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Abstract
Praseodymium oxides present redox properties analogous to those of Ce-based
systems and have been proposed for catalytic applications in combination with
CeO2, ZrO2, or both. However, uncertainties remain concerning the nature and
redox behavior of Pr-rich mixtures, especially with ZrO2. Here we study the
eutectic composites of the ZrO2–PrOx system, focusing on the sensitivity of their
microstructure, phase symmetry, and composition to variations of the process-
ing atmosphere from oxidizing to reducing. Mixed oxides have been produced
by a laser-assisted directional solidification technique in O2, air, N2, or 5%H2(Ar)
environment, and the resulting materials have been analyzed by scanning elec-
tronmicroscopy/energy-dispersive X-ray spectroscopy, X-ray diffraction, Raman
spectroscopy, and magnetic susceptibility. In air, N2, or 5%H2(Ar) atmosphere, a
lamellar, eutectic-like microstructure forms, the major phase being the one with
less Pr content. Both the Pr concentration in each phase as the PrOx molar per-
centage of the eutectic composites decrease as the atmosphere becomes more
reducing. Both eutectic phases are fluorite-like when processing in air, whereas
in N2 or 5%H2(Ar), the phase with high Pr content is of the A-R2O3 type, and
the phase with low Pr content can be described as a fluorite phase containing
C-R2O3-like short-range-ordered regions. The results obtained for samples pro-
cessed in O2 suggest that for high enough pO2 no eutectic forms, in analogy with
the ZrO2–CeO2 system. The evolution of the phase composition and symmetry
is discussed in terms of the limited stability of the phases found in the ZrO2–
Pr2O3 system, namely, A- or C-R2O3-like, beyond a certain Pr oxidation degree
and oxygen content.
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1 INTRODUCTION

Praseodymium oxides are receiving interest in recent
times because of their redox properties, analogous to those
of Ce-based systems, which make them promising for
catalytic applications. Several studies have addressed the
properties of PrOx combined with CeO2 and/or ZrO2.1–5
In the ZrO2–PrOx system, in particular, higher reducibility
and lower temperatures of reduction are obtained for
Pr-rich compositions (Pr/Zr > 1).2,4,5 Despite the tech-
nological interest, the high Pr content/high-temperature
region of the phase diagram is still quite uncertain, an
aspect that may be related to the mixed-valence properties
of Pr.6–8 According to the early studies in the 70′s and 80′s,
all ZrO2–R2O3 systems (R = La to Yb) present a eutectic
point in the R-rich side of the phase diagram at a molar
proportion of R2O3 between 65 and 85 mol%.7–9 For the
ZrO2–Pr2O3 system, the eutectic is found at 70mol% Pr2O3
and is composed of a low Pr content phase of bixbyite
C-R2O3 type (𝐼𝑎3̄ space group [SG]), with 62 mol% Pr2O3,
and a high Pr content cubic phase, labeled as X phase,
with 78 mol% Pr2O3, which is stable only near the melting
point.7 Converting molar percentages from Pr2O3 to
PrO1.5, the eutectic would be at 82.4 mol% PrO1.5, with low
and high Pr content phases at 76.5 and 87.6 mol% PrO1.5,
respectively. The X phase was later analyzed (in the ZrO2–
La2O3 and ZrO2–Nd2O3 systems) by neutron diffraction
and found to have 𝐼𝑚3̄𝑚 SG.10 There exists, however, dis-
crepancy among the two reported phase diagrams6,7 (see
Figure S1a,b). Among other differences, in Ref. [6], the low
Pr content phase of the eutectic is said to be a “tetragonally
deformed” fluorite.We note that the PD of Ref. [6] presents
a lot of undefined regions; the details of the proposed
phases, beyond their symmetry, are not given, neither the
oxygen partial pressure in which data were collected. The
text accompanying that PD in the PD database says that
“the oxygen activity is not fixed experimentally.”
In any case, in the ZrO2–PrOx system, themixed-valence

character of praseodymium anticipates a dependence of
the eutectic characteristics on the oxygen partial pressure
(pO2) of the synthesis or processing atmosphere. In fact,
in the closely related ZrO2–CeOx system, where Ce also
presents mixed-valence properties, a eutectic point exists
for total Ce reduction (at ∼87 mol% CeO1.5

11) but not in the
oxidized ZrO2–CeO2 system.12 In Ref. [7], Rouanet studied
the effect of quenching ZrO2–PrOx mixtures from the melt
to room temperature (RT) in air, but eutectic properties
such as phase composition and lattice parameters were
not analyzed. Moreover, eutectic microstructures were not
described either in reducing or in oxidizing conditions.
In this work, we analyze the composition, symmetry,

and dependence on the processing atmosphere of the
ZrO2–PrOx eutectic composites.
Mixed oxides have been produced by the laser-assisted

directional solidification technique, also known as laser-
floating zone (LFZ), which allows reaching the high melt-
ing point of these oxides and controlling the growth atmo-
sphere duringmelting and cooling. The resultingmaterials
have been characterized by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) to
determine the phase composition and ZrO2–PrOx propor-
tion as a function of the processing atmosphere (O2, air, N2,
or 5%H2(Ar)), and by X-ray diffraction (XRD) and Raman
spectroscopy to identify the phase symmetry. Magnetic
susceptibility has been used to investigate the oxidation
state of one of the samples. We find good agreement with
early works for samples produced in 5%H2(Ar) but differ-
ent phases are found in oxidizing atmosphere, as expected.
The main idea behind this work is that advancing in the

knowledge of the chemical and structural properties of Pr-
rich ZrO2–PrOx composites in environmental conditions
varying from reducing to oxidizing may help in the design
of catalysts based on mixed-valence elements, particularly
in those containing Pr.

