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Ceria-zirconia mixed oxide was successfully synthesized via the sol-gel process at ambient
temperature, followed by calcination at 500, 700 and 900°C. The synthesis parameters, such as
alkoxide concentration, aging time and heating temperature, were studied to obtain the most uniform
and remarkably high-surface-area cubic-phase mixed oxides. The thermal stability of both oxides
was enhanced by mutual substitution. Surface areas of the Ce,Zr;_,O, powders were improved by
increasing ceria content, and their thermal stability was increased by the incorporation of ZrO,. The
most stable cubic-phase solid solutions were obtained in the Ce range above 50 mol%. The highest
surface area was obtained from the mixed catalyst containing a ceria content of 90 mol% (200 m?/g).
Temperature programmed reduction results show that increasing the amount of Zr in the mixed oxides
results in a decrease in the reduction temperature, and that the splitting of the support reduction
process into two peaks depends on CeO; content. The CO oxidation activity of samples was found to
be related to its composition. The activity of catalysts for this reaction decreased with a decrease in Zr
amount in cubic phase catalysts. CesZr;O; exhibited the highest activity for CO oxidation. Copyright

© 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Ceria-based materials are widely used in automotive
pollution control.! Among several tasks carried out using
ceria, the most important is related to its property of being
an oxygen buffer. However, one well-known drawback is
its low stability in high temperature ranges. Recent studies
have reported the improvement of textural properties by
introducing doping elements in the CeO, fluorite-type lattice,
and the most efficient dopant studied was zirconium, as

1275 and Fornasiero

excellently discussed by Trovarelli et a
et al.o~?

One of the keys to this success is the selection of
an appropriate precursor,®% the preparation methods
and the composition (ie. Ce:Zr ratio), which in turn
determine homogeneity at a molecular level, surface area
and textural/morphological properties. There are many
different synthetic methods that have been applied to
prepare CeO,—-ZrO, and related mixed oxides. These include

solid state synthesis'™!! co-precipitation,'>!® high-energy
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ball-milling'*!> and sol-gel.!*1” The sol-gel process is

a versatile technique, allowing control of the texture,
composition, homogeneity and structural properties of
solids.’® Generally, Ce-rich compositions are preferred for
catalysis purposes and the best results are obtained using
Ce,Zr;_,O, with x ranging from 0.6 to 0.8.” The surface
areas of ceria—zirconia obtained by either conventional
co-precipitation or sol-gel were typically in the range
60-90 m?/g after calcinations under air at 700-800 K.57
Surface areas above 100 m?/g were reported for materials
obtained from CeO,-ZrO, gel prepared at 100 °C by Mayoo
et al?® The objective of this present study was thus to obtain
higher surface area and characterize the properties, including
the reduction property, of CeO,—-ZrO, mixed oxides prepared
by sol-gel at ambient temperature. The influences of the
composition, aging time and heat treatment on the texture,
structure, reduction property and catalytic activity for CO
oxidation of the samples are discussed.

EXPERIMENTAL

Materials
Cerium (IV) hydroxide [Ce(OH),, 87.4% CeO,] and zirconium
hydroxide [Zr(OH),, 97% purity] and HCl were purchased
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from Aldrich Chemical Co. Inc. (USA). Triethylenetetramine
[TETA, NH,(CH,CH,NH);H)] was supplied from Carlo Erba
Reagent; ethylene glycol (EG, HOCH,CH,OH) from ].T.
Beaker Inc.; NaOH from EKA Chemicals; and acetonitrile
(CH;CN) from Lab Scan Co. Ltd. All chemicals were used as
received.

