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Abstract

The oxygen storage capacity of CexZr1-«0,., compounds arises from the mixed-valent character
of cerium, which makes the system sensitive to external factors such as temperature and
oxygen partial pressure through their influence in the Ce valence, cation ordering and oxygen
content. In this work we analyze the phase relations in CegsZros0,-, compounds fabricated by
the laser floating zone (LFZ) technique in either oxidising or reducing atmosphere. Chemical,
structural and microstructural properties are studied by XRD, TG, SEM (EDX, EBSD) and Raman
spectroscopy. The latter proves to be determinant to discriminate between phases arising
from subtle variations of atomic distribution that are hardly distinguished by XRD or EDX
analyses. Cation disordered, fluorite-like phases are obtained when processing is performed in
air whereas cation-ordered, pyrochlore-related phases are formed when processing in
Ar+5%H, atmosphere. Processing in a low but non -negligible pO; yields, besides the
pyrochlore and fluorite-like phases, an intermediate state with partial disorder that may be
relevant for catalysis applications. The vibrational Raman spectrum of the Ce,Zr,0; pyrochlore
has been fully interpreted through polarisation measurements at room and low temperature.
Bands arising from crystal field transitions within the ground and first excited multiplets of Ce3*
ions are also identified. The electronic Raman spectrum is found to be a sensitive probe of the

degree of cation and oxygen order in these compounds.

KEYWORDS: Ce0,-Zr0O,, Raman, Ce,Zr,07 pyrochlore, order-disorder, redox



1| INTRODUCTION

Among the many applications of Ce-based oxides in the catalysis field, their use as oxygen
storage compounds (OSC) in three-way-catalyst supports is among the most successful ones
(see Refs. [1,2,3] and references therein). This application takes advantage of the ability of

cerium compounds to take up or release oxygen through the redox reaction
2Ce* + 00* 2 2Ce3* + %0,(g) + Vo** (1)

It was soon discovered that the addition of Zr to CeO; is beneficial for the OSC properties, both
because it provides a higher stability against grain growth and also because it lowers the

temperature of the first peak in temperature programmed reduction (TPR) experiments.¥

The OSC properties of Ce,Zr1-«02., (CZO) compounds depend mainly on three variables: i) cation
stoichiometry; ii) cation distribution (order/disorder phenomena involved) and iii) Ce redox

state and oxygen content.

There is now consensus in that the best OSC behaviour is found for Ce contents x= 0.5-0.6.14!
The variation of the OSC properties with the Ce concentration and their optimization for
intermediate Ce content have been related to the ability of Zr and Ce ions to adopt an ordered
pyrochlore-type configuration, which seems to ease both the ionic and electronic conduction

processes involved in the redox reaction.

It is clear that in this context the knowledge of the phase relations from reduced to oxidised
states, or from ordered to disordered phases, is of paramount importance. Many studies have
been performed to understand the behaviour of CZO materials upon variation of the

temperature and atmosphere of thermal treatments.

Although it is common to discuss the properties of the CZO systems in terms of the ZrO,-CeO;
phase diagram (PD),® this is strictly valid only for oxidising conditions. To account for Ce

reduction, the ZrO,-Ce,0; PD!! should be used instead; however weak reduction effects can be



handled by drawing in the ZrO,-CeO, PD additional lines that represent metastable phases.®!
For instance, despite there are no stable phases with intermediate Ce/Zr composition in the
Zr0,-Ce0, PD, a metastable, cation-disordered CeosZro50; tetragonal phase (') can be formed
by fast cooling from temperatures above ~1600 °C in air, followed by mild reoxidation below
600 °C.[8° |n strongly reducing conditions the larger size of Ce®* leads to cation ordering in the
stable Ce,Zr,07 pyrochlore (p) phase.'7' Subsequent oxidation of p-Ce,Zr,0;7 at moderate
temperatures will yield metastable Ce,Zr,07., phases up to the fully oxidised Ce,Zr,0z5 x-phase
described in Ref. [10]. To make clear whether we deal with ordered or disordered phases we
shall write Ceg5Zro50,. for fluorite-like, cation disordered phases and Ce,Zr,05., for
pyrochlore-like, cation-ordered phases. Note that y and z in these formulae are only expressing
a possible stoichiometry deviation from fully oxidised or fully reduced fluorite or pyrochlore

phases, respectively.

Phases formed for intermediate reduction degree are still not well known. The existence of a
Ce,Zr,075 phase with F43m space group (SG), midway between pyrochlore (Fd3m SG) and &-
phase (P213 SG), was reported by Sasaki et al.*l and labelled as “-phase”. Both in that work
and in the subsequent study by Achary et al.[*? the intermediate phase was ascribed to the
half filling of the pyrochlore anionic vacancies. The path from the reduced to the oxidised
compounds and vice-versa at moderate temperatures is known (DF to t’, p to ) but the
problem acquires higher complexity when high temperature processes are added to the
equation, since the activation of cation diffusion may result in a change of the ordered or
disordered character of the compound. Despite their presumable relevance in practical
applications, states with intermediate order degree are still relatively unexplored, although
they may be the key to understand the complex TPR results of catalysts characterisation,

where reduction temperatures close to 1000 °C are employed.?!



The Ce valence in cerium oxides is a function of oxygen partial pressure and temperature, so
that at high temperatures Ce tends to become reduced even in an oxidising atmosphere,!*34 3
fact that has to be taken into account when performing oxidising treatments at high
temperatures. In this work we approach the problem by producing crystalline materials by
laser assisted directional solidification, denoted as LFZ (laser floating zone), in which melting is
achieved by heating the sample with the help of a high power CO; laser with no need of a
crucible. In the context of the CZO system, the LFZ technique is interesting because it allows
reaching very high temperatures (above 2500 °C if required) that open a range of reduction
possibilities difficult to attain by conventional solid-state reaction. Moreover, the kinetics of
LFZ processing allows investigating far from equilibrium situations, which are relevant in the
complex Ce0,-Ce;05-ZrO; system, and variation of the processing atmosphere between

oxidising and reducing conditions enriches the possibilities of attainable phases.

