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bstract

he complexity of the ZrO2–CeO2 phase diagram arises from several factors: the low solubility of each compound into the other one, the slow
inetics of cation diffusion, the occurrence of Ce reduction at high temperatures, and the existence of several metastable phases whose appearance
nd evolution depend on synthesis method and thermal history of the sample. Identification of phase content is moreover complicated because
he X-ray diffractograms of some ZrO2–CeO2 phases are very close or even indistinguishable, which imposes the use of other techniques more
ensitive to small oxygen displacements. In this work we present a Raman spectroscopic study of phase segregation in the ZrO –CeO system
2 2

etween 1300 and 1650 ◦C, focusing on the effect of Ce reduction at high temperatures and its relation with the appearance of metastable phases
pon cooling. The nature of the high-temperature defective cubic phase is discussed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Ce-based materials have a wide spectrum of technologi-
al applications, most of which are based on the well-known
edox properties of the Ce4+/Ce3+ pair (see Ref. 1 for a recent
eview). Among Ce-related capabilities, oxygen storage, which
s the basis of operation of automotive catalysts,2,3 takes advan-
age of the simultaneous and reversible occurrence of oxygen
oss (or retrapping) and cerium reduction (or oxidation) in Ce-
ased oxides. It is known that the addition of ZrO2 to ceria
mproves the oxygen storage capacity (OSC) of CeO2 as well
s its stability against sintering.4,5 For catalysis, homogeneous
r1−xCexO2 solid–solutions with high surface area are desirable.
hese, however, are not equilibrium phases of the ZrO2–CeO2
ZCO) system, except for close-to-the-end compositions. The
imited solubility of ZrO2 in CeO2 and vice versa, together
ith the need of high surface materials, imposes the use of low
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emperature synthesis methods, which yield metastable
r1−xCexO2 solid–solutions with the desired composition.6 An

mportant issue in these cases is chemical inhomogeneity, since
t affects the OSC and thermal stability.7 Even in samples
hat appear to be single-phase at the X-ray diffraction (XRD)
evel, there exists nanometer-scale inhomogeneity that favors
nwanted crystallite growth and phase segregation upon heating
t moderate temperatures (∼900 ◦C).8–10

The strict conditions required for technical applications of
he ZCO systems have led to intense research on the production,
rocessing and characterization of these oxides. Some aspects
f the ZrO2–CeO2 phase diagram (PD), however, are still under
ebate, despite an enormous number of studies. Several factors
ontribute to unexpected complexity:

First, the end compounds are not isomorphous: CeO2 adopts
he well-known cubic fluorite phase (space group Fm-3m) at all
emperatures, whereas the equilibrium phase of pure ZrO2 at
T is monoclinic with space group P21/c. There is no mutual
olubility of CeO in ZrO at RT and vice versa, except for very
2 2
ow percentages. According to the widely accepted equilibrium
D established by Yashima et al. in a series of papers,11–16 (see
ig. 1), phase separation occurs at intermediate compositions
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Fig. 1. ZrO2–CeO2 phase diagram, according to Yashima et al.,11–16 (figure
adapted from Ref. 16) and Ce content in the Ce-rich segregated phase derived
from Raman results presented in this work. ©: t′ phase; ⊕: t′′ phase; �: cubic
phase. Continuous and dashed lines represent the equilibrium and metastable
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tify the composition and phase content of the sample. An
hase diagrams, respectively. Dotted line is only a guide for the eye. The error
n the determination of Ce concentration is approx. ±0.02.

etween a Ce-poor, monoclinic phase (x < 5%), and a Ce-rich,
ubic fluorite phase, c, whose Ce concentration varies from a
ontent above 95% at RT to 85% at 1050 ◦C. At that temper-
ture there exists an eutectoid reaction; for T > 1050 ◦C phase
egregation occurs for nominal cerium contents above 15% in
he form of a tetragonal phase, t, with ∼15–20% Ce content and

Ce-rich, cubic phase whose Ce composition decreases very
ast with increasing temperature.

