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The textural and structural properties of high speciÐc surface area (HS) mixed oxides (CeZrMO)Ce
x
Zr1~x

O2
and their modiÐcation upon thermal aging have been investigated. Results from BET area determination and
complete porosity analysis, as well as high-resolution electron microscopy, XRD, Raman and FTIR
spectroscopies are presented. Some relationships between the molar composition of the binary systems and
their textural and structural properties are presented. In addition, it has been possible to propose an
explanation for structural features of the mixed oxides (solid-solution structures and possible phase
segregation) as a function of Ce content, a point of great interest for the knowledge of phase composition and
stability of CeZrMO.

Introduction
Ceria-containing materials are widely employed as promoters
for noble metal/alumina automotive three-way catalysts
(TWCs). The suggested promoting roles for are the sta-CeO2bilization of metal dispersion on the alumina support, it is
thought to decrease the intense sintering which may occur in
the monolithic converter,1 the promotion of the waterÈgas
shift reaction and the improvement of the oxygen storage/
release capacity (OSC) by shifting between Ce4` and Ce3` 2,3
under reductive and oxidative conditions. These latter redox
properties are strongly a†ected and enhanced by introducing
foreign cations such as Zr, Gd or Tb4h7 into the latticeCeO2to form a solid solution. The increase in oxygen storage/
transport and redox capacities is the result of enhanced
oxygen ion mobility within the crystal lattice,8,9 originating
from formation of a defective solid solution, in which the
smaller Zr4` (ionic radius 0.84 has replaced some ceriumA� )
cations (0.96 Recently, a new generation of TWCs contain-A� ).
ing mixed oxides of and has been developed.CeO2 ZrO2These show good thermal resistance,10,11 in addition to the
above-mentioned improvements in redox properties. This high
thermal stability is an essential requirement for the CeO2-supports since a close-coupled converter, posi-containing
tioned near to the engine, is often employed in automotive
applications and the TWCs can experience temperatures up to
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1273 K. Therefore, the surface and structural characterization
of CeZrMO of potential use as TWC promoters is of great
relevance.

The formation of a solid solution has beenCeO2ÈZrO2claimed to increase the thermal stability of againstCeO2sintering and to improve the OSC. A recent study showed that
the cumulative OSC is independent of the speciÐc surface
area, even at moderate temperatures.9 There are several points
concerning these advanced materials that must be clariÐed in
order to provide a sound scientiÐc basis for the development
of the next generation of TWCs: dependence of textural
properties on composition ; e†ect of aging on redox proper-
ties ; e†ect of phase stability on aging. Several papers have
reported on the characterization and catalytic behaviour of a
few compositions while, with the exception of a previous
paper in which the redox behaviour of highly sintered
CeZrMO9 was investigated, no systematic studies on di†erent
compositions and textures have appeared so far. With the aim
of providing insight into these systems we have recently estab-
lished a networkA of di†erent laboratories and started a sys-
tematic investigation of a number of HS and LS CeZrMO.

In the present paper, (0 O x O 1.0) mixedCe
x
Zr1~x

O2oxides of high speciÐc surface area (HS), and HS samples
which had been thermally aged to obtain the corresponding
low speciÐc surface area (LS) series, were characterised. The
relationships between the textural and structural properties
and the Ce/Zr ratio are investigated by means of di†erent
techniques.

p CEZIRENCAT network is supported by the European Union
Training and Mobility of Researcher (TMR) Program, home page :
http.//www.dsch.univ.trieste.it/cezirencat.
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Experimental
HS ceriaÈzirconia mixed oxides with di†erent molar composi-
tions were synthesized by Rhoü ne-Poulenc using a precipi-
tation route from nitrate precursors. Hereafter they will be
referred to as CZ XX/Y Y HS, where XX and Y Y indicates
the molar percentage of and respectively. LSCeO2 ZrO2 ,
mixed oxides were obtained by submitting the HS samples to
calcination in air at 1173 K for 140 h in the presence of water
vapour.

The speciÐc surface area measurements and surface(SBET)characterization were performed by the BET method using N2adsorption/desorption at 77 K (Micromeritics 2100E).
XRD spectra were recorded on a Siemens D501 di†racto-

meter (Cu-Ka) which could be equipped with a high-
temperature cell. Acquisition conditions were : 2h \ 15¡È75¡,
step size 0.006¡ and counting time 5 s. The goniometer
angular error of the apparatus was *h\ ^0.005¡ and the cor-
responding error value for was not higher than 3%. Index-d

hklation and calculation of unit cell parameters were carried out
by using the intensities of lines (111) of CeO2 , Ce

x
Zr1~x

O2(x [ 0.5), (101) of (x O 0.5) and Ðnally andCe
x
Zr1~x

O2 (16 11)
(101) of (monoclinic and tetragonal, respectively). ForZrO2calculation of the unit cell parameters, the tetragonal relation-
ship of and the cell parametersd

hkl
1

d
hkl
2

\
h2 ] k2

a2
]

l2
c2

was assumed for all samples.
The mean crystal size, D, was calculated from the Warren

and Averbach equation, assuming a Gaussian Ðtting of peaks
(peaks were Ðtted by using a Voigt function),

D\
j180

n cos hJL2 [ L Ref2

L and being the full width at half maximum (FWHM) ofL Refthe sample and a reference material, respectively. The refer-
ence powder was prepared by annealing a CZ 100/0 HS
sample at 1473 K for 140 h, followed by slow cooling to room
temperature.

