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Abstract

In this paper we present the structural study of the Ce,_,Zr,O, (0 <x < 1) samples, prepared at 1650 °C by solid state reaction. The study was
performed by means of powder X-ray diffraction (XRD) and selected area electron diffraction (SAED) techniques. The Rietveld analysis of XRD
patterns shows that all the samples adopt the fluorite structure although with different symmetries. In the Zr-rich area (x> 0.8) the monoclinic phase
(S.G. P2,/c) is detected, while in the Ce-rich area the cubic solid solution (S.G. Fm-3m) is stabilized in a wide compositional range (0 <x <0.4).
For x=0.5, the metastable tetragonal T” phase is detected as unique phase. In the intermediate region (0.6 <x <0.8), XRD patterns are formed
by those of the stable cubic and tetragonal T phases besides that of the metastable T’ phase (S.G. P4,/nmc). Through the Rietveld analysis, sites
occupation and relative percentages of different phases have been determined. Cation miscibility was investigated by means of selected area electron
diffraction (SAED) combined with EDS microanalysis at the nanoscale level. Solubility ranges deduced are discussed in terms of phase diagrams

previously reported.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ce0,-ZrO, mixed oxides are attractive materials used as
structural ceramics with high toughness, in fuel cells, oxy-
gen sensors, etc.'=3 Their physico-chemical properties depend
on the crystal structure, composition and microstructure. Par-
tially stabilized zirconia are interesting materials for structural
and mechanical applications, while Ce-rich fully stabilized zir-
conia are interesting for electrochemical applications. Finally,
Ce—Zr oxides are promising materials in heterogeneous catal-
ysis because of its high oxygen storage capacity and thermal
stability.?

The most accepted phase diagram was proposed by Yashima
et al.* on the basis of samples prepared by the solid state reac-
tion method. In the Ce-rich area (above 80 mol%) a cubic phase
(S8.G. Fm-3m) was detected, while below 20 mol% monoclinic
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(S.G. P21/c) and/or tetragonal phases (S.G. P4,/nmc) were sta-
bilized. At intermediate compositions (20-80 mol%), Yashima
et al.*> proposed the existence of three tetragonal phases, T, T/
and T”. These phases present the same space group P4,/nmc,
but different tetragonal distortion (c¢/a=1.02, 1.001-1.02 and 1,
respectively). At high temperatures, the T phase is stable while
T’ and T” are metastable.

In the present contribution, the solubility range in CeOp—
ZrO, system has been investigated in samples prepared by the
solid state reaction at 1650 °C. Crystal by crystal EDS analysis
performed on these samples has shown a higher Ce—Zr solubil-
ity at the atomic level than that reported for samples prepared
at 1500°C.% Structural features of different phases have been
deduced from the Rietveld analysis of XRD patterns. Finally,
the phase percentage and cation solubility of each phase have
been determined.

2. Experimental

Appropriate quantities of CeO, (99.9% Aldrich) and ZrO,
(Aldrich 99.9%) powders were mixed in an agate mortar to
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prepare oxides of the Ce_,Zr,O; series (0 <x < 1). Mixtures
were consolidated by cold isostatic pressure and heated at
1650°C during 24h. From that temperature samples were
slowly cooled to room temperature (1 °C/min). Samples were
never reheated or annealed at intermediate temperatures.

Powder X-ray diffraction (XRD) experiments were carried
out on a Philips X’Pert-MPD diffractometer (6/26 Bragg-
Brentano geometry) with a Cu Ko radiation by working at40kV
and 40 mA. Patterns were recorded on a 26 range of 20-120°,
with the step-scanning mode (0.02° step); 8 s of counting time;
1° divergence slit; 1° anti-scatter slit and 0.1 mm receiving slit.

The Rietveld refinement of XRD patterns was carried out by
using the Fullprof program.” On a first stage, zero corrections,
scaling factors, unit cell parameters, shape peak parameters
(including FWHM, asymmetry and pseudo-voigt profile func-
tions) were determined. On a second step, isotropic thermal
factors, atomic coordinates and site occupancies were deduced.

