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Abstract

Inert matrix fuels (IMF) consist of transuranic elements (i.e., Pu, Am, Np, Cm) embedded in a neutron transparent
(inert) matrix, and can be used to “burn up” (transmute) these elements in current or Generation IV nuclear
reactors. Yttria-stabilized zirconia has been extensively studied for IMF applications, but the low thermal
conductivity of this material limits its usefulness. Other elements can be used to stabilize the cubic zirconia
structure, and the thermal conductivity of the fuel can be increased through the use of a lighter stabilizing element.
To this end, a series of NdxScyZrixy0O25 materials have been synthesized via a co-precipitation reaction and
characterized by multiple techniques (Nd was used as a surrogate for Am). The long-range and local structures of
these materials were studied using powder X-ray diffraction, scanning electron microscopy, and X-ray absorption
spectroscopy. Additionally, the stability of these materials over a range of temperatures has been studied by
annealing the materials at 1100 °C and 1400 °C. It was shown that the NdxScyZri.«,O».; materials maintained a
single cubic phase upon annealing at high temperatures only when both Nd and Sc were present with y >0.10

and x+y > 0.15.
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1. Introduction

Nuclear energy is used to produce electricity while producing minimal carbon emissions. '* However, it
produces radiotoxic waste that must be securely stored for thousands of years.>”* Transuranic elements (TRU; i.e.,
Pu, Am, Np, Cm) are largely responsible for the long-term radioactivity of spent nuclear fuel and the heat
generated by these elements limits the storage capacity of geological facilities (e.g., Yucca Mountain).**” The
amount of transuranic species that must be stored can be reduced by incorporating them into nuclear fuels and
“burning up” (transmuting) these elements in-reactor.*®'" Inert matrix fuels, which consist of TRU species
embedded in a neutron transparent (inert) material, have been proposed as nuclear fuels for use in Generation IV
nuclear reactors.®!'"'*

Cubic zirconia (ZrO,), which adopts a fluorite-type structure, has been widely proposed for use as an inert
matrix fuel due to its chemical durability, resistance to radiation damage, and high melting point (in addition to its
low neutron absorption cross-section).'*'>"'” However, pure ZrO, in the cubic structure is only stable at
temperatures above 2370 °C, it adopts a tetragonal structure at temperatures between 1170 °C and 2370 °C, and a
monoclinic structure below 1170 °C."®?' The tetragonal and monoclinic structures are related to the cubic
structure, and are connected to the cubic structure by shifts to lower symmetry arrangements as the temperature
decreases.”>° Accompanying these phase transitions is a 3-5% increase in the volume and a significant drop in
the thermal conductivity of the material.'”*® An increase in the volume of the material is detrimental because fuel
rods are engineered to precise specifications and expansion of the fuel pellet could lead to a fuel cladding
failure.’” A decrease in the thermal conductivity of the fuel material is also undesirable as this would lead to a
greater fuel temperature which could lead to failure conditions.”’

The cubic fluorite structure may be stabilized at room temperature by doping aliovalent cations into the
system (i.e., Y**, Sc¢*").'229222830 The addition of an aliovaent cation introduces oxygen vacancies into the system,
which, in addition to the size difference between the dopant cation and Zr*", act to stabilize the cubic structure '*-',
Y-doped ZrO, materials have been extensively studied for use as an IMF material but these materials have a low
thermal conductivity which leads to undesirable fuel pellet temperatures.”*>® The thermal conductivity of the

doped ZrO, materials could be increased if a lighter dopant element was used, as thermal conductivity increases

as the molar mass of the material decreases.’’ Sc-doped ZrO, materials have been studied for use in solid-oxide



fuel cells (SOFC) due to their high oxygen conductivity. However, these materials have been shown to not be
stable at SOFC operating temperatures, as the fluorite structure degrades. Studies have shown that the addition of
a small amount (~1 wt%) of rare-earth element can enhance the stability of the fluorite structure at SOFC
operating temperatures. Despite the interest in Sc-doped ZrO, materials as SOFC materials, very little research
has been done to understand how the addition of significant amounts (>1 wt%) of an actinide will affect the
structure of these materials.”***° To this end, a series of NdxSc,ZrxyO25 materials have been synthesized and
characterized. Nd has been used here as a surrogate for Am given its similar ionic radius and chemical
reactivity.?**'* The materials were made via a low-temperature co-precipitation method and the local and long-
range structures of the compounds were studied by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray absorption spectroscopy (XAS). Additionally, given the wide range of
temperatures that a fuel pellet will experience in a reactor, the stability of the fluorite structure adopted by these
materials at high temperatures was also studied by annealing the as-synthesized materials at 1100 °C and 1400 °C.
The annealed materials were then studied by powder XRD, SEM, and XAS as well. This study shows that both
Nd and Sc are required to stabilize the fluorite structure of NdxScyZri«yO2.s materials, and changes in
composition during both in-reactor and post-reactor service must be taken into account when considering these

materials for IMF applications.

2. Experimental
2.1. Synthesis

The Nd,Sc,Zri..yO2.5 materials were synthesized via a standard co-precipitation method.* Stoichiometric
amounts of Nd>O; (Alfa Aesar, 99.9%) and Sc,Os (Alfa Aesar, 99.99%) were dissolved in boiling nitric acid
while ZrOCl,-8H,O (Alfa Aesar, 99.9%) was dissolved in deionized water. The acidic Nd-Sc solution was then
added to the aqueous Zr*" solution. Concentrated ammonia was added to the mixture, which resulted in the
formation of a precipitate. The solid was collected via vacuum filtration and dried in air for 24 h. The dried
precipitate was then calcined at 800 °C for 24 h in air, resulting in the final product. The thermal stability of the
material was investigated by annealing ~0.07 g aliquots of the as-synthesized materials in air at 1100 °C and
1400 °C for 24 h. The bulk densities of the as-synthesized and annealed NdxScyZr;.x.;O2.5 materials were not

measured.