Intermediate Zr1−xCexO2 compositions may form as
etastable phases, and these in turn may be cation ordered or

isordered. Fluorite-like, cation disordered phases are obtained
fter long-period annealing at high temperature (above the t + c
egregation field) in an oxidizing or slightly reducing atmo-
phere. As reported by Yashima et al., in these conditions
efective cubic phases are formed, that may be quenched by
ast cooling. Upon mild reoxidation treatments, oxygen sto-
chiometry is recovered but then the samples transform to

etastable tetragonal structures t′ or t′′, or monoclinic m′ phase,
epending on the Ce content. The range of t′ phase extends
rom 15% to ∼68% at RT, whereas the pseudocubic t′′ phase
orms from ∼68% to 90%. Upon fast heating (to prevent
egregation), t′′ phase transforms to cubic phase, whereas t′
hase transforms first into t′′ and then into cubic phase. These
ransitions are represented by dashed lines in Yashima’s PD
Fig. 1).

Metastable t′ and t′′ phases may also form after low tem-
erature synthesis, due to surface/size effects. In that case the
ange of appearance of t′ and t′′ phases differs from that obtained
hrough high temperature annealing, and pseudocubic phases

10,17
ay be found even for x = 0.5 compositions.
Severe reduction at high temperatures (typically higher

han 1100 ◦C) yields almost full Ce4+ to Ce3+ conversion

a
R
s
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nd, for compositions close to x = 0.5, cation order occurs to
orm pyrochlore-like Ce2Zr2O7+δ. Upon mild reoxidation at
∼ 600 ◦C, a fully stoichiometric Ce2Zr2O8 cubic phase is

ecovered, usually denoted as κ-Ce2Zr2O8.18 Cation-ordered
hases with intermediate compositions present improved OSC
roperties with respect to CeO2, notably at low temperature.19

variety of other tetragonal metastable phases, such as those
abeled t* and t′-meta, can be found upon varying reduction and
eoxidation temperatures.18 These cation disordered phases are
ard to distinguish from the usual t′ phase by XRD, since they
iffer only in slight differences of the oxygen z coordinate, but
an be identified by Raman spectroscopy.18

Since most applications of ZCO compounds involve Ce redox
rocesses, it is mandatory to know how these materials behave
n different environments; in particular which is the influence of
e reduction in phase segregation at moderate or high tempera-

ures. In this work we use Raman scattering to investigate phase
eparation for intermediate compositions of the ZrO2–CeO2 sys-
em sintered in the 1300–1650 ◦C temperature range, focusing
n reduction effects and their influence in the appearance of

etastable phases. Though at these temperatures low surface
rea (LSA) materials are formed, less interesting for catalytic
urposes than high surface area (HSA) systems, there are sev-
ral aspects that justify this study. First, it has been shown that
n mixed ZrO2–CeO2 oxides redox processes responsible for
SC are mediated by oxygen conduction and occur mostly in

he bulk,20 so that studying reduction related features in LSA
amples, free from surface effects, is also useful, even if their
atalytic activity is worse. Moreover, phase identification upon
xygen uptake or release may be complicated in HSA systems
ue to the broad diffractograms obtained in these samples. Size
ffects are also responsible for the appearance of metastable
hases in HSA systems, which may obscure similar effects aris-
ng from Ce reduction.

The usefulness of Raman scattering in ceria–zirconia systems
s based on its sensitivity to small oxygen displacements, which
llows distinguishing between phases that present almost iden-
ical XRD patterns, such as the already mentioned metastable
′, t′-meta or t* phases, or between the cubic and pseudocu-
ic (t′′) phases. Before the latter was identified by Yashima
t al. by means of Raman spectroscopy, first in Zr1−xYxO2−x/2
Ref. 21) and then in the ZCO system,12 both phases were
ssumed to share similar, fluorite-like structure. Thus, in a
revious XRD characterization of compositions with x ≥ 0.6
nnealed at 1650 ◦C,22 a single cubic phase was found, though
t was evident that some of those “cubic” phases where prob-
bly pseudocubic ones. Raman spectroscopy is also valuable
n detecting nanoscale structural or chemical inhomogeneity.
his is especially important in HSA systems, where diffrac-

