) by warming the sample
to RT during 30 min and recording new spectra at 77 K.
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I11. RESULTS

CO + O, Catalytic Activity

Results of light-off tests for the four Pd catalysts are pre-
sented in Fig. 1. Initial contact of Ce-containing samples
with the reaction mixture caused a 10-20 K temperature in-
crease that fell to RT after a few minutes except in the case
of Pd39CA, where a temperature of ca. 333 K was main-
tained with full CO conversion. As with typical noble TWC
formulations, Pd/CA catalysts show enhanced activity when
compared with Pd on the individual oxides. The percentage
of ceria loaded in the mixed CA support does not signifi-
cantly affect the catalytic performance of the Pd systems,
although a larger conversion is observed for Pd39CA at
low temperature. The PdC catalyst shows a distinct, unique
behavior: at low temperature it shows activity similar to
that of Pd10CA but around 373 K it reaches a plateau in
which CO conversion remains nearly constant till ca. 473 K
and then finally displays a gradual increase in conversion
to 100% at 550 K. Cooling of PdC in the reaction mixture
produced asimilar conversion/temperature curve and a 2nd
light-off run, using the same catalyst sample, exhibited sim-
ilar (slightly improved) light-off behavior but with a less
pronounced plateau (dashed line in Fig. 1).

With the exception of ceria alone, the supports show neg-
ligible contributions to catalytic conversion (not shown).
Light-off tests show significant activity of the neat ceria
material above 523 K giving 30 and 70% CO conversion at
550 and 600 K, respectively.

TEM

The EDS/diffraction study of the samples (Table 1, Fig. 2)
did not detect Pd except in a small concentration in the Ce-
rich zones of the Pd39CA sample. The ceria component
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FIG.1. CO conversion profiles for the CO + O, reaction in Palla-

dium samples: Solid line, first run; dashed line, second run. Triangles, PdC;
rhombs, PA39CA,; circles, PA10CA,; squares, PdA. See text for details.
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FIG. 2. Electron diffraction diagrams for different zones of Pd specimens. (A, B) PdC; (C, D) Pd39CA,; (E, F) Pd10CA. C, E rings are assigned to:
(A) alumina and (C) ceria components. In (A) a diffraction pattern of a [001]-oriented CeO; crystal is presented. In (B, D, and F) diffraction patterns
of [011]-oriented CeO; crystals are presented.
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FIG. 2—Continued

appeared to be (reasonably) homogeneously dispersed in
the Pd10CA catalyst while the PA39CA catalyst clearly con-
tained Ce-rich and Al-rich zones (Table 1). Dark-field im-
ages taken from the first two diffraction lines of ceria (i.e.,
(111) and (200)) allow estimation of an average particle di-
ameter of 6 nm for the diffracting ceria particles in contact
with alumina of the Pd10CA sample and 11 nm for those
in the Ce-poor zones of PA39CA. For the Ce-rich zones of
the latter sample, the ceria entities are considerably larger
containing contributions from particles with diameters up
to ca. 150 nm. The PdC sample shows an average particle
size of 2.7 nm.

The electron diffractograms show that the CeO, diffract-
ing domains in the particle aggregates present in sample
PdC and C material are strongly oriented on the support-

TABLE 1
Ce/Al and Pd/Al Atomic Ratios Obtained with EDS

Sample CelAl Pd/Al
PdA — n.d.
Pd10CA 0.03-0.10 n.d.
Pd39CA 0.04-1.04 0.00-0.04
PdC — n.d.?