2 EXPERIMENTALMETHODS

Ceramic rods of Zr1−xPrxOy with different Pr content
were prepared by solid-state reaction. Powders of Pr6O11
(99.9%, Merck) and ZrO2 (99%, Merck) previously heated
at 1200◦C were mixed in the adequate proportion so as to
get the desired nominal compositions. Rodlike precursors
were isostatically pressed at 200 MPa and then sintered
at 1500◦C in air during 12 h. The sintered rods presented
a diameter between 3 and 4 mm and were roughly 7 cm
in length. Crystalline samples with a diameter of approx-
imately 2 mm were grown, from the sintered rods, by
the LFZ technique using a CO2 laser (λ = 10.6 μm) as a
heating source (Blade-600, Electronic Engineering) at a
growth rate of 300 or 100 mm/h. To study the influence of
the processing atmosphere on the eutectic microstructure
and phase composition, samples were grown in different
atmospheres (O2, air, N2, and 5%H2 in Ar), thus varying
the conditions from oxidizing to reducing. The growth
chamber was kept at a slight overpressure of 0.1–0.25 bar
with respect to ambient pressure.
Compositional analysis and morphology were charac-

terized by field emission SEM (FESEM) using a Carl Zeiss
MERLIN microscope with an EDX detector incorporated.
X-ray diffraction patterns were collected with a D-Max

Rigaku, RU300 diffractometer, using the Cu Kα radiation.
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7100 GRIMA et al.

TABLE 1 Pr contents (PrOx mol%) derived from energy-dispersive X-ray spectroscopy (EDX) analyses, lattice parameters (Å), and unit
cell volume per Zr1−xPrxOy formula (Vf, in Å3) of phases forming the eutectic-like composites of the ZrO2–PrOx system processed in different
atmospheres.

Light (high-Pr) phase Dark (low-Pr) phase
Processing
atmosphere

Average
PrOx mol%

PrOx
mol% Latt. param. Vf

PrOx
mol% Latt. param. Vf

% vol. dark
phase

Δ PrOx
mol%

O2, oxidized
ring

87.15 93.3 aF = 5.432
(Pr3.87+, O1.94)

80.1 86.6 aF = 5.421
(Pr3.84+, O1.93)

79.6 >90 6.7

O2, reduced
core

86.5 92.6 aF = 5.478
(Pr3.74+, O1.88)
aA = 3.838,
cA = 6.072

82.2 77.5 84.2 aF = 5.460
(Pr3.69+, O1.87)

81.4 73–82 8.4

Air 85.9 91.7 aF = 5.440
(Pr3.84+, O1.93)

80.5 83.3 aF = 5.427
(Pr3.78+, O1.91)

79.9 70 8.4

N2 82.2 88.3 aA = 3.837,
cA = 6.071

77.4 76.2 aC = 10.909 81.1 61 12.1

5%H2(Ar) 82.3 87.3 aA = 3.835,
cA = 6.071

77.3 76.4 aC = 10.902
(Pr3.07+, O1.64)

81.0 47.4 10.9

Note: F, A, and C subindices stand for fluorite-, A-R2O3-, and C-R2O3-like phases, respectively. The Pr oxidation states derived either from the relation between
the lattice parameter and ionic radii (in fluorite phases) or from the magnetic susceptibility (in the C-phase of the eutectic processed in 5%H2(Ar)) are given in
brackets, as well as the resulting O stoichiometry). The relative volume of the dark (low-Pr) phase and the compositional separation between the high- and low-Pr
phases (Δ) are also given.
Abbreviation: Latt. param., Lattice parameter.

Patterns were measured from 5◦ to 80◦ with Δ2θ = 0.03◦
and 1 or 3 s/step. Lattice parameters were determined with
the help of the FullProf software.13
Raman measurements were performed using a DILOR

XY spectrometer equipped with a liquid nitrogen–
cooled CCD detector. Spectra were taken at RT with
a ×50 microscope objective lens, using the 514.5 or
496.5 nm lines of an Ar+ laser (model Coherent INNOVA
305).
Magnetic susceptibility was derived from magnetiza-

tion measurements, under a magnetic field of 1000 Oe,
performed on a SQUID detector magnetometer Quantum
Design MPMS5.

3 EXPERIMENTAL RESULTS

3.1 Sample growth

Ceramic rods of mixed ZrO2–PrOx oxides were processed
following the procedure described above. The PrOx con-
tent of the mixtures was varied around 85% until eutectic
microstructures were found. The compositions yielding
eutectic microstructures in the four atmospheres used
are listed in Table 1. The sample color varied from
dark green (in reducing atmosphere) to almost black (in
oxidizing atmosphere), indicating differences in the Pr
oxidation state (see Figure S2). Transverse sections were
cut and polished for electron microscopy and Raman
experiments.