ogram broadening may mask small tetragonal splittings, or
ven the coexistence of several phases with close lattice param-
ters. Moreover, the strong variation of Raman shifts and
ntensities along the Zr1−xCexO2 series allows using it to iden-
lternative approach for phase identification is attempted in
ef. 23 by using Eu(III) luminescence as a probe of local

ymmetry.
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Ce-rich side is unexpected. Finally, a unique correspondence
between lattice parameter, Ce content and temperature cannot
be established. We have included in Fig. 3 lattice parameters of
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Fig. 2. XRD patterns of nominally Zr0.6Ce0.4O2 samples sintered during 12 h at
M.L. Sanjuán et al. / Journal of the Eu

In this work, phase attribution is made on the basis of peak
requencies and relative intensities. Several bands are espe-
ially critical for phase identification, due to their strong ν(x)
ependence. Thus, monoclinic ZrO2 is easily identified by a
oublet at 183–193 cm−1 (Ref. 24); tetragonal phase stable
t high temperature presents always an intense band around
50 cm−1, as well as a triplet of high frequency bands in the
egion of 630 cm−1.24 At the Ce-rich end, cubic fluorite gives
huge peak at 465–472 cm−1, with a weak shoulder at higher

requency due to defects, and almost no intensity in the low
requency side.12 The metastable t′ phase can be identified by
he downward shift of the originally t-like band from 250 to
60 cm−1 as x is increased, and also by the aspect of the band at
55–470 cm−1 and its high frequency wing.12 The identification
f the metastable t′′-phase is more subtle, since it also results in
n intense pseudocubic band close to that of cubic fluorite. How-
ver, the spectrum can be differentiated by the higher frequency
f the pseudocubic band (473–480 cm−1) and also by the weak
and that appears around 300 cm−1, due to oxygen off-center
ocation.12 No cation-ordered phases were found in this study,
either other t′-related phases such as t′-meta or t*, so that the
aman spectra of these phases is not described here.

For the conditions used in this work the error in the determi-
ation of phase composition through Raman spectra is estimated
o be approx. 2%, i.e., the error bar for Ce content x is
± 0.02. Though Raman scattering provides accurate phase

dentification, quantitative determination of relative phase con-
ent is difficult, unless precise measurements with reference
amples are available. This task has not been attempted in this
ork.

. Experimental details

Standard ceramic synthesis was used, starting from the mix-
ure of reagent oxides CeO2 and ZrO2. Pellets of nominal
omposition Zr1−xCexO2, with x = 0.2, 0.4, 0.5, 0.6, and 0.8,
ere annealed at 1500 and 1650 ◦C during 12 or 24 h. Two other

ompositions (x = 0.7, 0.9) were also annealed at 1650 ◦C. [We
hall use the notation Cex for material with the nominal compo-
ition (ZrO2)1−x(CeO2)x.] A set of Ce0.4 samples were further
ubmitted to a sequence of annealing temperatures (Ta) dur-
ng 12 h: Ta = 1300 ◦C, 1350 ◦C, 1400 ◦C, 1450 ◦C, 1500 ◦C and
650 ◦C. Annealing at 1300 ◦C during 24 h was also performed.
he heating and cooling rates used in the thermal treatments
ere 1 ◦C min–1. XRD patterns of most samples were recorded
ith the CuK� radiation, by using the (θ/2θ) Bragg–Brentano
eometry, in an X’Pert Philips instrument equipped with a
urved graphite monochromator. The diffractogram of the sam-
le annealed at 1500 ◦C was recorded in a D-Max Rigaku
quipment using also CuK� lines.

