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Zirconate pyrochlores have been extensively studied as candidate waste forms
for the immobilization of actinide wastes due to their flexible crystal chemistry,
excellent structural stability, and exceptional radiation tolerance. Herein, we
report the synthesis of a series of compoundsEu2Zr2–xO7–2x (x= 0–1, step= 0.125)
using a co-precipitation route to form solid solutions between the two end
members, Eu2Zr2O7 pyrochlore and Eu2ZrO5 defect fluorite. It is important to
understand the pyrochlore to defect fluorite transformation as a function of
Zr/Ln molar ratio. The structural investigation by x-ray diffraction has shown
the increasing cation disorder and corresponding structural transitions from
the ordered pyrochlore to disordered pyrochlore, then to defect fluorite. While
diffuse reflectance spectroscopy provides similar optical absorption features
reflecting the presence of Eu(III) ion, Raman spectroscopy has revealed more
details on the phase transition and short-range structures. This work highlights
the structural flexibility in zirconate materials as potential nuclear waste forms
for the immobilization of actinide-rich waste streams, especially suitable for the
separated minor actinides.
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1 INTRODUCTION

The resurgent interest in nuclear energy has led to a grow-
ing investment in the current uranium-based nuclear fuel
cycle (NFC).1–3 Of particular interest is the safe treat-
ment and disposal of high-level wastes (HLWs) either as
the spent nuclear fuel (SNF) discharged from the nuclear
reactors or the chemical reprocessing of SNF.4,5 As can-
didate waste forms for HLWs, various chemically durable
mineral phases such as zirconolite,6–8 pyrochlore,9–11
brannerite,12–14 and phosphates15–17 have been extensively
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studied. In addition, advanced glass–ceramic composite
waste forms based on these ceramic phases have also been
developed.18–25
Due to the remarkable properties such as excellent

radiation tolerance, high chemical durability, and ability
to incorporate a range of actinides into the structures,
lanthanide zirconate oxides with either a pyrochlore or
fluorite structure26 have gained great interest in various
applications including nuclear waste forms.27–36 Within
the derivatives of the prototype fluorite structure (AO2,
space group Fm3̄m), the most often studied lanthanide
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zirconates include ordered pyrochloreLn2Zr2O7 (Ln= lan-
thanides) (space group Fd3̄m),37–41 and the defect fluorite
Ln2ZrO5 (space group Fm3̄m).42–49 An oxide pyrochlore
review50 derives an empirically stability field for stable
pyrochlore formation A2B2O7 within the cation ionic radii
ratios (rA/rB) between 1.46 and 1.80. Hence, Ln2Zr2O7
(Ln= La–Gd) compounds are expected to form pyrochlore
structure, while zirconates with lanthanides smaller than
Gd tend to form fluorite structure. On the other hand, sys-
tematic studies on stoichiometric Ln2ZrO5 zirconates51,52
show the complexity of the crystal structures for several
compounds (Ln = Sm, Gd, Tb, Dy). These structures tend
to present as either fluorite-like or pyrochlore-like with
diffuse features found within the electron diffraction pat-
terns showing the presence of modulated structure. A
recent study42 produced single-phase Ln2ZrO5 (Ln = Sm,
Eu, Gd, Tb) compounds at 1400◦C. The crystal structures
are investigated by neutron/synchrotron x-ray powder
diffraction, with the defect-fluorite type structure, with
Fm3̄m symmetry being confirmed by the general long-
range structure investigation. In addition, the Eu-Zr-O
phase diagram53,54 predicts small regions of single phase
at both end members, pyrochlore at Eu2Zr2O7 and flu-
orite at Eu2ZrO5, while the solid solutions contain both
pyrochlore and fluorite phases in the middle region, at
elevated temperatures.
From synthesis point of view, relatively low temperature

is required to form titanate compounds compared with
the zirconates. However, the titanate pyrochlore is usu-
ally susceptible to radiation damage when it is utilized
for nuclear-related applications.55 Even though Ln2TiO5
titanate having smaller radii shows better radiation tol-
erance, compared with Ln2Ti2O7,56 it usually requires
relatively higher sintering temperatures.57,58
Zirconates normally exhibit high resistance to radia-

tion damage; however, they usually need more energy to
produce compared with the titanate counterparts. Fortu-
nately, the wet-chemistry method ensures the mixing of
precursors at the molecular level, thus promotes the reac-
tivity of the reactants, and enhances the homogeneity of
the products. In addition, some Ln2O3–ZrO2 systems may
contain compounds that undergo phase transitions from
ordered pyrochlore Ln2Zr2O7 to defect fluorite Ln2ZrO5
(Ln = Pm, Sm, Eu),51,52 thus they are the subject of
the research for specific applications, for example, ionic
conductors.48,59,60 As a result, it is important to understand
the pyrochlore to defect fluorite phase transition relating to
not only the composition changes but also the Zr/Lnmolar
ratio.
In this study, the Eu2Zr2–xO7−2x (x = 0−1, step = 0.125)

solid solutions were synthesized using a co-precipitation
method, followed by sintering at 1400◦C in air. Themateri-
als were then characterized using powder x-ray diffraction,

diffuse reflectance, and Raman spectroscopies to probe
the average and local structures, and the phase transition
from ordered pyrochlore to defect fluorite as the Zr/Eu
molar ratio decreases from 1 to 0.5. The gradual phase
transitions showed the flexible crystal chemistry of zir-
conates, enabling them good candidate waste forms for
HLWs arising from the NFC.