Note. n.d., Pd not detectable.
aPd/Ce ratio.

ing TEM grid, so that the patterns show consistently orien-
tations with zone axes [001] and [011] parallel to the elec-
tron beam (Figs. 2a and 2b). Microscopy analysis of both
samples was performed in great detail for several ceria par-
ticles and spot sets corresponding to other zone axes, e.g.
[111], were not detected. In contrast, ceria in the mixed
support samples do not show such a characteristic marked
orientation: almost continuous more or less spotty rings
appear in many regions of the samples (Figs. 2c-2f). How-
ever, in some areas it is possible to identify majority con-
tributions of a set of spots which indicate the dominant
presence of particles mainly oriented along one zone axis.
Whenever such a thing happens, the identified zone axis
corresponds to the [011] direction (Figs. 2d and 2f). Con-
comitantly to ceria, the alumina rings also appear spotty
in these sample areas. This is observed equally in PA10CA
and Pd39CA and indicates the presence of specific prefer-
ential orientations of ceria crystallites in the mixed support
samples.

IR Experiments

Exposure of the calcined samples to 15 Torr of CO at RT
gave rise to bands in the 1800-2250 cm~! interval (Fig. 3).
Apart from the CO gas contributions at 2175/2125cm~tand
a negative band originated by an incomplete subtraction
with the background spectrum of the CO, gas contribution,
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FIG. 3. IR spectra after CO adsorption at RT on calcined samples.

(A) PAC; (B) Pd39CA; (C) Pd10CA; and (D) PdA.

PdC (Fig. 3a) and Pd39CA (Fig. 3b) show mainly contribu-
tions below 2100 cm~! due to CO adsorption at reduced
Pd sites (14-16), while the remaining catalysts (Figs. 3c and
3d) show only rather weak maxima located above 2150 cm !
(Pd10CA and PdA), the latter being visible only after flush-
ing of CO gas from the chamber. The ceria-supported sam-
ple gives well defined, relatively large Pd® particles while
the mixed oxide supports contained a more heterogeneous
variety of Pd entities as indicated by the number of IR bands
detected.

DRIFT spectra recorded under reaction conditions with
increasing temperature (Figs. 4A-4C) indicate a progres-
sive decrease in CO gas contribution (2175/2125 cm™2)
and an increase in CO, (ca. 2350 cm™?) providing an ap-
proximate correlation with light-off plots (Fig. 1). For the
CA-supported sample, an almost complete elimination of
the gaseous CO with a large increase in CO; is achieved
whereas the decrease in CO gas is much less for PdC
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and a plateau in the production of CO; is established for
T > 400 K. In the case of PdC, the CO, yield does not in-
crease to the extent predicted from the light-off plots at
temperatures beyond the plateau region. This may indicate
that the relatively slow oxidation occurring over the sup-
port does not allow equilibrium to be established using the
relatively high space velocities passing through the IR cell.
All catalysts present an asymmetric shaped band around
1980-1970 cm1, corresponding to islands of adsorbed CO
molecules each bridging two Pd® atoms (15). These islands
appear after contact with the reaction mixture from 298 K
for ceria containing samples, while for the alumina sup-
ported sample, they were observed as a weak feature at
323 K, which grew in intensity and underwent a progres-
sive, continual displacement from 1978 cm~! at 373 K to
1967 cm~tat 473 K. In contrast, the intensity and frequency
of this band remain constant for Pd10CA until 400 K, where
it was displaced to 1960 cm~! before disappearing above
473 K. For PdC, the invariance at 1975 cm~! was maintained
until ca. 420 K, before being shifted to lower frequencies
but never being eliminated from the spectrum, even with
the sample at 598 K (Fig. 4A(Kk)). An additional weak band
at 2089 cm~! for PdC, superimposed on the CO gas phase
band contribution and due to linearly adsorbed CO at Pd®
sites (15), was observed over the range 298 to 400 K. This
carbonyl species was also observed for PdA, first superim-
posed on the CO gas phase contribution and centered at
2099 cm~t at 373 K (Fig. 4C(c)) and undergoing a continual
red shift to give a band at 1967 cm~* at 473 K (Fig. 4C(h)).
In the 420-500 K temperature range, the spectra of the PdC
catalyst shows additional features at 2192 and 2152 cm™2.
The first can be assigned to CO adsorption on Pd?* sites
while the second may be assigned to carbonyls adsorbed
on Pd?* or Ce** entities (14, 15, 17). These two peaks were
never detected in experiments carried out for PA39CA (not
shown) or Pd10CA. An interaction between CO, and the
support is responsible for the band at ca. 2310 cm~* for PdC.