Instruments

Elementary analysis was carried out on an X-ray fluorescence
(PW 2400) instrument. The structure of the samples was
obtained from the wide-angle X-ray diffractometer (WXRD)
on D/MAX 2000 Rigaku, using CuKa radiation (A =
1.5406 A). The intensity data were collected at 25°C over a 26
range of 5-90°. Peak positions were compared with standard
JCPDS files to identify crystalline phases. The average grain
size (D) was estimated according to the Scherrer equation:

D =0.941/8 cos O

:
?
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where 6 is the diffraction angle of the (111) peak of the cubic
phase or the (101) peak of the tetragonal phase and 8 is the full
width at half-maximum (fwhm) of the (111) or the (101) peak
(in radians).’ FT-Raman spectra were obtained on the JOBIN
HR 800 FT-Raman Spectrometer using a frequency range
100-900 cm~!. Scanning electron micrographs (SEM) were
obtained on a Joel 5200-2AE (MP15152001). Surface areas of all
powder samples were determined by N, adsorption at 77 K
(five-point Brunauer—Emmett—Teller, BET, method) using
a Quantachrome Corporation Autosorb. Prior to analysis,
the samples were outgassed at 250°C for 4 h. Temperature
programmed reduction (TPR) of catalysts was carried out
using 5% hydrogen in nitrogen used as the carrier gas with
a flow rate of 50 ml/min. A Micromeritics TPD/TPR 2900
was employed as an analyzer for the temperatures of the
thermal conductivity detector, using a furnace temperature
up to 900°C at a linear ramp rate of 10°C/min. The
sample was pretreated by flowing He over the sample at
120°C for 4 h before analysis. An effluent gas steam from
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Figure 1. XRD patterns for ceria-zirconia mixed oxides with the aging time = 24 h and calcined at 700°C: (a) ZrO,; (b) Ceq1Zro.o;
(c) Cen.2Zros; (d) CeosZroz; (€) Ceoslros; (f) Ceoslros; (Q) Ceoslroa; (h) CeozZras; (i) Ceoslroz; () CeooZro.; and (k) CeO,.
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Figure 2. XRD patterns for ceria zirconia mixed oxides with the aging time = 24 h and calcined at 900°C: (a) ZrO.; (b) Ceg.1Zrog;
(©) Cep2Zros; (d) CeosZroz; (€) Cenalros; () Ceoslros; (Q) CeosZroa; (h) CeozZras; (i) Ceoslroz; () Ceoolros; and (k) CeOs.

the reactor was first dehumidified using a cold water-
trap before auto-sampling in a gas chromatograph (Agilent
Technologies 6890N model). The carbosphere, 80/100 mesh,
and 10 ft x 1/8 inch stainless packed column was used for
separating all components. The results were recorded using
Agilent chemstation software. The observed peaks were
identified by comparison with the retention time of the
standard gas. For quantitative analysis, the peak area was
used to determine the concentration of each component based
on the calibration curves obtained from known composition

gases.

Methodology

Mixed oxide catalysts were prepared via the sol-gel
process. Cerium glycolate and sodium tris(glycozirconate)
synthesized via the OOPS (oxide one pot synthesis) process
were used as precursors.”! The starting glycolate materials
were mixed with 1 M hydrochloric solution at 1:1 mole ratio.
The ratio between each metal alkoxide was varied, depending
on desired compositions: Ce,Zr;_,O,, where x = 0-1. The gel
was kept at room temperature for 24 and 168 h, followed

Copyright © 2006 John Wiley & Sons, Ltd.

by washing with deionized water three times to remove the
Na content generated from sodium tris(glycozirconate). The
samples were then put in an oven at 110°C for at least 12 h
to let them dry before calcination at 500, 700 and 900°C
for 2h in air. The products were characterized for their
structures and morphologies using XRD, FT-Raman, SEM,
BET and TPR.

The catalytic activity of the synthesized samples was
measured using a differential packed bed quartz U-tube
reactor (i.d. 4 mm). A mixed oxide sample of 0.1 g was packed
between two layers of glass wool. The reactor was placed in
a furnace where the temperature of the catalyst bed was
monitored and controlled using a PID temperature controller
equipped with a type K thermocouple. Exit gases were
analyzed chromatographically. The gas mixture (50 ml/min)
consisted of 1% CO and 1% O, balanced in He and was
passed through the catalyst bed at ambient temperature.
After stabilization, the temperature of the bed was raised, and
the light-off temperature was recorded at the temperature at
which the conversion of CO reached 50%.

