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Two alumina-supported Ce-Zr mixed oxide samples (with 10
and 33 wt% loads) are prepared by a microemulsion method, and
their structural and redox properties are investigated using Elec-
tron Paramagnetic Resonance (EPR) and Raman spectroscopies,
X-ray diffraction, temperature-programmed reduction, and trans-
mission electron microscopy. The results show that the preparation
method produces highly dispersed Ce-Zr materials which crystal-
lize with an average particle size around 2 nm, the latter depend-
ing only weakly on the loading in the range analyzed. The Ce-Zr
mixed oxide particles formed have Ce: Zr atomic ratios close to 1
with a slight enrichment in Ce for the 33 wt% CeO,-ZrO,/Al,03
sample, and present a t” phase type tetragonal symmetry. In both
samples, EPR results show that a certain amount of the mixed oxide
is present on the alumina surface as 2D (two-dimensional) patches
which have redox sites with properties different from those existing
in 3D, bulk-like mixed oxide particles; the characteristics of these
latter also differ from those observable in unsupported Ce-Zr mixed
oxide (possibly due to an epitaxial relationship with the alumina
surface), as evidenced by the absence of formation of associated
oxygen vacancies on the samples subjected to outgassing at 773 K.
Redox cycling of these materials shows a decrease in reduction onset
temperature, similar to the behavior known for unsupported Zr-Ce
oxides. (© 2000 Academic Press

I. INTRODUCTION

Alumina-supported ceria-promoted systems constitute
the present state of the art for the three-way catalysts
(TWCGCs) used for elimination of pollutants (NOy, CO, and
hydrocarbons) in automobile exhausts (1, 2). Ceria, CeOs,
and zirconia, ZrO,, play an integral role in providing oxy-
gen storage which broadens the conversion efficiency for
all three pollutants during rich/lean perturbations associ-
ated with the feedback control regulating the air-to-fuel
ratio used by the engine. Additionally, these components
(Ce, Zr) favor noble metal dispersion, increase thermal sta-
bility, and promote water-gas shift, steam reforming, and
CO oxidation reactions (1-3). All these effects are inti-
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mately related with the properties of the noble metal (NM)-
ceria/zirconia interface, which primarily promotes oxygen
activation through a route involving anion vacancies but
also changes drastically the NM response to the reaction
atmosphere (4-6).

At present, CeO,—-ZrO; mixed oxides containing TWCs
constitute the most advanced technology for the develop-
ment of closed coupled catalysts mounted near the exhaust
ports of the engine. This setup allows reduction of hydro-
carbons (HC) and CO emissions and, consequently, sharply
cuts them during warm-up (7). The ceria-zirconia compo-
nent enhances the classical ceria behavior by its higher oxy-
gen storage capacity (OSC) and resistance to thermal aging,
the best compromise between both beneficial effects being
reached for Ce: Zr atomic ratios close to unity (8). How-
ever, the redox properties, including OSC, of Ce-Zr mate-
rials are also dependent on the geometrical structure of the
mixed oxide (3). So, optimum performance under reaction
conditions would correspond to mixed oxides of composi-
tion CeyZr;_xO, (x close to 0.5) which show a pseudo-cubic
t” phase, i.e. display an X-ray diffraction pattern indexable
in the cubic Fm3m space group but having internally tetrag-
onal symmetry (P4,/nmc) due to oxygen displacement from
ideal fluorite sites (9). On the basis of extended X-ray ab-
sorption fine structure, it has been proposed that the distor-
tion of the oxygen sublattice could make the anions more
mobile, being in the origin of the improved redox proper-
ties (10). It may be noted that, as a bulk material, the t”
phase is not thermodynamically stable at room tempera-
ture (RT) for a 1:1 Ce:Zr atomic ratio but is supposed
to be stabilized due to a small crystallite size, thus having
a behavior somehow parallel to that observed in zirconia
(3). This fact points out, on the other hand, the critical role
of the preparation procedure in order to reach adequate
Ce-Zr materials.