EPR Experiments

Weak features at g=2.16, 2.06, 2.03, and 2.01 are ob-
served in the EPR spectra of PAA reduced in CO at 298 or
373 K, indicating the presence of small amounts of Pd™ or
Pd*-carbonyl species produced by those treatments (18).
No EPR signal was detected after reduction treatment at
473 or 573 K. No new signals appear after oxygen adsorp-
tion at 77 or 298 K on CO prereduced samples.

For cerium-containing samples, a weak, narrow signal at
9. =1.967 and g;=1.947-1.941 was observed after calci-
nation. This has been attributed to Ce®*' ions or electrons
trapped at oxygen vacancies in the neighborhood of Ce®*,
these defects being stabilized by closely located impurities
(19). Other minor signals for PdA10CA and Pd39CA appear
as a hyperfine multiplet of six symmetric lines centered at
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FIG.4. (A) IR spectra of PdC sample in a flow of (a) 0.5% of O; in nitrogen at 297 K, then 1% CO, 0.5% O,, N; balance at (b) 297; (c) 343;
(d) 358; (e) 373; (f) 388; (g) 418; (h) 478; (i) 508; (j) 569; and (k) 598 K. (B) IR spectra of PA10CA sample in a flow of (a) 0.5% of O, in nitrogen at
289 K, then 1% CO, 0.5% O,, N, balance at (b) 289; (c) 299; (d) 308; (e) 321; () 333; (g) 348; (h) 362; (i) 389; (j) 407; and (k) 423 K. (C) IR spectra of
PdA sample in a flow of (a) 0.5% of O, in nitrogen at 298 K, then 1% CO, 0.5% O,, N; balance at (b) 323; (c) 373; (d) 423; (e) 443; (f) 453; (g) 463; and
(h) 473 K.
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TABLE 2

Assignment of Superoxide Species Detected by EPR on Ce Containing Catalysts

Signal EPR parameters Assignment
o1 g9, =2.026;9;,=2.012 Ce*t-0; at 2D-Ce edges
02 0;=2.027; gx=2.018; gy =2.011 Ce*t-0, at 2D-Ce surfaces
o3 g, =2.030-29; gx =2.016-7; gy, = 2.011 Ce*t-0; at Pd-Ce interfaces
04 g1 =2.034; g, =2.011 Ce*t-0; at 3D-Ce entities

g=2.005 and with a splitting A =92 G, which correspond
to Mn?* impurities. This signal is observed in several EPR
spectra presented in the study and is marked with asterisks
(Figs. 5-8). Weak and narrow features with g values close
to ge (in the range g = 2.01 to 1.958) have been detected af-
ter 373 K CO-treatment, showing increasing intensity with
cerium content in the samples. These probably correspond
to the presence of small amounts of cerium-stabilized ni-
trosyl radicals resulting from the reduction of nitrates orig-
inating from incomplete decomposition of the palladium
or, more probably, the cerium precursor.

Oxygen adsorption on CO-reduced cerium-containing
samples yields superoxide radicals which correspond to dif-
ferent Ce**-O, species (Table 2). O1, 02, and O4 corre-
spond to signals previously assigned (12, 13, 19), while O3
is here reported for the first time and is characteristic of Pd
containing samples. All O-type signals reflect the forma-
tion, upon reduction with CO, of anion vacancies close to
Ce®* ions which produce the superoxide species after oxy-
gen adsorption. Comparison of the total amount of these
species (as measured by double integration of spectra) pro-
duced in the absence and presence of Pd reveals a relatively
strong promotional effect of palladium on radical formation
(Fig. 5). For PdC, the amount of superoxide species formed
following adsorption of 70 umol-g~! of oxygen at 77 K
reaches a maximum after reduction at 473 K. No maximum
in the overall amount of Ce*"-O, species is observed in
the case of PA39CA and Pd10CA (see Fig. 5B for the last
case) after a similar adsorption (of 70 umol-g~* of oxy-
gen at 77 K). In the case of ceria supported Pd reduced at
T > RT and the support alone reduced to T > 573 K, warm-
ing to 298 K leads to the disappearance of the radicals, while
further doses of O, admitted at 77 K ultimately generate a
larger amount of radicals than those initially detected. In
the case of samples reduced at 573 K, a maximum amount
of these radicals is formed for PdC when 280 umol - g~ of
O, are added, while for ceria alone, the maximum amount
of radicals is produced after treatment with 140 zmol - g~*
(Fig. 5A).