Room temperature Raman spectra were recorded in a
ILOR XY spectrometer equipped with a liquid nitrogen-cooled
harge-Coupled Device (CCD) detector. Excitation was per-
ormed through the 50× objective lens of a microscope, using
he 514.5 nm line of an Ar+ laser. The Si mode at 520 cm−1 was
sed for frequency calibration.

i
a
T
1
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. Experimental results

Fig. 2 shows the X-ray diffractogram of Ce0.4 samples
nnealed at increasing temperatures, from 1350 to 1500 ◦C. At
first glance it becomes evident that there is coexistence of

t least two phases with significantly different lattice parame-
ers, hence with different Ce content. For samples annealed at
350 ◦C and 1400 ◦C we can easily identify diffraction peaks of a
ubic (or pseudocubic) c phase and those of a tetragonal t phase
hat we ascribe, according to the ZrO2–CeO2 phase diagram,
o Ce-rich and Ce-poor segregated phases, respectively. Inspec-
ion of diffractograms of samples annealed at 1450 and 1500 ◦C
vidences some splitting in the region pertaining to the Ce-rich
hase that prevent interpreting them simply as a superposition of
+ t phases. Lattice parameters obtained from fitting the diffrac-

ograms by means of Fullprof package25 are given in Table 1.
wo phases, t + c, were used for Ta = 1350 and 1400 ◦C, whereas
+ t′ phases were used for Ta = 1450 and 1500 ◦C. (Some amount
f unreacted ZrO2 and CeO2 oxides was still present in the sam-
le annealed at 1300 ◦C. On the other hand, the sample annealed
t 1650 ◦C contained a third, Ce-rich cubic phase, besides the
+ t′ones.) Fig. 3 shows the pseudocubic lattice parameters, āc

nd āt , of the Ce-rich and Ce-poor segregated phases, respec-
ively, as a function of annealing temperature. The variation
f āt follows the Ce-content of the stable tetragonal phase in
he 1300–1650 ◦C temperature interval, whereas the decreasing
rend of āc agrees, at least qualitatively, with the decrease in
e content of the Ce-rich phase in the same temperature inter-
al. Though these data suggest that the sample composition has
een preserved upon cooling from high temperature, analysis
f phase symmetry and Ce content cannot be made exclusively
rom XRD data. First, XRD does not distinguish between cubic
nd t′′ phases. Second, the presence of tetragonal phases in the
ncreasing temperatures, from 1350 to 1500 ◦C. The patterns can be interpreted
s the superposition of two diffractograms, corresponding either to t + c (for

a = 1350 and 1400 ◦C) or to two tetragonal phases t + t′, for Ta = 1450 and
500 ◦C. (See Table 1 for lattice parameters and phase compositions.)
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Table 1
Lattice parameters obtained from fitting the X-ray diffractograms by means of Fullprof package. Data for annealing temperatures between 1300 and 1500 ◦C are
obtained from samples of nominal composition Ce0.4. Data for Ta = 1650 ◦C pertain to nominal composition Ce0.3; that diffractogram showed a third, cubic phase,
with a = 5.3031 Å.

Ta Ce-poor phase Ce-rich phase

a c ā c/a a c ā c/a

1300 3.6356 5.2324 3.6571 1.0176 5.3631 3.7923 1
1350 3.6363 5.2354 3.6582 1.0181 5.3458 3.7800 1
1400 3.6393 5.2382 3.6608 1.0178 5.3288 3.7680 1
1450 3.6441 5.2443 3.6655 1.0176 3.7440 5.3223 3.7505 1.0052
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may apply a “transverse” look and see how phases vary as a func-
500 3.6424 5.2419 3.6638 1.
650 3.6371 5.2332 3.6582 1.

amples produced by a modified Pechini method.10 Differences
etween both series of samples are attributed to incomplete seg-
egation of Pechini samples, despite only two phases were found
n this series. Difficulties inherent to the ZrO2–CeO2 phase
iagram mentioned in the introduction (small oxygen-induced
istortions, metastable phases, possible reduction at high tem-
eratures) recommend complementing phase identification by
ther means. As explained, Raman spectroscopy is one of the
echniques most sensitive to the peculiarities of this system.