Samples for transmission electron microscopy were ultra-
sonically dispersed in n-butanol and transferred to carbon coated
copper grids. Selected area electron diffraction (SAED) patterns
were taken on a PHILIPS CM20 FEG SuperTwin electron micro-
scope equipped with an EDAX analyzer DX4 (Super Ultra Thin
window (resolution &135eV). With this technique crystal by
crystal Ce/Zr ratios were determined.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1 shows XRD patterns of different Ce;_,Zr,O, compo-
sitions prepared at 1650 °C by solid state reaction. The patterns
have been separated in three groups in order to discuss about
the different detected phases. In Ce-rich compositions (x < 0.4),
only reflections of the cubic fluorite have been found (Fig. 1a).
These peaks are shifted to higher 20 values as a consequence
of the substitution of Ce** (*Y"=0.97A) by smaller Zr**
ions (V' =0.84 A).3 Zr incorporation produces the contraction
of the cubic unit cell from 5.4113(1) to 5.3110(1) A when x
increases from x=0 to x=0.4. In the case of the sample with
x=0.5, observed peaks correspond to the unit cell of the tetrag-
onal T' phase, a=3.7222(1) A and ¢=5.3109(1) A.>%10

For 0.6 <x<0.8 compositions, XRD patterns display
diffraction peaks of three different phases: one cubic (C) and
two tetragonal (T and T') with different c/a ratio (Fig. 1b). The
intensity of the main peaks of each phase changes with the com-
position. In particular the most intense peaks of T and T phases,
located at 26 &~ 30°, decrease and increase, respectively as the Zr
content increases. Finally in Zr-rich samples (x=0.9 and 1), the
monoclinic m-ZrO; phase was preferentially formed (Fig. 1c).
The peaks of the m-ZrO,-doped sample are better resolved
than those of pure ZrO,, indicating that the incorporation of
Ce increases the crystallinity of this phase.

The Rietveld analysis of the different samples was carried
out in order to determine the structural changes produced by the
substitution of Ce by Zr. The refinement of X-ray diffraction
patterns of the series Cej_,Zr,Oy (0 <x<1) was success-
fully performed using cubic, tetragonal and monoclinic reported
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Fig. 1. XRD patterns of Ce|_,Zr,O, samples prepared at 1650 °C by solid state
reaction. Miller indices of the most intense peaks of cubic (C), tetragonal (T and
T’) and monoclinic (M) phases are indicated.

models.! In multiphase region, isotropic thermal factors of
cations become negative. This effect has been often associated
with microabsorption processes in polyphasic samples.'! To
avoid this problem, thermal factors were fixed to those of the pure
phases. In Fig. 2, the results of the refinements of Ceg 5Zr 50>
and Ce1Zrp g0, samples are given as examples. In the first
case, the tetragonal T’ phase was the unique detected phase.'”
In the second case, the presence of C, T and T’ phases were
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Fig. 2. Rietveld analysis of X-ray diffraction patterns of (a) Ceg 5Zrp 50, and (b)
Cep.2Zrp 307 samples. Bragg positions of different phases are given. Differences
between observed and calculated intensities are included at the bottom of the
figure.

detected. A summary of structural parameters and agreement
factors obtained in this analysis is given in Table 1.

Fig. 3a shows the dependence of unit cell parameters on the
Ce content for the different phases. In the cubic region, the lattice
parameters of the CeO, fluorite decrease progressively as the
Zr content increases (0 <x < 0.4). In the multiphase region, the
unit cell parameters of the cubic and tetragonal T phases remain
almost constant, but those of the tetragonal T’ phase change in
a significant way. In monoclinic samples (0.8 <x < 1), unit cell
parameters increase with the Ce content and the a and b unit
cell parameters approach a single value. In these samples, the
angle decreases also with the Ce content. Similar results were
found in samples heated at 1500 °C; however, in this case the
tetragonal T’ phase was not detected.®

In Fig. 3b, unit cell parameters of different compositions
(renormalized to those of the cubic fluorite phase) are analyzed
without regarding the composition of samples. In the case of
cubic phases, the slope of the curve is obviously one and the
accumulation of points at a =5.325 A, suggests that composition
of the cubic phase does not change further in the 0.6 <x <0.8
region. In the case of the tetragonal T and T’ phases, unit cell
parameters are located in the same straight line, suggesting that
structural distortions disappear progressively when the Ce con-
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Fig. 3. (a) Dependence of lattice parameters on the Ce content of Ce|_xZr,O2
samples. (b) Variation of a and ¢ parameters in C, T and T’ phases. The tetragonal
unit cell parameter, a(T), has been normalized to the ideal cubit unit cell to favour
the comparison (a,(T) = a(T) * V2).

tent increases. The accumulation of points at a,=5.160 and
cn=5.240 A, indicates again that the composition of the tetrag-
onal T phase does not significantly change in the compositional
range 0.6 <x <0.8 (Table 1). In the same compositional range,
unit cell parameters and composition of the T’ phase change
appreciably.