Appl. Organometal. Chem. 2006; 20: 615—-625
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Figure 3. FT-Raman spectra of ceria zirconia mixed oxides with the aging time = 24 h and calcined at 700°C: (a) ZrO,; (b) Ceg 1Zro.o;
(c) Cen.2Zros; (d) CeoaZroz; (€) Cegalros; (f) Ceoslros; (9) Ceonslroa; (h) CeorZras; (i) Ceoslroz; () CeooZro; and (k) CeO,.

Table 1. Practical compositions of Ce,Zri_,Oo determined by XRF

X =
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Ce (mol%) 9.84 21.23 30.67 40.67 51.02 61.51 72.16 81.22 92.15

RESULTS AND DISCUSSION

X-ray fluorescence

The bulk and micro domain metal compositions in the mixed
oxides were determined by XRF measurement. Table 1 shows
that the experimental Ce content x from XRF was in good
agreement with the target composition, indicating the good
stoichiometric homogeneity of Ce and Zr cations in the
calcined products.

X-ray diffraction
XRD patterns for Ce,Zr;_yO, mixed oxides calcined at 700
and 900°C in the whole compositional range are compared

Copyright © 2006 John Wiley & Sons, Ltd.

in Figs1 and 2, respectively. At the higher calcination
temperature, the narrower diffraction lines indicate better
crystallinity and greater intensity for the pure oxides. It
should be noted that all synthesized oxides calcined at 500
(not shown) or 700°C have similar XRD patterns, except
the intensity. Unlike the effect of calcination temperature,
the aging time has an insignificant effect on the structure.
The XRD patterns are almost the same. Pure oxide CeO; is
composed of cubic phase at 260 of 29° (111), 33° (200), 48°
(220), 56° (311), 60° (222) and 70° (400) for all calcination
temperatures studied. Pure ZrO, samples calcined at either
500 or 700°C are composed of tetragonal phase at 26 = 30°,
35°, 50° and 59°. Additional monoclinic phase appears with

Appl. Organometal. Chem. 2006; 20: 615-625
DOI: 10.1002/aoc
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Figure 4. FT-Raman spectra of ceria zirconia mixed oxides with the aging time = 24 h and calcined at 900 °C: (a) ZrO.; (b) Ceg.1Zro.g;
(©) Cep2Zrosg; (d) CegsZroz; (€) Cenalros; () Ceoslros; (Q) CeosZroa; (h) CeozZras; (i) Ceoslroz; () Ceoolros; and (k) CeOs.

the peaks at 20 = 28.5 and 31.4° after heating at 900°C. In
other words, the monoclinic phase is preferable at higher
temperature, which is in good agreement with the results
reported elsewhere 222

In the patterns of the oxides with intermediate composition,
the reflections are broader, showing that the crystallite size
is smaller. The reflections in these patterns systematically
shift, due to shrinkage of the lattice, to lower d-spacing when
cerium is replaced by zirconium. This shrinkage phenomenon
coincides with the fact that the cation radius of Zr*" (0.84 A) is
smaller than that of Ce*" (0.97 A).2* By progressively doping
ZrO, with CeO,, the tetragonal structure modification is
maintained for the content of 20% ceria with no splitting
or asymmetry of the peaks being recorded for all three
temperature treatments. For Ce,Zr;_,O,, where 0.3 < x < 0.5,
the patterns are still the same for samples calcined at 500
and 700°C. However, for 900°C, the segregated peaks of
cubic phases appear, resulting from heterogeneity in phase
composition.

Copyright © 2006 John Wiley & Sons, Ltd.

Going further toward CeO, in the composition scale, the
symmetry corresponds increasingly to the cubic one. The
results show that Ce,Zr;_,O,, where x > 0.5, presents only
the cubic phase in the samples calcined at all heat treatments,

1.5 and Yamashima

in agreement with the result of Alfanti et a
et al.?