One of the purposes of this work is to take benefit of all these characteristics to explore the

interplay between order/disorder phenomena and the oxidation state in CZO compounds.

The availability of single crystalline samples enables precise Raman spectroscopic
measurements, which is mandatory for an accurate interpretation of the spectra and their
further use to investigate the variations in the atomic distribution. We finally point that
obtaining large single-crystalline grains prevents fast oxidation of the Ce,Zr,07 pyrochlore
phase which, in polycrystalline form, readily oxidises to Ce,Zr,07., after exposure to air even at

RT.I!

Raman scattering is widely used in the study of CZO materials because of its sensitivity to small
variations of the oxygen atomic distribution that result in phases with almost indistinguishable
XRD patterns. The ability to detect local disorder and size effects is in fact one of the strengths
of Raman scattering.!*® In the context of laser-processed materials, the analysis of the spatial

distribution of the spectra through Raman mapping has proven to be essential in this work in



the discussion of the oxygen and cation diffusion mechanisms. Traditional techniques, such as
XRD, give only average sample composition so that information on the spatial phase

distribution is lost.

A detailed Raman spectroscopic investigation of the Ce,Zr,0; pyrochlore has also been
performed. Polarisation measurements at low temperature (77 K) have enabled the
identification of electronic Raman transitions between crystal field split levels of Ce3* not
hitherto studied. Although far from the scope of this work, we note that Ce,Zr,07 has received
interest in recent times because of its magnetic properties as a “quantum spin ice” or
“quantum spin liquid”,!*”*® so that providing an accurate analysis of vibrational, electronic and
mixed character excitations may contribute to a deeper understanding of the physical

properties of this compound at low temperatures.

2| EXPERIMENTAL DETAILS

Rods of nominally CegsZros0, composition were directionally solidified using the LFZ method.
Ceramic precursors were prepared by solid state reaction using a mixture of commercial
powders of CeO, (Aldrich, 99.9%) and m- ZrO, (Aldrich, 99%) with the 50/50 molar
composition. Cylindrical precursors were fabricated by isostatically pressing the powder for 3
min at 200 MPa and sintering at 1500 °C either during 12 h in air. To verify the possible
influence of the oxygen content of the precursor in the properties of the processed material,
some experiments were made with precursors sintered in Ar + 5%H,, but the resulting phase
content and microstructure were found to be independent of the oxygen stoichiometry of the
precursor. In this work we shall only present results of samples processed from air-sintered
precursors. Rods were processed using 80-100 W of a CO, laser (A= 10.6 um) as heating

source, either in air or in Ar + 5%H, atmosphere with 0.1-0.2 bar overpressure with respect to



ambient pressure. The processing rate was varied between 100 and 750 mm/h to test the
influence of solidification rate in phase homogeneity and stoichiometry. Growth at 100 mm/h
resulted in significant CeO; evaporation and those experiments will not be presented here. The
best results were obtained for growth rates above 300 mm/h. The final diameter of the

solidified rods was between 1.4 and 2.0 mm.

Transverse and longitudinal cross-sections of the rods were cut and polished for scanning
electron microscopy (SEM) and Raman analysis. The microstructure was studied using the
back-scattered and secondary electron images obtained in a Field Emission SEM (model Carl
Zeiss MERLIN). Crystal grain orientation was analysed in the same microscope with an
integrated EBSD system from Oxford Instruments. Chemical analysis was performed by energy

dispersive X-ray spectroscopy (EDX).

X-ray diffraction (XRD) experiments were carried out on a Rigaku D/max 2500 diffractometer
with Cu Ka radiation working at 40 kV and 100 mA. Data were collected in a step mode (4268=
0.03°) and a counting time of 3s per step. Thermogravimetric analyses (TGA) were carried out
in a Q600 thermobalance of TA Instruments, with a heating rate of 10 °C/min under flowing

air. ~25 mg of crushed samples were used in these experiments.

Raman spectroscopy was performed using a DILOR XY spectrometer with a CCD detector and 2
cm? of spectral resolution. The 514.5, 496.5 and 488 nm lines of an Ar*-ion laser and the 647
nm line of a Kr* laser were used as excitation sources. The power at the sample surface was
<20 mW. This power was found to be a safe limit below which heating effects, if present, did
not affect the spectra. A 50X microscope objective lens of an Olympus BH-2 microscope was
used both for excitation and dispersed light collection, providing a lateral spatial resolution of
2 um. The same microscope was used to record optical images of the samples, in this case with
a 5X objective lens. Low temperature measurements were performed in a SMC-TBT liquid-

nitrogen-cooled cryostat.



3| EXPERIMENTAL RESULTS

To test the influence of the processing atmosphere in the phase content of the resulting
material, samples were processed at different oxygen partial pressure of the LFZ chamber.
Sample ALFZ was processed in air, sample HLFZ was processed in Ar + 5% H,, and sample PLFZ

was processed in an intermediate oxygen partial pressure Po, =0.01 bar.

3.1| Processing in air (ALFZ sample)

Fig. 1(a) shows a secondary electron image of a transverse section of the 1.8 mm diameter rod
processed in air at 300 mm/h. It shows a quite homogeneous macroscopic aspect, though

some cracks are visible.