The situation is more complex when the Ce-Zr compo-
nent has to be supported on a high surface carrier such as
alumina. The preparation of the Ce-Zr promoter in highly
dispersed form, with homogeneous composition and ade-
guate geometrical structure, is still an open matter (11).
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On the other hand, it is well known that the redox prop-
erties of these materials may suffer notable changes from
bulk to supported phases; this is indeed the case for ce-
ria. Previous work has evidenced the presence of more
reducible sites, easily producing anionic vacancies, associ-
ated with bidimensional ceria patches in contact with alu-
mina, as well as a modification of the proportions of single
and double vacancies formed in larger tridimensional ce-
ria particles which have preferential orientations with re-
spect to the alumina carrier due to interactions with the
latter (12).

For all these reasons, it is important to devise adequate
methods for preparing samples of optimally controlled
structure which facilitate a clear analysis and understanding
of CeO,~ZrO,/Al,O3-based systems. Here, we will study
two samples of Ce-Zr mixed oxide supported on y-alumina
prepared by a microemulsion method which, in the case of
bulk CeZrQy,, yields an homogeneous t” material with high
surface area (13). Specific attention will be paid to clarify-
ing the nature and properties of the anionic vacancies which
may be formed on these materials, as they are key elements
inthe redox interplay between the ceria-containingand NM
components in TWCs.

1. EXPERIMENTAL

Two ceria-zirconia/alumina supports with 10 and 33 wt%
content of ZrCeQ, (10CZA and 33CZA; Sget =186 m?g~?
and SgeT =164 m?g~}, respectively), were prepared using
an adaptation of the microemulsion method used previ-
ously for preparing the unsupported oxide (13): a y-Al,O3
powder (Condea Puralox, Sger =180 m?g~?) is added to
an inverse emulsion containing an aqueous solution of
(equimolar) Zr(1V) and Ce(lll) nitrates (Aldrich) dis-
persed in n-heptane using Triton X-100 (Aldrich) as surfac-
tant and hexanol as cosurfactant. This suspension is mixed
with another emulsion, similar to the first one, containing
as aqueous phase an alkaline solution (tetramethylammo-
nium hydroxide—TMAMH; Aldrich). The resulting mixture,
with all Ce and Zr coprecipitated, was stirred for 24 h, cen-
trifuged, decanted, and rinsed with methanol. After drying
overnight at 353 K these supports were calcined at 773 K for
2 h under dry air flow. Chemical analysis of the CZA spec-
imens gave Zr/Ce atomic ratios of 1.0 +0.1. A zirconium-
free 10CA reference specimen (Sget = 190 m? g~?) contain-
ing a 10 wt% content of CeO,; supported on alumina was
prepared by asimilar procedure; unsupported Ce-Zr mixed
oxide samples with various cation ratios, prepared also by
the microemulsion method, were used as well as references
for XRD and Raman experiments.

Powder X-ray diffraction (XRD) patterns were recorded
on a Siemens D-500 diffractometer using nickel-filtered Cu
Ko radiation operating at 40 kV and 25 mA. Spectra were
taken with a 0.025° step size and using a counting time of 1 s
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for reference samples and 5 s for the 10CZA and 33CZA
materials.

Transmission Electron Microscopy (TEM) experiments
were carried out usinga JEOL 2000 FX (0.31-nm point reso-
lution) equipped with a LINK (AN 10000) probe for energy
dispersive X-ray spectroscopy (EDS) analysis. Portions of
samples were crushed in an agate mortar and suspended
in cyclohexene. After ultrasonic dispersion, a droplet was
deposited on a copper grid supporting a perforated carbon
film. Micrographs and electron diffractograms and, when
necessary, dark-field images were recorded over selected
areas with compositions previously characterized by EDS.