Fig. 4 shows the spectra of Ce0.4 samples as a function of
ncreasing annealing temperature, from 1300 to 1650 ◦C. [The
ands between 350 and 420 cm−1 are due to luminescence of
r3+ impurities.]26 The following stages can be distinguished:

At 1300 and 1350 ◦C reaction already occurs but it is slow.
he phase content of the final product depends on the anneal-

ng time, and contains typically weak peaks from the reagent
xides m-ZrO2, c-CeO2 as well as those of reacted phases
(x ∼ 0.18–0.2) and c(x ∼ 0.72–0.75).

After 12 h of annealing at 1400 ◦C the spectra of the starting

xides have disappeared implying that full reaction has occurred.
hase segregation is still observed. However, the strong symmet-
ic peak at 465–470 cm−1, typical of Ce-rich phases with cubic
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he most characteristic band of the low x, tetragonal phase is still
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he intense band of cubic fluorite is found, with no intensity at
00 cm−1, suggesting that a true cubic phase is formed for this
omposition.

The identification of the Ce-rich segregated phase is mainly
ased on the comparison of the shape and frequency of the cubic
r pseudocubic band with reference data.12 This band appears
t νc = 465 cm−1 in pure CeO2 and its frequency increases with
ecreasing x as far as the structure remains cubic, due to lattice
ompression. Below x ∼ 0.85, however, the structure becomes
etragonal and the band splits into three components. We shall
se the notation νc for the frequency of the most intense com-
onent, which is the one appearing at lowest frequency. For that
and, the relation between νc and Ce content is reversed, i.e.,
ower νc corresponds to lower Ce-content.12

The composition of the Ce-poor tetragonal phase can be
etermined from the frequency of the characteristic band around
50 cm−1 (νt ∼ 263 cm−1 for pure t-ZrO2 at high temperature27)
nd the shape of the PD in the low Ce-content region.

νc‘s and νt‘s are plotted in Fig. 7 as a function of the
nnealing temperature. Data from samples synthesized by a
odified Pechini method10 are also included for comparison.
echini samples, with nominal composition Zr0.5Ce0.5O2, were
nnealed for 2 h at temperatures from 1000 to 1500 ◦C, i.e., in the
+ c phase field. As Fig. 6 of Ref. 10 shows, between 1000 and
300 ◦C the Ce-rich segregated phase of Pechini samples has
cubic fluorite spectrum, whereas for Ta = 1400 and 1500 ◦C

he metastable t′′ and t′ phases form, respectively, in agreement
ith the trend of materials sintered by standard ceramic meth-
ds. Though the phases formed in these samples are qualitatively
he same as in ceramic powders, Raman frequencies shown in
ig. 7 reveal small but significant shifts between both series.

his behavior can be discussed in relation with the difference in

attice parameters determined from XRD (Fig. 3 and Ref. 10).
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For all annealing temperatures used, ceramic samples show
igher νt’s than Pechini samples, which, according to the rela-
ion between νt and Ce content, would imply slightly lower Ce
ontent in the ceramic samples. This behavior is in agreement
ith the smaller cell volume found for the Ce-poor phase in the

eramic samples and may be ascribed to incomplete phase segre-
ation in Pechini samples, due to the short annealing times (2 h)
sed in Ref. 10. As reaction progresses with longer retention
ime, the Ce content of the Ce-poor phase is reduced, resulting
n higher νt in ceramic samples, as observed.

The behavior of the characteristic frequency of the Ce-rich
hase, νc, is more subtle and is, apparently, not systematic. At
300 ◦C, νc (ceramic) < νc (Pechini); at 1400 ◦C the opposite is
rue and, at 1500 ◦C, lower νc is again found for ceramic samples.
he explanation has to be made point by point in relation with

he PD and the behavior expected at increasing annealing tem-
eratures. If incomplete segregation occurs in Pechini samples,
ne would expect lower Ce-content for the Ce-rich phase in the
echini series, and in fact at 1300 ◦C the lattice parameter of the
echini sample is smaller than that of the ceramic sample (see
ig. 3). Since at this temperature the Ce-rich phase is still cubic, a
maller lattice parameter implies a higher frequency for the qua-
icubic mode, which explains why νc (Pechini) > νc (ceramic).
n annealing at 1400 ◦C and above, however, the Ce-rich phase