Since mixed oxides obtained give broadening peaks from
powder X-ray diffraction, meaning that the symmetry of
solid solution phases or the co-presence of some amounts of
tetragonal phases in Ce-rich samples cannot be determined
accurately by using XRD, raman spectroscopy was thus
employed to confirm their composition. Moreover, the XRD
patterns in Zr-rich samples calcined at 500 and 700°C
also show broadening diffractions above interesting regions,
probably showing some multiplicity.?* In addition, according
to Duvez and Odell, the mutual solubility of ZrO, and CeO,
is very limited below 1000°C, based on thermodynamics. A
mixture of zirconia-rich tetragonal phase and ceria-rich cubic
phase is expected in the compositional range above 20%

Appl. Organometal. Chem. 2006; 20: 615—-625
DOI: 10.1002/aoc
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ceria.”’ The particle sizes (D) from the XRD for Ce,Zr;_,O,
(x = 0-1) powders are listed in Table 2. The result shows that
the D value of the mixed oxides decreased with the doping
of ZrO,. The particle sizes of mixed oxides are increased after
calcination at higher temperature due to the sintering process.

FT-Raman spectroscopy

The raman spectra of the mixed oxide catalysts, using the
aging times 24 and 168 h, appear very similar. The patterns
of samples calcined at 500 (not given) and 700 °C are nearly
identical, whereas the spectra of Ce,Zr;_,O, mixed oxides
calcined at 700 and 900°C are shown in Figs3 and 4,
respectively.

The spectrum for pure ceria displays only one peak at
465 cm™!, as expected on the basis of the factor group
analysis and in agreement with the results indicated in the
literature.”=% This peak corresponds to the fundamental
with F2g symmetry, which can be regarded as a symmetric
O-Ce-O stretching. For pure zirconia, peaks at 147, 268, 313,
460, 600 and 645 cm™! appeared. Those are the six raman
bands predicted for theoretical tetragonal zirconia, and these
results agree with other references.>*> The bands in Fig. 4
at 180, 334 and 475 cm™! are characteristic of the monoclinic
phase.®® The bands at 268 and 180 cm™! are found only in
t-ZrO, and m-ZrO,, respectively,® confirming the mixed
phases between tetragonal and monoclinic phases of ZrO,
after heating at 900 °C.

The raman spectra for the samples containing up to 40%
zirconia do not vary significantly with respect to that of pure
ceria, and show only one peak at 465 cm~!, characteristic
of the cubic fluorite-like structure, in agreement with the
XRD analysis. Conversely, when the Zr content rises above
40%, the main peak in the spectra decreases in intensity and
disappears when Zr amount increases higher than 70% for the
samples calcined at 500 and 700 °C, whereas the six predicted
characteristicbands of the tetragonal symmetry occur at about
145, 265, 315, 465, 600 and 635 cm™! for samples calcined at
900°C. These new spectral features are presumably due to a
partial tetragonalization of the sample.?>3¢ The spectra for the
composition of mixed oxides having zirconia content between
50 and 70 mol% suggest the co-presence of a tetragonal and a
cubic solid solution phase, as the band at 465 cm~" is observed
together with the tetragonal phase, although the cubic phase
is still largely predominant. In addition, the two weak bands
at around 130 and 620 cm™!, attributed to the presence of

Materials, Nanoscience and Catalysis m

absence of defective structure in its crystal lattice after the
sintering process.”’