3.2 Electron microscopy

The sample microstructure and elemental composition
were analyzed by SEM and EDX, respectively. Figure 1A–D
shows images of the transverse sections of samples pro-
cessed in O2, air, N2, and 5%H2(Ar) at either 300 or
100 mm/h. Eutectic-like lamellar microstructures are
found in all four atmospheres, consisting of alternating
dark-contrast (low Pr content) and light-contrast (high Pr
content) phases, although in samples processed in O2 at
300 mm/h only a central region of the processed rod dis-
played this eutectic-like aspect. For short, the low and high
Pr content phases will be just called low-Pr and high-Pr
phases, respectively. The lamellae interspacing is between
1.5 and 2.5 μm, and imperfect alignment is attributed to the
high solidification rates used to prevent Pr volatilization.
All parameters describing the lamellar microstructure and
chemical composition vary with the processing atmo-
sphere, as collected in Table 1. As the atmosphere evolves
frommore oxidizing (O2) tomore reducing (5%H2(Ar)), the
following trends are observed: (i) The volume proportion
of the dark phase decreases from ∼78% to ∼50%. (ii) The
Pr content of both phases decreases, from 84.2 to 76.4 PrOx
mol% for the dark phase and from 92.6 to 87.3 PrOx mol%
for the light phase, implying that the compositional differ-
ence between high- and low-Pr phases (Δ) increases from
∼8 to ∼11 mol% PrOx. (iii) The simultaneous variation of
the phase composition and of the phase proportion with
the atmosphere results in amuch smoother variation of the
average composition, from 87 to 82 mol% PrOx.
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GRIMA et al. 7101

F IGURE 1 Transverse section images of ZrO2–PrOx samples solidified by laser-floating zone (LFZ) in (A) O2, (B) air, (C) N2, and (D)
5%H2(Ar) atmospheres. Sample (B) was processed at 100 mm/h, all the others at 300 mm/h. Part (A) belongs to the central part of the rod
processed in O2.

F IGURE 2 Transverse (A) and
longitudinal (B) sections of the sample
processed in O2 at 300 mm/h, displaying
separation between a light-contrast (reduced)
inner core and a dark-contrast (oxidized)
outer ring. Part (C) shows the border between
the inner and outer regions of the same
sample. Part (D) displays a section of a
sample with the same average composition as
that in parts (A–C) processed in O2 at
100 mm/h, to highlight the disappearance of
a eutectic microstructure.

The phase compositions (76.4 and 87.3 mol% PrOx for
the low and high-Pr phases, respectively) of the eutectic
processed in 5%H2(Ar) are similar to those found at high
temperatures in Ref. [7] also in reducing conditions (76.5
and 87.6 mol% PrO1.5, respectively).
It has to be noted that the sample processed in O2 at

300 mm/h presented a core–shell aspect (Figure 2A,B)
with a light-contrast core surrounded by a dark-contrast
outer ring. A magnification of the border between both
regions (Figure 2C) evidenced the presence ofmany cracks

in the outer ring, suggesting the occurrence of thermo-
mechanical stresses during solidification. Figure 2 also
shows that the lamellar microstructure seems to faint in
the outer region, to the point that any phase separation
is hard to distinguish (Figure 1A belongs to the central
region). EDX analyses showed that the central core had
a slightly lower average Pr content than the outer region.
The Pr content of each phase forming the composite was
also different, as collected in Table 1. The core–shell aspect
is attributed to incomplete oxygen uptake, resulting in an
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7102 GRIMA et al.

F IGURE 3 (A) X-ray diffraction (XRD) patterns
of ZrO2–PrOx eutectics processed in 5%H2(Ar) (A), N2

(B), air (C), and O2 (D), at the indicated rates. Pattern
(E) belongs to a sample processed in O2 at 100 mm/h,
not displaying a eutectic microstructure (see
Figure 2D). The inset shows a magnification of the
55◦–60◦ region to highlight the presence of more than
one phase in all cases except for the sample processed
in O2 at 100 mm/h, which evidences a single fluorite
pattern. (B) The 50◦–80◦ region of the pattern of the
eutectic processed in 5%H2(Ar) is magnified, to
highlight the regions where the fit requires
cell-doubling (marked with arrows). Tics marked with
a square denote the fluorite-substructure reflections,
which are common to C and F phases.

oxidized outer region surrounding a more reduced core.
The above observations lead us to conclude that the outer
region has lost the eutectic character. In fact, also the
aspect of the inner core is anomalous, compared with
proper eutectic composites obtained in air, N2, or 5%H2(Ar)
(Figure 1B–D). The volume proportion of the dark phase,
for instance, is quite below the limit (29%) that usually
implies a change from lamellar to fibrilar–like eutectic
microstructure.14
The preceding results suggest that no eutectic would

form in the totally oxidized case. To verify this hypoth-
esis, a sample with the same average Pr content was
processed at a lower rate of 100mm/h.As Figure 2D shows,
the slowly processed sample displays a homogenous
microstructure with no eutectic separation. We interpret
that the slow growth enables oxygen diffusion through-
out the whole sample so as to reach a homogeneous,
single-oxidized phase. We will comment on these facts in
Section 4.

