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Abstract

The oxygen-storage properties of ceria in three-way automotive catalysts are promoted and stabilized by mixing with
zirconia. In the present study, this promotion was investigated using model catalysts in which ceria films were vapor deposited
onto a.-Al,O3, polycrystalline ZrO,, polycrystalline Y,05-stabilized ZrO, (YSZ), and YSZ(1 00), (11 1), and (1 1 0) single
crystals. Following deposition of Pd, both TPD of CO and steady-state CO-oxidation kinetics suggest that the ceria films on
the zirconia-based substrates were much more easily reduced than films on a-Al,Os. Polycrystalline zirconia and YSZ and the
YSZ single crystals were equally effective in promoting ceria reducibility. Structural studies of ceria on YSZ(1 0 0), using
both TEM and EDSXD (energy-dispersive, surface X-ray diffraction), demonstrate that ceria forms ordered overlayers on
YSZ(1 0 0), oriented with respect to the YSZ surface. The lattice parameter for ceria is decreased by only 0.6% compared to
bulk CeO,, but the coherence length suggests that the overlayer may have a high defect density. It is suggested that the
structure-directing properties of zirconia are responsible for the enhanced properties of ceria—zirconia mixed oxides. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction ceria is known to degrade with time in the automotive

exhaust environment, so that ceria is usually included

Ceria is an important component in automotive,
emissions-control catalysis, primarily because of its
ability to store and release oxygen [1-8]. This oxygen-
storage capacity (OSC) is crucial for controlling the
ratio of oxidants and reductants in the exhaust, so that
CO and hydrocarbons can be oxidized simultaneously
with the reduction of NO. However, the OSC of pure
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as a mixed oxide with zirconia, which stabilizes
oxygen-storage properties of ceria [9-18]. The details
of how ceria performs its role as an oxygen-storage
component and the mechanism by which zirconia
stabilizes the redox properties of ceria are not well
understood. Developing a better understanding of
these issues was the primary goal of the present
investigation.

First, it is important to consider how ceria performs
its role in oxygen storage. It is widely recognized that
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the reduction of ceria is facilitated by contact between
ceria and a precious metal and requires the presence of
reducing agents (CO, H,, or hydrocarbons). While the
utilization of oxygen from ceria is most often studied
by transient measurements such as temperature-pro-
grammed reduction, it can also be observed in steady-
state rate measurements. For example, under reducing
conditions, ceria-supported metals are able to catalyze
oxidation reactions through a mechanism in which
oxygen from ceria reacts with CO or hydrocarbons
adsorbed on the precious metals [19-25]. In the case
of CO oxidation, this leads to a second rate process for
ceria-supported catalysts, which is zeroth-order in CO
and has an activation energy of 14 kcal/mol [21-23].
For comparison, rates on alumina-supported, precious
metals are inverse first-order in CO and exhibit an
activation energy of 26 kcal/mol. Similar mechanistic
steps appear to be responsible for the fact that ceria-
supported metals exhibit much higher rates than their
alumina-supported counterparts for both the water—
gas shift and methane—steam-reforming reactions
[24,25].

As mentioned earlier, the high-temperature envir-
onment in the catalytic converter results in deactiva-
tion of the OSC component. Because the loss of OSC
is accompanied by an increase in ceria crystallite size,
it has been suggested that the loss is due to a decrease
in the interfacial contact between ceria and the pre-
cious metals [6]. However, it has recently been shown
that other factors may also be involved [19,23-25]. In
experiments using model catalysts prepared by vapor
deposition of catalytic metals onto ceria films which
had been previously calcined to various temperatures,
it was demonstrated that oxygen transfer from ceria to
the supported metals depended significantly on the
calcination temperature. For Rh or Pd supported on
CeO, single crystals and ceria films which had been
calcined to high temperatures (>1270 K), CO TPD
studies showed minimal reaction to CO, [19,20]. This
result is significantly different from that obtained for
catalysts prepared from ceria films calcined at lower
temperatures. Furthermore, in steady-state measure-
ments, the ceria-mediated processes for CO oxidation,
for the water—gas shift reaction, and for the methane—
steam-reforming reaction were absent on catalysts
prepared using ceria films calcined at high tempera-
tures [23-25]. Finally, model catalysts prepared by
addition of Pd to mixed oxides of ceria and zirconia

were found to maintain the ceria-mediated process for
CO oxidation to much higher calcination temperatures
than catalysts prepared from ceria alone [23].