dopts the tetragonal t′′ phase, first, and then the t′ phase, for
hich the relation between νc and Ce content is reversed. Then,

he higher νc of the ceramic sample annealed at 1400 ◦C agrees
ith the larger pseudocubic lattice parameter shown in Fig. 3

nd thus a higher Ce content which is again attributed to incom-
lete equilibrium of Pechini samples. On further increasing Ta
he lattice parameters of Pechini and ceramic samples tend to
onverge, despite the difference in annealing times, in agree-
ent with the expectation that increasing temperature favors

iffusion processes and thus enhances segregation. (The large
rror bar of the ceramic sample annealed at 1650 ◦C is due to
he presence of a third, cubic phase, which may arise from partial
egregation of the Ce-rich phase upon cooling, thus modifying
he composition and lattice parameter of the main t′ phase.)

Determining the Ce content of the Ce-poor phase is difficult,
ince data for compositions below x ∼ 0.2 are lacking in Ref. 12.

oreover, the value given in that work for Ce0.2 (νt = 230 cm−1)
s much lower than those usually reported. According to the PD,
n the 1300–1650 ◦C temperature interval the composition of the
e-poor phase hardly varies between 0.18 and 0.2. On the other
and, we find a significant variation of νt of about 10 cm−1 in the
ame interval, which would imply either that the νt(x) relation is
ery steep around x = 0.2, or that the variation of Ce content is
reater than only 2%. We shall discuss this point in next section.

. Discussion

According to the equilibrium phase diagram of the
11 ◦
rO2–CeO2 system, above 1050 C and for CeO2 content

etween 15% and 85%, phase segregation is expected to give
Ce-poor phase, with the stable tetragonal structure and Ce

omposition varying only slightly between 15% and 20%, and

i
t
Y
t
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Ce-rich phase, with the cubic fluorite structure and Ce content
ecreasing quickly as temperature increases.

The experimental results presented here indicate that for
a = 1300 and 1350 ◦C the segregated phases are those predicted
y the equilibrium PD: the Ce-poor phase is a tetragonal phase
ith x ≈ 0.18, and the Ce-rich phase is a cubic fluorite whose
aman shift increases with increasing Zr amount, due to lattice
ontraction. However, for sintering temperatures at, or above,
400 ◦C, the Ce-rich phase is not the expected cubic fluorite: at
400 ◦C a metastable t′′-phase is found, whereas for Ta = 1450,
500 and 1650 ◦C the also metastable t′ phase forms. The com-
ositions of the Ce-rich segregated phases are plotted, together
ith the PD, in Fig. 1.
We ascribe the presence of metastable t′ or t′′ phases in the

e-rich side of the segregated phases to partial Ce reduction: it is
ell-known that Ce4+ tends to be reduced to Ce3+ at high temper-

tures, typically above 1400 ◦C in air atmosphere. To maintain
harge neutrality, a corresponding percentage of oxygen vacan-
ies must be formed. Ce3+, with its higher ionic radius, acts
xactly as Y3+ in YSZ and produces a cubic, defective phase,
hich can be quenched upon fast cooling. (In this context, defec-

ive or non-defective refers to the presence or absence of oxygen
acancies.)

In Yashima’s works this phase is labeled as c′ and is ascribed
o either the cubic fluorite or the pseudocubic t′′-phase, that
as c = a but with oxygen displacement O(z) /= 0. In fact,
e should distinguish between defective and non-defective c′
hases, depending on whether the oxygen partial pressure may
roduce Ce reduction or not. Non-defective c′-phase can be,
epending on sample composition and thermal history, either
table cubic fluorite or pseudocubic metastable t′′-phase. On
he other hand, defective c′, which forms under partially reduc-
ng conditions, has random oxygen vacancies but no long-range
rdered oxygen displacements, according to high temperature
eutron scattering experiments on Zr0.5Ce0.5O2.28 Therefore,
he defective c′-phase must be ascribed to a defect fluorite (DF)
hase.