3.3 X-ray diffraction

The XRD patterns of ZrO2–PrOx eutectic or quasi-eutectic
samples processed in 5%H2(Ar), N2, air, and O2 are shown
in Figure 3A (patterns a–d, respectively). Phase content
and lattice parameters were analyzed with the help of the
FullProf software.13 The lattice parameters obtained from

the profile fits are collected in Table 1. Although the most
intense peaks are characteristic of a fluorite-like phase,
an accurate fit requires at least a second minor phase.
For comparison, we show in Figure 3A-E the pattern of
the sample processed in O2 at 100 mm/h, which can be
explained by a single fluorite phase, with a = 5.4334 Å. A
clear difference exists between eutectic samples processed
in oxidizing atmospheres (see Figure S3), where both
phases are of the fluorite (F) type (SG 𝐹𝑚3̄𝑚), and those
processed in neutral or reducing atmospheres (Figure S4),
where the main phase is fluorite-like and the minor phase
is a trigonal phase of the A-R2O3 type (SG 𝑃3̄𝑚1).
Looking in more detail at the diffraction patterns of the

eutectics processed in N2 and 5%H2(Ar), we find peaks
(specifically at∼57.2◦ and 77.2◦, see Figure 3B) that are not
explained by either the fluorite or the A phase of the F+A
model. The phase attributionmade inRef. [7], whereC+A
phases were found in a reducing atmosphere, and the sim-
ilarity between the chemical compositions of the eutectic
phases reported in Ref. [7] with those of our eutectic pro-
cessed in 5%H2(Ar) led us to suspect that the low-Pr phase
of the samples processed in N2 or 5%H2(Ar) might be a
bixbyite phase instead of a fluorite one. In fact, the peaks
around 57.2◦ and 77.2◦ are nicely explained as the (3 6 1)
and (7 5 2) peaks, respectively, of a C-like phase with 𝐼𝑎3̄
SG and aC ≈ 2aF.
Although the C+Amodel clearly improves the F+A fit

(see Figures S4b,d), an intriguing question arises as to why
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GRIMA et al. 7103

the low angle superstructure peaks related to cell doubling,
in particular the (2 1 1) peak at ∼20◦, are not observed in
patterns (a) and (b) of Figure 3. An intense peak at that
angle, for instance, was found in Ref. [5] for a 98 mol%
PrOx-rich sample, initially with F structure, which trans-
formed toC-phase after a 15 h reducing treatment at 900◦C.
We speculate that the absence of clear superstructure
peaks at low angle may be related to the disordered char-
acter of the C-like phases found in our samples. Disorder
occurs both in the cation sublattice, because of the pres-
ence of ∼24% Zr4+ cations per formula unit (pfu), as in the
oxygen sublattice, with oxygen excess coming from charge
compensation for Zr4+ as well as for some degree of Pr
oxidation. Disordered fluorites are prone to order–disorder
phenomena such as domain formation with short-range
ordering at a few unit cell scale, resulting in the appear-
ance of superstructure peaks related to the ordered regions.
This is typically observed in systems undergoing order–
disorder phase transitions with cell-doubling, such as the
F to pyrochlore or F-to-C transitions. Depending on the
domain size, peak broadening may affect to a greater
degree the superstructure peaks and, from those, the low-
angle ones, as in our case.15 Thus, the low-Pr phase of
the eutectic processed in 5%H2(Ar) may be described as a
fluorite phase containing vacancy-ordered C–like regions.
The C + A model is further supported by Raman scatter-
ing results (section 3.4), where bands attributable to C and
A-like phases are observed, and by arguments based on
the relation between the stability of fluorite-like lattices
and the concentration of anionic vacancies, as discussed
in Section 4.
The case of the sample processed in O2 is particular,

because its pattern cannot be explained with only two
phases. Both the detection of weak additional peaks as
the asymmetric shape of the main reflections suggest the
presence of at least four phases: two very close fluorite
phases with a1 ∼ 5.42 Å and a2 ∼ 5.43 Å for the intense
reflections, and another pair of fluorite phases with larger
parameters, a3 ∼ 5.46 Å and a4 ∼ 5.48 Å, for the minor
reflections at the low angle side of themost intense ones. A
low amount of trigonal A-R2O3-like phase is also required
to explain the weak reflections at 29.4◦, 30.7◦, and 40.2◦,
detectable only at high magnification scale. The explana-
tion for the presence of four fluorite-like phases is clear
when we see the images of the transverse and longitudinal
sections of that sample (Figure 2). We have attributed the
core–shell aspect to incomplete oxygen uptake. At the high
melting temperatures, Pr ions would be highly reduced,
even in O2; upon cooling and solidification, oxygen uptake
progresses radially but, because of the fast cooling rates,
diffusion becomes progressively slower and does not reach
the rod center. Thus, the final state of the sample consists
of a reduced center and a more oxidized outer region. The

F IGURE 4 Lattice parameters of the fluorite-type phases
found in the eutectic-like composites of the ZrO2–PrOx system
processed in different atmospheres, as a function of the Pr cation
content. The lattice parameters of C-R2O3 phases have been divided
by two to normalize to the fluorite unit cell.