The density of the samples was measured by the pychno-
metry technique using a Micromeritics ACCUPYC 1330.

The oxide samples were studied by transmission electron
microscopy/high-resolution electron microscopy (TEM/
HREM) using a JEOL 2000-EX instrument. The microscope
was equipped with a top-entry specimen holder and ion
pumping system, operated at an accelerating voltage of 200
kV and gave a nominal structural resolution of 0.21 nm.
Samples were prepared by dipping a 3 mm holey carbon
copper grid into an ultrasonic dispersion of the oxide powder
in hexane. Selected area electron di†raction (SAED) patterns
and high-resolution micrographs over a range of magniÐ-

cations up to ]600K were recorded. All di†ractogram and
micrograph negatives were developed chemically and then
digitised, processed and analysed using the SEMPER 6]
software package. High-resolution micrographs in which the
internal crystal structure was well deÐned were used to gener-
ate digital di†raction patterns (DDPs).

The Raman spectra were measured on a Perkin Elmer 2000
FT-Raman instrument with a diode-pumped YAG laser and a
room-temperature super InGaAs detector. The laser power
was 100È500 mW.

For the IR studies the powders were pressed into self-
supported wafers of ca. 10 mg cm~2 and activated in situ, in a
quartz cell placed into the IR beam, by heating steps under

up to 873 K, followed by evacuation at the same tem-O2perature. Methanol was introduced at room temperature onto
the activated samples and then the system was evacuated. IR
spectra were recorded at room temperature (rt) with a Nicolet
Magna 550 FTIR spectrometer (resolution 4 cm~1) after
quenching the samples to room temperature. The reported
spectra are those of methoxy species subtracted from that of
the substrate, i.e. before methanol adsorption. The spectra
have been treated using the Nicolet OMNICTM software.

Compared to the IR spectroscopy, which gives a quantitat-
ive estimation of the methoxy species adsorbed on zirconium
or cerium ions, X-ray photoelectron spectroscopy (XPS)
would not give signiÐcant additional information on the
surface composition of the mixed oxides.

Results and discussion

Textural properties

The speciÐc surface areas of all the HS and LS samples are
reported in Table 1. They range from ca. 95 to 100 m2 g~1 for
the HS series, and from 15 to 30 m2 g~1 for the LS series.
Note that, after the same annealing treatment, the highest

110 m2 g~1 for CZ 80/20, decreases to the lowest value,SBET ,
15 m2 g~1. This is in agreement with previous studies on the
thermal stability of solid solutions withCe

x
Zr1~x

O20 \ x \ 0.36.12 In Fig. 1.1È1.3 the adsorption/desorption iso-
therms for some of the HS mixed oxides areCe

x
Zr1~x

O2reported. In all cases the isotherms are of type IV according to
BDDT classiÐcation.13 According to the IUPAC classi-
Ðcation,13 the hysteresis loops are close to the H1 type for the
CZ 100/0 sample, while for the binary systems the hysteresis
loop progresses from H2 type for CZ 80/20 to H1 as the Ce
content decreases. A hysteresis loop of type H1 is usually
related to open tubular pores with circular or polygonal sec-
tions meanwhile H2 indicates the presence of pores with ill
deÐned size and shape. Mixed oxides from LS series (Fig. 2.1È
2.3) also present adsorption isotherms of type IV, but in this
case the hysteresis loops are signiÐcantly reduced, indicating a
great reduction of the pores system. In all cases, the hysteresis

Table 1 Results of the textural analysis by adsorption/desorption forN2 Ce
x
Zr1~x

O2
Cumulative Average pore

Sample SBET/m2 g~1 St/m2 g~1 CBET pore volume/cm3 g~1 Vmicro/cm3 g~1 diameter/Ó

HS CZ 100/0 100 94 117 0.2036 0.0020 65
CZ 80/20 111 105 71 0.2119 0.0003 40
CZ 68/32 100 97 110 0.2588 0.0007 65
CZ 50/50 106 99 99 0.2282 0.0018 55
CZ 15/85 95 95 130 0.3241 0.0006 95
CZ 0/100 53 52 È 0.1990 0.0001 30

LS CZ 100/0 20 17 63 0.1615 0.0005 115
CZ 80/20 15 14 52 0.1184 0.0000 250
CZ 68/32 23 15 122 0.1670 0.0031 220
CZ 50/50 21 17 77 0.1339 0.0010 250
CZ 15/85 30 28 38 0.2080 0.0019 220
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Fig. 1 Adsorption/desorption isotherms for CZ 80/20, 50/50 and 15/85 HS samples.

could be ascribed to type H1 and it does not change with Ce
content.