Raman spectra were obtained at room temperature
(RT) with a Bruker RFS-100 FT-Raman spectrometer pro-
vided with a diode-pumped germanium solid-state detector,
which operates at liquid nitrogen temperature. An NdYAG
laser was used as excitation source with a power of ca.
10 mW. Powdered samples were pressed in a holder and
analyzed (200 scans, 4 cm~! resolution) without further
treatment.

Electron paramagnetic resonance (EPR) spectra were
recorded at 77 K with a Bruker ER 200 D spectrometer
operating in the X-band and calibrated with a DPPH stan-
dard (g=2.0036). Portions of ca. 30 mg. were placed in-
side a quartz probe cell with greaseless stopcocks. A con-
ventional dynamic high-vacuum line was used for vacuum
treatment at 773 K. Over this preconditioned surface, oxy-
gen (210 umol - g~1) adsorption at 77 K, followed by 30 min
warming to RT and overnight outgassing at 77 K (residual
pressure 1 x 10~*mbar), was performed (this treatment will
be referred to as oxygen adsorption at RT). Experiments
were continued by subsequent outgassing at RT and new
recording of the EPR spectrum.

Temperature-programmed reduction-mass spectrome-
try (TPR-MS) experiments were carried out using por-
tions of sample of ca. 200 mg calcined in situ in dry air
at 773 K. A 4% Hy/Ar blend mixture with a total flow of
50 cc - min~?! regulated with mass flow controllers was used
during a 10 K - min~! ramp up to 1173 K. This was followed
by an in situ calcination at 773 K, after which the catalysts
were subjected to a second TPR. Evolved gases were an-
alyzed by using a VG 100-D (Balzers) mass spectrometer
monitoring the m/z ratios 2 (H>), 18 (H,0), 28 (N,/CO),
30 (NO/NOy), 32 (0Oy), 40 (Ar), 44 (CO,), and 46 (NO,).

I11. RESULTS AND DISCUSSION

Structure and Morphology of the Samples: XRD,
Raman and TEM Experiments

Powder XRD diffraction patterns of the CZA samples
are depicted in Fig. 1. These data indicate that 10CZA
contains domains of supported compound oxide which
are barely able to give resoluble diffraction peaks (only a
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FIG. 1. XRD diffractograms of the (a) 33CZA and (b) 10CZA sam-
ples. CeO; (dashed line) and CeggZr03304 (full line) reference diffrac-
tograms are also included at the bottom of the figure. Alumina peaks
are marked with asterisks. Vertical lines highlight peak positions for the
Ce0_662r0_3304 material.
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TABLE 1
XRD/TEM/ED/EDS Main Results

Cell parameter  Particle

Sample (A2 size (A)®  (Zr/Ce)atratic® (Zr + Ce/Al)at ratio®
10CZA 5.30° 17f 0.9-1.0 0.4-1.05
33CZA 5.329/5.33-5.40° 309/24f 0.5-1.3 0.2-2.9

aFluorite-type cell with Fm3m symmetry is considered.

b From XRD results using Scherrer formulae or from dark-field TEM
images taken using the (111) and (200) ED rings of fluorite-type structures.

¢Data from EDS. Zr + Ce/Al ratios are reported only for zones where
the Zr/Ce atomic ratio is obtained with confidence. See text for details.

4XRD results.

¢ED results.

fDark-field TEM image results.

feature at 26 ca. 29° is distinctly discernible, corresponding
to the (111) spacing of the mixed oxide), while the 33CZA
specimen presents broad but well-resolved peaks which
can be conveniently indexed in the Fm3m space group
giving a cell parameter of 5.32+0.04 A A complemen-
tary TEM/ED (electron diffraction) study does, however,
show the existence of diffracting ceria-zirconia particles in
both 10CZA and 33CZA samples (Table 1/Fig. 2). In both

FIG. 2.