The reason why high-temperature calcination
affects ceria and its ability to release oxygen remains
uncertain. In recent TPD studies, it has been shown
that a weakly bound form of oxygen exists on vapor-
deposited ceria films on o-Al,03(000 1), but is
absent on a CeO,(1 1 1) surface [26]. It has been
demonstrated that this oxygen, which desorbs between
800 and 1200 K, reacts with CO to form CO, in TPD
studies from supported Rh particles. The nature of this
oxygen is unknown, although it is clearly part of the
ceria lattice. Calculations imply that the active oxygen
may be associated with very small crystallites or with
certain crystal facets [27]. The amount of weakly
bound oxygen observed in TPD increases significantly
if the ceria film is supported on zirconia [28].

One of the difficulties in understanding how zirco-
nia stabilizes the OSC of ceria is that ceria—zirconia
mixed oxides used for oxygen storage are complex
materials. While these are sometimes considered to be
solid solutions of ceria and zirconia, recent neutron
diffraction studies indicate that this is not the case for
materials optimized for OSC [29]. This observation
suggests that the role of zirconia may be to control the
structure or the size of the ceria crystallites. Indeed, in
a preliminary study of thin ceria films on single
crystals of yttria-stabilized zirconia (YSZ), it was
shown that ceria films form ordered overlayers [30-
34]. On YSZ(1 0 0), for example, 4 nm thick, ceria
films form epitaxial islands, in the (1 0 0) direction,
with a nearly relaxed lattice constant [30,31]. Similar
results are found for YSZ(111) and YSZ(110)
[33,34].

The single-crystal results are intriguing since model
catalysts based on these well-defined systems can be
characterized in much greater detail and therefore
have the potential to provide insights into the nature
of ceria—zirconia mixed oxides and the reasons for
their enhanced stability compared to pure polycrystal-
line ceria. In the present study, the ability of various
model ceria catalysts to supply oxygen to reactants
adsorbed on supported metals was studied using TPD
of CO and measurements of steady-state, CO-oxida-
tion rates. The structure of ceria films on the single-
crystal, YSZ supports was examined using TEM and
energy-dispersive, X-ray surface scattering.
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2. Experimental

The equipment and experimental methods used for
the TPD measurements have been described pre-
viously  [35,36]. Briefly, the single-crystal,
YSZ(100) (Aithaca Chemical, 8 mol% Y) and a-
Al,O3(0 00 1) substrates were mounted on tantalum
foils, which allowed the crystals to be heated or cooled
over a wide temperature range. The temperature was
monitored using a chromel-alumel thermocouple
attached to the back surface using a ceramic adhesive
(Aremco 516). Ion bombardment was used to clean the
samples until no impurities were detected by Auger
electron spectroscopy (AES). The crystals were then
heated in 10~ Torr of O, for 10 min at 800 K and for
30 min at 450 K to reoxidize and to anneal out defects.
TPD measurements were carried out with a linear
heating rate of 12 K/s.

Ceria and Pd were added to the substrates by vapor
deposition. For ceria, Ce metal (Johnson Matthey,
99.9%) was deposited while holding the substrate at
450 K in the presence of 10~ Torr of O,. The samples
were then annealed at 450 K for an additional 15 min
in 1077 Torr of O, to ensure complete oxidation to
CeO,. Pd deposition was carried out in vacuum with
the substrate held at 300 K. In the present study, a ceria
coverage of 1x 10'6 CeOz/cmz, and a Pd coverage of
2x10"° Pd/cm?® were used, as determined by a film-
thickness monitor [36].