By applying the BJH method13,14 to the desorption branch
of the isotherm, we have obtained the pore-size distribution
for the HS and LS samples (Fig. 3.1È3.3 and Fig. 4.1È4.3). The
HS series presents quite a narrow distribution of pore diam-
eter located between 40 and 65 with the exception of the CZA�
15/85 HS (95 In the LS series, the pore size shifts to higherA� ).
values and the porous distribution is also wider than in the
latter case. The t-plots (we show only the case of CZ 50/50 as
a representative, Fig. 5.1È5.2), conÐrm the absence of signiÐ-

cant microporosity in both the HS and LS series (Vmicro\ 1%
and \2% of for HS and LS, respectively). This is also sup-Vtported by the isotherm shape at low relative pressure values.
The data of the surface characterization from adsorptionN2for all mixed oxides are summarized in Table 1.

Structural properties

The XRD patterns of the CeZrMOs are shown in Fig. 6 and
7. Generally speaking, the binary systems present typical dif-
fraction patterns of solid solutions. Note the shiftCe

x
Zr1~x

O2

Fig. 2 Adsorption/desorption isotherms for CZ 80/20, 50/50 and 15/85 LS samples.

Fig. 3 Pore size distribution for CZ 80/20, 50/50 and 15/85 HS samples.
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Fig. 4 Pore size distribution for CZ 80/20, 50/50 and 15/85 LS samples.

of the (111) peak (at 2h B 30¡) with increasing content,ZrO2indicating a progressive substitution of the small Zr4` (0.84 A� )
for the large Ce4` (0.97 in the lattice. In the HS series, noA� )
di†raction peaks assigned to or as segregatedm-ZrO2 CeO2phases were detected, with the exception of the CZ 15/85 HS
(the mixed oxide richest in Zr) which shows the presence of
peaks attributable to (ca. 30% from the main X-raym-ZrO2peak intensities ratio of and solid solution, giving aZrO2solid solution with composition approximately Ce0.2Zr0.8O2).This indicates a partial segregation/lack of insertion of the

from/into the solid solution. Remarkably, most of theZrO2 previously detected in this HS sample was incorpor-m-ZrO2ated into the lattice upon calcination, as noticed in the XRD
pattern of the CZ 15/85 LS. Within the detection limit of the

Fig. 5 t-Plots for CZ 50/50 HS and LS samples.

technique we do not Ðnd evidence for the presence of m-ZrO2 .
It appears that the calcination at 1173 K in the presence of
water vapour favours incorporation into the lattice. OnZrO2the other hand a partial segregation of phases is observed in
CZ 50/50 LS (Fig. 7). The CZ 50/50 LS XRD pattern shows

Fig. 6 XRD patterns for HS samples.

Fig. 7 XRD patterns for LS samples.
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the presence of di†raction peaks corresponding to two new
phases. These new phases can be indexed as solid solutions of
approximate composition andCe0.8Zr0.2O2 Ce0.2Zr0.8O2 .
From examination of the main di†raction peak in the spectra
of the HS and LS series we can assign a Ñuorite-type cubic
cation sub-lattice structure for x [ 0.5 (CZ 100/0, CZ 80/20
and CZ 68/32) and a tetragonal one for x O 0.5 (CZ 50/50 and
CZ 15/85).

In Table 2 we give the values of of the peaks of highestd
hklintensity and the calculated mean crystal size (D). With the

exception of the mean crystal size presents valuesCeO2 ,
around 70È80 for HS oxides. Considerably higher and moreA�
heterogeneous values are found for the LS series, suggesting
that thermal treatment does not a†ect all the HS mixed oxides
in the same way. The CZ 68/32 LS and CZ 50/50 LS (for its
most important di†raction peak) show relatively low values of
mean crystal sizes compared to the rest of the series.