Dark-field TEM images of (a) 33CZA and (b) 10CZA specimens. Both horizontal scales correspond to 50 nm.
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cases, the ED features due to the Ce,Zr component can
be indexed in the Fm3m space group, and they indicate
for the 10CZA support a cell parameter of 5.30 +0.01 A
while for the 33CZA material the latter parameter takes
values in the 5.33-5.40 A interval, depending on the zone
analyzed.

Considering globally the diffraction studies, and due to
the linear relationship existing for Ce—-Zr mixed oxides be-
tween the cell parameter and the Zr : Ce atomic ratio (1, 3),
an estimation of this latter quantity can in principle be
made. It must be considered, however, that, as pointed
out recently (3), in high-surface Ce-Zr materials like cata-
lysts the slope of this linear correlation is different from
that reported for low-surface/ceramic oxides, limiting the
accuracy of the Zr:Ce atomic ratio estimations made by
using this method. Nevertheless, assuming the correlation
for high-surface materials, which fits our data well for the
set of bulk Ce-Zr mixed oxides prepared by microemul-
sion (data not shown), and considering the EDS results
presented in Table 1, it can be concluded that the 10CZA
sample contains a Ce-Zr mixed oxide of reasonably homo-
geneous composition having a Ce molar content percentage
close to 50%, while the corresponding 33CZA mixed oxide
has a more heterogeneous nature and presents a crystalline
phase which on average, and according to the XRD data,
can be described as Ceq g0Zr0.4004. This result implies that,
in the latter sample, part of the Zr is not detected by any
of the diffraction techniques and must be in a nearly amor-
phous form, as also occurs in CeO,-ZrO,/Al,O3 specimens
prepared by coimpregnation (11). Of course, this structural
description of the Ce-Zr phases formed in the CZA speci-
mens refers only to the main characteristics of the systems;
the complex nature of these supports (indeed indicated in
the XRD/ED studies) does not allow us to obtain a more
detailed picture.

In contrast to the XRD/ED patterns, which give informa-
tion related mainly to the cation sublattice, Raman spectra
of these fluorite-type oxide structures are dominated by
oxygen lattice vibrations (14) and (obviously) are sensitive
to the crystalline symmetry, being thus a potential tool to
obtain additional structural information. While CeO; has
only one Raman-active band (due to a vibration mode of
Foq symmetry) centered at 465 cm™1, the oxides with crys-
tal symmetry decreased to the tetragonal P4,/nmc space
group contain six active modes of (1) Aygq, (3) Ezq, and (2)
B1g symmetry (15). In fact, the presence of bands at 316
and 636 cm~! in Ce-Zr mixed oxides has been claimed to
respond to such symmetry in a pseudo-cubic t” phase (15).
The Raman spectra shown in Fig. 3 give, therefore, evi-
dence of the presence of the latter phase for the 33CZA
sample. The 10CZA material does not show detectable
Raman bands; the same happens with the 10CA reference
(data not shown). This can be due to a combination of dis-
tortions/disorder of the oxygen sublattice (influenced by
the sharing of O?~ anions with the alumina support) and
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FIG.3. Raman spectra of (a) bulk CeZrO,, (b) 33CZA, and (c)

10CZA samples.

a mask effect produced by the strong fluorescence contri-
bution coming from the alumina. Such crystalline disorder
may also contribute (to a lesser extent) to the absence of
well-developed peaks in the XRD spectra for this sample.

Although the Raman and XRD data give scarce infor-
mation on the state of the supported oxide in 10CZA, the
analysis of its ED pattern, together with the similarity in
average particle size (slightly smaller for 10CZA) detected
in both CZA supports (see Table 1 and compare Figs. 3a
and 3b), strongly suggest that the low-loaded sample con-
tainsa mixed oxide phase similar in structure (although with
lower crystallinity) to that detected in 33CZA, therefore
corresponding also to the pseudo-cubic t” phase of internal
tetragonal symmetry. In this respect, it must be recalled that
the stabilization at RT of this thermodynamically unstable
phase for Ce molar contents below ca. 65-70% is claimed
to be related to a small crystallite size (3, 9, 12), although
an additional stabilization effect of the alumina carrier can
not be excluded.