A comparison of the spectra obtained for 10CA and
Pd10CA following O, adsorption at 77 K on 373 K re-
duced samples is shown in Fig. 6. Only a weak signal O1
is produced for 10CA, whereas Pd10CA presents a spec-

trum formed mainly by the overlapping of signal O1, show-
ing higher intensity than in the absence of Pd, and signal
02 (Fig. 6A(b)). Satisfactory simulation of the experimen-
tal spectrum is achieved only after 10% of a new, broader
signal is included, this signal contributing particularly to
the low and high magnetic field tails of the spectrum. The
broad nature of this signal as well as its low intensity do not
permit a conclusive definition of its g values, with O2- or
O3-type assignments (see Table 2) being possible. Never-
theless, a somewhat better fit (Fig. 6A(c)) is reached using
the O3 parameters. Warming to 298 K after the experiment
produced a similar spectrum (Fig. 6A(b)), but without the
broad contribution. The greater reducibility of sample PdC
allows observation of signal O3 following oxygen adsorp-
tion at 77 K on PdC reduced in CO at RT (Fig. 7a). The
same signal but with greater intensity is detected after re-
duction in CO at 373 K. Note that the superoxide species
are absent on the clean ceria support at reduction temper-
atures below 473 K (Fig. 5). Signal O3 disappears when the
sample giving the spectrum of Fig. 7a is warmed to RT. In
order to assess whether its absence is related to oxygen mi-
gration rather than vacancy reoxidation, subsequent doses
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EPR Intensity (a.u.)

0,01

FIG.5. Overall amount (measured by integration of EPR signals) of
Ce“*—OZ‘ radicals obtained upon adsorption of 70 umol - g~ of O at 77 K
on samples reduced in CO at several temperatures (T,). Circles, Pd-free;
squares, Pd-containing samples. (A) C and PdC; (B) 10CA and Pd10CA
specimens. For PdC and C at T, =573 K, the maximum amount of radicals
after consecutive O, doses is presented by points marked with arrows. See
text for details.
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FIG.6. (A) EPR spectra following O, adsorption at 77 K on samples

reduced in CO at 373 K: (a) 10CA; (b) Pd10CA,; (c) computer simula-
tion of 6A(b) spectrum. (B) Individual components used in the computer
simulation shown in 6A(c): (a) signal O1; (b) signal O2; (c) signal O3. See
text for details of signal assignments.

of O, at 77 K (followed by outgassing) were performed.
Results show a significant intensity decrease of signal O3,
which finally disappears when about 280 xmol of O, per
gram of sample have been admitted in the cell. Similarly,
for Pd39CA, signal O3 is produced by O, adsorption at
77 K after CO reduction at RT (Fig. 7b), disappearing after
subsequent warming to RT.

As indicated above, signals O1 and O2 have been ob-
served in previous studies of dispersed ceria samples and
attributed to Ce*"-O, species formed, respectively, at edge

2.030

A
2,011

FIG.7. EPR spectra following O, adsorption at 77 K on samples re-
duced in CO at RT; (a) PdC; (b) Pd39CA. See text for details of signal
assignments.

2.029 ~.