Here, we present some results of calcination experiments
carried out at 1473 K for 140 h. After calcination at this tem-
perature, all the solid solutions became a mixture of two new
compositions, and approx-Ce0.8Zr0.2O2 Ce0.12Zr0.88O2 ,
imately (Fig. 8). Even in the case of the CZ 15/85 sample, a

Table 2 Values of and D for HS and LS samplesad
hkl

Ce
x
Zr1~x

O2
CeO2(111)
Ce

x
Zr1~x

O2(111) x [ 0.5
Ce

x
Zr1~x

O2(101) x ¹ 0.5 ZrO2(111)

Samples d
hkl

/Ó D/Ó d
hkl

/Ó D/Ó

HS CZ 100/0 3.12 111 È È
CZ 80/20 3.08 74 È È
CZ 68/32 3.07 81 È È
CZ 50/50 3.04 74 È È
CZ 15/85 2.99 68 3.16 60
CZ 0/100 È È 3.14 76

Ce0.8Zr0.2O2(111) in CZ 50/50
ZrO2(111) in CZ 15/85b

LS CZ 100/0 3.12 466 È È
CZ 80/20 3.09 217 È È
CZ 68/32 3.07 181 È È
CZ 50/50 3.05 92 3.11 242
CZ 15/85 2.98 221 È È

a For comparison, values from JCPDS Ðles are reported.dhkl/Ó t-
b¹5%.ZrO2 : 2.995 ; m-ZrO2 : 3.165 ; CeO2 : 3.124.

Fig. 8 XRD of HS samples calcined at 1473 K for 140 h in air ; (a)
CZ 80/20, (b) CZ 68/32, (c) CZ 50/50 and (d) CZ 15/85.

small peak of could be observed and the (111) peak isCeO2seen to shift to a higher 2h value, corresponding to
Relative peak intensities for the main di†rac-Ce0.12Zr0.88O2 .

tion peaks are reported in Table 3. It appears that both CZ
68/32 and CZ 50/50 solid solutions possess metastable struc-
tures that separate into more stable compositions upon calcin-
ation. In the case of CZ 68/32 LS this step is less favoured
compared to CZ 50/50 LS and presumably requires a higher
temperature. That could be the reason why no segregation
was observed in the CZ 68/32 LS sample. The obtained results
agree with the literature : Yao et al. recently reported that
CeÈZr solid solutions with Ce molar compositions of 65%
and 50% present segregation into two other phases after
steam-aging (hydrothermal treatment).15

By comparing the results obtained for both series we can
note the following points : (i) for CZ 50/50 phase separation
after calcination is observed, giving rise to two new solid solu-
tions with approximate compositions of 80% and 20% Ce; (ii)
for CZ 15/85 initial partially segregated or non-incorporated

disappears after the thermal treatment.m-ZrO2We have also calculated the values of the geometrical spe-
ciÐc surface area, from D, using the following expression :SXR ,

SXR \
6 ] 104

oD
m2 g~1

where o (g cm~3) is the density of the sample, measured
experimentally by a pychnometry technique. The values SXR ,
as well as the di†erences are reported in Table 4.SXR [ SBETSpeciÐc surface areas calculated from XRD results signiÐ-
cantly di†er from the Except in the case of CZ 100/00,SBET .
the value of in the HS and LS series is higher than that ofSXRThis deviation can be explained by the addition of theSBET .
following e†ects : Ðrst is obtained from the di†ractionSXRpeak of crystallites with the initial solid solution composition,
whereas corresponds to all the particles in the sample ;SBETthen there may exist in the particles grain boundary interfaces
not available to in BET measurements ; Ðnally some inter-N2nal porosity associated with the grain boundary regions
should be present, as indicated by the di†erences between the

Table 3 Percentage of the main peak relative intensities for CZ
samples calcined at 1473 K for 140 h. These intensities correspond to
main peaks of solid solutions with approximately 80% and 10% Ce

2h B 28.8¡ 2h B 29.9¡
Sample ca. 80% CeO2 ca. 10% CeO2
CZ 100/0 È È
CZ 80/20 100 È
CZ 68/32 87 13
CZ 50/50 65 35
CZ 15/85 4 96

Table 4 SpeciÐc surface area values calculated by means of XRD
techniques and di†erences between values obtained using XRD and
BET techniques

Sample SXR/m2 g~1 SXR-SBET/m2 g~1 (SXR-SBET)/SXR
HS CZ 100/0 80 [20 [0.25

CZ 80/20 126 15 0.12
CZ 68/32 115 15 0.13
CZ 50/50 133 27 0.20
CZ 15/85 154 59 0.38

LS CZ 100/0 19 [1 [0.05
CZ 80/20 43 28 0.65
CZ 68/32 58 35 0.60
CZ 50/50 107 86 0.80
CZ 15/85 48 18 0.37

J. Chem. Soc., Faraday T rans., 1998, 94, 3717È3726 3721
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Fig. 9 Evolution of pychnometric and XRD density for CZ HS
samples.

values of pychnometric and XRD calculated densities (Fig. 9).
In the case of the LS series, the values of are(SXR [ SBET)/SXRsigniÐcantly higher than those observed for the HS series, par-
ticularly in the case of CZ 50/50 LS. This must be due to the
segregation of new phases, that induces a decrease in SBET ,
while the crystallites with the initial solid solution composi-
tion do not su†er an important size increase. This is in agree-
ment with microscopy observations, which are reported
hereafter.