cracks in the outer region are attributed to the contrac-
tion produced upon oxidation. According to Figure 2, the
volume proportion of the reduced core is ≲10%.
The two fluorite-like phases with smaller lattice param-

eters (a1, a2) are assigned to the oxidized ring whereas
the two fluorite phases with larger lattice parameters (a3,
a4) and low intensity are assigned to the partially reduced
eutectic-like core. The appearance of a weak amount of A-
like phase is attributed to the incomplete transformation of
the high-Pr phase of the reduced region to a fluorite phase.
Note that the lattice parameters of the reduced-core phases
are considerably larger than those of the oxidized ring,
despite the Pr contents being close, which is attributed to
the larger ionic radius of Pr3+ compared to Pr4+. With this
assignment, the relation between chemical composition
and lattice parameters is as shown in Figure 4. Two trends
of increasing lattice parameters are observed: the first one
goes from left to right and is due to increasing Pr content,
as expected. The second one goes from bottom to top and
is related to increasing reduction for fixed Pr content.
Some X-ray measurements were repeated several

months after the first data collection. They evidenced
the presence of Pr(OH)3 in samples containing A-like
phases but not in samples where the Pr-rich phase was
fluorite-like. We attribute the presence of Pr(OH)3 to
the hydration of A-Pr2O3, which is known to react with
ambient humidity.16
The diffraction results can be further exploited to get

information about the Pr oxidation state in fluorite-like
phases, taking benefit of the relation RC + RO = a

√
3/4

between the lattice parameter (a) and the ionic radii
of its constituting elements, RC and RO being the
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7104 GRIMA et al.

cation and oxygen ionic radii in eight- and fourfold
coordination,17 respectively. Using the lattice parameters
collected in Table 1 and RO = 1.38 Å, we derive the
average cation radius of each phase, RC, and write it as
RC = αRPr + (1 − α)RZr, α being determined by EDX anal-
yses. Taking RZr = 0.84 Å,17 we extract the effective Pr
radius,RPr, which is, in turn, an average over Pr3+ and Pr4+
radii, RPr = βRPr3+ + (1 − β)RPr4+, with RPr3+ = 1.126 Å
and RPr4+ = 0.96 Å.17 This yields the relative Pr3+/Pr4+
content. XRD is advantageous in that the patterns of all
phases present in the sample are superposed but not aver-
aged, so that the oxidation states of the low and high Pr
phases can be obtained separately. Applying this procedure
to the fluorite-like phases found in samples processed in
air or O2, we find Pr oxidation states ranging from Pr3.7+ to
Pr3.9+. The values obtained are collected in Table 1.
We note that the expression RC + RO = a

√
3/4 assumes

eightfold cation coordination, whereas the average cation
coordination would be smaller than eight in a defective
fluorite. However, we have considered that in samples
processed under oxidizing atmospheres, the vacancy con-
centration would be low and assumed the expression to
be valid, at least in a qualitative way. The high oxidation
states obtained support our assumption. For C-like phases,
where the cation coordination is sixfold, the relation is no
longer valid and cannot be used to derive the Pr oxidation
state. Magnetic measurements are performed instead (see
Section 3.5).

3.4 Raman spectroscopy

Raman spectroscopy was used to support the phase assign-
ment. With its short coherence length, this technique is
ideally suited to detect short-range ordering effects as those
expected in our materials.18 Figure 5 shows representa-
tive spectra of samples processed in O2 and 5%H2(Ar). The
sample processed in 5%H2(Ar) presents narrow peaks at
108, 190, and 416 cm−1, very close to those of A-Pr2O3,19
which we assign to the Pr-rich component of the eutec-
tic. Three more peaks at 143, 295, and 356 cm−1 arise
from Pr(OH)3 developed upon exposure to air.20,21 The
identification of Pr(OH)3 is supported by the detection
of the OH− stretching band at 3605 cm−1. The narrow
peaks are superposed to broad bands centered around
340, 580, 670, and 800 cm−1, assigned to the low-Pr
phase with perhaps some admixture of Pr3+ crystal-field
transitions.
To clarify the band assignment, we processed in

5%H2(Ar) a sample of Pr0.75Zr0.25Ox stoichiometry, close
to that of the low-Pr phase of the eutectic processed in
5%H2(Ar). Its spectrum (Figure 5) presents a broad intense
band centered at 330 cm−1 and a weaker one at 660 cm−1,

F IGURE 5 The Raman spectra of the ZrO2–PrOx eutectic
composite processed in 5%H2(Ar) (top spectrum, in black) is
compared with that of the sample processed in O2 (bottom
spectrum, in red) and with that of the Pr0.75Zr0.25Ox compound
processed in 5%H2(Ar) (in blue).

thus supporting the attribution of these two bands to the
low-Pr phase. It is interesting that the wavenumber of the
main band is similar to that of the related C-R2O3 com-
pounds (312 cm−1 for metastable C-La2O3,22 and 335 cm−1

for metastable C-Nd2O3
23).