As commonly occurs in this type of material, the Ce-Zr
mixed oxide phases formed are irregularly dispersed in the
alumina support (see Zr + Ce/Al atomic ratios of Table 1).
It can be noted that there are zones of the samples with prac-
tical absence of Ce and Zr; the observations from such zones
are not included in the data reported in the last column of
Table 1 due to the higher inaccuracy in the EDS estimation
of the Ce, Zr amounts. In general, the average particle size
detected by TEM is rather small, about half of that obtained
by coimpregnation of Ce and Zr in the case of a 30 wt%
specimen (11). This is an expected result, as the microemul-
sion method normally improves the dispersion of the active
elements over the level achieved by classical impregnation
methods. More interesting is the fact that, contrarily to the
behavior detected in ceria/alumina samples prepared by
impregnation (12), the more than threefold increase of the
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Ce-Zr loading does not produce a large increase in the av-
erage size of the observed particles (Table 1/Fig. 2); rather,
a plateau in size around 2-3 nm is reached for the Ce-Zr
mixed oxide particles in the concentration range explored
(10-33 wt%).

Redox Reactivity of the Dispersed Oxide: EPR
and TPR Experiments

Further insight into structural characteristics and redox
properties of this kind of sample can be achieved with
EPR experiments using oxygen as probe molecule and
examining the characteristics of superoxide radicals formed
on the surface (12, 13, 16-18). Such EPR data, obtained for
samples examined here, are given in Fig. 4. The determina-
tion via computer simulations (also depicted in Fig. 4) of
the EPR parameters for the different overlapping signals
present, and their classification and assignment to specific
radical types, have been made considering previous experi-
ence on alumina-supported ceria and unsupported Zr—Ce
mixed oxide samples (12, 13, 16-18). The main character-
istics and relative contributions of the superoxide radicals
detected are summarized in Table 2.

The spectrum obtained after oxygen adsorption at RT
on sample 10CZA (Fig. 4a) is formed mainly by the over-
lapping of signals OCA1 and OCAZ2 (with an intensity ra-
tio OCA2/0OCAL = 1.4), significantly lower contributions
from signals OC1, OC2, and OZ being also required to
achieve a satisfactory simulation. On the other hand, sam-
ple 33CZA, while also showing a large contribution from
signal OCA1 and OCA2 (now with an intensity ratio
OCA2/0CA1=1.2), displays relatively higher contribu-
tions from signal type OC (particularly from OC2) and
OZ signals (Fig. 4b). Subsequent outgassing at RT leads
to the disappearance of signals OCA1, OCA2, and OC2
for both samples (Figs. 4c and d), the spectra being formed
by overlapping of signals OZ and OC1 for 10CZA and
0OZ, OC1, and OC3 for 33CZA (Figs. 4c and 4d). The rela-
tively higher contribution of signal OZ, with respect to sig-
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FIG. 4. EPR spectra following oxygen adsorption at RT (and elim-
ination of excess O, by pumping at 77 K) on the samples outgassed at
773K, (a) 10CZA, (b) 33CZA, and after subsequent outgassing at RT,
(c) 10CZA, (d) 33CZA. Dotted lines indicate best-fit computer simulated
spectra.

nal type OC, in the spectrum of 10CZA (compare Figs. 4c
and 4d) is worth noting.