The samples used in the steady-state rate measure-
ments were prepared in a manner similar to that
described above, using the following supports: a poly-
crystalline a.-Al,Oj3 plate (Coors), a YSZ(1 0 0) single
crystal, a polycrystalline zirconia film, and a poly-
crystalline YSZ film (8 mol% Y). The polycrystalline
films were prepared by spray pyrolysis of aqueous
solutions of the appropriate nitrates (ZrO(NO3),-xH,O
and Y(NO3)3-xH,O, both 99.9%, Johnson Matthey) in
air on a.-Al,Oj3 plates at 600 K to form films approxi-
mately 20 um thick. The support films were then
calcined in air at 900 K for an additional hour. The
polycrystalline ZrO, film was shown by XRD to be
predominately monoclinic, while the polycrystalline
YSZ film was cubic. Following vacuum deposition of
ceria and Pd, the samples were placed in a quartz,
tubular reactor for measuring CO oxidation rates, as
described elsewhere [21]. The conversion was mon-
itored using an on-line GC equipped with a metha-

nator and an FID detector. Conversion of the limiting
reagent was usually below 1%, so that differential
conditions were maintained. In the absence of Pd,
rates were undetectable for these conditions. All
reported rates were normalized to the external planar
surface area of the substrates.

The X-ray scattering experiments were performed
at the National Synchrotron Light Source, Brookhaven
National Laboratory, beam line X-7A, using energy-
dispersive, surface X-ray diffraction (EDSXD)
[30,31]. The samples were prepared by vapor deposi-
tion of Ce metal onto YSZ(1 0 0), as described above,
with the additional calcination described in Section 3
being performed in air. In the EDSXD experiment, a
white beam of synchrotron radiation was directed
toward the sample surface at an incident angle of
0.3°, an angle only slightly above the critical angle
for total reflection for the energy range used, 15—
40 keV. The scattered X-rays were then detected by
an energy-sensitive detector placed at a 260 of 25°.
Because the wavevector of diffracted X-rays is related
to the energy of the X-rays, the energy spectrum of the
scattered X-rays is composed of the diffraction pattern
as well as fluorescence lines. Furthermore, the energy
spectra as a function of sample orientation provide a
two-dimensional diffraction pattern. Therefore,
EDSXD provides detailed structural information for
the thin ceria films.

TEM samples were prepared by thinning a
YSZ(100) crystal using a 600-grit sandpaper to a
thickness of ~150 um, followed by dimpling with a
grinding wheel to a thickness of ~40 um [36]. The
dimpled YSZ sample, held at 78 K, was then ion
milled to perforation using Ar?' ions, resulting in an
average sample thickness of ~25nm. After ion
milling, the YSZ crystal was annealed at 1470 K
overnight to eliminate defects introduced by the thin-
ning process. Following TEM characterization of the
annealed YSZ sample, Ce metal was deposited onto
the YSZ, followed by calcination in air to 1020 K for
2 h. TEM and TED experiments were carried out on a
Philips EM 400T, operated at 120 kV, and a JEOL
4000EX operated at 400 kV.

It is important to point out that the pretreatment
conditions used in this study for the ceria films on
zirconia were mild enough to prevent formation of
solid solutions of ceria and zirconia. The results of the
EDSXD, TEM, and AES experiments were all con-
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sistent with ceria remaining at the surface under all
calcination conditions used in this study.

