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maximize iodine loading in pyrochlores

ABSTRACT: The long-term immobilization of iodine-129, a key radio- iow iodine loading in pyrochiores o '
y high-entropy design

nuclide in nuclear waste, remains a major challenge for sustainable nuclear
energy. Pyrochlore ceramics, which can be integrated into glass-ceramic
waste forms, are widely recognized for their chemical durability and their
capacity to immobilize actinides and other long-lived waste elements, but
have not previously been demonstrated for iodine. Here, we show iodine can
be accommodated into the pyrochlore structure by partial substitution for
fluorine in a known oxyfluoride pyrochlore. Structural characterization
reveals a solubility limit and associated lattice distortion upon iodine
incorporation. To address these constraints, we introduce a high-entropy
design strategy and computationally screen over 40,000 multication
pyrochlore compositions, identifying candidates with the potential for
substantially increased iodine loading. Many candidates exceed 33 wt %
iodine, outperforming most existing ceramics, and in principle, iodine loadings as high as 74 wt % are accessible. These results
highlight high-entropy pyrochlores as a promising and tunable materials platform for advancing safe and effective immobilization of
iodine radionuclides in nuclear waste management.

KEYWORDS: iodine, pyrochlore, nuclear waste immobilization, high-entropy design, lattice distortions

B INTRODUCTION perovskite and apatite-type ceramics, which can incorporate
iodine,”*~** pyrochlore has not previously hosted iodine. This
has been attributed to the large ionic radius and possible
chemical incompatibility of iodide. Addressing these barriers is

While nuclear power is regaining attention as a stable low-
carbon energy option, significant challenges remain in
managing high-level nuclear waste such as spent fuel and

reprocessed residues.”” Todine-129 is a major radionuclide of essential for developing iodine-hosting pyrochlores for nuclear
concern due to its long halflife (15.7 million years),’ waste forms.

significant fission yield (1% for uranium-235),"° high mobility In this work, we report the first synthesis of iodine-
in water,® and strong tendency to accumulate in the human containing pyrochlore via hydrothermal methods and directly
thyroid,” making it a persistent health risk over geologic time observe a solubility limit for iodine incorporation in this
scales. Unlike uranium and plutonium,® iodine-129 is not structure. We find that iodine incorporation leads to lattice
recycled but is instead captured and immobilized during distortions and internal stress. To address these limits and
reprocessing, due to its low economic value and high explore routes to higher iodine loading, we propose a high-
abundance.” Both pure ceramic and pure glass waste forms entropy design strategy that leverages multiple-cation disorder
for iodine-129 suffer limitations, including processing incom- to potentially stabilize structures with higher iodide content.

patibility, compositional selectivity, insufficient long-term
durability, and poor mechanical robustness.'’ Glass-ceramic
waste forms, in which one or more durable crystalline phases
are embedded within a glassy matrix, offer a promising
solution—enabling immobilization of multiple radionuclides
and actinides in a robust composite." ">

Pyrochlore is known for its chemical durability, radiation
resistance, and compatibility with glass matrices, makin§ it a
top choice for glass-ceramic nuclear waste forms."”~"" Its
structural flexibility has enabled the synthesis of many halide-
containing forms, including fluoride pyrochlores.'®'” Unlike

By computationally screening over 40,000 high-entropy
pyrochlore compositions derived from the full range of
reported B-site chemistries, we identify a materials design
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strategy that, in principle, can significantly boost iodine
loading, reduce materials cost, and lessen supply dependence.
If validated, this approach could be extended to other material
systems, providing a general route for designing robust hosts
for challenging waste species.

B RESULTS AND DISCUSSION

The pyrochlore structure is often described by the general
formula A,B,X(X',”® where the A-site (16d) is occupied by
eight-coordinated metal ions and the B-site (16c) by six-
coordinated metal ions.”*”>® The more familiar A,B,0,
formula® > is a special case in which O*~ occupies both
the X (48f) and X’ (8b) anion sites. However, the pyrochlore
framework accommodates a variety of anions at these sites,
including F~, N*~, and S*7, enabling broad chemical
flexibility.'®'”*%*! The structure’s corner-sharing BX4 octahe-
dra create large channels that can host A-site cations and X’
species.””*? This flexibility has enabled the synthesis of halide
pyrochlores, such as Na,Nb,OF, and NaCaSb,O4F."*"’
However, the much larger ionic radius of iodide (2.2 A)
compared to fluoride (1.3 A) is expected to present a
significant challenge for incorporation.