2.026

_S0G ~2.012

FIG.8. EPR spectra following O, adsorption on samples treated in
stoichiometric CO + O,. (a) PdC at 323 K, adsorption at 77 K; (b) subse-
guent warming to RT; (c) Pd10CA, adsorption at 77K after treatment at
423 K.

and surface sites of 2-dimensional Ce entities (12, 13, 19).
The definition of 2D-Ce particles is made on the basis of the
existence of a direct chemical influence of alumina on
the ceria surface properties, which is in turn reflected in
the characteristics of the oxygen radicals adsorbed at ce-
ria cations and gives no indication as to the size of the ce-
ria entities. Signal O3 shows parameters that are different
from those previously observed for similar species present
in pure or supported ceria samples. This, along with the con-
siderable promoting effect of Pd on their formation, sug-
gests that the corresponding Ce*-O; species are formed at
palladium-ceria interface sites. Their presence in the PdC
samples indicates that such interfacial sites are formed over
3-dimensional ceria patches.

The spectra obtained after oxygen adsorption on sam-
ples subjected to a stoichiometric CO + O, mixture also
show the presence of superoxide radicals (Fig. 8). For PdC,
a spectrum formed by the overlapping of signals O3 and
O4 is observed after oxygen adsorption at 77 K on the sam-
ple pretreated in the stoichiometric gas mixture at 323 K
(Fig. 8a). In contrast to reduction in pure CO, subsequent
warming to RT does not lead to complete disappearance of
the signals but rather to a decrease of ca. 60%o of the origi-
nal intensity (Fig. 8b). The intensity decrease results from a
greater, almost complete loss of signal O3 than loss of signal
O4. In the case of Pd10CA, only signal O1 is observed after
adsorption on the sample subjected to CO + O, at 423 K
(Fig. 8c).

IV. DISCUSSION

Morphological Characteristics

Electron microscopy data indicate that single micro-
crystal-like diffraction can be observed for PdC and the
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ceria support. As the sample area covered by the electron
beam undergoing diffraction is much larger than the size of
the individual crystallites (as deduced from diffraction and
TEM image data) and necessarily incorporates a number
of these, this result indicates that groups of crystallites exist
which have their lattices oriented in parallel. This probably
arises from the topotactic decomposition of single cerium
salt precursor crystals.

The effect is less marked for CA-supported samples, as is
expected since the initial Ce nitrate crystals resulting from
impregnation will in general be small and do not give rise on
calcination to large collections of CeO, microcrystals shar-
ing the same spatial orientation. However, some regions
of the samples do show single crystal-like diffraction, indi-
cating the original presence of some larger entities of the
precursor salt. When this occurs, a [011] zone axis is always
identified and the alumina diffraction rings also detected in
the same TEM image contain spots, indicating preferential
orientation of the CeQ; crystallites with respect to the sup-
porting carbon film mediated by a specific orientation of the
underlying alumina. This implies an epitaxial relationship
between the CeO, crystallite(s) and the alumina compo-
nent, which may well give rise to an influence of alumina
on the type of ceria crystal faces which are preferentially
exposed in the calcined material. These faces appear also
in the C specimen but less frequently.

Pd appears to be well dispersed for all supports, as there
is little evidence of its presence in either EDS or electron
diffraction data. Following the calcination treatment, Pd
is expected to be fully oxidized in the starting materials.
Although CO cannot be considered an inert probe and
may lead to reduction to Pd(0) at 298 K of PdOy parti-
cles depending on their size (14, 15), significant disruption/
aggregation of any zero-valent phase formed is not ex-
pected. This is supported by IR results (20) which show that
once Pd is reduced, it appears insensitive to CO adsorption
temperature in the range 140 K to RT so the adsorption
process under conditions here is not likely to produce sig-
nificant changes in dispersion. The IR spectra showing CO
adsorption at 298 K (Fig. 3) suggest that the percentage of
Pd in contact with ceria in the PAXCA samples increases
with increasing ceria content. A fraction of Pd in the Ce-
rich zone of PA39CA is in fact detected by EDS. The same
CO adsorption experiment, using EPR after O, titration of
the reduced surface centers, indicates that Pd promotes an
extensive reduction of ceria and, consequently, a part of the
active metal must be in direct contact with these reducible
cerium oxide patches even for the Pd10CA sample.