The unit cell parameters were calculated from valuesd
hkland are reported in Table 5. We have applied the tetragonal

relation between and unit cell parameters, even in the cased
hklof cubic structure. Obviously, a and c are equal (a/c\ 1) in

the latter case. For the CZ 50/50 HS sample, peak indexation
of (112) and (200) di†raction peaks was made by considering a
single peak. Due to the very close position of the theoretical
values and the low resolution of the di†raction peaks, it was
quite difficult to identify the double peak (112)/(200) of the
tetragonal structure. On the other hand for CZ 15/85 HS,
peak deconvolution is not possible since, in addition to this
problem, the peaks overlap those of the solid solu-m-ZrO2tion. Therefore, for these samples we cannot distinguish the
secondary double peaks corresponding to the tetragonal
structure.

Observations by electron microscopy of the samples of the
HS series have revealed that the mean particle size is in good

Table 5 Values of unit cell parameters for samplesCe
x
Zr1~x

O2
a/Ó c/Ó

Sample a/Ó from JCPDS c/Ó from JCPDS a/c

HS CZ 100/0 5.40 5.4113 5.41 È 0.99(8)
CZ 80/20 5.35 5.3492b 5.23 È 1.02(3)
CZ 68/32 5.32 5.3049c 5.30 È 1.00(3)
CZ 50/50 5.28a 3.7205 5.27 5.3039 1.00(2)a
CZ 15/85 È 3.6377 È 5.2394 È

LS CZ 100/0 5.40 5.4113 5.39 È 1.00(2)
CZ 80/20 5.36 5.3492b 5.35 È 1.00(2)
CZ 68/32 5.33 5.3049c 5.31 È 1.00(5)
CZ 50/50 5.24a 3.7205 5.32 5.3039 0.98(5)a
CZ 15/85 5.13a 3.6377 5.22 5.2394 0.98(3)a

a This value corresponds to double tetragonal cell, b Froma@\ aJ2.
JCPDS Ðle. c From JCPDS Ðle.Ce0.75Zr0.25O2 Ce0.6Zr0.4O2

agreement with the XRD determination, while slightly shifted
by ca. 10 to higher values. In the case of the LS series, largerA�
di†erences are noticed, e.g. 50, 80, and 160 for CZ 80/20,A�
68/32 and 50/50 compositions, respectively.

SAED patterns are obtained for all sample compositions.
These were analysed and the set of lattice spacings measured
from the positions of di†raction spots were compared with the
crystallographic information held in databases of cubic,
tetragonal and monoclinic phases. Data for pure wereZrO2employed, since not all the crystallographic parameters
required to construct databases for the equivalent phases of
CeÈZr mixed oxides were available.

Within the range of interplanar spacings of interest in this
study, the Ñuorite cubic structure gives rise to only three elec-
tron di†raction rings which correspond to interplanar spac-
ings of ca. 3.1, 2.7 and 1.9 The other two likely phases,A� .
tetragonal and monoclinic, exhibit electron di†raction rings
at, or very close to, these cubic spacings, as well as additional
spacings. The presence of these three former spacings in all
patterns means that it is often difficult to say if a sample is
purely tetragonal, for example, or if it is a mixture of tetrago-
nal and cubic phases. The additional spacings for the tetrago-
nal phase are at 2.1 and possibly 2.3, 3.7 (see below) and 5.3 A�
(the last three being possibly active kinetic extinctions) and for
the monoclinic at 2.0È2.3, 3.7 and 5.1 These spacingsA� .
should be treated as approximate since they will vary slightly
with the Zr content of the sample. For example, the spots at
5.3 and 5.1 would be difficult to separate unambiguously.A�

Taking into account the slight contraction of the crystal
lattice expected on the partial substitution of the Ce4` ions by
the smaller Zr4` ions, simple Ñuorite-type SAEDs were
obtained for both CZ-80/20 HS and LS samples, and for the
CZ-68/32 HS. The SAED for the CZ-68/32 LS sample showed
isolated spots at 2.1 which, in the absence of evidence forA�
spacings at 3.7 or 5.1 can best be explained by the presenceA� ,
of some tetragonal phase, although the possibility of a mixture
of cubic and tetragonal phases cannot be excluded on the
basis of TEM evidence alone. A very faint ring at ca. 2.1 A�
was also seen in certain SAEDs for the CZ-50/50 HS sample
and the patterns for CZ-50/50 LS showed similar evidence for
the presence of a tetragonal phase. Finally, the SAEDs for the
CZ-15/85 HS sample contain strong evidence for the presence
of non-cubic phase(s). A typical pattern is presented in Fig. 10.
Cubic-type di†raction rings are labelled at the bottom of the
Ðgure, while non-cubic features at 2.0È2.2, 3.7 and 5.1 areA� ,
arrowed. Within the accuracy of the measurements and
because of the uncertainty due to the e†ect of varying Zr
content, these data could be explained by the presence of
either a monoclinic or a tetragonal phase, if we accept the
presence of active tetragonal kinetic extinctions at 3.7 and ca.
5.3 However, our dynamic calculations for the tetragonalA� .
structure predict that the 3.7 di†raction spots should haveA�
negligible intensity whereas, in Fig. 10, the di†raction ring at
this spacing is reasonably intense. So the presence of a signiÐ-
cant amount of monoclinic phase in the CZ-15/85 HS sample
is suggested. In fact, XRD results indicate that both phases are
present.