2 EXPERIMENTAL

2.1 Materials fabrication

Analytical reagent grade europium(III) nitrate hydrate
[Eu(NO3)3⋅xH2O] (≥99.9%) and zirconyl nitrate hydrate
[ZrO(NO3)2⋅xH2O] (≥99%) were used as received from
Sigma-Aldrich (Merck), with the metal content quantita-
tively determined by gravimetric analyses. Milli-Q grade
water was used in all the experiments.
The calculated amounts of europium nitrate and zir-

conyl nitratewere dissolved in 100mLofwater, followed by
adding an ammonia solution (1.7 mol/L) dropwise under
stirring until pH = ∼11. The resultant precipitate was
stirred for 1 h and separated by centrifugation, dried at
100◦C, and then calcined for 4 h at 750◦C in air with
a ramp rate of 2◦C/min. The calcined powder was pel-
letized and sintered for 24 h at 1400◦C in air with 5◦C/min
heating/cooling rate. Sample details are summarized in
Table 1.

2.2 Materials characterization

Powder x-ray diffraction (PXRD) patterns were acquired
using a Bruker D8 x-ray diffractometer equipped with
Cu Kα (λ = 1.5418 Å) radiation in the 2θ range of 5◦–80◦
with 2θ step size of 0.02◦ and an acquisition time of 2 s

TABLE 1 Samples with different compositions and mol% for
each binary oxide.

Eu2Zr2–xO7−2x Composition
EuO1.5/ZrO2
(mol%)

Eu2O3/ZrO2
(mol%)

x = 0 Eu2Zr2O7 50.0/50.0 33.3/66.7
x = 0.125 Eu2Zr1.875O6.75 51.6/48.4 34.8/65.2
x = 0.25 Eu2Zr1.75 O6.5 53.3/46.7 36.4/63.6
x = 0.375 Eu2Zr1.625O6.25 55.2/44.8 38.1/61.9
x = 0.5 Eu2Zr1.5O6 57.1/42.9 40.0/60.0
x = 0.625 Eu2Zr1.375 O5.75 59.3/40.7 42.1/57.9
x = 0.75 Eu2Zr1.25O5.5 61.5/38.5 44.4/55.6
x = 0.875 Eu2Zr1.125O5.25 64.0/36.0 47.1/52.9
x = 1.0 Eu2ZrO5 66.7/33.3 50.0/50.0
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7606 KONG et al.

F IGURE 1 PXRD patterns of the Eu2Zr2–xO7−2x (x = 0−1) solid solutions showing the phase transition from Eu2Zr2O7 ordered
pyrochlore to disordered pyrochlores (x = 0.125−0.5), then to defect fluorites (x = 0.625−1). Pyrochlore (hkl) reflections are labeled in blue and
red with superlattice reflections highlighted in red. Diffraction data in the 2θ range of approximately 36.6◦–37.6◦ are shown on the right to
highlight the evolution of (331) superlattice reflection for the pyrochlores.

per step. The PXRD data were analyzed using the Rietveld
structure refinement method with the TOPAS (version 5)
program.61 The diffraction peak profile was modeled using
a pseudo-Voigt function, and the diffraction background
was fit with an eighth order Chebyschev polynomial
function. The existing Fd3̄m structural model for the
pyrochlore62 and the Fm3̄m model for defect fluorite
structure63 have been referenced in the Rietveld refine-
ments. The zero-point error, unit cell parameters, isotropic
temperature factor, the only variable atomic position
parameter (O 48f x-coordinate, for all the pyrochlores) and
the mixed occupancy of Eu/Zr cation sites (16c and 16d),
for disordered pyrochlore compositions (x = 0.125 and
0.25) were refined. The O anion sites 48f and 8b for all the
pyrochlores and the mixed site occupancy parameters for
Zr cations, as well as some highly disordered pyrochlores
(x = 0.375 and 0.5) are constrained to be equally
occupied based on their stoichiometries and the identified
order/disorder nature.
Diffuse reflectance spectra (DRS) were measured in

the UV–vis and NIR regions on an Agilent Cary 5000
spectrophotometer with a Labsphere Biconical Acces-

sory. Raman spectra were collected using a Renishaw
inVia Raman spectrometer equipped with the excitation
Argon ion laser 532 and 785 nm, and a Peltier cooled
charge-coupled device (CCD) detector (Renishaw plc) at
room temperature. Stokes shifted Raman spectra were col-
lected in the static mode in the range of approximately
100−1000 cm−1 with a spectral resolution of approximately
1.7 cm−1 for the 1800 L/mm grating. The spot size was
around 1.5 µm for 50×magnification.