3. Results
3.1. EDSXD results

The results from structural characterizations of
ceria films on YSZ(1 00) have been described in
more detail elsewhere [30,31], with results from the
YSZ(110) and YSZ(111) reported separately
[33,34]. After cerium vapor deposition and exposure
to air, an as-deposited ceria film showed no detectable
diffraction pattern, suggesting that the film was com-
posed of an amorphous oxide or hydroxide of Ce.
Heating in air transformed the film to CeO, and
formed a crystalline, epitaxial structure, partially
coherent with the YSZ(1 0 0) lattice. This process
began at approximately 670 K. A typical energy spec-
trum of the scattered X-rays along the [1 0 0] direction
is shown in Fig. 1 for calcination at 770 K. YSZ and
CeO, Bragg peaks for the (2 0 0), (4 00), (6 0 0), and
(8 0 0) planes are clearly observable. Also present are
fluorescence lines for Y, Zr, and Ce. From this spec-
trum, one can determine that the lattice constant for
the ceria film is 5.38 A which is 0.6% smaller than the
value for bulk ceria, 5.4113 A. The lattice constant of
the YSZ crystal was found to be 5.129 A, in reason-
able agreement with the reported value of 5.131 A.
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Fig. 1. EDSXD spectrum for a ceria overlayer on YSZ(1 0 0),
taken along the [1 0 0] direction after calcination in air to 770 K.
The spectrum shows the diffraction pattern for the overlayer, as
well as fluorescence lines from Y, Zr, and Ce.

A close examination of the diffraction features
along different lattice directions, provides additional
information on the ceria film. Based on these results,
there appears to be a slight mismatch in the angular
orientation of the CeO, and YSZ, ~0.1°, which may
help to reduce strain in the CeO, layer. The domain
size for the CeO, film, determined from the peak
width, ranged from 4 to 8 nm, depending upon the
annealing conditions. The grains were observed to
grow in size with heating, but never exceeded 8 nm.
All of these grains had the same orientation, but were
laterally displaced by a random amount, so that they
are translationally incoherent, even though they are
orientationally coherent. The results for the (1 1 0) and
(1 1 1) surfaces were very similar. In each case, semi-
coherent, epitaxial CeO, films were found, oriented in
the direction of the YSZ crystals on which they were
formed, with grain sizes ranging from 4 to 8 nm.

3.2. TEM of CeOx/YSZ(100)

TEM provided information on the ceria films which
was highly complementary to the EDSXD results. The
sample examined by TEM consisted of a ceria film on
a thinned YSZ(1 0 0) crystal, which was annealed in
air to 1020 K, a temperature which may have resulted
in some loss of the ceria by dissolution. Damage to the
YSZ crystal from processing was not apparent in the
micrographs, and large regions of uniform lattice were
observable by routine phase-contrast imaging. As
shown in Fig. 2(a), the ceria was present as isolated
and connected islands, with an average size of
approximately 50 nm. In general, the particles were
nearly square, with a rectangular aspect ratio of 1.2.
For most particles, a Moiré-fringe effect was
observed. These fringes are the result of two super-
imposed lattices with similar periodicities, indicating
that the CeO,(1 0 0) particles have formed in epitaxy
with the YSZ(1 0 0). The spacing of the Moiré fringes
are related to the unit cell dimensions of the super-
imposed lattices and their relative rotation. Fig. 2(b)
contains one ceria domain which, by selected area
diffraction, was found to have no rotation relative to
the YSZ substrate. The Moiré-fringe spacing was
54 A. If the lattice parameter of YSZ is taken to be
5.131 A, the lattice parameter for the CeO, film can be
calculated to be 5.386 A, in good agreement with the
results from EDSXD.
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Fig. 2. TEM results for a ceria film on YSZ(1 0 0) after heating to 1020 K in air. The results in (b) are from the same region as (a), except that
a higher magnification was used of the region shown in arrows. The line in (b) gives the [1 0 0] direction.
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An apparent discrepancy exists between the TEM
and EDSXD results for the domain size of the CeO,
particles. Based on EDSXD, the domain size was
estimated to be 8 nm, while the particle size measured
in TEM was almost an order of magnitude larger. This
may be due to the differences in the sample prepara-
tion conditions, such as the temperatures used in the
calcination of the samples. Alternatively, this may
imply that, on a short-range scale, the particles contain
defects which are not apparent based on the long-
range order observed from the Moiré fringe in TEM.
Because defects could be crucial in the transfer of
oxygen from ceria, this issue needs to be examined in
more detail.