In consequence, for Ta < 1400 ◦C the high temperature phase
abeled as “cubic” will be a non-defective, though cation-
isordered cubic fluorite, whereas for Ta > 1400 ◦C the cubic
hase will be a defect fluorite with random distribution of Zr4+,
e4+, Ce3+ and oxygen vacancies.

Though the ZrO2–CeO2 PD assumes that all Ce ions are in
e4+ state, the ternary ZrO2–CeO2–Ce2O3 PD should be strictly
onsidered. If reduction effects are weak, the binary diagram
ay be used, but having in mind that above a certain temperature

he high temperature cubic phase will be a defective phase.
At this point, it is worth to recall that XRD gives only the

verage structure, which may differ from the local structure if
here exist short-range ordered regions with a correlation length
maller than that given by XRD. On the other hand, Raman
cattering is sensitive to both long and short-range structures, so
hat Raman spectra frequently denote lower symmetry than XRD

′
n disordered systems. Thus, the defective c -phase is assumed
o be a defect fluorite at the XRD level, in the same sense as
SZ is assumed to be a cubic fluorite though its Raman spec-

rum is not characteristic of a cubic fluorite. In fact, a very
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efective Zr0.6Ce0.4O2−δ sample produced from the melt by
he laser floating zone technique, with a cubic diffractogram,
howed a broad Raman spectrum which, however, resembled
ore a tetragonal spectrum than a cubic one.29 It is thus very

ikely that t′ or t′′-like oxygen displacements are already present,
t a short-range scale, in the defective c′-phase, and that these
isplacements become long-range ordered on subsequent reox-
dation.

Based on these considerations, we propose the following pic-
ure to explain our results: during the annealing procedure above
400 ◦C, phase segregation occurs in the form of t + defective-c′
DF). Cooling rates used in this work are fast enough to maintain
he phase compositions established at the annealing temperature
ut are slow enough to allow oxygen diffusion and reoxidation.
hen, the defective phase segregated at Ta will transform upon
ooling to either t′ or t′′ phase, depending on its Ce content, so
hat we observe, at RT, t + t′ or t + t′′ segregation.

The composition of the Ce-rich phase formed in the
400–1650 ◦C range is lower than would correspond to the
on-defective cubic phase at each temperature, according to the
quilibrium PD. This is reflected in Fig. 1, where we plot the
ompositions found in this work compared to the predictions of
he PD. The shift of the Ce-rich phase composition is ascribed to
artial Ce reduction, which widens the high-temperature cubic
hase field toward lower Ce content and thus lowers the c → t + c
r c′ → t′ transition temperatures, as already noted by Yashima
t al.14 Quite interestingly, for Ta = 1650 ◦C the shift of the Ce-
ich phase composition is very small, indicating, in agreement
ith previous reports, that Ce can be reduced more easily at

he intermediate than at the end compositions of Zr1−xCexO2.4

he explanation of that behavior is that Ce reduction requires
xygen diffusion, which is maximized in the highly disordered
ntermediate compositions.

Though it seems that the stable tetragonal phase, with only
20% cerium content, can afford a certain Ce3+ content quite

asily, a priori some effect might be expected due to partial
eduction at high temperatures. In fact, νt shifts from 253 cm−1

or Ta = 1300 ◦C to only 243 cm−1 for Ta = 1500 ◦C (see Fig. 7),
hich might be attributed to lattice expansion induced by Ce3+,

f we assume that the composition of the stable t-phase remains
lmost fixed in this temperature range. In that case, however,
he upturn of νt for Ta = 1650 ◦C would be difficult to explain.
lternatively, frequency shifts might also be attributed to small

omposition variation, as predicted by the PD, and subsequent
hange of lattice parameter. The downshift of νt between 1300
nd 1500 ◦C could be due to xt increasing, whereas the upturn
f νt at 1650 ◦C can be ascribed to the shift of xt toward lower
oncentrations at higher temperatures (see the PD in Fig. 1).