3 RESULTS AND DISCUSSION

3.1 Crystal structures and phase
transition

Figure 1 shows the PXRD patterns of the Eu2Zr2–xO7−2x
(x = 0−1) solid solutions. The end member Eu2Zr2O7
(x = 0) composition shows an ordered pyrochlore struc-
ture (space group Fd3̄m, indexed based on ICSD 130791),
as evidenced by a few superlattice reflections including
(111), (311), (331) and (511), and so forth, in addition to the
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principal reflections such as (222), (400), (440), and (622),
and so forth. Diffraction data in the 2θ range of approxi-
mately 36.6◦–37.6◦ with the relatively strong superlattice
reflection (331) for the pyrochlore structure are highlighted
in Figure 1 to show the subtle structural transition along
the series. The intensities of the (331) superlattice reflec-
tion appear to gradually decrease with increasing x from 0
(Eu2Zr2O7) to 0.5 (Eu2Zr1.5O6), then disappear at x≥ 0.625.
These observations suggest the phase transition occurs
in the Eu2Zr2–xO7−2x system from the Eu2Zr2O7 ordered
pyrochlore, to the disordered pyrochlores (x = 0.125−0.5),
then to defect fluorites (x= 0.625−1). Rietveld refinements
of PXRDdata are further performed to confirm these phase
transitions.
Figure 2 presents the Rietveld refinements for three

typical compositions within Eu2Zr2–xO7−2x solid solutions
including Eu2Zr2O7 (x= 0) with ordered pyrochlore struc-
ture, Eu2Zr1.5O6 (x = 0.5) with disordered pyrochlore
structure, and defect fluorite Eu2ZrO5 (x= 1). The detailed
refinement results are summarized in Table 2. As shown in
Figure 2A, the ordered pyrochlore structure model fits the
Eu2Zr2O7 experimental PXRD pattern well (Rwp = 0.023,
Rwp = 0.015, and Rp = 0.016), including the weak superlat-
tice reflections such as (111) and (331). This result confirms
the highly ordered nature of the investigated Eu2Zr2O7
composition. As represented by the Eu2Zr1.5O6 refinement
for the disordered pyrochlore structure (Figure 2B) and
by the Eu2ZrO5 result for the defect fluorite structure
(Figure 2C), all the other refinements converge with good
fitting qualities (Table 2). Note that the disordering in the
Eu2Zr2–xO7−2x pyrochlore compositions (x = 0.125−0.5)
is structurally described by the mixed site occupancies
for the Eu/Zr cation sites (16d and 16c). Such disor-
dered pyrochlore structure model used in the refinements
reasonably predicts the weak superlattice reflections, as
typically shown in Figure 2B. To confirm the disorder-
ing nature in the Eu2Zr2–xO7−2x pyrochlore compositions
(x = 0.125−0.5), we also attempt to model the PXRD data
using the ordered pyrochlore structure model (i.e., the
Eu and Zr cations only occupy the 16d and 16c sites,
respectively). The obtained refinement profiles for typical
compositions of x = 0.125 and 0.5 are shown in Figure
S1. The results show that ordered structure model over-
predicts the intensities of some superlattice reflections
for these pyrochlore compositions, further validating their
disorder nature.
To highlight the order–disorder transition in the

Eu2Zr2–xO7−2x (x= 0−0.5) pyrochlores, the degree of Eu3+
cation ordering and the unit cell parameters for these com-
positions, derived from the PXRD refinements, are shown
in Figure 3. The degree of Eu3+ cation ordering parameter
Φ is defined as Φ = 2σ−1,64 where σ is the 16d site occu-
pancy of Eu3+ cation in the disorder pyrochlore structure.

F IGURE 2 Rietveld refinements of PXRD data from typical
Eu2Zr2–xO7−2x solid solutions: (a) Eu2Zr2O7 (x = 0) with ordered
pyrochlore structure (space group Fd3̄m), (b) Eu2Zr1.5O6 (x = 0.5)
with disordered pyrochlore structure (Fd3̄m), and (c) Eu2ZrO5

(x = 1) with defect fluorite structure (Fm3̄m). The graph shows the
observed data points (represented by + symbols), the fit by the
Rietveld refinement method (the red line), and their difference (the
green curve). Blue tick marks show the peak positions for the
corresponding structures. The fitting quality parameters (Rwp, Rexp,
and Rp) are also indicated.
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TABLE 2 Detailed PXRD Rietveld refinement results for the Eu2Zr2–xO7−2x (a) pyrochlores (x = 0−0.5) and (b) the defect fluorites
(x = 0.625−1).