SEM and BET investigation

SEM allows the morphology of the materials to be pictured
directly. All samples prepared by sol-gel have a spongy
appearance, as shown in Fig. 5. The calcination process occurs
more easily for CeyyZro10, than CeyZro4O,. However,
the pure oxides are sintered the easiest. This aggregation
caused the reduction in surface area of the samples. BET
surface areas of catalysts in Fig. 6 show that the BET surface
area of the mixed oxides calcined at 500, 700 and 900°C
are higher than those of pure oxides. The surface areas of
Ce,Zr,_,O, mixed oxides increase when increasing the ceria
content up to 90 mol%. The highest surface area obtained is
from Cep9Zrp10, (200.14 m? g~1!) after calcination at 500°C,
which is higher than other works using sol-gel.?%%3 This
result is totally the opposite of the study reported by
Cuif etal® It can be explained by the fact that surface
areas, particle morphology, having different degrees of
homogeneity, and even the phase nature of mixed oxide
are strongly affected by the synthesis conditions. In the co-
precipitation-derived ceria-zirconia solid solutions studied
by Trovarelli and coworkers,? the specific surface area
increased upon substituting zirconia. Figure 7 shows that
the thermal stability of mixed oxides is increased when
increasing the amount of zirconia up to 40%. This can be
explained by the following: the addition or incorporation of
zirconia to ceria as mixed oxides can enhance the thermal
stability of CeO,, resulting in better resistance of the sintering
and deactivation processes. It is clear that CeO, undergoes
a rapid crystallite growth process since BET surface areas
of both catalysts using the aging times of 24 and 168 h
decrease significantly more than those of mixed oxide
samples. Therefore, the crystallite growth process is retarded
by the incorporation of Zr ion into the CeO, matrix. For
Ce,Zr;_,O,, x < 0.5, the percentage loss of surface area is
nearly the same. The reason is related to the homogeneity
of the samples. Formation of homogeneous solid solution
over the whole range of composition by using a single
method is unreliable.*!*? In this work the homogeneous solid
solutions were obtained for Zr molar contents up to 40%. The
surface areas of the catalysts aged for 24 h are higher than
those of 168 h, since the hydrolysis and condensation in the
sol-gel process is one of the keys to obtaining high surface

defective structures in CeO,-ZrO, materials, suggest the area.
Table 2. Average grain size (D) of CeyZri-xO»

X =
D (A) 0 0.1 0.2 0.3 0.5 0.6 0.7 0.8 0.9 1
Calcined at 700°C 8.11 7.20 5.04 421 3.55 3.98 412 5.35 6.76 9.05 11.89
Calcined at 900°C  18.87 18.00 17.02 12.55 12.43 13.15 14.08 15.65 17.04 17.45 21.05

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 5. SEM picture of ceria zirconia mixed oxides with the aging time = 24 h and calcined at 500 °C: (a) CeO,; (b) CepsZro4;
(c) Cep.oZro.1; (d) ZrO,; calcined at 900 °C: (e) CeOy; (f) CegsZros; (@) CepoZro.1; and (h) ZrO,.

Copyright © 2006 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2006; 20: 615-625
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Figure 6. Surface area evolution as a function of composition for the samples aged for 24 h and calcined at (a) 500, (c) 700 and
(e) 900°C, and for the samples aged for 168 h and calcined at (b) 500, (d) 700 and (f) 900 °C.
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Figure 7. Loss of surface areas due to calcinations (from 500 to 700 and 900 °C) for the samples aged for 24 h and calcined at
(@) 900 and (b) 700, and the samples aged for 168 h and calcined at (c) 900 and (d) 700°C.
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Figure 8. TPR profiles of ceria zirconia mixed oxides with the aging time = 24 h and calcined at 500°C: (a) ZrO,; (b) Ceg.1Zrog;
() Cep2Zros; (d) Cepslroz; (€) Cegalros; (f) Ceoslros; (Q) Ceoelroa; (h) Ceorlros; (i) Ceoslros; () CepoZro.1; and (K) CeOs.

Temperature programmed reduction

The reactivity of lattice oxygen in ceria—zirconia mixed oxide
catalysts towards H, was investigated by TPR technique
(Fig. 8). The TPR profile of CeO, shows the two-peaks
pattern due to surface (low temperature peak), and bulk
reduction (high temperature peak).**® In contrast with
CeO,, only a very small amount of H, was consumed
for ZrO, because its structure was tetragonal, which is
almost irreducible. In the mixed oxides, broad peaks are
shown, in agreement with the promotion of the reduction
in the bulk of mixed oxide upon doping zirconia. Many
researchers suggest that surface and bulk reduction cannot
be distinguished by the conventional TPR technique since

Copyright © 2006 John Wiley & Sons, Ltd.

both processes occur almost simultaneously during TPR
measurement.**% It should be noted that the peaks shift to
lower temperature when decreasing the ceria molar content
from 90 to 60 mol%, while further decreases from 50 to
10 mol% broaden and shift the low temperature peak to
a higher temperature. Although similar to that for CeO,
alone, two peaks were observed for mixed oxides which
have a ceria content more than 50 mol%; the peak at the low
temperature region became the major one. Obviously, such
a peak could not be ascribed only to the reduction of the
surface oxygen because of the dominant H, consumption of
the low-temperature peaks. The reduction of the bulk lattice
oxygen in the solid solution becomes easier because of the
distortion of the structure, which is caused by the partial