The broad aspect of the bands assigned to the low-Pr
phase is not surprising, owing to the presence of cation
chemical disorder and partially-filled anion vacancies. The
spectrum, however, supports our attribution of the low-
Pr phase to a bixbyite phase and not to a fluorite one. In
fluorite-like stabilized cubic zirconia (YSZ), for instance,
the Raman spectrum resembles more a density of states
than the single mode expected for a well-ordered fluorite
and extends up to 600 cm−1, although in nanometric c-
ZrO2, a single broad band ascribed to the fluorite T2g mode
is found at 490 cm−1.24 On the other hand, the main band
in PrO2 appears at 430 cm−1 and is also attributed to the
fluorite T2g mode.25 In our case, the spectrum of the low-Pr
phase found in reducing atmosphere differs considerably
both from the density-of-states-aspect of stabilized zirco-
nia but also from that of well-ordered fluorites and, as
we have seen, agrees with the trend expected for a C-type
phase. In samples processed in O2 or in air, the spectrum is
even more featureless because both phases are disordered
fluorites.

3.5 Magnetic susceptibility

The oxidation state of the low-Pr phase of the eutectic
processed in 5%H2(Ar) was derived from magnetic sus-
ceptibility measurements (Figure 6). The data analysis in
eutectic systems is hindered by the presence of two mag-
netic phases with different compositions where, moreover,
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F IGURE 6 Inverse magnetic susceptibility per Pr ion of the
low Pr phase of the eutectic processed in 5%H2(Ar). The data have
been derived from the total susceptibility, which includes the
contributions of the low and high Pr phases, by the procedure
outlined in the text. Triangles are the experimental points, and the
line is the fit to a Curie–Weiss law in the 195–295 K range.

the Pr oxidation statemay differ. To extract the Pr oxidation
state, we have proceeded as follows:
We assume that the sample is composed of two phases

L and H, with low and high Pr contents, and molar con-
tents nL and nH, respectively. We also assume that the
Pr content pfu of each phase is given by [Pr]L and [Pr]H,
respectively. Knowing the sample mass and average com-
position, both nL,H and [Pr]L,H are determined from an
EDX analysis of each phase and of the average sample
(see Table 1).
The total magnetic susceptibility χ = χL + χH can be

written in terms of the molar and Pr content of each phase
as χ= nL[Pr]LχmL + nH[Pr]HχmH, where χmL = χL/nL[Pr]L
and χmH = χH/nH[Pr]H are the susceptibilities per Pr
ion in the L and H phases, respectively. To separate the
contribution of both phases, we assume that the Pr-rich
A-like phase is completely reduced. The assumption is
justified by the small tolerance of the A phase to cation
oxidation. Assuming for the H phase a Curie–Weiss
(CW) dependence in the 200–300 K range, χmH is writ-
ten as χmH = [C/(T − θ)], where the Curie constant C
fulfills 8C = μeff2, and we take μeff,H = μ(Pr3+) = 3.58
μB and θ = −73 K, the value reported for
A-Pr2O3.26
Then, we subtract χH = nH[Pr]HχmH from the total sus-

ceptibility, to get χL. Knowing nL and [Pr]L from EDX,
we work out χmL and fit it to another CW law at high
temperature, which gives μeff,L = 3.52 μB. Finally, writing
μeff,L2 = εμPr3+2 + (1 − ε) μPr4+2 and taking the reference
values μPr3+ = 3.58μB and μPr4+ = 2.54μB for Pr3+ and
Pr4+ in their ground-state multiplets, respectively, we find
ε = 0.93, that is, a very low oxidation state Pr3.07+ for Pr
ions in the low-Pr phase of the 5%H2(Ar) eutectic. The
result is in agreementwith the greenish color of the sample
(Figure S2).

4 DISCUSSION

The preceding results evidence that eutectic-like lamellar
microstructures are formed in directionally solidified
ZrO2–PrOx mixed oxides at compositions around 82–
87 mol% PrOx when the processing atmosphere is either
reducing (5%H2(Ar)), neutral (N2) or partially oxidizing
(air). However, the sample processed in O2 behaves in a
clearly different way and provides a hint of the system
behavior under extremely oxidizing conditions. The two-
region aspect of that sample, with a reduced inner core
surrounded by an oxidized outer ring, suggests incomplete
oxidation during cooling. Both the microstructure and the
elemental analysis indicate that no eutectic is produced in
the outer region and, if at all, in an anomalous way in the
inner core. The homogeneous microstructure of a sample
with the same average Pr content, processed in O2 at a
lower rate of 100 mm/h, and the single-fluorite character
of its XRD pattern, confirm that no eutectic exists in the
limit of total oxidation.
The evolution of the eutectic composition and phase

symmetry in the ZrO2–PrOx system upon changing the
processing atmosphere, as well as the likely absence of a
eutectic point in the O2 case, can be understood in relation
with the trend observed in the eutectics of the ZrO2–R2O3
series and would be, as most structural properties of rare-
earth compounds, dictated by the relation between phase
stability, average cation size, and vacancy concentration.7,9
According to Ref. [7], the average rare-earth content in the
eutectic increases as the rare-earth size decreases, from
62.5 mol% R2O3 for R = La to 82 mol% for R = Ho, Er, and
Y. The composition of the high-R phase, in turn, increases
from 70 to 95mol% of R2O3 along the series. This evolution
can be attributed to the limited stability of the A-R2O3
structure: As the rare-earth size decreases, the stable
phase of the R2O3 compounds evolves from A-type first
to B (a monoclinic structure closely related to A-phase)
and then to C-type.27 The increasing rare-earth content
at the high-R phase warrants the eutectic occurrence as
a C + A or C + C′ combination of phases, depending
on the effective ionic radii. As regards the low-R phase,
with R content increasing from 55 to 70 mol% R2O3 along
the series, its C-like structure can be ascribed to the
higher tolerance of the bixbyite lattice to anion vacancies,
compared with the fluorite one, and to small cations like
Zr4+, compared with the A-phase.
The same ideas can be applied to the ZrO2–PrOx system