Several of these samples were studied by HREM. Micro-
graphs were selected in which the bidimensional crystal struc-
ture was well-deÐned and DPPs were generated from these
images by applying a Fourier-transform technique. The
resulting DDPs were analysed and compared with patterns
for the cubic, tetragonal and monoclinic phases for AnZrO2 .
HREM image of a CZ-50/50 HS crystal is shown in Fig. 11
with its DDP inset. The crystal presents a Ñuorite-type DDP.
It should be remembered that the HS crystals are very small
and so give rise to DDPs with less resolution than for the
larger LS crystals because the sampled area is smaller. Also,
the spots used to di†erentiate the Ñuorite and tetragonal pat-
terns are kinetic extinctions, whose intensities in the DDPs
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Fig. 10 Experimental SAED of the CZ-15/85 HS sample. The corre-
sponding inter-planar spacings are given in The di†raction ringsÓ.
indicated at the bottom of the Ðgure at ca. 3.1, 2.7 and 1.9 are seenÓ
in samples of cubic (Ñuorite) structure. The fainter rings indicated by
arrows cannot be explained by the cubic structure.

may depend upon the thickness and orientation of the crystal
as well as the optical conditions of the microscope when the
HREM image was taken. For these reasons, it is possible that
a crystal with tetragonal structure might appear to have cubic
structure.

Several HREM images of the CZ 50/50 LS sample con-
tained clear evidence for crystals with tetragonal structure,
such as the crystal in Fig. 12, although others gave rise to
cubic-type DDPs such as that already discussed. The DDP in
Fig. 12 contains what appear to be strong active S001T and
S100T extinctions. However, according to our dynamic calcu-

Fig. 11 HREM image of the CZ-50/50 HS sample showing part of a
crystal and the correponding DDP (inset). The DDP can be indexed
to the cubic (F) structure viewed along the [0, 1, 1] zone axis, as
presented in the Ðgure, or alternatively to a tetragonal (Tg) structure
in which some spots are not seen (see text).

Fig. 12 HREM image of the CZ-50/50 LS sample showing part of a
crystal and the corresponding DDP (inset). The DDP can be indexed
to the tetragonal structure viewed along the [0, 1, 0] zone axis.

lations, only the S001T should be visible, the S100T having
negligible intensity. The angles measured between the spots
appear to discount a monoclinic phase, which otherwise has a
very similar pattern to that shown in the Ðgure. A possible
explanation is that the pattern is indeed tetragonal but that
the S100T spots gain intensity during the imaging process at
the objective lens. In this e†ect, second-order interactions
between the S001T and spots result in the transfer ofS1016 T
intensity to the S100T in the imaging plane. In this way, the
presence of a tetragonal phase in CZ-50/50 LS suggested by
the SAED results appears to be conÐrmed in the DDPs.

The CZ-15/85 HS crystal in Fig. 13 gives a DDP which can
be assigned to either the [0, 0, 1] or the [1, 0, 0] zone axis of
the monoclinic phase, depending on the assignment of the two