Motivated by this structural flexibility and prior halide
substitutions,”® we hypothesized that iodide could, at least
partially, be incorporated into the pyrochlore lattice despite its
larger radius. To test the limits of iodide uptake, we
synthesized seven samples with varying iodide-to-fluoride
ratios using hydrothermal methods (Table 1). For brevity,

Table 1. Sample Naming Scheme for Iodine-Containing
Pyrochlores”

nominal I I":F~ label
stoichiometries replacement ratio
Na,Nb,OF, 0% 0:2 O;F,
Na,Nb,O;F, oIy, 5% 0.1:1.9 OsF, ol
Na,Nb,OF 4], 10% 0.2:1.8 OsF, 512
Na,Nb,OF, ;1,3 15% 0.3:1.7 OsF, 1oz
Na,Nb,OFI 50% 1:1 OsF I,
Na,Nb,OFl, s 75% 1.5:0.5 O4Fyl; 5
Na,Nb,O;l, 100% 2:0 Osl,

“Each label corresponds to a nominal stoichiometry, the percentage of
F~ replaced by I”, and the I":F~ ratio in the precursor solution. Na
and Nb are omitted from the labels for clarity.

we refer to each composition by a label defined in Table 1
(e.g., OsF,3ly, corresponds to Na,Nb,O;F;l;,). The hydro-
thermal method uses low temperatures™ and a sealed
environment,>> which minimizes iodine volatilization®® and
aids iodide incorporation.

We characterized phase by X-ray diffraction (XRD),
morphology by scanning electron microscopy (SEM), local
lattice distortions by Raman spectroscopy, and iodide
incorporation and chemical states by X-ray photoelectron
spectroscopy (XPS). We used XPS rather than energy-
dispersive X-ray spectroscopy (EDS) because EDS has low
sensitivity and overlapping peaks for iodine, while XPS can
unambiguously identify and quantify iodine in the samples.
Phase Formation

XRD was used to determine phase formation and identify
structural changes resulting from iodide incorporation. XRD
patterns for all samples and the Nb,O; precursor are shown in

Figure la. OsF, matches the reported pattern for pyrochlore
Na,Nb,0O;F,,'* confirming formation of the Fd3m pyrochlore
phase. Samples with up to 15% iodide (OgF,4ly;, OsF;glys,
OsF,;1,3) also closely match the reference pyrochlore pattern.
O, matches the pristine Nb,Os precursor (orthorhombic
Pbam),”’ indicating little or no reaction. The intermediate
samples with 50% or more iodide (OsF,I; and OsF], ;) show
a mixture of the two reference profiles (Fd3m and Pbam),
indicating partial reaction.

For O4F,, OF, oIy 1, OsF, gLy, and OgF, /15, peak shifts and
Rietveld-refined lattice parameters (Figure 1b,c) indicate an
initial lattice expansion with increasing iodide content,*®
followed by contraction at higher iodide levels.”” We interpret
these results as follows: at low iodide content, iodide replaces
fluoride, and the larger ionic radius of iodide causes lattice
expansion. When the solubility limit is reached (near
OsF,sly,), additional iodide can no longer be accommodated
in the pyrochlore lattice. Instead, further increase in nominal
iodide content is associated with vacancy formation, leading to
lattice contraction and destabilization of the pyrochlore phase.
This mechanistic interpretation is summarized in the schematic
model shown in Figure 1d. As supported by the XPS analysis
and related discussion presented in the following sections,
iodide can be incorporated into the pyrochlore lattice up to a
solubility limit; above this limit, vacancy formation becomes
favorable and the pyrochlore phase becomes less stable.

Morphology

SEM was performed to evaluate particle morphology and
assess the preservation of pyrochlore microstructure. SEM
images for all samples and the Nb,Os precursor are shown in
Figure 2. OsF, shows uniform octahedral particles, consistent
with reference Na,Nb,O:F,'®*" (Figure 2a). Similarly,
OsFioloy, OsFiglyy and OgFy;lp; (Figure 2b—d) display
pyrochlore-like morphology. However, samples with higher
iodide content (OsFI;, OsFysls, Osly; Figure 2e—g) show
increased morphological heterogeneity and irregular, nonuni-
form particles. Osl, shows no pyrochlore-like features, and the
morphology resembles unreacted Nb,O; precursor (Figure
2h). These observations are consistent with XRD results:
pyrochlore morphology is maintained at low iodide content,
but is disrupted at higher iodide fractions.