upon changing the processing atmosphere or the temper-
ature, allowing for the effective cation size dependence on
both the (Pr, Zr) stoichiometry as on the Pr oxidation state.
First, we note that the ionic radius of Pr4+ in eightfold
coordination is 0.96 Å, just slightly smaller than Yb3+ in
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the same coordination (0.985 Å),17 for which the occur-
rence of a eutectic point is doubtful.7 This suggests that
the fully oxidized Pr4+ ion is too small to form a eutectic,
which supports our proposal that the microstructure of
the sample processed in O2 should be rather ascribed to
phase evolution upon cooling (see below). For less severe
oxidation, the symmetry and composition of the eutectic
phases will depend mainly on the effective ionic radius
in the high-Pr phase, allowing for the decrease of the Pr
size from 1.126 Å for Pr3+ to 0.96 Å for Pr4+.17 In analogy
with the eutectics of the ZrO2–R2O3 series, combinations
going from C + A to C + C phases might be expected
for increasing oxidation degree if only the variation of
the ionic radii were considered. The ZrO2–PrOx system
has, however, the added ingredient of increasing oxygen
content to compensate for higher Pr oxidation states, so
that in the presence of high enough O2 concentration,
C phases are expected to evolve toward F phases and
A phases into C or F phases. This explains, in general
terms, the C + A phases obtained in N2 and 5%H2(Ar)
atmospheres, and the F + F phases found in air.
The relation among Pr oxidation state, vacancy content,

and the formation of F-, C-, or A-like phases is clearly
exemplified in our eutectics. In preceding sections, we
have shown that two ranges of oxidation states are found:
between Pr3.7+ and Pr3.9+ for samples processed in oxi-
dizing atmosphere, which achieve fluorite-type phases,
and Pr3.07+ for the C-phase of the eutectic processed
in 5%H2(Ar) (Pr ions are assumed to be fully reduced
in A-like phases). Translating these oxidation states to
oxygen stoichiometry, allowing for the cation composi-
tion of each phase, we find that the number of oxygen
vacancies pfu varies between 0.06 and 0.13 in the fluorite
phases of samples processed in air or O2 and ∼0.35 in
the C-phase of the eutectic processed in 5%H2(Ar). These
values agree with the assumption that for high enough
vacancy concentration (typically 0.25 pfu), the fluorite
lattice is no longer stable so that, in the absence of cation
ordering, an evolution to a vacancy-ordered C-like phase
takes place. Interestingly, the vacancy concentration
determined for the low-Pr phase of the eutectic processed
in 5%H2(Ar) is just in the range of the C-phase stability at
high temperature according to Rouanet’s PD. Because of
the fast cooling involved in LFZ, the high-temperature C
phase is preserved metastably at RT instead of segregating
into pyrochlore + A-phase. In contrast, in oxidizing
atmospheres, this high-temperature C-phase evolves to a
fluorite phase upon oxidation during cooling.
The particular behavior of the sample processed in O2

can be understood as follows: Just after crystallization,
even in O2 atmosphere, a C + A eutectic with highly
reduced Pr ions is expected to develop. As the temperature

decreases, both phases become increasingly oxidized.
The low-Pr C-phase can easily accommodate Pr4+ ions
and oxygen excess, eventually transforming to a fluorite
phase, but the high-Pr A-phase cannot stand neither
the reduced size of Pr4+ nor the higher O content. We
may now recall that in the PrO1.5+δ system, different
stable and/or metastable phases form depending on the
oxygen partial pressure and thermal history.28,29 At the
high temperatures where phase evolution takes place
in LFZ-processed samples (≫1000◦C), the stable phases
are as follows: A-Pr2O3, in highly reducing conditions; a
C-like PrO1.5+δ phase, for moderate oxygen excess, and a
defective fluorite PrO2−z phase for high oxygen content
(θ, σ, and α phases in Eyring’s notation, respectively).
Interestingly, the transition from A to C-like phases as the
oxygen content increases seems to occur through a phase
separation region of A + C type above 900◦C.28
Transferring these ideas to the high-Pr phase of the

eutectic, we propose that in O2 phase, segregation occurs
within the A–phase lamellae into a Pr-rich reduced A-like
phase at the center and a Pr-poor oxidized C-like region
(which oxidizes to fluorite on cooling) toward the inter-
faces with the low-Pr phase, resulting in a narrowing of the
Pr rich lamellae, as observed. Although the appearance
is still that of a lamellar eutectic, it should be consid-
ered more an intermediate between the initial (partially
reduced) state, with eutectic microstructure, and the
final (fully oxidized) state, consisting probably of a single,
defective fluorite phase. The decrease of the compositional
separation between Pr-rich and Pr-poor phases (Δ) as the
atmosphere becomes more oxidizing supports our hypoth-
esis.With this interpretation, the ZrO2–PrOx systemwould
behave the same as the related ZrO2–CeOx system, where
a eutectic point exists in the fully reduced ZrO2–Ce2O3
system,11 but not in the oxidized ZrO2–CeO2 case.12
At this point, we note that both XRD and Raman results