(a) Pyrochlore compositions
x 0 0.125 0.25 0.375 0.5
Unit cell parameter a (Å) 10.5890(2) 10.5962(2) 10.6055(2) 10.6230(3) 10.6213(3)
O1 48f site x-coordinate
parameter

0.3374(16) 0.3433(16) 0.3443(18) 0.360(3) 0.351(3)

Eu1 16d site occ. 1 (fixed) 0.817(10) 0.714(12) 0.557(7) 0.551(7)
Zr1 16d site occ. – 0.183(10) 0.286(12) 0.40625 (fixed) 0.375 (fixed)
Eu2 16c site occ. – 0.183(10) 0.286(12) 0.40625 (fixed) 0.449(7)
Zr2 16c site occ. 1 (fixed) 0.754(10) 0.589(12) 0.443(7) 0.375 (fixed)
Degree of Eu cation ordering approximately 100% 63% 43% 11% 10%
Rwp 0.023 0.019 0.021 0.023 0.019
Rexp 0.015 0.015 0.015 0.014 0.014
Rp 0.016 0.014 0.015 0.015 0.013
(b) Defect fluorite compositions
x 0.625 0.75 0.875 1
Unit cell parameter a (Å) 5.3226(1) 5.3300(0) 5.3358(1) 5.3423(1)
Rwp 0.019 0.019 0.021 0.018
Rexp 0.014 0.016 0.016 0.015
Rp 0.014 0.014 0.016 0.013

Note: The O anion sites 48f and 8b for all the pyrochlores and the mixed site occupancy parameters for Zr cations, as well as some highly disordered pyrochlores
(x = 0.375 and 0.5), are constrained to be equally occupied based on the stoichiometries and the order/disorder nature of these solid solutions.

F IGURE 3 Degree of Eu3+ cation ordering and unit cell
parameters for the Eu2Zr2–xO7−2x pyrochlores (x = 0−0.5),
determined from PXRD Rietveld refinements.

Such parameter allows the quantitative characterization
of the disordering transition. It is found that Φ parameter
decreases to approximately 63% for the x = 0.125 com-
position, and further to approximately 43% for x = 0.25,
and stabilizes at approximately 10% for x = 0.375 and
0.5 compositions. In contrast, the unit cell parameters

a for the Eu2Zr2–xO7−2x (x = 0−0.5) pyrochlores are
shown to first increase from a = 10.5890(2) Å for x = 0 to
a = 10.6230(3) Å for x = 0.375, then slightly decrease to
a = 10.6213(3) Å for x = 0.5. Additionally, consistent with
previous findings,65 the O1 48f site x-coordinate parameter
x(O) is approximately 0.33 for the ordered Eu2Zr2O7
pyrochlore, and x(O) parameter slightly increases to the
range of approximately 0.34 to approximately 0.36 for
the disordered pyrochlores (see Table 2). Based on the
PXRD Rietveld refinements, the overall phase transitions
in the series are illustrated in Figure 4. It highlights
that the observed order–disorder phase transitions
are characterized by the increased mixed occupancy
of Eu/Zr cation sites (16c and 16d) in the long-range
structures.

3.2 Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy has been widely used to
investigate actinide valences in nuclear materials.66 Taken
uranium as an example, single-ion absorption bands from
U(IV) ion in a 5f2 configuration were expected right over
the range of visible (vis)/near-infrared (NIR) regions, and
those from U(V) ion in a 5f1 configuration were mainly
located in the near-infrared range,66 while strong absorp-
tion bands in UV region due to the charge transfer were
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KONG et al. 7609

F IGURE 4 The crystal structure transition from (a) ordered pyrochlore Eu2Zr2O7, to (b) highly disordered pyrochlore Eu2Zr1.5O6, then
(c) defect fluorite Eu2ZrO5.

expected for the U(VI) ion as it lacks the 5f electron. In
addition, the absorption bands also shift and/or splitting
due to crystal field and spin coupling.67 These absorp-
tion spectral features (band locations and shifts) would
help with the determination of U valences and the coor-
dination environment. It is of interest to see whether
DRS would be able to provide any characteristic features
for the Eu(III) ion in different structure types. Based
on theoretical calculations,68 the characteristic absorption
bands in the UV–vis range for Eu(III) ion contain: (i)
7F0→5L6 (390−405 nm) as the most intense transition in
UV–vis region; (ii) 7F0→5L2 (460−470 nm); (iii) 7F0→5L1
(520−530 nm); and (iv) 7F0→5L0 (585−600 nm). DRS spec-
tra of Eu2Zr2–xO7−2x (x= 0−1) solid solutions are shown in
Figure 5. The four characteristic absorption bands in order
of high to low intensity are: 7F0→5L6 at 395 nm, 7F0→5L2
at 470 nm, 7F0→5L1 at 530 nm, and 7F0→5L0 at 590 nm.
These absorption bands remain un-shifted across the solid
solution series. Likewise, the spectra in the NIR region
show similar features with multiple absorption bands in
the spectral range of 1300–1600 nm. Again, no obvious
band shift or splitting is evident corresponding to the phase
transitions.