Local Lattice Distortions

To investigate whether iodide incorporation causes lattice
distortion in the structure, we performed Raman spectroscopy
(Figure 3a). We focus on the broad, asymmetric band near 680
cm™!, which is assigned to Nb—O—Nb stretching vibrations*!
and reflects the corner-sharing BXy octahedra framework in
pyrochlore (Figure 3b). The observed spectra confirm that
OsFy OsFioloy, OsFislos and OgF;lp; all adopt the
pyrochlore structure.”” We analyze the full width at half-
maximum (FWHM) of this peak, as peak broadening is an
indicator of increased local distortion.””~*” As shown in Figure
3¢, the FWHM increases from OsF, to OF l,,, indicating
that iodide incorporation enhances local lattice distortion. At
O,F,;lp;, the FWHM decreases, consistent with reduced
incorporation of iodide and a slower increase in lattice
distortion. This trend in FWHM supports the iodide-
incorporation model proposed from XRD (Figure 1d): iodide
substitution induces local distortion in the pyrochlore lattice
up to the solubility limit, beyond which additional iodide is not
incorporated and lattice distortion is alleviated.
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Figure 1. X-ray diffraction (XRD) results for iodine-containing oxyfluoride pyrochlores. (a) XRD patterns for all samples with varying iodine-to-
fluoride ratios. Na and Nb are omitted from sample annotations for clarity; only the X- and X'-site anions are shown (e.g, OsF,ol,; denotes
Na,Nb,OsF, l,,). (b) Enlarged XRD profiles for samples with a single pyrochlore phase; peak shifts are highlighted with blue arrows. (c) Lattice
parameters extracted by Rietveld refinement of the XRD patterns. (d) Schematic illustration of the lattice parameter evolution mechanism during
iodide incorporation in the pyrochlore structure. Dark blue, light blue, green, and orange spheres represent iodide, oxide, fluoride, and sodium ions,
respectively. To highlight the changes at both the X and X’ sites, only the AX,X; dodecahedron unit is depicted.

T
pyrochlore + unreacted precursor particles

unreacted precursor precursor particles

Figure 2. Scanning electron microscopy (SEM) images of iodine-containing pyrochlores. SEM images of (a) OsF,, (b) OsF; o1y, (c) OsFyglo,, (d)
O¢F,;1y3 (e) OsF L, (f) OsFyslis, (g) Osl,, and (h) pristine Nb,Os. All scale bars are S00 nm.

lodide Incorporation

XPS was used to identify the presence of elements, assess
oxidation states, and investigate the local chemical environ-
ment.”* XPS measurements for OsF,,ly,, OsFgly, and
OsF, 7153 show clear iodine 3d signals (Figure 3d), confirming
the incorporation of iodide. Compositional uniformity was

assessed by EDS mapping of OsF, ;ly3, as shown in Figure S3.
For the eight-coordinated Na site, negative binding energy
shifts are observed in OsF,gly, and OF,;1,; (Figure 3e),
which are characteristic of a decrease in the effective positive
charge® and suggest a modification of the local electronic
environment near the jiodide solubility limit. To probe this, we
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Figure 3. Raman spectra and X-ray photoelectron spectroscopy (XPS) results. (a) Full Raman spectra of OF,, OsF, Iy, OsF,sly,, and OsF; /1y
(b) Schematic of the pyrochlore structure, highlighting the BXy octahedra and Nb—O—Nb linkages. (c) Evolution of the Raman full width at half-
maximum (FWHM) with lattice constant, extracted from XRD. (d-f) High-resolution XPS spectra for (d) I 3d, (e) Na 1s, and (f) Nb 3d orbitals

for OsF,, OsFgly1, OsFyslyy and OsF 51y,

performed a detailed analysis of the O 1s spectrum, as shown
in Figure S4. In pyrochlore, the O 1s signal can be resolved
into two components: a lower-binding-energy component
attributed to lattice oxygen (Oy,,) and a higher-binding-energy
component attributed to adsorbed oxygen species (O,4,).”"”
The latter is often attributed to surface adsorbates and can be
influenced by defect chemistry.”">> We quantified the relative
peak area ratios of O,y to Oy, to evaluate the adsorbed oxygen
content in each sample, and the results are summarized in
Table S1. OgF, ;1,5 exhibits the highest O,4,/ Oy, ratio (0.86),
exceeding those of OsF gly, (0.76), OsFy o]y, (0.72), and OsF,
(0.72). These results indicate a higher concentration of
adsorbed oxygen is present in OgF,-I,3, reflecting increased
surface adsorbates and changes in the local chemical
environment, potentially influenced by defect chemistry. If
vacancy formation occurs, prior studies suggest that vacancies
would preferentially form at the X’ site, as vacancy formation at
the X’ site is more favorable for maintaining the structural
stability of the pyrochlore.”® This interpretation is consistent
with prior descriptions of anion-site occupancy in pyro-
chlores®*** and is further supported by a study on oxyfluoride
pyrochlores showing that, upon the introduction of anion
vacancies, they occupy the X' site rather than the X site.”® For
Nb**, positive binding energy shifts in OsF, oIy, OsF; sy, and
OsF,;ly; are observed (Figure 3f), which are attributed to
compressive strain induced by the larger iodide ions.”” These
results are consistent with the proposed mechanism in Figure
1d, in which vacancy formation may occur once the solubility
limit is reached, leading to lattice contraction upon further
iodine incorporation.