Structural site occupancies have been analyzed in different
crystalline phases (Table 1). In cubic samples (S.G. Fm-3m),
the occupancy of 4a site by Zr ions increases as the Zr content
increases up to the Ceg ¢Zro.407. In the multiphasic region where
cubic and two tetragonal phases coexist (20-40% of CeQ,), the
occupancy of 4a site of Fm-3m and 2a site of the T phase (S.G.
P4,/nmc), remain almost constant, while in the case of the T
phase the composition goes from Ce 5Zry.50> to Ce 3Zro705.
In this compositional region, the cubic phase present a com-
position close to Ceg¢Zrp40;, while, the tetragonal phase is
always close to Cep 2Zrp g§O;. These values agree with variations
detected on the unit cell parameters of these phases (Fig. 3a).
Site occupation also changes slightly with the Ce content in the
monoclinic phase, attaining the values of the tetragonal phase
(Zro8Ceo.2)-



Table 1
Structural parameters deduced from Rietveld refinement of the X-ray diffraction patterns for Ce,Zr;_,O2 (0 <x < 1) samples
S.G./x 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
P2/c am 5.1514(4) 5.1934(2)
bm 5.2098(4) 5.2254(2)
Cm 5.3204(4) 5.3639(2)
B 99.171(3) 98.974(2)
x (Zr) 0.2756(3) 0.2735(2)
y (Zr) 0.0383(3) 0.0367(2)
z (Zr) 0.2092(3) 0.2092(2)
x (O1) 0.068(2) 0.069(2)
y (01) 0.327(2) 0.318(2)
z (0O1) 0.339(2) 0.352(2)
x (02) 0.448(2) 0.456(2)
y (02) 0.761(2) 0.757(2)
z(02) 0.479(2) 0.472(2)
Ce (occ) 0 0.19(2)
Rp 5.16 8.55
% phase 100 100
Pds/nme T/ a 3.6740(1) 3.6972(1) 3.6997(1) 3.7222(1)
e 5.2715(1) 5.2785(1) 5.2922(1) 5.3109(1)
z(0) 0.459(2) 0.4529(2) 0.4618(2) 0.463(2)
Ce (occ) 0.66(7) 0.58(7) 0.62(5) 0.50(3)
Ry 15.6 5.03 4.51 7.67
% phase 11.2 21.29 73.16 100
P4y/nmc T a 3.6371(1) 3.6439(1) 3.6510(1)
¢t 5.2332(1) 5.2401(1) 5.2502(1)
z(0) 0.452(2) 0.452(2) 0.455(2)
Ce (occ) 0.17(4) 0.18(5) 0.18(7)
Rp 8.65 471 6.51
% phase 82.48 54.76 12.24
Fm-3m ac 5.3071(1) 5.3039(1) 5.2970(1) 5.3110(1) 5.3337(1) 5.3619(1) 5.3857(1) 5.4113(1)
Ce (occ) 0.67(7) 0.67(6) 0.67(7) 0.62(6) 0.69(6) 0.81(5) 0.91(4) 1.00(2)
Rp 33.6 5.08 4.52 12.6 9.60 8.47 9.61 3.20
% phase 6.32 23.95 14.60 100 100 100 100 100
Ry 8.09 11.9 13.9 11.9 9.39 16.1 14.9 12.4 13.3 941
Ryp 10.4 15.1 18.5 16.2 13.0 21.2 18.8 16.8 16.0 14.1
X2 2.37 3.78 2.11 3.95 1.43 4.77 4.67 4.87 4.58 2.24
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Finally, the relative amounts of different phases have been
determined (Table 1). In Ce and Zr rich samples, cubic and
monoclinic single phases were observed in which cation mis-
cibility was detected. In the multiphasic 0.5 <x <0.8 region,
compositions of the cubic C and the tetragonal T phases do
not change appreciably; but, relative percentages of two phases
change in a significant way. However, composition of the T’
phase change considerably in this region, decreasing the relative
phase percentage as the Zr content increases (Table 1).