Signal types OC (OC1,0C2,and OC3) and OCA (OCA1
and OCAZ?2) can both be ascribed (using formal charges) to
O, —Ce** species (assumed to be formed by electron trans-
fer to O, from the sample surface), on the basis of their sim-
ilarity to signals observed previously in oxygen adsorption
experiments, using ’O-enriched oxygen mixtures, on ceria-
related materials (16-18). By analyzing their EPR signals,
information can be obtained on the kind of reduced centers

TABLE 2

Characteristics of the EPR Signals Observed after Oxygen Adsorption at RT on the Samples
Treated in Vacuum at 773 K

Intensity (umol - gcezroa 1)®

Signal EPR parameters? Assignment 10CZA 33CZA
OCA1l g.=2.025, g, =2.012 0O, -Ce** formed on 4.8 2.0
OCA2 0, =2.026, gx=2.016, gy=2.011 2D entities

OcC1 0, =2.033, gx=2.013, gy=2.011 Oz’—Ce4+ formed on 0.5 1.3
0ocC2 g, =2.035, gxy=2.012, g, =2.011 isolated vacancies

OcC3 0, =2.031, gx=2.017, gy=2.011 of 3D entities

oz g, =2.033, gy=2.009, g = 2.002 0, -Zr** 0.4 0.5

2 Axes attribution follows criteria of previous work (12, 13, 16, 17).
b Evaluated by double integration of the spectra and comparison with a copper sulfate standard, and consid-

ering computer simulation results.



390

generated on the sample surface by reduction treatments.
In our previous experience, signals of the OCA type are
observed only in alumina-supported ceria samples (12, 16),
while OC-type signals are detected in unsupported ceria or
Ce-Zr mixed oxide samples (13, 17, 18) and are absent in
alumina-supported specimens where a very large ceria dis-
persion is achieved (12). The observed differences in both
EPR parameters and stability against outgassing are ex-
plained by considering the different chemical environment
of the cerium ions where they are formed, dispersed cerium
ions belonging to 2D patches on the alumina surface (13)
in the case of signals of type OCA, and cerium ions at the
surface of aggregated or 3D-type entities for signals of type
OC (12, 13, 16-18). One difference of the present results,
when compared with previous experience, is that of sig-
nal OC2; while displaying parameters typical of O, -Ce*"
species formed on aggregated 3D phases, it shows a rela-
tively low stability, disappearing upon outgassing at RT as
it occurs for type OCA signals. Since such behavior is ob-
served for this type of signal only in the supported mixed
oxide materials studied here, and was not found in previous
investigations on unsupported ceria or Zr—Ce mixed oxide
or on alumina-supported ceria (12, 13, 16-18), we can pro-
pose an assignment to oxygen radicals formed at the inter-
face between alumina and 3D Zr—Ce mixed oxide particles.
In previous works, it was possible to classify the various
O;—Ce4+ species of OC-type formed on 3D particles (in
unsupported ceria (18), Zr-Ce mixed oxide (13, 17), or rel-
atively large ceria particles on alumina present in CeO,/
Al,O3 samples (12)), differentiating between radicals
formed on isolated or associated oxygen vacancies. Attend-
ing to their EPR parameters, all signals of type OC observed
in the present case belong to the former group. Since a sig-
nificant amount of associated vacancies are formed by the
outgassing treatment in unsupported ZrCeO, (13, 17),
the exclusive presence of isolated vacancies suggests that
the particles of mixed oxide dispersed on alumina are in-
fluenced by their growing on the carrier surface (i.e., by an
epitaxial relationship), so as to affect largely the types of
reduced centers that can be formed on them, and thus also
their redox properties. A similar result has been recently
revealed for small alumina-supported ceria particles (12).
Signal OZ, on the other hand, is attributed to O, -Zr**
radicals (13, 17, 19). In the case of unsupported ZrCeO,
(13, 17), the relatively high amount of such radicals ob-
served in spite of the low reducibility of zirconium cations
led to the proposal of the existence of oxygen transfer phe-
nomena by which O, species formed on Ce3" migrated to
Zr cations and were stabilized preferentially due to their
higher charge/radius ratio. A relatively large amount of this
species is observed here also; such a spillover phenomenon
can be therefore presumed to occur also in these alumina-
supported samples. The observation of only one Oz‘—Zr4+
signal for both CZA specimens could then suggest that this
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oxygen radical is related here mainly to the 3D mixed oxide
particles. In such a case, the higher OZ/OC signal intensity
ratio shown by 10CZA (comparing Figs. 4c and 4d), which
can not be justified on the basis of a different particle size
as both samples have roughly similar 3D Ce-Zr geometri-
cal properties (Table 1/Fig. 2), would point to a moderate
enrichment in Ce of the 3D particles formed on 33CZA, in
agreement with the data discussed in the previous subsec-
tion. However, the variation in the amount of OZ species
when going from the 10CZA to the 33CZA sample is in-
termediate between those observed for the OC- and OCA-
type signals; therefore, the association of the sites form-
ing signal OZ mainly with 3D species rather than with 2D
species is not straightforward.