The phase identification of the as-synthesized and annealed materials was performed using powder XRD.
The powder XRD patterns were collected using a PANalytical Empyrean diffractometer using either Cu Kqi 2
(A=1.5406 A) or Co Ku> (A=1.7890 A) radiation. Phase quantification was obtained by Rietveld refinement,
which was performed using the PANalytical X’ pert HighScore Plus software program.* Rietveld refinements
were performed by fitting cubic ZrO,, tetragonal ZrO,, and monoclinic ZrO, phases to the data.***® The phases
used to model the diffraction data were adapted from the pure ZrO; patterns by adding Nd and Sc to the
crystallographic site occupied by Zr. The site occupancies were set to be consistent with the ideal stoichiometry of
each material. As an example, the cubic ZrO, pattern for the Ndo.10Sco.10Z108001.90 pattern was generated by
adding Sc and Nd to the Zr 4a site. The Zr site occupancy was set to 0.80 while the Sc and Nd site occupancies
were each set to 0.10. The addition of Sc and Nd impacted the intensity of the modelled peaks and significantly
improved the quality of the fit. For instance, in the example presented above when only Zr was used in the model
the Ryp was 11.82 while the Ry, was 9.83 when Sc and Nd were also included in the model. The background was

fitted using a 3 order polynomial function which also included a 1/20 term.

2.2. Scanning Electron Microscopy

SEM samples were prepared by pressing ~0.17 g of the as-synthesized material into a %” (0.635 cm)
pellet before being sintered at 800 °C in air for 12 h. (The experimental configuration did not allow for
measurement of the pellet press pressure or the pressing time.) The bulk densities of the pellets were not measured,
and are likely much less than the theoretical density. Several of the pellets were subsequently annealed at 1400 °C
for 24 h in air and air quenched. The pellets were embedded in a resin matrix and ground manually to a flat
surface using SiC paper. The pellet surfaces were then polished using 0.25 um diamond paste. The samples were
coated with a thin carbon layer to reduce sample charging effects. A Zeiss Supra-55 WDS-VP SEM coupled with
an Energy Dispersive X-ray Spectrometer (EDS) was used to collect SEM images and to carry out EDS mapping.
The sample surface morphology was examined using secondary electron (SE) images. Samples were mapped by
EDS for Zr, Sc, and Nd at 500x magnification, and the EDS maps were collected using an ~8 pm step size at an

accelerating voltage of 20 kV. All EDS maps from a sample were collected at a the same spot.



2.3. X-ray Absorption Spectroscopy
2.3.1. Zr K-edge, Nd Li-edge XAS

Zr K-edge and Nd Ls-edge XAS spectra from the as-synthesized and annealed samples were collected
using the CLS@APS Sector 20BM bending magnet beamline located at the Advanced Photon Source (APS),
Argonne National Laboratory. A silicon (111) double crystal monochromator with a Rh harmonic rejection mirror
was used, which has a resolution of 2.5 eV at 18000 eV (Zr K-edge) and 0.85 eV at 6000 eV (Nd Ls-edge). The
beamline produces a photon flux of ~10'" photons/s.*” The samples were finely ground and sealed between layers
of Kapton tape, and the number of layers was adjusted to maximize the absorption signal. In all cases, at least four
layers were used, which resulted in a uniform sample thickness.

The Zr K-edge XAS spectra were collected in transmission mode using ion chambers filled with an
80% Ar:20% N, gas mixture. The spectra were calibrated using a Zr metal foil, having a known Zr K-edge
absorption energy of 17998 eV, and the metal foil spectrum was measured in-line with the samples.”® The X-ray
absorption near-edge (XANES) region of the Zr K-edge spectra were measured using a 0.3 eV step through the
absorption edge and the extended X-ray absorption fine structure (EXAFS) region of the Zr K-edge spectra was
measured to k = 15 A™! with a step size of 0.05 k.

The Nd Ls-edge XAS spectra were also collected in transmission mode. The intensity of the incident X-
ray beam was measured using an ion chamber filled with a 70% He : 30% N, mixture and the transmitted beam
intensity was measured using an ion chamber filled with N,. The spectra were calibrated using a Mn foil (Mn K-
edge = 6539 eV) which was measured separately.™® The XANES region of the Nd Ls-edge spectra were collected
using a 0.15 eV step through the edge. The EXAFS region was measured to k = 10.5 with a 0.05 k step size. (The
Nd Ls-edge EXAFS range is limited by the Nd L,-edge at 6722 eV.) All spectra were normalized and analyzed

using the Demeter software suite.”’

2.3.2. Zr K-edge EXAFS Modelling

The EXAFS spectra were analyzed by fitting the parameters of the standard EXAFS equation:

N;S2
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where N;j is number of j* atoms at a distance R; from the absorbing atomic centre, Fj(k) is the backscattering
function, o;* is the Debye-Waller Factor, and ¢;(k) is the phase-shift function of the jth atom. These parameters are
described in detail in previous publications.”>> Here, N; is equivalent to the coordination number (CN) and will
be referred to as such. The Zr K-edge EXAFS spectra were analyzed by calculating Fj(k), ¢j(k), and A for each set
of scattering pairs in a given cluster using the FEFF6 code.’* The other parameters were fit using a least-squares
refinement as described below using the Artemis program, which is included in the Demeter software suite.”'

A scattering cluster was generated based on a cubic zirconium structure using the parameter determined
from the powder XRD patterns (vide infra). Two of the next-nearest-neighbor (NNN) Zr atoms were replaced by
Nd and two of the NNN Zr atoms were replaced by Sc in the cluster when modelling the quaternary materials. It
was necessary to add two of each dopant atoms into the system to generate the Zr—O—M scattering paths (M = Zr,
Nd, Sc). (In the ternary materials only Sc or Nd was substituted into the system.) The R; and 6 parameters of the
first shell Zr-O, second shell Zr-Zr, and third shell Zr-O (labelled as Zr—O2) paths were fitted as separate
variables for each scattering path. The CN of each scattering path was initially set to reflect the stoichiometry of
each phase and was then varied manually to improve the fit. The energy shift parameter, AE, and S,* were fitted
across all scattering paths. The Zr—O—Zr, Zr—O-Sc, and Zr—O-Nd were also fitted using parameters from the
single scattering paths. The changes in multi-scattering path lengths were modelled as ARz_ot 0.5%ARz:_zr/send,
and the Debye-Waller factors were modelled as 6°z-0 + 0.5*6%zzysona. The CNs of the multiscattering paths

were changed to reflect the CNs of the Zr—Zr, Zr-Sc, and Zr-Nd single-scattering paths.