Formation of Sites for CO and O, Activation

IR experiments performed under reaction conditions in-
dicate that the presence of metallic Pd° sites is required
to initiate the CO oxidation. This implies that CO must
be electronically activated by the formation of a metal-
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CO covalent dative bond which transfers electron density
into the molecular 2z * orbitals, weakening the C-O bond
(21). IR data also show that the presence of ceria drasti-
cally facilitates the formation of these CO activation sites.
Contact with the stoichiometric CO + O, mixture leads, in
this case, to Pd reduction at RT and generates the active
phase required for catalytic reaction (Fig. 4). The large dif-
ference in Pd reducibility using ceria and alumina supports
(ca. 100 K) cannot be attributed to adifference in Pd particle
size since the failure to detect Pd by microscopy indicates a
small average particle size for all samples, even after reac-
tion. However, several studies have produced evidence for
metal-ceria interactions which facilitate the mutual metal,
Ce reduction/oxidation mechanism in response to changes
in the gaseous atmosphere (12-14).

To discuss the activation of oxygen it is necessary to first
consider the coverage of Pd particles with CO, reflected
by the IR bands at 1980-1970 cm~* and 2099-2060 cm™*
(Figs. 4A-4C). Using model Pd/SiO; systems, the CO sur-
face coverage of the Pd metal phase during reaction remains
approximately constant and close to unity while raising the
temperature until the maximum conversion is reached (22).
Just before reaching this temperature, desorption of CO oc-
curs allowing greater quantities of oxygen to interact with
the metal surface (22). This contrasts with the behavior of
Pt/Al,O3, for example, where the surface coverage is pro-
gressively diminished while raising the temperature until a
conversion of ca. 80% is reached. Between this temperature
and the temperature required to attain 100% conversion,
the CO coverage, as indicated by invariance in the stretch-
ing frequency, remained constant (23, 24). The PdA sam-
ple shows a significant shift in both carbonyl bands around
temperatures equivalent to light-off indicating a loss of CO
surface coverage by both desorption and reaction (Fig. 4C).
For the mixed oxide supported samples, there is no appre-
ciable change in CO coverage of the metallic Pd particles at
temperatures where significant CO conversion is reached.
The PdC catalyst shows similar behavior at low tempera-
ture but concurrent with the detection of Pd?* a drastic
change in CO coverage is observed (Fig. 4A). Beyond this
temperature the CO coverage remains constant (Fig. 4A
(h—k)), consistent with the appearance of a plateau in CO;
production (detected by IR) and CO conversion (reaction
results).

This invariance in CO coverage implies that, at temper-
atures below which PdA does not oxidize CO (T <423 K),
ceriacontaining samples must provide an alternate pathway
for oxygen activation that does not require the CO-free sites
on the metal surface. If such a pathway exists, then in the
presence of Pd this should produce a route to CO oxidation
even at RT. Although there is general agreement that an-
ionic vacancies at the ceria surface are the active sites for
oxygen activation (8), controversy exists regarding the spe-
cific activated oxygen species that interacts with CO. While
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several authors consider that superoxide O; species can at-
tack CO molecules (24-26), others favor a more reduced
species, typically (diamagnetic) oxide anions at the metal-
support interface (13, 27). Previous EPR experiments show
that superoxide radicals bonded to Ce ions do not react ex-
tensively with CO adsorbed on Pt at 423 K, reducing the
likelihood of the former pathway as a route to CO, forma-
tion (13).