A portion of the rod was crushed and analysed by XRD. The pattern (see Fig. 2(a)) is
characteristic of a fluorite phase with a = 5.2734(1) A, though some very weak peaks at the
high angle side of the main peaks denote the presence of a low amount of a second phase,
which was identified by Raman measurements as a tetragonal t’-like phase. Introducing that
phase in the XRD fit yielded ar = 3.7080(1) A and cr = 5.2939(2) A (see fit in Fig. S1 (Supporting
Information)). Both lattice parameters are below those of t'-CeosZros0; (a = 3.7222(1) A, c =
5.3109(1) A),**! implying a lower Ce content in the processed rod. This hypothesis was
confirmed by Raman measurements recorded radially on the transverse section (Fig. 1(b)),
which showed a homogenous defect-fluorite-like spectrum throughout the sample with the
exception of a narrow ring close to the rod surface, ~ 30 um wide, where t'-like spectra were
| (201

found. The t’ spectrum at the surface is close to that of the t’-Ceo 4Zro 60, processed materia

thus confirming that some Ce loss has been produced by volatilisation during melting.

The stoichiometry of the defective cubic phase could not be elucidated from Raman

measurements alone but the black colour of the sample indicated that some reduction was



occurring, despite the oxidising atmosphere. Partial Ce reduction was confirmed by the
detection of the electronic Raman transition between the %Fs/; and ?F7, multiplets of Ce3*
around 2100 cm™ (see inset in Fig. 1(b)).?Y) On the other hand, the presence at the sample
edge of a t’-like spectrum, typical of highly oxidised compounds, suggests that oxidation is
taking place at the sample surface in contact with the air atmosphere of the chamber. Allowing
for the likely Ce loss, the stoichiometry of this sample is written as Ceos-.Zros+:02-, y being

higher at the rod centre than at the surface.

With the aim of determining more accurately the effect of cerium evaporation, the spatial
distribution of the chemical composition was analysed by EDX (see Fig. S2 (Supporting
Information)). The relative Ce content varied from 0.47 + 0.01 at. per formula unit (pfu) at the
centre to 0.46 = 0.01 at. pfu at the edge with a minimum of 0.44 + 0.01 at. pfu at 200 um from
the surface. EDX then confirms the lower-than-nominal Ce content suggested by XRD and
Raman data. Absolute oxygen content could not be properly analysed, but was found roughly

constant throughout the whole section, as shown in Fig. S2 (Supporting Information).

The average oxygen content per formula of the ALFZ processed rod was derived from TG
experiments in air up to 800 °C, which showed a gain of = 0.35% weight (see Fig. S3(a)
(Supporting Information)). Taking from EDX a mean Ceg.4sZro.s5 cation composition and
assuming a fully oxidised state after the TG run the final composition would be Ceg.45Zro.s50,
from which we derive an initial average composition of Ceg4sZross01.97. After the TG run the
ALFZ sample had converted into a single t’-phase (see Raman spectra in Fig. S4 (Supporting

Information)).

3.2| Processing in Ar + 5% H, (HLFZ sample)

Fig. 3 shows a secondary electron image of the transverse section of the ~1.5 mm diameter
rod grown in Ar + 5%H, atmosphere at 300 mm/h. The aspect is quite homogeneous although

a different texture is seen near the surface, forming an outer region ~70 um wide. The central

9



area is formed by square-like grains. Their orientation has been analysed by EBSD, presented in

the Supporting Information, which shows that the normal direction is close to a <001> axis.

EDX analysis showed that the cerium content is basically constant along the whole sample
radius, within experimental error, and that Ce/Zr ~1 (see Fig. S5 (Supporting Information)). It is
interesting that cerium evaporation seems to be lower when processing in Ar + 5% H, than
when processing in air. This difference may be attributed to the gas overpressure used in the

growth chamber when processing in Ar + 5% H, atmosphere.

The XRD pattern of this sample is shown in Fig. 2(b). It displays a basically cubic fluorite pattern
with superstructure peaks characteristic of a pyrochlore-like cation ordering. A rough fit of this
pattern with a single pyrochlore phase gives a ~10.7 A. However, a close look at the high angle
peaks (see inset) evidences the presence of weak shoulders indicating a more complex phase
content. We note that all the peaks display the same behaviour, which suggests a splitting
between at least two different cation-ordered phases with slightly different lattice parameters,
thus with different reduction degree. A much more precise picture of phase content and

spatial distribution is achieved by Raman mapping performed onto a transverse section.

The right part of Fig. 3 shows representative Raman spectra recorded on the HLFZ sample. At
the rod centre, covering the central region up to a distance of ~100 um from the surface, the
spectrum labelled (a) in Fig. 3 was systematically found. The band positions and relative
intensities of this spectrum are similar to those of pyrochlore Ce;Zr,07 reported by Omata et
al.’ and Kasano et al.[?? Spectrum (a) is also closely related to those of other R,Zr,0-

pyrochlores in which R is a large rare earth element such as La, Pr or Nd.[?32%

We therefore assign spectrum 3(a) to the Ce,Zr,07 pyrochlore phase. At this point we mention
that there is still some ambiguity in the literature concerning the Raman spectrum of Ce,Zr,05.
Whereas Omata et al.*” and Kasano et al.!??! report spectra similar to ours, Urban et al.™*"!

assign a different spectrum to the pyrochlore phase although they precise that the

10



composition of their sample is Ce,Zr,073. In fact, the spectrum reported in Ref. [15] is very
similar to spectrum 3(c). We shall return to this point later on. Since Kasano et al. and Omata
et al. do not perform a band assignment, and because of some confusion about the band
symmetry in R2Zr,07 pyrochlores, we have performed a detailed Raman study of the Ce.Zr,07
pyrochlore taking benefit of the availability of our LFZ-processed crystalline samples. The
remarkable quality of the pyrochlore phase obtained with this technique offers also an
opportunity to discuss the origin of some ambiguous bands in this and other pyrochlores. This

study is presented in section 3.4.