of the present work support the assignment of the low Pr
phase in neutral or reducing atmosphere to a C-like phase.
We have found no evidence of the “tetragonally-distorted
fluorite” phase proposed in Ref. [6].
More interesting is the finding in air atmosphere of a

eutectic with two fluorite phases of close composition.
Michel et al.8 studied the growth relations between the
phases of ZrO2–R2O3 eutectics (R=Nd, Sm, Dy) produced
by the skull-melting technique in air and found two C-type
phases with close lattice parameters for R = Dy. The rel-
ative crystallographic orientation is termed syntaxy, that
is, the intergrowth of both phases with the parallelism of
equivalent planes and directions. For themixed-valence Pr
case, we have proposed that in oxidizing atmosphere both
C phases evolve toward fluorite phases. Although the syn-
taxy conformation may occur, we speculate that there may
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be a different local ordering at themicroscopic level in both
fluorite phases, reminiscent of the initially reduced state,
but elucidating this point is out of the scope of this work.
Our results imply a difference between LFZ-processed

samples and those quenched from the melt in air,7 as
regards the symmetry of the high-Pr phase in oxidizing
atmosphere. Although LFZ involves fast cooling, it is
not as fast as a quenching, and oxygen uptake can occur
during cooling, resulting in two fluorite phases instead of
the C + A combination found in samples quenched from
the melt in air.7
A considerable difference is expected also between

samples produced by LFZ and those synthesized by
low-temperature techniques, such as sol–gel processing
methods2 or coprecitipitation.5 In LFZ-processed samples,
Pr is highly reduced in any atmosphere at high temper-
ature, and the final oxidation state will depend on the
kinetics of oxygen diffusion relative to cooling rate. For
fast cooling rates, the obtained phases may not be those
predicted by the PD in equilibrium and closer to the high
temperature ones. In samples produced at low temper-
atures, on the other hand, size effects metastabilise high
symmetry phases, and the final structures and oxidation
states will depend both on cation and anion diffusivities,
probably leading also to nonequilibrium phases. This
may explain, for instance, why only F-like phases are
obtained in Ref. [2] for 1:3, 1:1, and 3:1 Zr:Pr ratios after
calcining at 900◦C in air. It may also explain why the F-like
Pr0.98Zr0.02Ox compound, previously annealed in air at
900◦C, transforms to a C-phase after a reducing treatment
at 900◦C in Ref. [5], instead of to the expected A-like
phase.
We may also comment on the composition of the A-like

phases obtained in neutral or reducing atmosphere. EDX
analyses evidence a low but non-negligible 12%–13%ZrO2
content in those phases, which is larger than the ∼3%ZrO2
solubility predicted by the equilibrium PD. The anomaly
may arise from two sources: First, the fast cooling involved
in LFZ processing may yield at RT a metastable phase
with much higher Zr content, similar to the one forming
the eutectic at the crystallization temperature. Second,
it might occur that the Zr content is overestimated in
EDX analyses because of the narrow width (<1 μm) of the
light-contrast phases. In fact, the cell volumes obtained
for the A-like phases from XRD data (77.3–77.4 Å3) are
marginally lower than that of A-Pr2O3 (Vf ≈ 77.5 Å3).30
The Raman shifts of the modes attributable to the high-Pr
phase are also very close to those of Pr2O3, which suggests
a low Zr content.19
As regards the potential applicability of these mixed

oxides, the more homogeneous, almost single-phase
composites obtained in oxidizing conditions are likely to
provide better catalytic properties. Composites obtained

under neutral or reducing conditions, where one of the
phases is of the A-R2O3 type, are not expected to present
the high oxygen conductivity required for fast redox
processes to take place, because of their low tolerance to
oxygen stoichiometry variations.

5 SUMMARY AND CONCLUSIONS

We have processed by the laser-assisted directional solid-
ification technique eutectic composites of the ZrO2–PrOx
system in O2, air, N2, and 5%H2(Ar) atmospheres. The
composition and symmetry changes found in the different
atmospheres are compared with results from the litera-
ture for the same or related systems, notably ZrO2–R2O3
eutectics or single-phase compounds.
The phase content is C + A in neutral or reducing

atmosphere, but two fluorites of close composition are
found in air atmosphere with the present processing tech-
nique, which implies fast cooling rates. Our results suggest
that in the limit of total oxidation, no eutectic would
form, in analogy with the ZrO2–CeO2 case. The present
results agree with previously reported ones in reducing
atmosphere but provide evidence of different crystallo-
chemistry in oxidizing atmosphere. Both C- and A-like
phases formed under reducing atmosphere at high temper-
ature transform to F-type upon exposure to an oxygen-rich
environment.
Differences between LFZ-processed samples and

quenched ones are highlighted and attributed to the dif-
ferent cooling rates inherent to both techniques. Cooling
kinetics is as important as pO2 in establishing the final
oxidation degree and phase symmetry. Composites pro-
cessed in highly oxidizing conditions are likely to perform
better as catalyst materials. Our work also evidences the
relevance of the synthesis method and of the initial state
of the sample previous to any thermal treatment.
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