3.3 Raman spectroscopy

Because x-ray diffraction is more powerful to detect the
heavy elements, it is more sensitive to monitor the order–
disorder of the cation sub-lattice, thus provides the infor-
mation of the average crystal structures. On the other
hand, Raman spectroscopy is particularly sensitive to
metal–oxygen vibrational modes, thus ideal for probing
the anion sub-lattice environment. As such, it has been
extensively used to investigate the structure transitions and
distortions.69–74

The basic cell of A2B2O7 pyrochlore can be presented as
an assembly of BO6 octahedra linked by A2O′ chains. The
structure is constructed by two different types of chemical
bonds. While the A−O bonds are much weaker and show
ionic character, the B−O bonds are more rigid, slightly
less ionic and ensure the cohesion of the structure.75
These B−O bonds are sensitive to very small changes in
either chemical or structural environment, thus evident in
Raman spectra. The A and B cations do not contribute to
the Raman vibrations, as they are located on the inversion
center. The theoretical analyses and selection rules predict
six Raman active modesA1g + Eg + 4F2g for the pyrochlore
structure with space group Fd3̄m.72–77 Short-range force
field calculation75 predicts that the main contribution to
the A1g mode originates from force constants related to
O−B−O bending. The Eg mode is generally associated
with the combination of the O−B–O bending and the B–
O stretching vibrations. Three F2gmodes mainly represent
a mixture of B–O bond stretching and bending vibrations,
while the fourthF2gmode is predominantly due toO–A–O′
bending vibrations.
Figure 6 shows the Raman spectra of the Eu2Zr2–xO7−2x

(x = 0−1) solid solution series, using the excitation laser
at either 532 or 785 nm. Four distinguished Raman peaks
are observed for Eu2Zr2O7 pyrochlore, located at approx-
imately 525 cm−1 (A1g), and approximately 590, approx-
imately 381, and approximately 307 cm−1 (F2g). The Eg
mode expected at approximately 338 cm−1 is sheltered
under the intense and broad F2g mode at approximately
307 cm−1, while another F2g mode calculated at approx-
imately 480 cm−1 could be suppressed by 525 cm−1 A1g
mode or possibly indistinguishable from the background.
The A1g, Eg and three F2g modes are usually assigned to
the vibration of the ZrO6 octahedra, while the fourth F2g
mode is due to the O–Eu–O′ vibrations.76,77 The detailed
Raman active phonon modes for Eu2Zr2–xO7−2x (x = 0−1)
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7610 KONG et al.

F IGURE 5 Diffuse reflectance spectra (left: UV–vis range; right: NIR range) of Eu2Zr2–xO7−2x (x = 0−1) solid solutions.

F IGURE 6 Raman spectra of the Eu2Zr2–xO7−2x (x = 0−1) solid solutions, excited by either 532 nm (left) or 785 nm (right) laser.
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KONG et al. 7611

TABLE 3 Observed Raman active phonon modes for Eu2Zr2–xO7−2x (x = 0−1, step = 0.125) solid solutions and the simulated Raman
frequencies for Eu2Zr2O7.

Eu2Zr2–xO7−2x A1g Eg F2g (1) F2g (2) F2g (3) F2g (4)

x = 0

Cal. 69 524 338 598 496 389 298

Cal. 70 523 339 581 470 376 288
Exp. 50 594 390 295
Exp. 71 525 596 380 300
This work 526/524 592/589 382/380 307/307

x = 0.125

This work

524/526 589/585 380/381 308/304

x = 0.25 524/526 590/582 379/378 310/306
x = 0.375 526/523 589/580 375/376 318/314
x = 0.5 526/527 590/579 378/375 314/316

F2g C1 structure
x = 0.625

This work

653/654

338/338
x = 0.75 653/653
x = 0.875 655/653
x = 1 658/659

Note: Wavenumber A/B: A and B indicate the Raman peaks using 532 and 785 nm laser, respectively.

solid solutions and the simulated Raman frequencies for
Eu2Zr2O7 are summarized in Table 3.
With gradual decreasing ZrO2 mol% from x = 0 to

x = 1.5, the intensities of the two F2g modes at lower fre-
quencies are hardly changed. But the F2g (3) peaks shift
slightly from approximately 381 to approximately 377 cm−1

and the F2g (4) peak position increases apparently from
approximately 307 to approximately 315 cm−1. Both inten-
sity and position of these two F2g modes are independent
of the laser wavelength, which can be clearly observed
in Figure 7. In addition, the A1g modes show little varia-
tion at approximately 525 cm−1 and are independent of the
excitation laser energy. However, the peak intensities are
reduced significantly from Eu2Zr2O7 to Eu2Zr1.5O6, sug-
gesting the increasing structure disorders associated with
oxygen vacancies. Even these materials possess pyrochlore
crystal structures, which are confirmed by PXRD data
refinements and the characteristic Raman peaks, the struc-
ture progressively changes from highly order to disorder
along the series. Furthermore, the frequencies of the F2g
(1) modes are located at approximately 590 cm−1 and do
not change with the 532 nm laser, but their positions
decrease from 589 to 579 cm−1 under 785 nm laser, which
is obvious in Figure 8. Similar as A1g mode, these F2g
(1) peaks shrink significantly for Eu2Zr2–xO7−2x materials
with x= 0 to x= 1.5, suggesting high pyrochlore distortion
for Eu2Zr1.5O6 material.
A factor group simulation expects only oneRamanmode