Regarding the anion vacancies on ceria, EPR data sug-
gests significant involvement of O2 and O3 vacancy typesin
the generation of diamagnetic (more reduced than O3 ) oxy-
gen species under reaction conditions. This is inferred from
a comparison of data obtained after CO and after CO + O,
treatments, which show significant decreases of the super-
oxide signals for the latter treatment. On the other hand,
the different thermal stability observed for the adsorbed
superoxide species indicates that the vacancies giving rise
to species O3, i.e., those assigned to the Pd/3D-Ce inter-
face, undergo the faster reoxidation and can therefore be
envisaged as being the most effective site for supply of acti-
vated oxygen. This is demonstrated by the exclusive (among
O-type species) disappearance of this signal upon warming
from 77 K to RT and the inability to recover its initial inten-
sity upon subsequent O, dosing at 77 K. For Pd10CA, the
anion vacancy producing signal O2 may also be a source
of reactive oxygen. In this case, the 2-dimensional ceria
particles are clearly involved. The thermal stability dif-
ferences mentioned in connection with the creation, by
CO, and oxidation, by O,, of O-type ceria vacancies sug-
gest that the Pd/3D-Ce contact is more efficient than the
Pd/2D-Ce interface for oxygen activation for CO oxida-
tion.

Considering the reactivity of oxygen vacancies, it can be
concluded that the ca. 6 nm ceria patches of Pd10CA con-
tain contributions from 2D-Ce-like structures, i.e., those
having significant contact with alumina, while the 11 nm
patches of PA39CA act chemically like 3D-Ce structures.
The geometrical influence of alumina leading to preferen-
tial orientation presented by ceria particles supported on
this material is common to all PAXCA samples.

CO + O, Reaction

The behavior of PdA for CO oxidation is consistent with a
Langmuir-Hinshelwood mechanism, as observed for model
Pd/SiO, catalysts (22). At temperatures below those giving
maximum conversion, the CO coverage of metallic Pd par-
ticles is close to unity and the rate-determining step is the
creation of empty sites by desorption of CO where O, can
be activated (22). In the case of preoxidized samples used
here, the catalytic activity is very low until the temperature
is reached where extensive reduction of Pd by CO can take
place. The subsequently reduced surface is then in a state
where activation of CO can occur at a coverage which, being
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less than unity, allows simultaneous activation/dissociation
of oxygen.

The presence of ceria reduces the light-off temperature
by ca.130 K (Fig. 1) due to both the ease with which metal-
lic Pd is formed (Fig. 3), which facilitates the activation
of CO, and the existence of Pd—Ce interactions where ad-
ditional sites for oxygen activation are readily generated.
These findings are analogous to those observed for other
ceria-supported noble metals (13, 14), although the detec-
tion of such species even at RT seems to be a unique charac-
teristic of Pd. The light-off curves show that PdC contains
active sites that experience deactivation at temperatures
>423 K. At this temperature, Pd?* species were detected
by DRIFTS and these sites are thought to be less effective
for CO activation (22, 27). Oxidation of Pd(0) to Pd(ll),
with a corresponding reduction of Ce(1V) to Ce(l11), could
explain the presence of Pd?* species if the sharp band at
2152 cm™~! is due to reduced Ce’* (8 <3) sites. A contri-
bution from Ce3*-like species has been observed in other
ceria containing samples in the same temperature range
(14, 29, 30). However, this assignment to Ce®* is unlikely,
as the 2152 cm~! band was not detected for the ceria sup-
port alone during CO reduction up to 523 K. On the other
hand, the coexistence of both oxidic and metallic Pd as de-
tected by IR indicates that this oxidation process is limited
to the metal-support interface. As the rise in CO conver-
sion with temperature above 473 K for the PdC catalyst is
due to reaction on the ceria support, the alternative pos-
sibility that only a fraction of the active Pd particles are
extensively oxidized can be eliminated, yielding the con-
clusion that the contribution of Pd to the catalytic activity
at medium-high temperatures is removed. The absence of
any permanent loss of activity after the first reaction run
of PdC eliminates interpretations such as encapsulation of
the metal (as observed for reduced Pd/Ceria samples) (20)
and/or the formation of stable local Pd—Ce mixed oxide
structures as possible chemical reasons for the observed re-
action behavior. The data suggest, therefore, that at high
temperature, Pd is maintained in a partly oxidized state
which seriously affects its activity and is only reduced again
at low temperature by the reaction mixture. One possible
explanation could be that, at higher temperatures, the sur-
face of ceria in PdC suffers a Pd-induced transformation to
areduced (more reduced than in PAXxCA) state with higher
basicity in the O%~ ions, which in turn stabilizes Pd as Pd?*
at the interface and hinders the CO + O, reaction. Cool-
ing toward RT restores the inital situation by partial reox-
idation of the ceria surface. This complex behavior is also
expected for subsequent reactions, although the CO con-
version plateau exhibited here (Fig. 1) is much less prono-
unced.