3.3. UHV adsorption studies

In previous studies on ceria-supported metals, it
was shown that the structure of ceria strongly affects
its reducibility during TPD of CO from supported
metals [19,20]. For Pt, Pd, or Rh on polycrystalline
ceria which had been calcined at temperatures less
than 1070 K, a significant fraction, up to ~30%, of the
CO was oxidized to CO,. However, for CeO,(11 1)
and CeO,(1 0 0) single crystals and for polycrystalline
films calcined at higher temperatures, a negligible
fraction of CO adsorbed on supported metals reacted
to CO, during TPD. Finally, for ceria films formed by
vapor deposition onto an a-Al,O3(000 1) crystal,
some CO, was formed during TPD of CO from
supported metals, but the results indicated that only
a small fraction of the ceria, ~20%, underwent reduc-
tion [26]. A significantly higher extent of ceria reduc-
tion was possible for a ceria film deposited on
polycrystalline zirconia [28].

The TPD results for CO from Pd particles deposited
on ceria films on YSZ(1 0 0) are shown in Fig. 3 and
demonstrate that these ceria films are highly reducible.
CO desorbed in a peak centered at 500 K with a
shoulder to lower temperatures, while CO, desorbed
between 350 and 550 K. (The small CO, peak between
550 and 600 K appears to result from a carbonate,
possibly associated with an impurity, as discussed
elsewhere [37].) The ratio of the CO and CO, peak
areas was roughly 1:1, indicating that ~50% of the
adsorbed CO reacted to CO, in the initial desorption
measurement. This fraction is considerably higher
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Fig. 3. TPD curves following CO adsorption on Pd particles
supported on a ceria film on YSZ(100). The ceria film was
prepared by vapor deposition of Ce in 10~ Torr of O, after which
the ceria film was heated in O, to 450 K. Pd was deposited in
vacuum at 300 K and the sample exposed to CO without any
exposure to O,. The rate of desorption (ry4) was monitored using the
partial pressures of CO and CO,. The results demonstrate that
oxygen from the oxidized ceria film can react with CO adsorbed on
the Pd particles.

than we observed on any of the pure ceria substrates.
In subsequent TPD measurements, the amount of CO
which reacted to CO, decreased, implying that the
ceria film became reduced. It should be noted that no
CO, was observed in TPD studies in which Pd or other
metals were deposited directly on either a-Al,O3 or
YSZ, in the absence of ceria [38—40]. Finally, CO
desorption results for Pd/ceria films on YSZ(11 1)
and YSZ(1 1 0) were identical to those shown here for
YSZ(100).

The most significant conclusion to be reached from
these results is that ceria films deposited onto YSZ
single crystals are much more reducible than ceria
films prepared in an identical manner on o-
Al,O3(0 00 1), even though the ceria films on YSZ
are highly oriented in low-index directions. The orien-
tation of the YSZ crystal does not seem to be impor-
tant in determining its ability to promote CO,
formation during CO desorption measurements on
ceria-supported metals.
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3.4. CO oxidation rates

As discussed in Section 1, evidence for a ceria-
mediated mechanism during steady-state CO oxida-
tion has been observed for polycrystalline ceria-sup-
ported metals [21-23]. This second process can be
identified by the fact that the rates are zeroth-order in
CO, as compared to the inverse first-order rates
observed on precious metals alone, and show a much
lower activation energy, 14 kcal/mol compared to
26 kcal/mol. Of special importance for our purposes
here, intentional deactivation of ceria by high-tem-
perature calcination, prior to addition of the metal,
significantly decreased the rates associated with the
ceria-mediated process [19,23]. This implies that uti-
lization of the oxygen in the oxide can be monitored
through CO oxidation rates.