(F2g) for the fluorite structure with space group Fm3̄m.73
“Cubic”-stabilized zirconia is obtained with lanthanide
oxide over certain amount (>0.15 mol%), with the Raman
spectrum of the cubic phase exhibiting a broad contin-

uum from approximately 100–800 cm−1.73 Raman spectra
of the solid solution Eu2Zr2–xO7−2x (x = 0.625−1) shown
in Figure 6 exhibit the features of the cubic fluorite struc-
ture. All Raman F2g modes are located at the range of
653−659 cm−1, with slight shifting to higher wavenumber
at lower ZrO2 mol%. In addition, the Raman peaks excited
by 532 nm laser are more intense than those by 785 nm
laser, which are apparent in Figure 8. At the lower energy
side, there are broad and strong Raman peaks spread-
ing from 250 to 450 cm−1 and centered at approximately
340 cm−1 for these four materials.
An early study73 shows the Raman spectrum of the

Gd0.3Zr0.7O1.85 compositional material exhibiting cubic
fluorite structure with F2g mode centralized at approxi-
mately 600 cm−1 and another broad Raman peak observed
at approximately 310 cm−1. A recent study43 reports
that Nd0.2Zr0.8O1.9 and Nd0.3Zr0.7O1.85 materials show two
broad Raman bands at around 600 and 330 cm−1. The
broad band at approximately 600 cm−1 is the charac-
teristic of cubic-stabilized zirconia (F2g mode) having
defect fluorite structure. Such band is also reported to
appear at approximately 610 cm−1 for yttria-stabilized
zirconia.78 For stabilized cubic phase of the zirconia, only
one Raman active mode and one IR active mode are
expected.79 A major Raman peak is observed at 616 cm−1,
which is assigned to the triply degenerate F2g funda-
mental. This mode arises from the symmetric motions
of the oxygen atoms only. Owing to the high symme-
try of the tetrahedra, which surround oxygen, this mode
arises from the three equivalent motions of oxygen on the
three axes, corresponding to symmetric O–Zr–O stretch-
ing. For lanthanide-embedded zirconia possessing cubic
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7612 KONG et al.

F IGURE 7 Raman spectra of the Eu2Zr2–xO7−2x (x = 0−1) solid solutions, excited by either 532 nm (left) or 785 nm (right) laser in the
range of 260−430 cm−1.

F IGURE 8 Raman spectra of the Eu2Zr2–xO7−2x (x = 0−1) solid solutions, excited by either 532 nm (left) or 785 nm (right) laser in the
range of 480−700 cm−1.
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KONG et al. 7613

fluorite structure, the breadth of the Raman peaks is highly
broad and anomalous, suggesting high structural disorder
associated with oxygen vacancies, coupled with Zr–O–Zr
asymmetric stretching and deformation modes.
In theory, the ordered fluorite structure has only one

active Raman mode (T2g), which often appears as a single
broad band in the high-frequency region (approximately
600−800 cm−1), due to the presence of nanocrystalline
domains of various orientations.73 With increasing of
mol% for Eu, the structure transforms from disordered
pyrochlore to defect fluorite. The ordering of the vacancies
tends to the same arrangement as in the C-type lan-
thanide sesquioxide structure. The cubic structure with
space group Ia3 can be described as a fluorite super-
structure arising from the ordering of vacancies on the
anionic sub-lattice.73 As a result, the low-frequency broad
bands centered at approximately 338 cm−1 correspond
to vibrations at different degrees of order in the C1
structure.73,80 These Raman results may suggest the mate-
rials Eu2Zr2–xO7−2x (x = 0.625−1) contain two coherent
phases identical in composition: a nanocrystalline defect
fluorite-like phase (F), and a nanoparticulate ordered fluo-
rite derivative (C1). Previous study has proposed80 that the
cubic fluorite-derived phases (F) (Fm3̄m) andC1 (Ia3) have
similar lattice parameters in a fluorite setting and the crys-
tal lattices of the nanodomains may be separated by layers
of a distorted, nanoparticulate C1 phase differing in the
degree of order.
The results highlight that both PXRD and Raman spec-

troscopy are essential and complementary for correct
phase characterization at bulk and microstructural level,
and can provide a better understanding of the phase tran-
sitions for materials with various elemental compositions
and/or structural disorders.

3.4 Further discussion

It is generally accepted that the highly ordered-pyrochlore
structure (A2B2O7) stabilizes in a range of the ionic radius
ratio of A and B site cations (rA/rB within 1.46−1.80).50
For rA/rB < 1.46, an anion-deficient fluorite structure
is expected, whereas a monoclinic layered perovskite
structure-type is favored for rA/rB > 1.80. With the Zr4+
or Ti4+ cations occupying the B-site in six-fold coordi-
nation (rZr4+ = 0.720 Å and rTi4+ = 0.605 Å, see Table
S1), the formed lanthanide zirconates (Ln = La–Gd) and
the lanthanide titanates (Ln = Sm–Lu) (Ln3+ in eight-fold
coordination) tend to form pyrochlores. It is experimen-
tally confirmed that decreasing Ln3+ radius increases the
disorder between the A- and B-site cations and the ten-
dency to form the fluorite structure.50 The complete chem-
ical substitution on A-site cation induces the structural