The observation of signals of the OCA type reveals, as
mentioned above, the presence on the sample surface of
2D patches (not detected by XRD nor TEM-ED) distin-
guishable from 3D particles of the supported (mixed) ox-
ide. Within the former, signals OCA2 and OCAL can be
attributed to radicals formed, respectively, at the surface
or at the borders of these 2D patches (12, 16); the simi-
lar ratio between the intensities of both signals indicates
thus a more or less similar average size of those patches in
both CZA samples. Concerning the relative amounts of 2D
and 3D species, the results given in Table 2 show that, for
the same amount of dispersed (Ce,Zr) oxide, the amount
of superoxide radicals formed over 2D particles is 2.4 times
higher in the 10CZA case. Moreover, if expressed per gram
of sample, they show that the microemulsion method yields
2D entities, the amount of which increases moderately with
the Ce-Zr loading (OCA signals amount to ca. 0.5 and
0.6 umol g~* for 10CZA and 33CZA, respectively), while
the amount of 3D entities increases much faster (corre-
sponding amounts of OC signals are 0.05 and 0.4 xmol g4).
Thus 2D entities are present in relatively higher amounts at
lower Zr-Ce loadings, in concordance with previous expe-
rience in CeO,/Al,O3 samples (12). Unfortunately, since
the cerium cations in such 2D entities have higher re-
ducibility than those present at the surface of 3D particles
(12, 16), itis difficult to determine in absolute terms the rel-
ative proportion of each kind. Anyway, 2D patches seem to
dominate the particle size distribution for the 10CZA case,
as diffraction studies do not reveal a significant contribution
from 3D entities and the EPR results give evidence that the
redox centers observed in this material occur mostly on 2D
entities, while in the 33CZA sample 3D particles of limited
size must constitute the dominant contribution since 2D en-
tities appear in similar absolute amounts for both samples.

The EPR data do not by themselves allow us to ascer-
tain the Zr/Ce composition of the 2D dispersed patches
(which are not detected in the TEM, XRD, and Raman ex-
periments). The shapes of the OCA signals are similar to
those observed on Zr-free ceria/alumina samples, but this
observation is not determinantin this respect since OC-type
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FIG.5. TPR-MS traces of H,O (m/z=18) corresponding to (a)
33CZA, (b) 10CZA, and (c) 10CA during a first (full lines) and a second
(dashed lines) temperature ramp up to 1173 K. Vertical lines correspond to
characteristic reduction temperatures of bulk Ce-Zr mixed oxides (21, 22)
and formation of CeAlO; and Ce, O3 phases (20). See text for details.

signals found on unsupported ZrCeOy are also very simi-
lar to (some of) those observed on pure ceria. However,
TPR experiments have been carried out and their results,
displayed in Fig. 5, shed some light on this issue.