2.3.3. Sc K-edge, Zr Ls-edge XAS

Zr Ls-edge and Sc K-edge XANES spectra were collected using the Soft X-ray Microcharacterization
Beamline (SXRMB, 06B1-01) located at the Canadian Light Source (CLS). The beamline has a photon flux of >1
x 10'" photons/s and provides a resolution of ~0.25 eV when using a Si (111) crystal monochromator.”> Samples
were mounted as fine powders spread on double-sided C tape. Both the Zr Ls-edge and Sc K-edge spectra were
measured in total electron yield (TEY) mode using a 0.10 eV step through the absorption edge. The Zr Ls-edge
spectra spectra were calibrated using Zr foil, which has a known Zr Ls-edge absorption energy of 2223 eV, and

the Sc K-edge spectra were calibrated using Ti metal powder, having a known edge energy of 4966 eV.>



3. Results and Discussion
3.1. Powder XRD

Powder XRD patterns were collected from the as-synthesized and annealed NdxScyZrixyO>.x materials
and are presented in Figures 1 and 2, and Figures S1 and S2 in the Supporting Information (SI). The diffraction
patterns were analyzed using Rietveld refinement to determine the cubic unit cell parameter and phase
composition of the materials. The results of this analysis are presented in Table 1 and Table S1. The peaks in the
patterns from the as-synthesized materials heated at 800 °C are wider than those from the annealed samples. The
wide peaks indicate the poor crystallinity of the as-synthesized materials and show that the as-synthesized
materials are significantly less crystalline than the materials annealed at higher temperatures.>® This is consistent
with the synthetic conditions as higher annealing temperatures should lead to a more crystalline and ordered
material.

Only peaks associated with the cubic fluorite phase were observed in the patterns from the as-synthesized
materials. However, the cubic phase was not stable when the ternary phases were annealed at high temperature.
The tetragonal phase was formed in the ternary Ndo25Zr.7501.8s compound when it was annealed at 1100 °C and
the Rietveld analysis indicated that the material was ~33% tetragonal and 67% cubic phase (see Table 1). Both the
tetragonal and monoclinic phases were observed when Ndo2sZro7501.8s was annealed at 1400 °C, resulting in a
multi-phase material containing 30.9% monoclinic phase, 3.5% tetragonal phase, and 64.7% cubic phase. An
ordered Sc-Zr-O B-phase was formed when Sco25Zro.7501.8s was annealed at 1400 °C. The structure of this B-phase
material is complex and poorly understood, though it can be described as a superstructure of the fluorite structure
in which the O-vacancies are ordered.****>’% The formation of a rhombahedral B-phase Sc-Zr-O observed in this
study is consistent with previous studies of Sc-substituted zirconia, in which rhombahedral Sc-Zr-O phases were
observed when Sc-ZrO, materials were heated at temperatures >600 °C.*%437-6

The stability of the cubic fluorite structure adopted by the quaternary NdiSc,Zri«.yO25 materials was
found to vary with composition. A phase change was observed in the Ndo20Sco.05Z10.7501.83 material when it was
annealed at high temperature. The cubic structure decomposed into a mix of tetragonal and cubic phase when this

composition was annealed at 1100 °C. Only a small (8.8%) amount of monoclinic phase was observed when

Ndo20Sco.05Z10750185 was annealed at 1400 °C (Table 1). Monoclinic zirconia was also observed when



Ndo.15S¢0.05Z108001.90 Was annealed at 1400 °C (Table S1, Figure S2a). These results indicate that a minimum
amount of Sc (y > 0.10) must be doped into the system to stabilize the cubic phase in the quaternary materials. In
addition, neither the Ndo.10S¢0.0sZ10.8501.92 nor the Ndo.osSco.10Zr0.8501.90 materials were stable upon annealing at
high temperatures. These results indicate that the amount of dopant added to the material (i.e., x+y) must be
greater than 0.15 to stabilize the cubic zirconia phase at a wide range of temperatures. No phase changes were
observed when the NdxScyZr;.x.yO2-s materials with x+y > 0.15 and y > 0.10 were annealed at temperatures up to
1400 °C (see Table 1, Table S1).

The cubic unit cell parameters are plotted in Figure S3 in the SI as a function of composition. The
changes in the unit cell with composition deviated from the values expected from Vegard’s law (i.e., the change
was not linear) and the unit cells of the end member as-synthesized Ndo»5Zrp 750183 and Sco25Zr0.7501 .88 materials
were much larger than expected.®’ This is in contrast to the NdxY,Zri,Os.s system, where the lattice parameter
varied according to Vegard’s law.>® This could be indicative of more disorder in these compounds when compared
to the quaternary materials. The unit cell of the materials expanded slightly upon annealing with the exception of
Ndo20Sco05Zr07501.85, which contracted slightly. This expansion varied between 0.0028-0.0365 A and the
magnitude of the change generally decreased as the Sc replaced Nd in the system. Again, the unit cells of the end-
member Ndo25Zro750183 and Sco25Zro750183 materials deviated from Vegard’s Law. This deviation in the
annealed materials may be explained by the large changes in phase composition that occurred upon annealing

(vide supra).

3.2. SEM and EDS

The as-synthesized and annealed materials were characterized by SEM. Representative secondary
electron (SE) micrographs are presented in Figure 3 and Figure S4 in the SI. The micrographs from the as-
synthesized pellets (Figure 3a-d) showed that the surfaces contained large, faceted grains. The surface
morphology did not appear to depend on composition. The surfaces became porous upon annealing at 1400 °C
and no faceted surfaces were observed. The surfaces of the annealed pellets were consistent with the surfaces of

previously studied NdxY,Zri,O.s materials that were synthesized via a high temperature solid-state route .



This indicates that surface morphology is strongly dependent on annealing temperature but independent of
composition.