Fig. 13 HREM image of the CZ-15/85 HS sample showing a crystal
and the corresponding DDP (inset). The corresponding inter-planar
spacings are given in The DDP can be indexed to the monoclinicÓ.
structure viewed along the [0, 0, 1] or [1, 0, 0] zone axis (see text).
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pairs of spots with spacings of 5.1 According to dynamicA� .
calculations both pairs are extinctions of negligible intensity in
the [1, 0, 0] zone axis, whereas only one pair would have
non-negligible intensity in the [0, 0, 1] zone axis. If this is
accepted, the pattern is best indexed to the [0, 0, 1] zone axis
with the other pair of spots explained as second-order imaging
e†ects, as described above. In any case, this pattern cannot be
indexed to either a tetragonal or a cubic structure. Other crys-
tals do exhibit a tetragonal structure in their DDPs and,
therefore, the presence of a tetragonal phase and a monoclinic
phase, assigned as by XRD, is conÐrmed.m-ZrO2The literature data indicate that the phase diagram of
CeÈZr mixed oxides is quite complex. It shows a monophase
region of monoclinic symmetry for Ce molar concentration
less than 20%, while for Ce contents higher than 80%, a cubic
(Ñuorite) phase was reported.16h23 In the intermediate region,
the true nature of the phase diagram is still notCeO2ÈZrO2clear,18 due to the presence of some stable and metastable
phases of tetragonal symmetry.16h19 According to recent
investigations, three di†erent phases (t, t@ and tA) can be distin-
guished on the basis of XRD and Raman character-
ization.18,20h22 The t form is a stable one, formed through a
di†usion phase decomposition, t@ is obtained through a di†u-
sionless transition and it is metastable, and tA is intermediate
between t@ and cubic structures. In the tA phase, the cation
sub-lattice remains cubic, the phase being distinguished from
the cubic phase only because of a displacement of the oxygen
ions from their ideal Ñuorite sites.20,21 However these phases
have been prepared after annealing at temperatures above
1000 ¡C, which is very di†erent from the samples under study,
especially from the point of view of the crystallite size. The
contribution of the surface energy to the total energy of these
phases should not be neglected when considering their ther-
modynamic stability.

Raman spectra of the oxide samples are collected in Fig. 14
and 15. The main di†erence between the HS and LS series is
basically that the peaks in the spectra become narrower for
the LS samples due to crystallite growth, which takes place
during their preparation from the HS samples. In general, the
Raman spectra support well the XRD analysis for the CeÈZr
solid solutions. For example, the comparison of CZ 0/100 HS
[Fig. 14(f )], whose spectrum shows the typical bands of m-

with CZ 15/85 HS conÐrms the presence of a mono-ZrO2 ,
clinic phase (additional peaks at 259 and 145 cm~1), as was
established in Fig. 6 and conÐrmed by microscopy. Upon cal-
cination to obtain the LS sample [Fig. 15(e)] only the peaks
attributable to the tetragonal solid solution are detected. Note

Fig. 14 Raman spectra for (a) CZ 100/0, (b) CZ 80/20, (c) CZ 68/32,
(d) CZ 50/50, (e) CZ 15/85 and (f ) CZ 0/100 HS samples.

Fig. 15 Raman spectra for (a) CZ 100/0, (b) CZ 80/20, (c) CZ 68/32,
(d) CZ 50/50 and (e) CZ 15/85 LS samples.

the shoulder at ca. 465 cm~1 in the CZ 15/85 HS, which also
disappears after calcination, indicating that a small amount of

below the XRD detection limit, may be present in theCeO2 ,
HS sample and is incorporated in the lattice upon calcination.
The peaks located at around 300, 130È140 cm~1 and, for CZ
15/85, ca. 259 cm~1 are characteristic of a tetragonal phase.22
The Ðrst two are observed in spectra for both HS and LS
samples of compositions CZ 15/85 and CZ 50/50. These peaks
are less intense in the spectra of the CZ 68/32 HS and LS
samples [Fig. 14(c) and 15(c)], which could indicate that these
samples contain both cubic and tA phases.

Bringing together the results from XRD, TEM and Raman
studies, it is possible to summarise the phases for which there
is good evidence by sample composition (Table 6).

Surface properties

In order to complete the characterisation of these oxides, we
included also information from methanol adsorption followed
by FTIR spectroscopy. Preliminary experiments showed that
pyridine and CO adsorptions hardly distinguish between
Ce4` and Zr4` adsorption sites. By contrast, methanol gives
interesting results, as reported below. was adsorbedCH3OH
over the clean surface of the activated samples. The methanol
adsorption is dissociative over both zirconia24,25 and
ceria26,27 surfaces, and methoxy species formed can be either
on-top or bridged over two or three cation sites. In the case of
zirconia, bands have been reported at 1163 and 1070 cm~1
[see Fig. 16(a), on-top and doubly bridging species], whereas
on ceria they are situated at 1107 (on-top), 1063 with a shoul-

Table 6 Phase assignation in the CZ HS and LS samples

Sample HS LS

CZ 100/0 c c
CZ 80/20 c c
CZ 68/32 tA (and c?) tA (and c?)
CZ 50/50 Tetragonal Tetragonal

(]Ce0.8Zr0.2O2 ,
Ce0.2Zr0.8O2)CZ 15/85 Tetragonal and m Tetragonal

“Tetragonal Ï in the table indicates inclusion of t@ and/or t phase(s).
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der at 1042 cm~1 (doubly bridging) and 1014 cm~1 (triply
bridging methoxy species), as shown in Fig. 16(f ). On mixed
oxides, if doubly bridged species with a mixed character, i.e.