Spectrum 3(b) was still found in the inner part of the transverse section but closer to the rod
surface. It presents common features with the pyrochlore spectrum but its weaker intensity
(note the x 0.2 factor of spectrum 3(a)) and broad aspect suggest some kind of structural
disorder. At this point, it is very interesting to note that spectrum 3(b) presents, besides the
usual pyrochlore bands, an additional band around 600 cm™ with medium intensity, which has
sometimes been assigned to a T,; mode.!**?4 Bands in R,Zr,0; pyrochlores around this
wavenumber usually denote oxygen disorder and are increasingly activated as R becomes
smaller, due to the creation of cation antisite defects and anion vacancy occupation. In our
case, the appearance of such a band can be attributed to the presence of a small
concentration of Ce* ions. The excess positive charge would be compensated by extra oxygen
anions occupying the vacant site, resulting in the activation of formally forbidden Zr-O modes.
We therefore attribute spectrum 3(b) to a slightly oxidised Ce,Zr,07., phase preserving cation

order but with additional oxygen population at the vacant sites.

Now we discuss on spectrum 3(c). As we have said, a very similar spectrum was attributed in
Ref. [15] to a pyrochlore phase with Ce;Zr,07 5 stoichiometry but the clearly distinct aspect
from the pyrochlore spectrum suggests a substantially different atomic distribution. To clarify

this point, we have produced Ce;Zr,07., samples with z = 0.3 and 0.5 (labelled as N7.3 and
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N7.5 for short) by solid-state reaction at 1500 °C in a reducing atmosphere. The furnace pO,

was varied to get samples with different oxygen content.

The XRD patterns and Raman spectra of these compounds are presented in Fig. 4. It is clear
that the Raman spectrum of sample N7.3 is similar to that of Fig. 3(c), wavenumber differences
being smaller than 3 cm™. Both N7.3 and N7.5 compounds display cubic pyrochlore-like XRD
patterns with lattice parameters a = 10.655(1) A and a = 10.646(1) A for N7.3 and N7.5,
respectively, which are significantly smaller than that of the Ce,Zr,0; pyrochlore phase (a =
10.7414(3) A'9), in agreement with partial oxidation. The lattice parameter of N7.3 is very
similar to that reported for the Ce,Zr,073 compound in Ref. [15], whereas the lattice
parameter of N7.5 is close to that of the compound Ce,Zr;075 with F43m SG named S-phase
in Ref. [11]. A distinctive feature of the f-phase is a weak peak at the angle (~16.7°)
corresponding to the (200) reflection, which is allowed in the F43m SG but forbidden in the
pyrochlore Fd3m SG. A close look at the XRD patterns of N7.3 and N7.5 samples (see inset in
Fig. 4), evidences that both samples present weak peaks at this position (more intense for
N7.5, as expected), implying that they are better described as £ -phases than as pyrochlore
ones. We then attribute the Raman spectra of the N7.3 sample and in consequence spectrum
3(c) to a S phase with Ce,Zr,07.3 composition. The preceding results extend the existence
domain of the B-phase to lower oxygen content, at least to 7.3 atoms per pyrochlore formula

unit.

Summing up, Raman mapping provides an explanation for the XRD peak splitting as due to the
coexistence of cation ordered phases with different oxygen content, evolving from the main,
almost stoichiometric Ce,Zr,05 phase, toward a £ phase with ~ Ce,Zr,07.3 composition. In an
attempt to explain the XRD pattern, we have introduced three cation-ordered phases in the
fitting procedure, which yields a;~ 10.727 A, 0~ 10.693 A and as~ 10.646 A (see Fig. S6

(Supporting Information)). The first lattice parameter is in good agreement with that of the

12



pyrochlore phase, whereas the last one belongs to the -phase with the proposed
composition. The second one accounts for the presence of slightly oxidised pyrochlore regions.
The low phase percentage of the oxidised pyrochlore and £ phases and their close lattice

parameters make it impossible to identify the nature of these phases exclusively by XRD.

The TG mass gain of the HLFZ sample (Fig. S3(b) (Supporting Information) is close to 2 %, from
which an average initial stoichiometry Ce,Zr,05.,s is derived. In agreement with the fully
ordered character of this sample, after the TG it transforms into a single x-phase (see Fig. S7

(Supporting Information)).

3.3| Processing in intermediate pO; (PLFZ sample)

Fig. 5 shows an optical image of a transverse cut of the PLFZ sample. It presents a more or less
circular crack separating an inner core from an outer shell ~250 um wide. Radial cracks are
also found, especially in the outer region. The magnification of the inner part (see Fig. S8
(Supporting Information)) shows that, in contrast with the square-like grains in the HLFZ
sample, here the grains have and irregular, quasi-hexagonal shape. Their orientation has been
analysed by EBSD (see the Supporting Information); the plane normal is a [11z] direction

intermediate between [110] and [111] axes.

A portion of the sample was crushed and analysed by XRD. Its pattern, shown in Fig. 2(c),
shows that all fluorite-like peaks are doubled, which suggests the presence of at least two
cubic phases with substantially different lattice parameter, roughly a; =~ 10.67 A and a, =~
10.55 A. According to the difference in ionic radii of Ce3* and Ce** ions, low angle components
should belong to more reduced phases and high angle components to more oxidised ones.
Peaks denoting pyrochlore-like superstructure are also doubled (see inset in Fig. 2), implying

that both phases present some degree of cation ordering. However, it has to be noted that the
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relative intensities of the superstructure peaks are different from those of the main peaks: the
low angle superstructure peaks are always more intense than the high angle ones, whereas the
relative intensities are more similar for the main fluorite-like peaks. Based on the Raman
results to be presented later on, we attribute this fact to the coexistence of at least two
oxidised phases with different ordering degree, only the ordered ones contributing to the

superstructure peaks.

Elemental content was studied by EDX. As Fig. S9 (Supporting Information) shows, there is a
discontinuity in the oxygen content between the inner and the outer regions, being higher
near the rod surface than at the centre. As regards the Ce concentration, it is close to 50% of
the total cation content in the rod core up to ~ 300 um from the surface, and then slightly

decreases down to 49% at the sample edge.

Raman mapping was undertaken over regions from the centre to the edge of the rod. A
reproducible sequence of spectra was found throughout the sample when measurements
were collected radially, as shown in the right part of Fig. 5. Differences were attributed to
phases with varying degree of cation order and oxygen content. Note that, as crystallization
occurs at very high temperatures, the sequence of spectra shown in Fig. 5 represents the path

of simultaneously increasing oxidation and cation disorder.