transition from an ideal ordered-pyrochlore structure to
a completely disordered, defect fluorite structure.81 Alter-
natively, mixed occupancies of A- or B-site cations may
occur for the pyrochlores.38,82–84 In these cases, the forma-
tion of a pyrochlore or fluorite still depends on the average
cation ionic radius ratio of the A- and B-site cations, under
the condition that the discrepancy between ionic radii of
the replaced and the original cations is within a toler-
ant range. The pyrochlore structure is commonly depicted
as an ordered derivative of the anion-deficient fluorite
structure, so it has a strong tendency to disorder and the
compositional modification can cause transitions in the
pyrochlore toward a disordered defect-fluorite structure.
In certain circumstances, additional Ln3+ cation can

occupy the pyrochlore B-site. This phenomenon has been
observed for a few Ln2(Ti2–yLny)O7–y/2 (y = 0−0.67;
Ln = Tb, Dy, Ho, Er, Tm, Yb, Lu) lanthanide titanate
pyrochlores.85 For the smaller lanthanides (Ho–Lu), a
smooth pyrochlore to defect fluorite transition is observed
as more Ln3+ ions are stuffed into the structure, where the
Ln3+ and Ti4+ ions become completely randomized at the
maximum Ln composition (y= 0.67). Titanate pyrochlores
with Tb and Dy constitute ions are rather difficult to stuff,
given the larger size discrepancies between the Tb3+/Dy3+
(coordination number, CN = 6) and Ti4+ ions (Tb3+/Dy3+
is approximately 1.51−1.53 times larger than Ti4+). This
results in less mixing between the two cations with lit-
tle disorder on the original Ln3+ site. Extra Ln3+ cations
co-occupy mainly the Ti4+ site with disorder mostly on
the B-site of the pyrochlore structure, but no complete
transition to fluorite even at maximum stuffing.
There are several attempts to estimate a tolerance fac-

tor and unit cell parameters for pyrochlore oxides.86–88 The
recently proposed empirical formulae listed below are used
to define an empirical tolerance factor (Equation 1) and
calculate the unit cell parameter (Equation 2),88 and the
calculation results are summarized in Table 4.

𝜏 = 1.43373 − 0.42931

(
𝑟𝐴 + 𝑟𝑂
𝑟𝐵 + 𝑟𝑂

)
(1)

𝑎 =
8√
3

[
1.43373 (𝑟𝐴 + 𝑟𝑂) − 0.42931

(𝑟𝐴 + 𝑟𝑂)
2

𝑟𝐵 + 𝑟𝑂

]
(2)

where rA, rB, and rO (1.38 Å at CN= 4) are the average ionic
radius of the A, B, and oxygen ions, respectively. These
formulas are proposed for compounds with pyrochlore
structure based only on the ionic radii of the constituent
ions and derived by a statistical treatment of available
structural data, and no structural parameters are explicitly
used.
As Eu2Zr2O7 is close to the transition boundary from

the ordered pyrochlore to the defect fluorite (Table S1), the
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TABLE 4 The calculation results of the average cation ionic radius ratios (rEu/rB(ave)), the pyrochlore unit cell parameter (a), and the
tolerance factor (τ).

B
A2B2–xO7–2x or
(A,B)4–xO7–2x rB(ave) rEu/rB(ave)a a (Å)

Tolerance
factor τ Phase

x = 0 Eu2Zr2O7 0.720 1.481 10.5484 0.934 ord-pyro.
x = 0.125 Eu1.9375(Zr1.875Eu0.0625)O6.75 0.727 1.466 10.5680 0.935
x = 0.25 Eu1.875(Zr1.75Eu0.125)O6.5 0.735 1.450 10.5888 0.937
x = 0.375 Eu1.8125(Zr1.625Eu0.1875)O6.25 0.743 1.434 10.6109 0.939
x = 0.5 Eu1.75(Zr1.5Eu0.25)O6 0.752 1.417 10.6343 0.941 disor-pyro.
x = 0.625 Eu1.6875(Zr1.375Eu0.3125)O5.75 0.762 1.399 – –

def-flu.
x = 0.75 Eu1.625(Zr1.25Eu0.375)O5.5 0.772 1.380 – –
x = 0.875 Eu1.5625(Zr1.125Eu0.4375)O5.25 0.784 1.360 – –
x = 1.0 Eu1.5(ZrEu0.5)O5 0.796 1.340 – –

Abbreviations: def-flu.: defect fluorite; disor-pyro.: disordered-pyrochlore; ord-pyro.: ordered-pyrochlore.
arB(ave) = [(2 – x)rZr + xrEu/2]/(2 − x/2).