occur, the corresponding l(OC) band is expected at ca. 1070È
1060 cm~1 and it is therefore very difficult to di†erentiate
from those due to

and

species.
Nevertheless, all the bands corresponding to methanol dis-

sociative adsorption on either cerium or zirconium ions on the
mixed oxides present a slight but regular shift of the peaks
position (few cm~1) with respect to the bands for pure
samples. The band near 1100 cm~1 shows a monotonic down-
ward shift from 1106 (pure to 1102 cm~1 (CZ-50/50-HSCeO2)sample), while the band near 1150 cm~1 shows a more impor-
tant shift from 1163 (CZ-0/100-HS) to 1149 cm~1 (CZ-80/20-
HS), being thus sensitive to the di†erent surrounding ions at
the surface. This is in favour of the formation of a solid solu-
tion.

The surface composition will be deduced from the relative
intensity of the l(OC) vibrations of andCH3wOwZr

on-top species.CH3wOwCe
The corresponding l(OC) bands at 1163 and 1107 cm~1,

respectively, are sufficiently resolved to determine their rela-
tive intensity even without any spectrum deconvolution. The
l(OC) range of the mixed oxides spectra after methanol
adsorption is reported in Fig. 16(b) and (c). It is clear that the
1163 cm~1 band intensity decreases (whereas that at 1107
cm~1 increases) when the cerium content increases.

If we consider the intensity of the band near 1163 cm~1
(Fig. 17), it varies almost linearly with the zirconia content.
Assuming that for methoxy species adsorbed on zirconia the

Fig. 16 FTIR spectra of the surface methoxy species formed by
methanol dissociative adsorption over (a) CZ 0/100, (b) CZ 15/85, (c)
CZ 50/50, (d) CZ 68/32, (e) CZ 80/20 and (f ) CZ 100/0 HS samples,
after evacuation at 373 K in the CwO stretching region.

Fig. 17 Intensity of the IR l(OC) band at 1150 cm~1 due to on-top
methoxy species adsorbed on Zr4` ions.

ratio between on-top species and bridging ones is independent
of composition, this implies that the surface composition is
strictly correlated to the bulk one.

Conclusions

mixed oxides have been studied andCe
x
Zr1~x

O2(0 \x \ 1)
we have presented a complete textural and structural report.
Initial samples (HS series) present high speciÐc surface area
values, ca. 100 m2 g~1 and no microporosity. The thermal
treatment of HS samples produces signiÐcant textural and
structural changes. SpeciÐc surface areas decrease to ca. 15È30
m2 g~1 and pore size distribution moves to higher diameters.
In no case is microporosity observed.

In order to obtain a precise deÐnition of the structure of
high and low speciÐc surface area samples, we have brought
together information from XRD, electron microscopy and
Raman spectroscopy techniques.

The starting (HS) mixed oxides present solid-solution XRD
patterns, except in the case of the CZ 15/85 HS sample. It is
clear that CZ 15/85 HS is a mixture of m and tetragonal
phases and that the m-phase, identiÐed as by XRD,m-ZrO2disappears during the thermal aging preparation of the corre-
sponding LS material. The HS samples with Ce¹ 50% are
seen to contain the tetragonal phase in XRD whilst tetragonal
phases are seen in Raman spectroscopy for Ce¹ 68%.
Because of the di†erent sensitivities of the two techniques to O
ion displacements, this suggests that tA [in which the cation
sub-lattice remains cubic but the O ions are displaced from
their Ñuorite (cubic) position] is present in CZ 68/32 HS. CZ
50/50 HS would then best be assigned as t@ and/or t. Both CZ
80/20 HS and LS appear to be cubic. This is in agreement
with TEM which also provide evidence of tetragonal phase in
CZ 68/32 LS, CZ 50/50 (HS and LS) and CZ 15/85 (HS and
LS).

In addition, XRD results suggest that partial demixing
occurred during the thermal aging preparation of the CZ
50/50 LS sample forming two new phases of approximate
composition and This analysisCe0.8Zr0.2O2 Ce0.2Zr0.8O2 .
was supported by further experiments in which samples of all
compositions separated completely into two new phases of
estimated formulae and onCe0.80Zr0.20O2 Ce0.12Zr0.88O2prolonged aging at 1473 K.

Complementary results have been obtained from FTIR
spectroscopy of adsorbed methanol. Consideration of these
results indicates that the mixed oxides present an overall com-
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position at the surface in accordance with the values for the
bulk. Thus the absence of or enrichment at theCeO2 ZrO2surface is implied.

On the basis of the present characterization of HS and LS
mixed oxides, future attention will be dedicated to investiga-
tion of the thermal stability at high temperatures, both from
the point of view of speciÐc surface area and crystalline struc-
ture. This should give important insight for the use of such
systems as TWC promoters.
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