Appl. Organometal. Chem. 2006; 20: 615—-625
DOI: 10.1002/aoc
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Figure 9. Light-off curves of ceria zirconia mixed oxides with the aging time of 24 h and calcined at 500°C: (a) Ceg2Zros;

() Ceg.aZros; (C) CeopeZros; and (d) CepsZros.

substitution of Ce*" with Zr*" in the sol-gel technique. As
a result, reduction of the bulk lattice oxygen must occur
simultaneously with the reduction of surface oxygen. This
occurs through structural modifications of the fluorite-type
lattice of ceria as a consequence of the substitution of
Ce** (ionic radius 0.97 A) with Zr** (ionic radius 0.84 A).
The effect of this substitution is to decrease cell volume,
lowering the activation energy for oxygen-ion diffusion
within the lattice, and consequently favoring reduction. The
introduction of Zr also enhances the formation of structural
defects which are expected to play an important role in
determining reduction/oxidation behavior. This result is in
agreement with many previous works.*4” It clearly appears
from the TPR results that the lowest reduction temperatures
are observed and that in the cubic structure the reduction
process is kinetically favored compared to the tetragonal
one.!

CO oxidation

The results showed that the activity of the mixed oxides
calcined at 900 and 700 °C are incomparable to those of mixed
oxides calcined at 500 °C, whereas light-off temperature could
not be achieved at temperature below 400 °C. This is due to
the fact that surface areas of mixed oxides calcined at 900 and
700°C are significantly lower compared with that of mixed
oxides calcined at 500°C. In the case of aging time, it was
also found that it has no effect on the CO oxidation. Figure 9
shows that the catalytic activity of the prepared sample was
found to decrease with a decrease of Zr content in the cubic
phase Ce-rich region. In fact, all of the Ce-rich mixed oxides
synthesized in this study have only cubic phase. However, in
the Zr-rich region the catalytic activity is lower compared with
the Ce-rich region because the cubic phase provides easier
reduction than the tetragonal one. The presence of tetragonal

Copyright © 2006 John Wiley & Sons, Ltd.

phase is not preferred in catalytic applications.?’ It can be
postulated that the catalytic activity has no direct correlation
with surface area since CesZr,O, exhibits the highest activity
for CO oxidation while having lower surface area than those
mixed oxides having Ce molar content between 60 and 90%.
This is in a good agreement with the study cited in Terribile
et al.,® showing that the activity of the Ce—Zr mixed oxides
is closely related to their reducibility.

CONCLUSIONS

On the basis of the XRD and FT Raman results, the most
homogeneous samples are in the ceria-rich compositions. The
monoclinic phase is present only in the case of pure zirconia
after calcination at 900 °C. For a zirconia content in the range
50-90 mol%, the dissolution of ZrO, into the CeO, lattice
was observed with the formation of a fluorite structured
with a partial tetragonalization for higher zirconium loading.
Surface area increases with the increased ceria content up to
90 mol%, and an increase of zirconia increases the surface
area stability up to 40 mol%. High-surface-area mixed oxide
can be prepared using the sol-gel process. Moreover this
method is easy to apply and no heat is required. Reciprocal
substitution of the two oxides enhances the thermal stability of
the single oxide, especially in the Ce-rich region. TPR results
show that an increase in the amount of zirconium molar
content results in a decrease in the reduction temperature for
mixed oxides, which have zirconia molar content between
10 and 40 mol%, and the splitting of the support reduction
process into two peaks clearly depends on CeO, content.
The CO oxidation activity of mixed oxides was found to
be related to its composition. The cubic phase mixed oxides
could be reduced more easily than the tetragonal phase. It

Appl. Organometal. Chem. 2006; 20: 615-625
DOI: 10.1002/aoc
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can be speculated that a solid solution of ceria—zirconia in a
cubic phase is a good catalyst for CO oxidation. There is no
segregation of CeO, from the mixed oxides after the reaction.
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