We now discuss our results in relation with Yashima’s exper-
ments and the stable/metastable PD. A first difference is the
hermal treatment applied to the samples: whereas Yashima
uenches the annealed samples from the cubic field of the PD,
.e., from regions with no phase segregation, and submits them

fterwards to mild reoxidation, our samples are equilibrated for
ong annealing times at temperatures that correspond, for cer-
ain compositions, to within the t + c field, allowing for full phase
eparation in the form of t + DF or t + c, depending on whether

w
l
b
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a is higher or lower than 1400 ◦C. In Yashima’s PD the transi-
ions from t′ to t′′ and then from t′′ to cubic phase are indicated
y dashed lines. These temperatures were obtained by heating
he non-defective t′ samples for short periods of only 3 min, in
rder to avoid phase separation and Ce reduction. In those con-
itions, non-defective c′ phase (after identified as t′′-phase) is
rst formed, that subsequently will transform to either defective
r non-defective cubic fluorite phase. In the present work, on the
ontrary, long annealing times are employed, so that full phase
eparation is let to occur.

. Summary and conclusions

We have applied Raman spectroscopy to study phase segrega-
ion of Zr1−xCexO2 samples submitted to long annealing times
t temperatures between 1300 and 1650 ◦C.

For Zr0.6Ce0.4O2, Raman spectra measured at RT show super-
osition of spectra corresponding to two phases: a tetragonal
hase with Ce content around 0.18 and a Ce-rich phase whose
omposition varies rapidly as a function of annealing temper-
ture. If 1300 ◦C < Ta < 1400 ◦C, spectra can be interpreted as
rising from t + c segregation, in agreement with the equilibrium
D. However, for Ta ≥ 1400 ◦C, the spectrum of the Ce-rich
hase is not that of a cubic fluorite. The following sequence
f segregated phases is found: t + t′′(0.7) at 1400 ◦C; t + t′(0.6)
t 1450 ◦C, t + t′(0.52) at 1500 ◦C and almost single t′(∼0.42)
hase at 1650 ◦C. The compositions of the Ce-rich metastable
hases thus formed are lower than would correspond to the
on-defective cubic fluorite phase.

The presence of metastable phases in the Ce-rich side of the
egregated phases and the shift of their compositions, as com-
ared with the predictions of the equilibrium PD, are ascribed
o partial Ce reduction above 1400 ◦C. Ce3+ ions expand the
attice and allow oxygen displacements that drive the formation
f metastable t′ and t′′ phases upon reoxidation at low tempera-
ures. In fact, lattice expansion is the common factor that leads
o metastable phases either in low temperature synthesis or in
amples annealed at high temperature under partially reducing
tmosphere. In nano-sized systems expansion is due to surface
ffects and associated lattice strain, whereas in partially reduced
ompounds expansion comes from the higher ionic radius of
e3+ compared to Ce4+.

The following picture emerges: long annealing times within
he t + c field allow for full phase separation in the form of t + DF
r t + c, depending on whether Ta is higher or lower than 1400 ◦C.
he defect fluorite phases segregated when Ta ≥ 1400 ◦C trans-

orm upon cooling to either t′ or t′′ phase, depending on their Ce
ontent. This explains the finding, at RT, of apparent segregation
f the form t + t′, t + t′′ or t + c.

No pyrochlore-like phases are detected in this work, suggest-
ng that reduction conditions are not severe enough to yield,
ven at the highest temperatures used, Zr4+/Ce3+ cation ordered
onfigurations.
Our findings may have some implications in relation
ith the technological use of ZCO materials. In particu-

ar, they may help for an understanding of the mechanisms
ehind the phase conversion upon consecutive reduction and
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eoxidation treatments.18,19 For increasingly reducing atmo-
phere, the composition of the Ce-rich metastable phase will
hift toward lower Ce content, eventually leading, depending
n the nominal composition and annealing temperature, to a
ingle defective phase for compositions that would segregate in
on-reducing atmospheres. In fact, this explains the formation of
yrochlore Ce2Zr2O7+δ after severe reduction of t′-Ce0.5Zr0.5O2
t 1300 ◦C for as long as 10 h without segregation.18
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