Energy dispersive spectroscopy (EDS) elemental maps were also collected from the materials and these
are presented in Figures 4-6 and Figures S5-7 in the SI. In general, lighter shaded regions indicate regions of
higher elemental concentration while darker regions indicate areas of lower elemental concentration. However,
some shadowing can be seen due to topography of the polished pellet surface. This shadowing is most prevalent
in Figure 6, which shows Zr L, maps from the NdiScyZri.«.yO2.5 samples. The dark regions in these EDS maps
correspond well to dark regions found in Sc and Nd EDS maps from the same composition, further confirming
that the low intensity regions are due to shadowing effects, and not changes in concentration. (All of the EDS
maps and SEM images were collected from a single spot and magnification for each individual sample.) Figure 4
shows the Nd L,-maps of several as-synthesized materials (Figures 4a-c) and materials annealed at 1400 °C
(Figures 4d,e). No aggregation was observed in the Nd Lq-map from the Ndo.osSco.0sZ10.7501.83 sample annealed at
1400 °C due to the poor signal-to-noise ratio of the map (Figure 4f). Nd is relatively evenly distributed in the as-
synthesized materials, though some spots where higher Nd concentrations were observed (Figure 4a-c). In
contrast, the Nd distribution becomes heterogeneous upon annealing the materials at 1400 °C, and distinct Nd
aggregates were observed within the materials (Figure 4d,e). The observed changes in the Nd EDS maps are
distinct, and the Nd distributions are qualitatively different between the as-synthesized and annealed samples. The
nature of these changes indicates that the Nd distribution shifts, and that these results are not a product of changes
in the surface shadowing. This change in Nd distribution upon high-temperature annealing was observed in all
materials studied, and suggests that Nd segregation is a thermodynamically favorable process, rather than a
kinetically driven process as was previously postulated for NdxY,Zrixy0O2.s materials made via a solid-state
reaction method.” The formation of Nd aggregates is generally negative when considering these materials for
IMF applications as the formation of areas of high actinide concentration in an IMF would lead to uneven heat
distribution and activity throughout the fuel pellet.”’

The Sc K, and Zr L, maps are presented in Figures 5 and 6, respectively. A small number of Sc bright
spots were observed in the as-synthesized materials, but these appeared to disperse upon annealing at 1400 °C. In

general, it was observed that both Zr and Sc were dispersed homogenously throughout these materials. The



distribution of both elements remained generally homogenous after high-temperature annealing as well. This

indicates that both Zr and Sc do not segregate in the materials upon annealing.

3.3. Zr K-edge
3.3.1. XANES

Zr K-edge XANES spectra were collected from the as-synthesized and high-temperature annealed
Nd«ScyZri«yO25 materials and these spectra are presented in Figure 7 and Figures S8 and S9 in the SI. Three
features are observed in these spectra, labelled as A, B, and C in Figure 7a. Feature A is known as the pre-edge
and is due to forbidden, quadrupolar Zr 1s = 4d excitations.®** Features B and C constitute the main-edge, which
is comprised of dipolar Zr 1s = 5p excitations.**** The intensity and shape of the pre-edge depends on the
geometry of the coordination environment around the Zr metal centre.* The pre-edge does not change with
composition, which indicates the symmetry of the Zr coordination environment likely does not vary with
changing composition.

Small changes in the main-edge were observed to occur as the composition of the as-synthesized
materials was varied. Feature B moved to higher energy and the intensity of features B and C increased as Sc
replaced Nd in the system. A comparison to previously collected Zr K-edge spectra from tetragonal and
monoclinic ZrO; systems indicates that these changes were due to a change in the symmetry of the Zr-bearing
phases.>® Therefore, it is concluded from these changes in the Zr K-edge XANES spectra that the symmetry of the
local Zr coordination environment of the Nd«Sc,Zri-«.yO»-5 materials decreased slightly as Sc replaces Nd in these
materials.

The spectrum from the Ndo25Zr.7501.8s material changes upon annealing with the intensity of the main-
edge at ~18020 eV increasing and feature B shifting to slightly higher energy (Figure 7b). This change is
consistent with the formation of a lower symmetry ZrO, phase, which is consistent with the powder XRD
results.” The spectra from the other Nd.ScyZrixyO2.s materials do not change upon high-temperature annealing.
This result is somewhat surprising as the powder XRD results indicated that B-phase Sc-Zr-O formed when
Sco25Zr07501 83 was annealed at 1400 °C. However, the B-phase Sc-Zr-O is a derivative of the fluorite supercell
and the main difference between the fluorite structure and the structure of the B-phase Sc-Zr-O material is the

ordering of anion vacancies within the system.****"" The Zr coordination environment remains largely

10



unchanged in these materials, and it is expected that any changes between the spectra from the cubic phase and -
phase would be too small to be observed given the relatively low energy resolution of the Zr K-edge spectra. In
general, the Zr K-edge XANES spectra show that the local environment around Zr did not change significantly

upon high-temperature annealing when Sc was present in the material.

3.3.2. EXAFS

The EXAFS region of the Zr K-edge XAS spectra were collected from the as-synthesized and annealed
NdxScyZrixy0,.5 materials and the Fourier transformed spectra are presented in Figure 8 and Figures S10-12 in
the SI. Three peaks were observed in these spectra, and these are labelled as D, E, and E’ in Figure 8a. Peak D is
associated with the nearest-neighbor (NN) Zr—O scattering path and peak E is associated with the next-nearest-
neighbor (NNN) Zr—Zr, Zr—Sc, and Zr—Nd scattering paths. Peak E’ is primarily attributed to a shoulder of the
Zr-Sc single-scattering path. The intensity of Peak E was mostly independent of composition, though a small
decrease in intensity was observed when Nd was added to the system. It is likely that this change was due to
interference between the Zr—Zr, Zr—Sc, and Zr-Nd paths, and does not represent a physical change. The intensity
of Peak E’ increased with increasing Sc content. This change with increasing Sc content can be explained by the
increased number of Sc NNN atoms as this peak is directly related to the Zr—Sc scattering path.