3.3.1| Phase assignment in the PLFZ sample from Raman results

At the rod centre, and covering the homogeneous region inside the outer ring, the spectrum
labelled as (a) in Fig. 5 was systematically found. It resembles closely that of Fig. 3(b) that we
have attributed to a slightly oxidised pyrochlore phase, and is in agreement with the XRD
detection of a phase with a =~ 10.67 A, which is below but close to the lattice parameter of the

Ce,Zr,07 pyrochlore.%? |n spectrum 5(b) we recognise a spectrum similar to that of Fig. 3(c)
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that we have assigned to the f-phase with composition = Ce,Zr,0;3. Spectrum £ was found in
intermediate regions between the inner part and the outer ring. Despite the close similarity
between the XRD patterns of pyrochlore and S-phases,*? there is not a soft evolution from the
pyrochlore to the £ spectrum, implying that the extra oxygen atoms of the f phase force a
significant displacement of the oxygen coordinates that has a pronounced effect in the Raman

spectrum.

Spectra 5(d) and 5(e) from the outer area are attributed to cation-disordered phases with high
oxygen content. Spectrum (e) is characteristic of a highly oxidised tetragonal t’-Ce,Zr1.40;
phase with 0.45 < x < 0.5.12% Spectrum 5(d), in turn, is very similar to that found in the ALFZ

sample, where the phase content was mainly a cubic DF phase.

The most interesting aspect of Fig. 5 is the appearance of a transition spectrum (5(c)) between
the fand DF or t’ regions. It resembles spectra reported in the literature for CesZros0;
compounds submitted to reduction treatments in the temperature range of 1050 - 1100 °C
followed by mild reoxidation!1%?>2%! and assigned to x-phases with some undetermined
variation of the anion distribution!?® or to the occurrence of cation disorder resulting in
antiphase-boundaries.!*® The assignment in those works was based on the persistence in XRD
of some superstructure peaks denoting cation ordering, despite the loss of the weak
reflections characteristic of the P2;3 SG of the x=phase. We think that the disappearance of
those peaks and the appreciable difference between the Raman spectrum 5(c) and that of the
x-phasel’® deserve considering this phase as different from x=Ce,Zr,0s. The localization of
spectrum 5(c) close to the crack separating reduced/ordered from oxidised/disordered phases
suggests that it corresponds to a state with intermediate degree of both reduction and cation
ordering. Partial reduction is supported by the detection of the Ce3* electronic Raman
spectrum in regions displaying spectrum 5(c) (see section 3.4.1). However, spectrum 5(c) is

preserved after full oxidation in TG experiments up to 800 °C (see Fig. S10 (Supporting

15



Information)), implying that the main difference with the x—phase arises from incomplete
cation order, with or without oxygen deficiency. This also agrees with its formation at
temperatures just at the onset of cation redistribution. We shall denote as dthe CZO state
yielding spectrum 5(c). Note that the spectra reported in Refs. [10,25] belong to fully oxidised
samples whereas we here show that the domain-like phase appears in reducing conditions and

is preserved after oxidation.

The TGA curve of the PLFZ sample (Fig. S3(c) (Supporting Information)) shows a mass gain of =~
1.2 %, which implies an average initial composition of Ce;Zr,0756. As shown in Fig. S10
(Supporting Information), after the TG run Raman scattering evidences the presence of «, t
and J-phases, coming from the cation ordered, disordered and intermediate regions,

respectively.

3.4| The Raman spectrum of Ce,Zr,0;: phonons and crystal field transitions

Polarised Raman spectra of pyrochlore Ce,Zr,0; were recorded onto (001) oriented crystalline
grains identified in the transverse section of the HLFZ sample by rotating the sample around
the perpendicular direction. The 90° spectrum periodicity confirmed the (001) surface

orientation where we identified directions compatible with [100] and [110] crystal axes.

The left part of Fig. 6 depicts spectra recorded at RT in z(xx)-z , z(xy)-z, z(x'x’)-z and z(x'y’)-z
configurations, were the usual Porto’s notation k(af)k’ is used. The light propagation
directions k, k’ will be omitted for short, so that spectra will be labelled by the directions of the

incident and scattered electric field polarisation directions &,f.

According to the crystal symmetry and site occupancies, the phononic Raman activity for

A2B,07 pyrochlores with Fd3m SG is A + Eg + 4T2,.17) Because A and B cations occupy
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inversion symmetry sites, all Raman modes involve exclusively the vibration of oxygen atoms.

The Raman tensors appropriate to the O, symmetry are

from which the expected Raman activity is Aig (a°) + Eg (4b%/3) in xx; Tog (d?) in xy; A1 (0?) + Eg
(b%/3) + Tag (d?) in X'x’ and E, (b?) in X’y’. We readily identify the Ai;g mode at 497 cm™?, the £
mode at 300 cm™ and two T»; modes at 294 and 392 cm™, respectively. Note that the
overlapping T, and E; modes around 300 cm™ has been resolved, for the first time to our
knowledge, thanks to the availability of large crystals for polarization measurements. These
values can be compared with those calculated by Nandi et al.’?® for R,Zr,0; pyrochlores with R
= La, Nd, Sm and Eu: 516 - 529 cm™ for the A;; mode, 335 - 354 cm™ for the E; mode, and in the
ranges 290 — 298 and 376 — 391 cm™ for the first two T»; modes. We thus see that our

experimental values are in general lower than the calculated ones.