increment of the average B-site ionic radius would induce
a transition to an anion-deficient fluorite structure. The
presence of excess of Eu likely leads to an Eu replacement
on the Zr site, as the radius of Eu3+ (CN = 6) is just 1.315
times larger than Zr4+. With more Eu occupying the Zr
site, the averageB-site ionic radius increases, leading to the
reduction of the average cation ionic radius ratio of the A-
and B-site cations (Table 4). As the size of the A-site cation
approaches that of the B-site cation, the driving force for
structural ordering decreases, and the structure is stable as
the defect fluorite structure, (A,B)4O7. In this case, the dis-
ordering of the cation sites as well as the vacancies in the
anion sites occur in the structure. This chemically induced,
order–disorder pyrochlore, then defect fluorite structural
transition is closely associatedwith the rEu/rB(ave) changes.
As shown in Table 4, the calculated pyrochlore cell

parameters increase gradually with increasing Ln cations
on the B-site from 10.5484 Å (x = 0) to 10.6343 Å (x = 0.5).
These results are in reasonable agreement with the obser-
vation in this work, with the cell parameter increasing
from 10.5890 to 10.6213 Å for Eu2Zr2O7 and Eu2Zr1.5O6,
respectively. This trend is also consistent with the obser-
vation for Ln2(Ti2–yLny)O7–y/2 (y = 0−0.67) materials85 in
which excess smaller Ln are stuffed on the Ti site, leading
to not only the enlargement of the cell parameter, but also
the eventual pyrochlore to defect fluorite transition.
The tolerance factor τ (Equation 1) is symmetrically

distributed ranging from 0.871 to 0.948 after fitting the his-
togram with a Gaussian function, corresponding to the
rA/rB values from approximately 1.80 to approximately
1.38. The tolerance factor is centered at τ = 0.913 in
the Gaussian distribution. For pyrochlores with a toler-
ance factor near this value, the ionic radii ratio rA/rB
is near 1.6, which is almost in the middle of the rA/rB
range (l.46−1.80) proposed by Subramanian et al.50 as the
requirement for the formation of pyrochlore structure.

The calculated tolerance factors are 0.934 for Eu2Zr2O7
and 0.941 for Eu2Zr1.5O6 (Table 4), corresponding to the
rA/rB values from 1.481 to 1.417, within the tolerance
range for a pyrochlore structure.88 Eu2Zr1.5O6 can be
termed as Eu1.75(Zr1.5Eu0.25)O6 suggesting that 12.5 mol%
of Eu is relocated from pyrochlore A-site to B-site, by
this re-occupation, the pyrochlore is varied from ordered
to disordered structure, which has been confirmed by
the long-range XRD analyses and the short-range Raman
results. The formation of the pyrochlores outside 1.46 ≤

rA/rB ≤ 1.80 range but within the tolerance valuesmay sug-
gest the pyrochlore structures are disordered, which is the
intrinsic feature of this special crystal structure.
It should be clarified that the formulation of Equa-

tions (1) and (2) may not be the general criteria for
predicting the formation and stability of the pyrochlore
structure. For example, Fuentes et al.38 have synthesized
the mixed A-site pyrochlores, using mixed-oxide route
and heat treatment at 1400◦C. By applying Equation (1)
to the rA and rB assuming nominal distributions at the
A- and B-sites, all the mixed oxides should have the
pyrochlore structure,38 which is contrary to their experi-
mental results. Their results showed that many of them
do not present long-range pyrochlore ordering, while, on
the other hand, Raman spectroscopy suggests that most of
them are short-range ordered. It is reasonable to believe
that these observations lead to two indications. One is that
the existing tolerance factor formulation for pyrochlore
oxides may be not robust/comprehensive enough to pre-
dict the formation of the pyrochlore or fluorite structure.
Another is that there may be sufficient nonnegligible
amount of the antisite defects present in the structure. The
real average rA/rB values based on the final composition on
the A- and B-sites can be significantly different from the
nominal ones, by which all the tolerance factors are used
to predict the crystal structure.
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3.5 Implications and perspectives

This work highlights the flexible crystal chemistry of zir-
conate materials as candidate waste forms for actinide
immobilization. The obvious advantages, for example,
good chemical durability and excellent radiation tolerance,
ensure that zirconates are suitable waste forms for the sep-
arated minor actinides89 and the lanthanide-rich actinide
waste stream from the reprocessing of spent nuclear fuel
discharged from the light water reactors.90
In general, zirconates require high-temperature sinter-

ing to become dense ceramics suitable as waste forms.
However, hydrothermal synthesis of zirconate nanopar-
ticles is possible and offers an alternative for low-
temperature processing of zirconate materials.91 Some
pioneer work to stabilize zirconate nanoparticles in glass
matrix as advanced glass–ceramic waste forms provided
an alternative processing route, which warrants further
research effort.92

4 CONCLUSIONS

A solid solution series of compounds Eu2Zr2–xO7−2x
(x = 0−1, step = 0.125) have been fabricated using a
co-precipitation method and subsequently sintering at
1400◦C. The structures of the solid solutions undergo grad-
ual phase transitions from ordered pyrochlore Eu2Zr2O7
to highly disordered pyrochlore Eu2Zr1.5O6, then to defect
fluorite Eu2ZrO5, which are confirmed by PXRD data
with Rietveld structure refinements. DRS provides char-
acteristic absorption bands for Eu3+ ions, but shows little
distinctive spectral feature to distinguish the structure
types. In contrast, Raman spectroscopy with two differ-
ent wavelength lasers clearly shows the phase transition
from pyrochlore to fluorite for the series, highlighting the
advantage of micro-Raman for probing local structures.
Overall, lanthanide zirconate materials demonstrate the

unique structural flexibility, and are candidate host phases
for actinide-rich waste streams especially suitable for
conditioning of separated minor actinides.
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