Fig. 4 shows the rates for CO oxidation measured as
a function of CO pressure at 515 K on each of the
model supports, following vapor deposition of Pd. The
O, pressure for these measurements was fixed at
0.3 Torr. For Pd on a zirconia film, only the inverse
first-order rate process, associated with Pd alone, was
observed. The rates are only shown for CO pressures
below 10 Torr because the rates were too low to
measure at higher CO pressures. The observation of
inverse first-order rates with respect to CO is expected
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Fig. 4. Differential reaction rates for CO oxidation as a function of
CO pressure at 515 K and a fixed O, pressure of 0.3 Torr. The rates
are in molecules/cm®s. Results shown are for the following
samples: Pd/a-Al,O5; (O), Pd/ceria/a-Al,O5 (), Pd/ceria/poly-
crystalline zirconia (A), Pd/ceria/polycrystalline YSZ (@), and
Pd/ceria/YSZ(1 0 0) (H).

since zirconia is expected to be irreducible. One
observes similar results for Pd/a-Al,O3 [23], so that
the data here provide a baseline for the activity of the
catalytic metal alone. Because CO oxidation on Pd is
structure-insensitive, the magnitude of the rates pro-
vides an estimate of the Pd surface area. Together with
the Pd coverage, the area can be used to calculate an
average particle size, ~6 nm.

For the ceria/a-Al,O3 support, prepared by vapor
deposition of ceria, followed by deposition of Pd, there
is evidence for the ceria-mediated mechanism through
a zeroth-order process at the higher CO pressures;
however, the rates of the zeroth-order process are quite
low, ~3x10"3 COy/s cm?. This observation of low
CO-oxidation rates at high CO pressures is consistent
with our earlier TPD results which showed that ceria
films vapor deposited onto a sapphire crystal are
relatively irreducible [28]. Based on oxygen isotope
exchange in the TPD studies, only approximately 20%
of the ceria film on the sapphire support undergoes
reduction. The ceria-mediated process is much more
evident for the supports prepared by vapor deposition
of CeO, on zirconia, followed by deposition of Pd.
The rates for the zeroth-order process were between
2x10'* and 3x10™ CO»/s cm? on all of the zirconia
substrates, which is almost an order of magnitude
higher than was observed for Pd on the ceria/o-
Al,O5 counterparts. The inverse first-order process
is not observed for the ceria/zirconia supports under
the conditions of these measurements.

While it is possible that some of the differences
between ceria/zirconia and ceria/a-Al,O5; could be
due to metal particle size, we feel it is unlikely that
there are drastic differences for the Pd on these sup-
ports. Previous work for catalysts prepared by vapor
deposition of 2x10'> Pd/cm?, with similar pretreat-
ment conditions, suggests that the Pd particle sizes are
approximately 6 nm on each of the supports [23].
Since in the Auger electron spectra of the ceria films
the peaks due to the underlying support were com-
pletely obscured by ceria, the contact between ceria
and Pd must be approximately the same on each of the
catalysts. A more likely explanation for the differ-
ences between the catalysts prepared from ceria films
on either the zirconias or the a-Al,Oj; is that structural
differences in the ceria affect its reducibility. As
discussed previously, ceria structure has been shown
to significantly affect the ceria-mediated rates
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observed on Pd/ceria catalysts. The present results
confirm those conclusions.

Finally, it should be noted that the CO oxidation
rates for the ceria-mediated process are about the same
for each of the zirconia-based supports, whether the
zirconia was pure and monoclinic or yttria-stabilized
in the cubic form. Because the cubic form of zirconia
has a significantly higher oxygen-ion conductivity, it
would appear that ionic conductivity of the support is
not the critical factor. The CO oxidation rates were
also the same on the single-crystal, YSZ-supported
Pd/ceria sample as on the polycrystalline YSZ sup-
port, implying that the orientation of the ceria particles
is unlikely to be the critical factor. Therefore, the
structural changes which zirconia induces in ceria and
which are responsible for the enhanced reducibility of
zirconia-supported ceria are not due to preferential
orientation of the ceria surface.