The other two T»; modes are predicted around 460 - 472 and 575 - 587 cm™ for R = La, Nd in
Ref. [28]. As regards the latter mode, although a weak feature is seen in the xx and x’x’ spectra
of Ce,Zr,0; around 587 cm’?, its polarisation properties do not agree with the expectations for
a T, mode; it rather behaves as an A1z mode. We note that pyrochlores are highly anharmonic
lattices!?® and that this favours the enhancement of second-order features, especially in the
A1, channel. Alternatively, the band at 587 cm™ might be due to a low amount of extra oxygen
atoms at the vacancy site (see the discussion about this point in section 3.2). On the other
hand, there is another weak band, at 527 cm™ at RT, which has much closer Ty, character (see

inset in Fig. 6). We tentatively assign it to the third T, mode.
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The fourth T,; mode has been assigned as follows: A broad band with remarkable intensity
appears around 448 cm™ at RT, a position that fits well with the value predicted in Ref. [28].
However, the band does not fulfil polarisation rules for a T, mode. In a remarkable
coincidence, a crystal field (CF) transition within the 2Fs/, ground state multiplet of Ce3* has
been found by inelastic neutron scattering (INS) at the very same energy.*”*¥ It is strongly
appealing to see whether the two kinds of excitations are superposed in Raman spectra and
whether they can be resolved in low temperature measurements. xx and xy spectra recorded
at 77K, shown in the right part of Fig. 6, unambiguously solve the question and confirm that
there are two different excitations at very close wavenumbers. From them, the one observed
at 446 cm™ in the xy spectrum at 77K is assigned to a T, mode and the one at 455 cm™, which
is observed in all configurations, is attributed to the electronic Raman (ER) excitation within
the 2Fs/, sublevels also observed in INS. We now discuss with more detail on the electronic

Raman spectrum of Ce*" in Ce,Zr,07 and in other CZO phases.

3.4.1| The electronic Raman spectrum of Ce3*

The ground state ?Fs;, manifold of Ce®* splits into three Kramers doublets in the D34 local field
of the R** site of the pyrochlore structure. In turn, the first excited multiplet 2F7, (E = 2100
cm?) splits into four doublets.The Raman activity of ER transitions within these levels depends
on the ground state symmetry and the multiplication rules 7x/j between the initial and final
states in Dsg symmetry but taking into account that measurements are performed along the
cubic <100> or <110> axes, not along the Ce®* local ones. After some geometrical calculations
we find that all CF transitions are in principle allowed in any geometry, so that we expect CF
transitions to appear as non or weakly polarised bands. A detailed calculation of the ER
intensities would require the knowledge of the electronic wavefunctions and has not been

attempted; we here derive the selection rules based exclusively on the level symmetries.
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Refs. [17,18] show that two CF transitions are expected within the 2Fs;, manifold, the already
mentioned transition at 448 cm™ to the first excited doublet and another one at 880 cm™ to
the second excited doublet, in very good agreement with the highest wavenumber band of Fig.
6. However, the Raman spectra show additional broad bands at ~ 810 and 720 cm™. In fact,
similar features were observed by INS in Ref. [18] and attributed to vibronic (phonon + CF
transition) combinations. Measurements at 496.5 and 514.5 nm laser wavelengths display the
same spectrum, which supports the Raman character of these excitations. However, the bands
are strongly depleted when measured at the much longer wavelength of 647 nm. The
enhancement of the electronic Raman bands when exciting at 496.5 or 514.5 nm is attributed
to a resonance phenomenon occurring on approaching the Ce3* absorption band in the near
uv.!?! The wavenumbers of the Raman bands observed below 3000 cm™ and their attribution

are collected in Table 1.

Fig. 7 shows spectra in the region of *Fs;, ->%F7, intermultiplet transitions of Ce*". The splitting
of the 2F7,, multiplet in trigonal symmetry into four doublets implies that four transitions
should be observed, if all of them are Raman active. The spectra displayed in Fig. 7 present
three intense, narrow bands and a broad high frequency band, plus additional weaker features
in the proximity of the narrow bands. We attribute the main bands to the four expected CF
transitions and the weak features either to vibronic coupling or to the presence of a low
amount of Ce* ions in a different configuration, such as antisite defects or with a nearby

perturbation.

We have found substantial differences among the ER spectrum of Ce** in the different CZO
phases identified in this work. As Fig. 8 shows, the main band (at 2100-2150 cm) is very
narrow for the stoichiometric pyrochlore but appears rather broad for all other phases. We
also see that it shifts from ~2145 cm™ for p and S phases to ~2105 cm™ for DF and t’ phases,

and appears at ~2130 cm™ in the 5-phase, in agreement with its intermediate character
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between ordered and disordered phases. Fig. 8 also shows that the high frequency bands
disappear dramatically upon introducing some kind of disorder into the pyrochlore lattice,
either by increasing oxygen content or in the form of cation disorder. This opens the
interesting possibility of using the Ce®** band not only as an evidence of sample reduction but

also as an indicator of its ordered or disordered character.

4| DISCUSSION

The preceding results show that the phase content of LFZ-processed CZO rods depends
crucially on the processing atmosphere. Processing in air produces only cation-disordered
phases, namely a partially reduced defect fluorite as major phase with some t' content near
the surface. In turn, in Ar + 5% H, only cation-ordered p-phases are obtained, with a minor
amount of the partially oxidised f—phase close to the rod surface. For intermediate pO, a two-
region separation develops, with ordered and disordered phases appearing at the inner and
outer regions of the rod, respectively. The identification of a distinct Raman spectrum around
the crack separating these two regions suggests that a transition phase exists (labelled din this
work), involving partial disordering of the cations. This intermediate state between pyrochlore
and fluorite-like phases would be analogous to that reported for reduction of t-CZO at
moderate temperatures followed by mild reoxidation and attributed to x-like domains
separated by anti-phase boundaries, with the particularity that we find it also in reduced

samples.!**]

The instability of Ce,Zr,07., pyrochlores upon oxidation and the appearance of a domain
structure can be related to the evolution of the R,Zr,07 pyrochlores upon decreasing the
lanthanide size. The pyrochlore structure is stable if 1.46 < r < 1.80, r being the ratio of the R**

and Zr** ionic radii in VIl and VI coordination, respectively.B%3Y As r approaches the lower limit
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of 1.46, increasing disorder develops in the form of cation antisite defects and anion-vacancy
population, eventually leading to a fluorite phase. Electron diffraction shows that disordered
compounds contain p-domains surrounded by antiphase boundaries and that domain size
decreases on approaching R= Gd (r=1.46).5%33 Domains are not observed for La and Nd
zirconates. The case of Ce,Zr,0; is particular, because of the possible occurrence of Ce*
together with Ce3*. The large Ce** ions are unlikely to occupy the octahedral sites, but Ce**
might do, so that an increase of Ce oxidation state favours the stabilisation of a fluorite phase

at high temperature.