The intensity of peak D increased as Sc replaced Nd in the system. This change may indicate that the Zr
coordination number increases with increasing Sc content. It has been previously shown that O-vacancies are
preferentially located around Nd in Nd-ZrO, systems while O-vacancies are preferentially located around the Sc
metal centres in Sc-ZrO, systems.'*>% Here, the O-vacancies are likely pulled away from the Zr metal centres as
Sc is introduced in the system resulting in an increase in the Zr CN. This phenomenon has been previously
ascribed to size effects and differences in Sc-vacancy binding energy compared to the Zr-vacancy binding energy
in R,03-ZrO, (R = rare-earth, Y, Sc) systems, and the results here serve to further confirm these prior
studies.'0>66
The Fourier transformed EXAFS spectra from the as-synthesized and annealed materials are compared in
Figures 8b and Figures S9-S11 in the SI. The intensities of peaks D, E, and E’ increased with increasing annealing
temperature with the exception of the Ndo.10Sco.05Zr0.8501.92 and Ndo.0sSco.10ZrO1.92 samples (Figure S9a, c). In the

case of these materials, phase changes were also observed via powder XRD (Figure S2), and, in general, these
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materials behaved differently than the other NdScyZr;.xyO2.s materials. Here, the discussion about these materials
is limited to concluding that NdxScyZr|.xyO2.5 compounds with x+y < 0.15 are not stable under high-temperature
annealing conditions and are therefore unsuitable for IMF applications.

With regards to the NdxScyZrixyO2.5 compounds with x+y > 0.15, the increased intensity of the peaks can
largely be attributed to an increase in the ordering of the local and long-range structures in these materials upon
high-temperature annealing. This conclusion is consistent with the powder XRD results, as the diffraction peaks
were observed to become more narrow upon annealing (vide supra). However, the increase in the intensity of
feature D upon annealing was not consistent between material compositions, and the intensity appears to increase
more when the Sc loading is high. This may indicate that the Zr CN is also increasing in these cases in addition to
the increased ordering. This could be caused by a migration of O-vacancies to sites adjacent to the Sc metal
centres (vide infira). These comparisons indicate that the NdxSc,Zr.xyO2-s materials made at 800 °C become more
ordered upon high-temperature annealing when x+y > 0.15.

The EXAFS spectra were also modelled and the resulting fits are plotted along with the Zr K-edge spectra
in Figures 8c,d and Figures S13-23 in the SI. The parameters of these fits are enumerated in Table 2 and Table S2
in the SI. Overall, there is a good agreement between the data and the modelled spectra, and the R-factors of the
models are indicative of quality fits (see Table 2). The Zr-O bond distance was found to be ~2.15 A in all cases
and the Zr—Zr bond distance was found to vary between 3.53-3.58 A, although the differences in the Zr—Zr bond
distances were not statistically significant. Both the Zr—O and Zr—Zr distances are in agreement with previously
reported values for NdiYyZrixyO2s systems.”® The Zr-Sc bond distances and Zr-Nd scattering distances
determined from the as-synthesized and annealed Sco 257107501 s and as-synthesized Ndo 15Sco.10Zr0.7501 33 were all
within a statistically similar range. However, the Zr—Nd bond distance in Ndy.15S¢o.10Z10.7501.33 Was observed to
decrease to 3.36(3) A when the material was annealed at 1400 °C. A similar phenomenon was observed when
quaternary NdyY,ZrixyO>5 compounds were annealed at 1400 °C.> In this previous study, the short Zr-Nd bond
lengths, which are not expected in a fluorite structure, were proposed to arise from the possible formation of a c-
Nd,O; structure. It also appears that a c-Nd,O; type-material could be forming in the NdScyZri.yOss

compounds annealed at high temperatures, though it is also possible that this determined short bond distance was
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a result of an error in the model fitted to the data. In general, further research must be performed to determine if a
¢-Nd»Os3 phase could be present in these materials.

The o? values of each scattering path did not change with composition or annealing temperature. The ¢
values were all physically plausible values with the exception of the 6* values of the Zr—Sc and Zr—Nd scattering
paths from Ndo.15Sco.10Z10.7501 5. In the case of this material, the 6 values of 0.005 and 0.004 were smaller than
what would be expected for a NNN bond length. The Zr—Sc and Zr-Nd coordination numbers also had to be
changed when fitting the spectrum from the Ndo 15Sco 10Zr0.7501 83 material annealed at 1400 °C to prevent c* for
these scattering paths from being negative. These low ¢ values may indicate that some segregation of Nd, Sc, and
Zr occurs in the materials after annealing at high temperature. This explanation is consistent with the SEM and
EDS results as well, which showed that the Nd distribution became heterogeneous after annealing at 1400 °C. To
summarize, the Zr K-edge EXAFS results show that the Zr coordination number changes with composition and
upon annealing. The results also show that the distribution of Zr, Sc, and Nd in the material also likely changes

when Nd is added to the Sc-ZrO, system and upon annealing.

3.4. Zr Ls-edge

Zr Ls-edge spectra were collected from several of the as-synthesized and annealed NdxScyZrix.yOa.5
compounds, and are presented in Figure 9 and Figure S24 in the SI. Two peaks, labelled as F and G in Figure 9a,
were observed in these spectra due to crystal field splitting of the Zr 4d states. Peak F is attributed to Zr 2p = 4d
e, transitions while peak G arises from Zr 2p = 4d to, excitations. Peak G was observed to slightly increase as Sc
replaced Nd in the system, which may indicate that the coordination environment around Zr became more
symmetric. This is consistent with a shift to a tetragonal phase, in which the coordination environment is more
symmetric and the Zr CN is 8, and these results agree with the Zr K-edge XANES results (vide supra). However,
this change is small, and only represents a minor shift in the coordination environment, which is likely why
changes were not observed in the pre-edge of the Zr K-edge XANES spectra.

The Zr Ls-edge spectra did not change significantly upon high-temperature annealing of the materials
(Figure 9b). With the exception of the spectra from the Ndo.15Sco.0sZ108001.90 sample, the changes were small and
not significant. The spectrum from the Ndo.15Sco.05Zro2001.90 sample did change significantly as the intensity of

feature G decreased and there was a slight increase in the intensity of the spectrum at ~2226 eV when the material
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was annealed at 1400 °C. A comparison of the spectra from the NdxScxZrixy0O.s materials to the spectrum from
monoclinic ZrO, (Figure 9a) indicates that this change is likely due to the formation of monoclinic zirconia upon
annealing. The powder XRD results from this sample also indicated that monoclinic zirconia was formed upon
annealing (see Figure S2). Overall, these results further indicate that the coordination environment around Zr in

NdxScyZrixy02.5 materials does not change significantly when annealed at temperatures up to 1400 °C.