3.2. Electron diffraction

In order to study the microstructural aspects of the samples,
SAED has been performed. This study has been combined with
a crystal by crystal EDS microanalysis, to determine the chem-
ical composition of individual crystallites. It is important to
remark that for single phase samples, a very good agreement
was obtained between nominal and deduced compositions.

As a general trend, the electron diffraction study confirmed
the results obtained by powder X-ray diffraction. For the Zr-rich
samples, homogeneous crystals are formed which crystallize in
the m-ZrO, type phase. Fig. 4a corresponds to the SAED pattern
of a crystal of composition Ce 1 Zrp 9O> taken along the [1 0 0],,
zone axis (Miller index refer to the m-ZrO, type phase, space
group P24/c).

For the x=0.5 composition, a single phase with tetragonal
symmetry is detected, the Ce:Zr ratio being 1:1 in all the inves-
tigated crystals. Fig. 4b shows the SAED pattern of a crystal
of Ceq.5Zrg 50, taken along the [0 1 0]; zone axis (Miller index
refer to the t-ZrO; phase, space group P4,/nmc).

In the Ce-rich region (0.4 <x<0.1) electron diffraction
shows the existence of crystals with cubic and tetragonal
symmetry. Fig. 4c shows the SAED pattern of a crystal of
composition CepgZrp20>. As it can be observed, extra spots in
respect to the cubic cell, can be assigned according to the same
symmetry in both Fig. 4b and c. However, the diffuse aspect
of the extra maxima in Fig. 4c allow us to assign the diagram
to the tetragonal T” phase.®!'? In this phase, the tetragonal
distortion comes from oxygen atoms displacement. This phase,
not observed in XRD patterns, was also detected in Ce-rich
samples prepared at T'= 1500 °C.°

3.3. Phases metastability

In this work, two metastable tetragonal (T’ and T”) and
three stable phases (C, T and M) have been detected by XRD
and SAED techniques in Ce;_,Zr,O, samples prepared at
1650°C. The relative amount of these phases changes with
the composition. The cubic phase is stabilized in most part of
compositions (x > 0.6). However, in x=0.5 sample, the cooling
rate used favoured the formation of the metastable T’ phase.
In samples with 0.2 <x<0.5, the formation of cubic and
tetragonal T phases was detected besides that of the T’ phase.
These results are in agreement with previous published works,
in which it was shown that the annealing of the T’ phase at
increasing temperatures produced the transformation of T’ into
C+T phases.!> However, a comparison of described results
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Fig. 4. Selected area electron diffraction patterns (SAED) of crystals with com-
position: (a) Ceq,1Zrp902, (b) Cep 521950, and (c) Cepo9Zrg.10; (see text for
discussion).

with those deduced from phase diagrams, cannot be undertaken
because the presence of metastable T” and T” phases. In the last
case, the differentiation of the tetragonal T” and the cubic C
phases, can only be achieved with SAED or Raman techniques.
Unfortunately, the quantification of different phases is difficult
with these techniques.

4. Conclusions

Structure and cation miscibility have been investigated in
Cej_,Zr,Oy samples through the Rietveld analysis of XRD
patterns. The structure of individual crystallites has also been
analyzed by means of TEM and SAED techniques. The main
results are summarized as follows:

(1) A good miscibility was found in cubic Ce-rich Ce|_,Zr, 02
samples (0 <x <0.4). However the TEM analysis showed
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that cubic and tetragonal T” phases coexist in Ce rich
samples.

(2) The T’ phase was obtained as single phase for the
Ce(.5Zr9 50, composition.

(3) In the multiphasic 0.6 <x <0.8 region, T and T', phases
coexist with the cubic C phase. The T’ changes into the
C+T phases as the Zr content increases.

(4) The monoclinic M phase is present in the Zr rich area
(x>0.8) as a single phase. The crystallinity of these samples
improves with the Ce content.

The Rietveld analysis of XRD patterns has also been suc-
cessfully applied to determine relative percentages of detected
phases in the multiphasic region. Structural sites occupation
deduced with this technique is in agreement with the variations
detected on unit cell parameters of these phases.
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