The most interesting catalytic result obtained here is con-
nected with the mixed oxide supports. In contrast to the
ceria supported Pd species, the Pd10CA, Pd39CA samples
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present less complex behavior and in particular show only
minimal sensitivity to the Pd particle size (over the range
studied) or the ceria reducibility (Fig. 1). Size/structure
insensitivity has been already reported for Pd/SiO; sys-
tems (21). The mixed oxide support shows CO conversion
which increases moderately with ceria loading, suggesting
that more facile production/oxidation of ceria anionic posi-
tions located in the interface between 3D-Ce particles (i.e.,
particles less affected by direct chemical contact with alu-
mina) and Pd is the origin of the observed phenomenon.
The marked differences with the PdC sample can be as-
cribed to modification of the Pd—Ce interaction originating
in the different faces exposed by ceria in the mixed CA sup-
ports and the ceria which finally leads to different chemi-
cal phenomena at medium-high reaction temperatures. The
greater degree of ceria reduction attained by PdC com-
pared with Pd39CA above 373 K, as deduced from EPR
experiments, is likely to be the origin of this effect. As the
activation—dissociation of oxygen consists of the transfer of
electrons from ceria to the molecule, a more reduced ce-
ria surface would present a greater ability to activate oxy-
gen. However, above a certain temperature, it is apparent
that this readily activated oxygen is able to oxidize Pd at
the metal-support interface. Alumina, therefore, is able to
stabilize specific (geometric) ceria local structures which
adequately promotes the activity of palladium.

This promoting effect is akin to observations using
Cu/CeO, where the Cu/3D-Ce interaction enhances reac-
tivity when compared with Cu/2D-Ce (11, 12), butisin con-
trast to the behavior of Pt/CeO, where metal particles in
contact with 2D-Ce patches would appear to be the most ac-
tive (13). This correlates with the increasing work function
from Cu to Pt (31), suggesting that ceria vacancies in 2D-Ce
patches are more readily formed but have lower reactivity,
i.e., undergo reoxidation with greater difficulty, hindering
subsequent formation of active oxygen species. Evidence
for greater resistance to reoxidation of these 2D-Ce parti-
cles has been reported (19).

V. CONCLUSIONS

The oxidation of CO has been studied for four Pd cata-
lysts supported on alumina, ceria, and ceria/alumina. When
ceria is present, the onset of reaction between CO and O,
occurs at temperatures ca. 130 K below that shown by the
alumina supported catalyst. Ceria facilitates CO activation
by formation of metallic Pd® at temperatures around 298 K
and O; activation by generation of vacancies at the Pd—
Ce interface, which are created and readily oxidized from
298 K. In contrast with other noble metals, Pd is unique
in activating CO and O; at such low temperatures. These
reduction/oxidation processes may be enhanced by a Pd-
Ce electronic interaction. The results of catalytic tests and
characterizations indicate that the promoting effect in CO
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conversion reaches its maximum when metallic Pd is in con-
tact with 3-dimensional ceria particles exhibiting specific
orientations. These are a direct consequence of the under-
lying alumina support. For Pd/ceria, a plateau in the CO
conversion below 100% is observed and attributed to the
formation of less active/inactive Pd®* species. This effect is
not apparent for ceria/alumina samples. Oxidation of palla-
dium is thought to occur specifically at the Pd—Ce interface
which leads to subsequent blocking of reactant mobility
across it. The maximum in ceria promotion as a function
of the catalyst cerium content is a balance, driven by ceria,
between the ability to activate-dissociate oxygen and main-
tain Pd in a metallic state at the metal-support interface.
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