3.5. Sc K-edge

The Sc K-edge XANES spectra from several of the as-synthesized and high temperature annealed
Nd«ScyZrixyO,.5 materials are presented in Figure 10. The spectra exhibit three pre-edge peaks, labelled as Hi, Ha,
and H; in Figure 10a, which result from Sc 1s = 3d transitions. Two main-edge peaks, labelled as I, and I, were
also observed, and arise from Sc 1s = 4p transitions. Beyond this, a definitive and detailed assignment of each
peak is not possible as there is relatively little literature available regarding analysis of the Sc K-edge.®’"
However, there is a similarity in shape between the Sc K-edge spectra and Ti K-edge spectra from defect fluorite
and pyrochlore type systems.”"”* Given the close proximity of Sc and Ti on the periodic table, it seems reasonable
to assume that the features in the Sc K- and Ti K-edge spectra would also have similar origins. Based on this, the
details of the peak origins can be tentatively assigned and further analyzed. Feature H; likely arises from Sc 1s =
3d e, transitions and feature H, is likely due to Sc 1s = 3d t», excitations. Feature Hj is likely due to an
excitation known as an intersite hybrid feature, in which Sc 1s electrons are excited to non-local states consisting
of absorbing atom 4p states interacting with next-nearest-neighbor d-states through O 2p states. Continuing the
analogy to the Ti K-edge, feature I, is assigned to excitations of the 1s electrons to Sc 4p states interacting with O
2p states while feature I, can simply be assigned to transitions to empty Sc 4p states.

The line shape of the main-edge of the Sc K-edge spectra from the Nd.ScyZr;-x.yO2-5 is similar to that of
the spectrum from [Sc(OH2)s](CF3S0s);, in which Sc occupies a symmetric 8-fold coordination environment.®
The Sc K-edge spectra also bear a close resemblance to Sc-doped CeO. materials, which adopt a fluorite
structure.® These similarities likely indicate that Sc occupies a cubic coordination site. The weak intensities of the
pre-edge features indicate there is minimal Sc 4p-Sc 3d mixing and that the Sc coordination environment likely

contains an inversion centre, which further supports the conclusion that Sc occupies a cubic coordination site.
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Only slight changes in the spectra from the NdxScyZrx.yO.s materials were observed when the composition was
varied (Figure 10a) and when the materials were annealed at high temperature (Figure 10b). These results indicate
that only minor changes in the local Sc coordination environment occurred when the composition was varied and

when the materials were annealed at high temperature.

3.6. Nd Ls-edge

Nd Ls-edge XANES spectra were collected from the as-synthesized and annealed NdiScyZri.xyO2-s
materials, and these spectra are presented in Figure 11. A single, intense peak is observed in these spectra and this
peak is attributed to Nd 2p = Nd 5d transitions.” Figure 11a shows that as the Nd content in the materials
increased there was a small decrease in the intensity of the white line. This decrease is likely due to changes in the
electronegativity of the NNN atoms. The average electronegativity of the NNN atom decreases as Nd (y = 1.07)
replaces Sc (x = 1.20).”* The reduced electronegativity results in less electron density being pulled away from the
absorbing Nd atom, and slightly reduces the number of unoccupied states that the core electron can be excited to.
This reduction would result in the reduced peak intensity observed here.

The spectra from the as-synthesized and high-temperature annealed NdSc,Zri.x.yO2.5 compounds are
compared in Figure 11b. The spectra from the as-synthesized and annealed compounds are similar, indicating that
only minimal changes in the structure around Nd occur upon annealing. The broad peak at ~6250 eV slightly
increased with annealing temperature. This peak is attributed to multi-scattering resonances, in which the excited
photoelectron scatters off multiple neighboring atoms. The increased intensity of this peak indicates that the local
structures around Nd became more ordered upon annealing, which is also consistent with the powder XRD results
(vide supra). Overall, the Nd Ls-edge spectra indicate that the Nd coordination environment in NdxScyZri.x.yO2.s

does not change upon thermal treatment.

3.7. Mechanistic Insights

The EDS results provide insight into the mechanism of how Sc acts to stabilize the fluorite structure in
the NdxScyZri.xyO2.s materials. The EDS images showed that when all of the materials were annealed at 1400 °C
the Nd became segregated within the material. This segregation led to areas where the Nd content is too low to
stabilize the fluorite structure in Nd.Zr;-xO.s materials, resulting in the formation of lower symmetry monoclinic
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and tetragonal phases. The Zr coordination number in monoclinic ZrO; is reduced to 7 as the structure distorts to
this lower symmetry phase. Therefore, it is not expected that this segregation would result in an increase in the Zr
CN despite the increased O-content in monoclinic ZrO, compared to O-deficient NdxZrixO2-s. The effects of the
Nd segregation were mitigated by the addition of Sc into the system, which did not segregate upon annealing and
kept the concentration of 3+ cations throughout the annealed material at level high enough to stabilize the fluorite
structure. This stabilization mechanism has been previously shown to occur in NdyYZri.«,O>-s systems, where Y
acts in a similar manner to stabilize the fluorite structure.”

The mechanism by which Nd acts to prevent the formation of the B-phase Sc-Zr-O in the NdScyZri.xyO2-s
is more complex, though the XAS results provide insights into this phenomenon. The B-phase Sc-Zr-O forms
when the anion vacancies become ordered, forming a fluorite superstructure. The fluorite structure of the as-
synthesized ScyZri,O,.s materials was a metastable state formed via the low-temperature co-precipitation method.
In this case, high disorder within the system prevents the formation of the highly ordered B-phase. The Zr K-edge
EXAFS spectra showed that the Zr CN increased upon annealing, which is consistent with a shift in O-vacancies
away from Zr. The Zr K-edge XAS results also showed that the change in CN upon annealing decreased as Nd
replaced Sc in the NdiScyZri«yO2s compounds. These results show that the O-vacancies migrated to more
ordered positions upon annealing. The Nd prevented the migration of O-vacancies within the material, which
prevented the formation of B-phase Sc-Zr-O. This is consistent with several other studies of RE-doped Sc-ZrO,
systems which showed that the anion mobility decreased as the dopant cation size increased.”’” From these

results it can be concluded that Sc-doped zirconia is not appropriate for IMF applications.