4. Discussion

As discussed in previous papers [19,23,24], the
reducibility of ceria is highly structure-sensitive,
although the reasons for this are not understood. Based
on bulk thermodynamics, AH for the reaction
4Ce0,—2Ce,05+0, is 178 kcal/mol. However,
TPD studies of O, from ceria films on zirconia and
small ceria crystallites on alumina suggest that
60 kcal/mol is a more reasonable estimate for the
binding energy of oxygen on the active form of ceria
[26]. One possibility for the lower binding energy on
active forms of ceria is that structural changes which
occur upon reduction of bulk CeO,, which is cubic, to
bulk Ce,O;, which is hexagonal, do not occur upon
reduction of the active form of ceria. Indeed, others
have reported evidence for stable, cubic phases of
Ce,03 [41,42]. Another possibility is that small ceria
crystallites do not have crystallographic structures
identical to that of bulk ceria [27] and may be much
easier to reduce [43]. Whatever the explanation for the
ease with which small ceria crystallites undergo reduc-
tion, it must be recognized that large ceria crystals,
CeO,(1 1 1), and CeO,(1 0 0), are essentially inactive
and hard to reduce [19,20].

The work described in this paper demonstrates that
ceria films on zirconia substrates are highly reducible,
much more so than ceria films on a.-Al,O5. The ease of

ceria reduction, and the ability to use the oxygen from
this reduction, was demonstrated in both the transient
and steady-state oxidation of CO adsorbed on sup-
ported Pd particles. The particular structure of the
zirconia (monoclinic or cubic) and orientation of the
YSZ substrate ((100), (110), or (11 1)) does not
appear to be important for imparting improved reduc-
tive properties to ceria. Furthermore, zirconia affected
the ceria, even though zirconia was essentially buried
far below the surface in our studies. No evidence for
the formation of a ceria—zirconia mixed oxide was
observed under the conditions of our work. Therefore,
under the conditions of our study, the effect of zirconia
must be that of a structural promoter, one which
promotes the formation of an easily reducible form
of ceria.

One can envision a number of ways in which
zirconia and YSZ could influence the structure of
ceria and therefore its reducibility. First, interactions
with the zirconia may simply promote the formation of
small, incoherently displaced islands of ceria. While
the CeO, films in our study grew epitaxially on the
surface of the single-crystal YSZ, the films were
translationally incoherent with respect to the zirconia,
even though the lattice constant for the films differed
from that of bulk ceria by only 0.6%. Normally, when
the lattice mismatch is this small and the cohesion
strong enough to induce epitaxy, very thin films tend to
be perfectly coherent, so that the film has the same
lattice constant as the substrate. For thick films on the
other hand, the strain is usually relaxed by interfacial
mismatch dislocations. However, for ceria on YSZ, it
appears that the interface between ceria and zirconia is
not strong enough to support the mismatch strain and
the films were too thin to support mismatch disloca-
tions. The mismatch simply produced incoherently
displaced islands. Island formation could explain the
increased reducibility of ceria, since a ceria substrate
with more defects, including increased numbers of
grain boundaries and oxygen vacancies, should
undergo reduction and transport oxygen more easily
than will a highly ordered ceria crystal.

Alternatively, the YSZ substrate could affect the
stability and structure of the reduced ceria. For exam-
ple, if reduced ceria were maintained in the cubic
structure by zirconia, the energy difference between
oxidized and reduced forms of ceria could be strongly
modified [41]. In the present studies, we were unable
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to examine the structure of reduced films, but this will
be an important goal in future work.

While not the main focus of the present investiga-
tion, it should be mentioned that, in addition to the
formation of more structurally active ceria sites as a
result of zirconia contact, zirconia imparts added
thermal stability to supported ceria catalysts. Pre-
viously, CO oxidation studies have shown that, fol-
lowing high-temperature calcination, ceria—zirconia
model catalysts show higher activities toward promo-
tion of the ceria-mediated mechanism than did ceria
samples [23]. Thus, it appears that zirconia helps to
promote the oxygen-storage capacity (OSC) of ceria
in an automotive emissions catalytic converter by
promoting the formation and the stabilization of more
active ceria sites than those present for bulk ceria.

5. Summary

The present work has demonstrated that ceria films
on zirconia are more reducible and have a higher
activity towards promotion of the ceria-mediated oxi-
dation of CO on supported metals than do ceria films
on alumina. The enhanced activity and thermal sta-
bility of the ceria—zirconia samples appear to result
primarily from structural modification of the ceria in
contact with the zirconia.
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