For low oxidation levels, pyrochlore is the stable form of Ce;Zr,07.,, both at low and high
temperatures. The situation for intermediate oxidation depends on the temperature at which
oxidation events take place. At low temperature, moderate oxidation leads to an oxidised
pyrochlore with extra oxygen ions at the anion vacancies, but if temperature is high enough to
enable cation mobility, the simultaneous occurrence of cation disorder and oxidation events
may lead to a mixed configuration in which large ordered domains, retaining a p-like structure
and spectrum, coexist with disordered regions. As pOincreases the domain size decreases
until the p spectrum is lost. This is the &~phase. Finally, in a highly oxidising atmosphere and at

high temperatures the DF phase forms with low but non-negligible Ce reduction.

The ensemble of experiments suggests that the final phase content is established at three

temperature stages:

1) In the melt state under laser heating the reduction degree is governed by the redox

reaction®¥

4Ce™ (melt) + 207 (meit) 2 4Ce* (melt) + O2(gas),

so that the equilibrium Ce valence will be a function of pO, and T. Both in solids as in melts, for

a given pO; the equilibrium shifts toward the right on heating, which results in severe Ce
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reduction at high temperatures, even in air.3%! We assume that the just crystallised material
reflects the melt state at the crystallisation temperature, so that significantly reduced phases

are expected to crystallise even in air.

2) Just after crystallization and down to temperatures of = 1200 °C, both cations and anions
are highly mobile and phases with variable cation disorder and oxidation degree will form,
their appearance and spatial distribution depending on the pO, of the chamber and oxygen

diffusion rates within the solid.

For very low pO,, as in the HLFZ case, the melt will solidify as p-Ce,Zr,0;. For moderate or high
pO,, inward radial penetration of oxygen will occur, leading to oxidised phases whose disorder
degree and spatial distribution will depend on pO,, the cooling rates and the temperature
dependence of the oxygen diffusion coefficients. The appearance of only cation-disordered
phases when processing in air implies that oxygen reaches the rod centre at temperatures high
enough to stabilise the DF phase. In the intermediate PLFZ case, the oxygen content reaching
the centre is too low to stabilise disordered phases and the rod centre remains p-like, whereas
near the surface the oxygen concentration is high enough to produce the DF phase. It is in this
stage that the separation between pyrochlore and fluorite-like phases occurs, with the

intermediate of partially reduced dregions.

3) For temperatures below those enabling cation mobility oxidation events may still occur but
will not change the cation distribution or very slowly. In this regime, under increasing oxygen
content Ce,Zr,0y7 evolves first to an oxidised pyrochlore and then to - phase, whereas DF
evolves to t'-phase at the oxygen rich surface. The regions of reduced &phase will convert to a
more oxidised state while keeping their partial cation order. The phase content of the samples
studied in this work is summarised in Table 2. We include the results for the TG residuals

(presented in the Supporting Information) to highlight that the order degree is not modified up
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to 800 °Ciin air: p and S phases evolve to a common x-phase, the DF phase transforms into the

t'-phase and the &phase retains its partially ordered character.

Electronic Raman transitions among the crystal field split levels of Ce®* ions have been
discussed and assigned. The mapping of the 2Fs;, > %F;;; intermultiplet spectrum evidences a
shift of the main band from = 2100 up to = 2150 cm™ on going from DF or t’-phases to S or p-
phases, which is attributed to differences in the Ce3* local environment. The similar band
position in the p and S phases suggests that the extra oxygen ions introduced in the f-phase
do not affect largely the cerium environment. This hypothesis is supported by crystallographic
data.®! These show that the additional oxygen ions occupy the anionic vacancies of the p
structure, which are closer to the Zr** cations than to the rare earth. To deepen into this point,
we collect in Table 3 the band position in the different phases found in this work, together
with the Ce site symmetry and average bond distances taken from the literature. As expected,
average bond distances decrease gradually with increasing oxidation but the position of the
main Ce3* band does not present such a gradual evolution. This apparent discrepancy may have
two contributions: the first one is that in partially oxidised phases the local relaxation around
each individual Ce®* ion results in longer Ce3*-0 bond distances compared to the average ones.
The second contribution may come from the site symmetry change from trigonal to
tetragonal-like upon going from ordered to disordered phases, which may result in different

crystal-field splitting of the 2Fs;, and 2F7, multiplets.

5| SUMMARY AND CONCLUSIONS

Rods of nominal CegsZros0, composition have been processed from the melt by LFZ either in
an oxidising (air) or in a reducing (Ar + 5%H,) atmosphere. Phase content and stoichiometry

have been analysed by XRD, Raman spectroscopy, SEM, EDX, EBSD and TGA. Space-resolved
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phase identification by Raman mapping, in particular, has been crucial to draw the phase

landscape as a function of the cation-order degree and oxygen content.