4. Conclusions

The thermal stability and local and long-range structures in a series of NdxScyZri«yO2.5 materials have
been characterized using a number of techniques. The powder XRD results showed that neither the NdxZr;.xO2-5
nor the Sc,Zr.y0,.5 materials were stable when annealed at T > 1100 °C. This indicates that the ternary materials

are not suitable for IMF applications. The addition of a small amount of Sc to the system (y = 0.05) greatly
reduced the amount of monoclinic and tetragonal ZrO, that was formed upon annealing while the addition of

slightly more Sc (y = 0.10) completely stabilized the cubic structure. The fluorite structure was only stable at high
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temperatures when x+y > 0.15. The EDS data indicates that Sc stabilizes the cubic structure by maintaining a
sufficient concentration of 3+ cations in the system when Nd segregates in the materials upon annealing. The
fluorite structure of the ScyZr;.yO..5 materials was also not stable at high temperatures, and a B-phase Sc-Zr-O
oxide was formed when these materials were annealed. However, the addition of Nd to the system prevented this
transformation. The XANES results indicated that the local coordination environments around the Sc and Nd
metal centres were mostly independent of changes in composition and thermal treatment. This indicates that the
local structures in NdxScyZri.xyO2.s materials with x+y > 0.15 are stable at high temperatures. The Zr K-edge
EXAFS results indicated that the Zr CN decreased as Nd replaced Sc in the materials and that changes in the Zr
CN decreased with increasing Nd content upon annealing.

A mechanism by which the fluorite structure is stabilized in the quaternary Nd.ScyZrix.yO»-5 materials
was proposed from these results. The addition of Sc limits the effect of Nd migration upon annealing, likely by
ensuring that an adequate number of O-vacancies remain in the fluorite system. This results in the stabilization of
the fluorite structure upon high-temperature annealing. Conversely, the addition of Nd prevents the formation of
an ordered B-phase by limiting O-vacancy migration within the fluorite phase. The results presented here indicate
that both Nd and Sc are required to stabilize the fluorite structure in Ndx«ScyZri_«yO».s materials at temperatures up

to 1400 °C.
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Tables

Table 1 Parameters of powder XRD Rietveld Refinement

Nd0.252r0.7501.88 Nd0.20Sc0.05Zr0.7501.88
As synth An. 1100 °C An. 1400 °C As synth An. 1100 °C An. 1400 °C
Rwp 8.08 8.51 8.85 10.33 11.74 12.94
Unit Cell 5.1791(3) 5.2156(5) 5.2079(1) 5.1614(1) 5.1658(5) 5.1565(1)
W4t. Fraction 100% Cubic 64.7% Cubic 65.7% Cubic 100% Cubic 67.4% Cubic, 32.6% 91.2% Cubic
35.3% Tetragonal 3.5% Tetragonal Tetragonal 8.8% Monoclinic
30.9% Monoclinic
Nd0.155¢0.10Zr0.7501.88 Nd0.10Sc0.15Zr0.7501.88
Rwp As synth An. 1100 °C An. 1400 °C As synth An. 1100 °C An. 1400 °C
Unit Cell 6.38 12.07 12.50 8.21 8.70 13.48
Wt. Fraction | 5.1252(5) 5.1303(3) 5.1321(1) 5.1080(6) 5.1121(2) 5.1128(1)
100% Cubic 100% Cubic 100% Cubic 100% Cubic 100% Cubic 100% Cubic
Nd0.055¢0.20Zr0.7501.88 $¢0.257r0.7501.88
As synth An. 1100 °C An. 1400 °C As synth An. 1400 °C
Rwp 7.89 9.41 11.24 7.90 10.86
Unit Cell 5.0885(5) 5.0921(1) 5.09130(8) 5.0828(3) 5.0857(3)
Wst. Fraction | 100% Cubic 100% Cubic 100% Cubic 100% Cubic 30.8% Cubic
69.2% B-Phase

Table 2 Zr K-edge EXAFS Fitting Results

Sc0.25Z10.7501.88

As-synthesized A led 1400 °C
2 _ nneale
S =0.98(7), AE =-1.7(8) So> =1.00(8) AE =-3(1) eV
v R = 0.020
R = 0.017 e

CN R (A) o’ CN R (A) o’
Zr-0 7 2.149(8)  0.008(1) | 7  2.152(9)  0.008(1)
Zr-Zr 9 3.55(1)  0.012(1) | 9 3.53(1)  0.011(2)
Zr-Sc 3 3.57(5)  0.017(8) | 3 3.56(5)  0.015(8)
Zr-02 | 24 4.26(4) 0.05(1) | 24  421(8)  0.05(1

Ndo.155¢0.10Z10.750 1 88
As-synthesized Annealed 1400 °C
So2=0.93(9) AE=-2.8(9) eV | S,>=0.94(7) AE=-1.7(7) eV
R = 0.014 R =0.014

CN R (A o’ CN R (A) o’
Zr-0 7 2.160(8)  0.008(1) 7 2.158(8)  0.008(1)
Zr-Zr 9  3.5712)  0.012(2) 9 3.58(2) 0.012(2)
Zr-Sc 3.58(4)  0.005(6) | 1.8 3.53(4) 0.006(6)
Zr-Nd 1 3.61(3)  0.0043) | 12 3.36(3) 0.004(2)
Zr-02 | 22 4.29(4) 0.03(1) 22 4.30(5) 0.029(8)
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Figure Captions

Figure 1 Powder XRD patterns from the as-synthesized and annealed ternary (a) Ndo2s5Zro750183 and (b)
Sco.25Z10.7501 88 materials are presented. In all figures “As-synth.” indicates as-synthesized material and “An.”
indicates an annealed sample. Peaks from monoclinic (1) and tetragonal (2) ZrO, phases form when the
Ndo25Zr07501.83 material was annealed at 1400 °C. Peaks associated with a B-phase Sc-Zr-O material, marked
with an asterisk, were observed when the Sco25Zro750153 material was annealed at 1400 °C. There is good

agreement between the data and the fits generated by Rietveld analysis in all cases.