On the first TPR run, the 10CA sample shows, after the
onset of the Ce** reduction occurring at ca. 750 K, the char-
acteristic high-temperature peaks ascribable to formation
of CeAlO; (following complete reduction of small ceria
particles in contact with alumina) and of Ce,O3 coming
from the largest, bulk-like ceria entities (20). In contrast,
the CZA specimens show a behavior more similar to bulk
Ce-Zr mixed materials (21, 22); the peak due to formation
of Ce,O3is absent, and for 33CZA most of the reduction oc-
curs in a prominent peak around 873 K, which partly shifts
to higher temperatures for L0CZA, due probably to a stabi-
lization effect induced by the interaction with the alumina
surface. A further indication of the mixed oxide nature of
the 2D ceria-containing entities is provided by the data ob-
tained in a second TPR run. Sample 10CA mostly repeats
the behavior displayed in the first run, except for the disap-
pearance of the peak around 1160 K and a shift to higher
temperatures of the reduction onset, the latter being proba-
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bly ascribable to a higher interaction with alumina of the ce-
ria component which has not yet formed the stable CeAlO3
phase. In CZA samples, however, a significant shift of the
reduction onset to lower temperatures is observed; this ef-
fectisdisplayed also by bulk ceria—zirconia samples, and has
been attributed to partial rearrangement of the cation posi-
tions (toward an ordered structure similar to that presentin
pyrochlore-type Ln,Zr207 oxides) occurring during reduc-
tion at high temperatures (21, 22). The observation of this
behavior also for the 10CZA sample shows clearly that the
2D entities, dominant in this specimen, have also a mixed
Zr—Ce oxide character, rather than consisting of separate
ceria and zirconia patches.

An additional indication of the mixed oxide character
of (most of) the dispersed phase is given also by the ob-
servations concerning the formation of the CeAlO; phase.
The TPR data give no clear indication of it for the CZA
samples, and, accordingly, the XRD diagrams (not shown)
obtained for these samples after the TRP runs of Fig. 5 dis-
play, besides the alumina support contributions, no peaks
due to that CeAlO; phase, but only features attributable
to a Ceg 552104504 phase (i.e., containing, within the exper-
imental error, the same at% of Ce as the initial, calcined
material); this contrasts with the behavior of the 10CA sam-
ple, which does show sharp peaks of CeAlOg in the diffrac-
togram after being subjected to the same TPR treatment.
These differences further support the conclusions about the
mixed oxide nature of the 2D dispersed entities present in
these samples.

IV. CONCLUSIONS

The microemulsion procedure is shown to be a satisfac-
tory method to prepare ceria—zirconia mixed oxides with
Zr: Ceratio close to 1.0, highly dispersed in an alumina car-
rier, with a moderately uniform particle size (in the range of
afew nm) for both loadings analyzed (10 and 33 wt%o). Both
samples studied show 2D and 3D mixed oxide entities; the
33CZA specimen mainly contains 3D particles, somewhat
enriched in Ce, while a dominant amount of 2D entities
is present in 10CZA, its minority 3D particles showing a
Zr/Ce ratio closer to 1. A minor amorphous (i.e., not de-
tected by diffraction techniques) Zr-enriched phase could
be present also at the carrier surface of the sample with
higher loading. Overall, an average Ce content of 50 to
60 at% is detected in the three-dimensional binary oxide
particles formed, having the structure of a pseudo-cubic t”
phase with internal tetragonal symmetry. The composition
of the 2D entities cannot be evaluated quantitatively, but
they are clearly of a mixed oxide type as evidenced by TPR
and subsequent XRD data, which give results differentfrom
those obtained with a Zr-free sample.

As evidenced by the oxygen adsorption experiments fol-
lowed by EPR, these specimens have redox properties
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modified from those of unsupported ceria-zirconia mate-
rials: similar to the previously observed case of alumina-
supported ceria, the small, 2D ceria-zirconia entities have
redox characteristics that are strongly perturbed by the alu-
mina support, while 3D particles differ from the bulk ma-
terials in being unable to form associated vacancy centers
under the experimental conditions used.
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