The Raman spectra of defect fluorite, t’, pyrochlore, 5, dand k phases of CZO have been
identified, clarifying some ambiguity in the existing literature. Pyrochlore, fand x spectra
show clearly distinct spectral features implying that, although these phases are structurally
related, they belong to unambiguously different crystalline structures. An intermediate state
between the pyrochlore and fluorite phases has been identified and named as &phase. We
propose that it may consist of cation-ordered nuclei surrounded by disordered regions,
analogous to the “&-like” phases obtained by reoxidation of CZO samples previously submitted
to reduction treatments at temperatures of the order of 1050-1100 °C.[% The occurrence of
such an intermediate state in the landscape of CZO phases may be relevant to understand the
complex TPR behaviour because the reduction temperatures achieved in TPR experiments are
usually below but close to 1000 °C, which may favour the development of the &phase.[5?°! The
shift of the electronic Raman spectrum of Ce3* ions is found to be a sensitive probe of the

degree of cation order in CZO compounds.
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TABLE 1 Wavenumbers of the bands observed in the Raman spectrum of Ce,Zr,07 at RT and
77 K below 3000 cm™. The last column gives the attribution based on polarisation

measurements.

Raman shifts/cm™® at RT  Raman shifts/cm™ at 77K Attribution

294 300 T
301 306 E;
372 375 unassigned
392 398 T
448 446 T
455 Intra 2Fs/, CF transition
497 500 Az
527 528 T2
587 596 Second order excitation or extra

oxygen in vacant site

720 730 Vibronic (CF + phonon)
809 811 Vibronic (CF + phonon)
892 888 Intra 2Fs/, CF transition
2147 2144 2Fs/,-> F7), CF transition
2492 2497 2Fs/,-> F7); CF transition
2556 2551 2Fs/,-> F7), CF transition

2757 2750 2Fs/,-> F7); CF transition




TABLE 2 Phase content of the samples studied in this work. The average stoichiometry is

derived from TG experiments.

Label Processing Average As-processed, As-processed, After TG at
atmosphere stoichiometry core outer region 800 °Cin air
ALFZ  air Ceo.43Zros70197 DF t t
PLFZ intermediate = CeyZr;07s6 p, p o,DF, t K ot
pO,
HLFZ Ar+5%H; CeyZry07.28 p p K
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TABLE 3 Crystallography of the Ce site and electronic Raman shift of the main %Fs;; > F7,

transition.
Phase G Ce site Ce-O bond distances (A) Ce3* Raman
symmetry shift/cm™
t'- CeosZros0zs P4z/nmc 20 (Dzd) 4x2.18, 4x2.41119 210542
DF - CeosZrosOz5  Fm3m 4qa (On) 8x2.29'8’ 210442
0-CeyZr074, ? 213042

B - CesZr,07., FA3m  16e(C) 3X2:44,3x2.58,2.27,2.345¢ 214442

_ [36]
p-CeZr,0;  Fd3m  16¢ (Dsd) 6x2.61, 2x2.33% 214342
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Figure Captions

FIG. 1 (a) SEM image of a transverse section of the ALFZ processed rod and (b) Raman spectra
of the ALFZ sample recorded at the rod centre (in red) or near the edge (in blue), attributed to
a defect fluorite and t’ phases, respectively. The inset shows the Ce3* electronic Raman

spectrum measured at the rod centre. The laser wavelength is 496.5 nm.

FIG. 2 XRD patterns of CZO samples: (a) ALFZ, processed in air; (b) HLFZ, processed in Ar +
5%H,; (c) PLFZ, processed in pO,= 0.01 bar. The upper inset shows a magnification of the 36.5°
region of pattern (c), to highlight the double-peak aspect of superstructure reflections
denoting cation ordering. The inset on the right shows the high angle peaks of the HLFZ

pattern to put into evidence the presence of a minor amount of a second phase.

FIG. 3 Portion of the transverse section of the HLFZ sample (left) and selected Raman spectra

recorded at RT onto different points of the sample (right). The laser wavelength is 496.5 nm.

FIG. 4 (a) XRD patterns of Ce,Zr,073 (N7.3, lower graph) and Ce»Zr,075 (N7.5, upper graph)
reference samples. The inset shows the presence of the (200) reflection in both samples,
denoting F43m SG, together with the (111) pyrochlore superstructure peak. (b) The RT Raman
spectra of Ce,Zr,073 (middle spectrum) and Ce,Zr,07s (lower spectrum) reference samples are
compared to the problem spectrum (upper graph) found close to the pyrochlore phase in HLFZ

and PLFZ samples (see spectra 3(c) and 5(b)). The laser wavelength is 496.5 nm.

FIG. 5 Optical microscope picture of a transverse section of a PLFZ rod and Raman spectra
recorded at RT in different points of the surface. Spectra assignment is (see text): (a) Slightly
oxidised pyrochlore, (b) S -phase, (c) &phase, (d) defect-fluorite and (e) t’-phase. Spectrum (e)
displays some contribution of the CeO, band at 465 cm™, in agreement with the presence of

this phase at the rod surface. The laser wavelength is 496.5 nm.

FIG. 6 Raman spectra of Ce,Zr,0; recorded onto a (001) plane in (a) z(xx)-z, (b) z(xy)-z, (c)
z(x'x’)-z and (d) z(x'y’)-z configurations, where x, y stand for [100] and [010] directions and x’
and y’ denote crystal directions at 45° from {x, y}. The left and right part of the figure display
spectra recorded at RT and 77K, respectively. The inset in the left part highlights the presence

of a band at 527 cm™ with T, polarisation properties. The laser wavelength is 496.5 nm.

FIG. 7 Electronic Raman spectrum involving intermultiplet 2Fs;, = 2F7, transitions of Ce** ions
in Ce,Zr,07, measured at 514.5 nm in configurations: (a) x'y’, RT, (b) x'x’, RT, (c) x'y’, 77K, (d)
xXx', 77K.
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FIG. 8 RT Electronic Raman spectrum of Ce>* ions involving intermultiplet 2Fs;, > 2F7,
transitions in: (a) stoichiometric pyrochlore, (b) slightly oxidised pyrochlore, (c) 5, (d) J, and (e)

t’ CZO phases. The laser wavelength is 496.5 nm.
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Figure 3
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Figure 5
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