Figure 2 The powder X-ray diffraction patterns from the quaternary as-synthesized and annealed (a)
Ndo.05S¢0.20Z10.7501.88 and (b) Ndo.20S¢o.05Z10.7501.38 materials are presented. A small monoclinic impurity phases
formed when the Ndo.20Sco.0sZr0.7501.8s material was annealed at 1400 °C while the Ndo.0sSco.20Zr0.7501 .83 remained
a single-phase upon annealing. There is good agreement between the data and the fits generated by Rietveld

analysis in all cases.

Figure 3 SE images from pellets of the as synthesized (a) Ndo25Zr0.750188, (b) Ndo.20S¢0.05Z10.7501 38,
(¢) Ndo.05S¢0.20Z10.7501 88, and (d) Sco25Zr0.7501 88 materials and the (€) Ndo25Zr0.7501 38, (f) Ndo.20S¢0.0sZ10.7501 83, (g)
Ndo.05S¢0.20Z10.7501.88, and (h) Sco.25Z10.7501.88 pellets annealed at 1400 °C. Upon annealing the pellet surface

flattens and more surface pores are visible.

Figure 4 Nd L, EDS maps from the as-synthesized (a) Ndo25Zro750138s, (b) Ndo20Sco.05Z10.7501 .83,
(¢) Ndo.0sSc0.20Zr0.7501 88 pellets and the (d) Ndo25Zro.7501.5s, (€) Ndo20Sco.05Zr0.7501.88 and () Ndo.0sSco.20Zr0.7501.58

pellets annealed at 1400 °C. The Nd became segregated when the pellet was annealed at high temperature.

Figure 5 Sc K, EDS maps from the as-synthesized (a) Ndo20Sco.05Z107501.838, (b) Ndo.05Sc020Z10.7501358, and (c)
Sco.25Z10.7501 .88 materials and the (d) Ndo20Sco.05sZr0.7501.88, (€) Ndo.0sSco20Z10.7501.88, and (f) Sco25Z10.7501 88

materials annealed at 1400 °C.) No change in the Sc distribution was observed when the pellets were annealed at

1400 °C.
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Figure 6 Zr K, EDS maps from pellets of the as synthesized (a) Ndo25Zro75013s, (b) Ndo20Sco.05Z10.7501 88,
(¢) Ndo.05S¢0.20Z10.7501 88, and (d) Sco25Zr0.7501 88 materials and the (¢) Ndo25Zr0.7501 38, (f) Ndo20S¢0.0sZ10.7501 88, (g)
Ndo.05S¢0.20Z10.7501 88, and (h) Sco25Zr0.7501 .83 pellets annealed at 1400 °C. The Zr was homogenously distributed

in all of the as-synthesized and annealed samples.

Figure 7 (a) Zr K-edge XANES spectra from the as-synthesized NdxSc,Zr|.xyO2-5 materials are presented. Three
features, labelled A, B and C are observed. Feature A arises from forbidden, quadrupolar Zr 1s = 4d transitions
while features B and C are due to dipolar Zr 1s - 5p transitions. (b) The spectra from the as-synthesized
materials are compared to the spectra from the materials annealed at 1400 °C. Only the spectrum from the

Ndo.25Z10.7501 83 materials changes upon annealing.

Figure 8 (a) Zr K-edge EXAFS spectra from several of the as-synthesized Nd«Sc,Zri.«.yO,5 materials are
presented. Three features, labelled D, E, and E’ are observed: feature D arises from Zr—O scattering paths and
features E is attributed to the Zr—Zr, Zr—Sc, and Zr—Nd scattering paths. The contributions to feature E’ are mostly
attributable to the Zr—Sc scattering path. (b) The Zr EXAFS spectra from the as-synthesized and annealed
Ndo.158¢0.10Z10.7501 .88 materials are compared. There is little change in the intensity of Feature D while the
intensity of Features E and E’ increase as the annealing temperature increases. (c¢) The fits of the Zr K-edge

spectra are compared to the data in R-space and (d) k-space.

Figure 9 (a) The Zr Ls;-edge XANES spectra from several of the as-synthesized NdxScyZr|«yO2.5 materials. Two
features, F and G, were observed. Feature F is assigned to Zr 2p = 3d e, excitations and feature G is assigned to
Zr 2p > 3d t, states. The intensity of Feature G increases as the Sc content increases. (b) The Zr Ls-edge
XANES spectra from several of the as-synthesized and annealed materials are compared. Changes are observed

when several of the materials are annealed, but no trend is observed.
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Figure 10 (a) Sc K-edge XANES spectra from several of the as-synthesized NdxSc,Zr.xyO2-5 materials. Features
Hi, H,, and Hj3 arise from forbidden Sc 1s = 3d transitions and Features I, and I, are attributed to dipole-allowed
Sc 1s = 4p transitions. There is a decrease in the intensity of Feature I; and an increase in the intensity of Feature
I, as the Sc content decreases. (b) The Sc K-edge XANES spectra from several of the as-synthesized and annealed
materials are compared. The intensity of feature I, increases as the annealing temperature increases. The

magnitude of the change in the spectra observed upon annealing increases with increasing Sc content.

Figure 11 (a) Nd L;-edge spectra from the as-synthesized NdxScyZri«y02.5 compounds. A strong white line is
observed and the magnitude of this line increases with as the Sc content increased. (b) The Nd Ls-edge spectra
from the as-synthesized and annealed materials are compared. No significant changes were observed upon

annealing.
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Figure 9
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Figure 10
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For Table of Contents Only:

The thermal stability of possible cubic NdxScyZri.xyO2-s inert matrix fuels has been studied by annealing the
materials at 1100 °C and 1400 °C. (Nd was used as a surrogate for Am.) The long-range and local structures of
the materials were studied using powder X-ray diffraction, scanning electron microscopy, and X-ray absorption
spectroscopy. The results show the cubic fluorite structure was only stable at high temperatures when x+y > 0.15
and y > 0.10.

Nd,Sc,Zry..,0, annealed at 1400 °C:
y=0 x=0 x+y>0.15
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