Chemical Stability

To evaluate the chemical stability of our synthesized materials,
we selected O;F, ;13 and measured its iodine leaching rate, as
shown in Figure S5. The measured leaching rate at 150 °C
after 3 days was 1.07 X 10™* g m™ d~". This value is lower
than those reported for several ceramic waste forms in the
literature.'” For example, it is lower than those reported for
iodosodalite Na,(AlSiO,);I (7.9 x 107* g m™> d7'),>®
perovskite Cs;Bi,I; (hydroxyapatite composite, ~0.6 g m™>
d™),>” iodoapatite Pb,o(VO,)4l, (0.398 gm? dh),” glass-
bonded sodalite (0.8 g m™ d™),° and iodosodalite with
bismuthate glass (8.8 X 107 g m™ d™').°" These results
indicate good chemical durability of the iodine-containing
pyrochlore under the present test conditions. They also suggest
that structurally incorporated iodine remains relatively stable
under the present test conditions.

B OUTLOOK

Radiation Resistance

Materials for nuclear waste immobilization must exhibit good
resistance to radiation, as irradiation can gradually alter
composition and degrade structural integrity over time.
Ceramic materials generally possess robust crystal structures
that are relatively resistant to radiation-induced deforma-
J77% In particular, a niobium-containing oxide with a
fluorite-derived structure has been demonstrated to exhibit
high radiation resistance.”” Pyrochlore is closely related to the
fluorite structure and has also been reported to exhibit
excellent radiation resistance under extreme conditions.”*"**~**
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site at the center of the BX, octahedra framework. (c) All B-site elements and their oxidation states observed in reported high-entropy pyrochlores,
highlighting compositional diversity. (d) Periodic table map of B-site elements with color coding for accessible oxidation states; these represent all
potential candidates for high- entro;)y design. (e) Descriptor-space plot of enumerated iodine-containing high-entropy pyrochlore compositions and

known high-entropy pyrochlores,®

using weighted-average ionic radius and electronegativity difference. The dashed blue region marks an area

for future exploration where known and candidate compositions overlap. (f) Iodine-loading distribution for candidate pyrochlores, showing the
potential boost from high-entropy design. (g) Average price among high-entropy candidate compositions. (h) Average elemental abundance in

Earth’s crust for the candidates.

On this basis, the Nb-based iodine-containing pyrochlore
synthesized in the present work may also be expected to
exhibit good radiation resistance, although direct experimental
validation will be needed. Glass-ceramic waste forms based on
iodine-containing pyrochlores may also be promising for the
long-term containment of hazardous radionuclides. Incorpo-
rating niobium-containing compounds into glass systems has
been reported to enhance overall radiation resistance.”

High-Entropy Design

Our results reveal the mechanisms underlying the low iodide
loading in pyrochlores and clarify the central challenge for
developing higher capacity nuclear waste forms. The large size
of iodide relative to fluoride imposes a strict solubility limit in
the pyrochlore structure. Only a small fraction of fluoride sites
can be replaced by iodide before the lattice strain becomes
unsustainable. Beyond this point, additional iodide induces
vacancy formation and, ultimately, prevents further integration
of iodide or formation of the pyrochlore phase. This

progression from lattice distortion to vacancy formation to
the appearance of unreacted precursor at high iodide
concentrations explains the observed limit to iodide immobi-
lization in these materials.

Overcoming this challenge and enabling stable, high-iodide
nuclear waste forms requires a strategy that can accommodate
substantial lattice distortions and energetic barriers. High-
entropy materials (Figure 4a) provide such a pathway by the
random mixing of multiple elements on the same crystallo-
graphic site in (near-)equimolar ratios, leading to high
configurational entropy.”** This entropy allows stabilization
of structures with large enthalpic penalties and severe lattice
distortion. Large lattice distortion is one of the four core effects
in high-entropy materials and is associated with beneficial
properties such as increased hardness and low lattice thermal
conductivity.*>*

Studies in high-entropy ceramics show that the anion
sublattice (e.g., oxygen®” or carbon®®) acts as a structural buffer
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between cations. It develops significant local distortions to
accommodate multiple, chemically diverse cations, while the
cation sublattice remains nearly ideally distributed. This
bufferin% enables the introduction of additional cation
species.”” Our aim is to explore the converse: the introduction
of additional cation species may enable the stabilization of
phases with substantial lattice distortions localized in the anion
sublattice, thereby facilitating higher levels of iodide incorpo-
ration.

High-entropy materials have also been shown to offer other
critical properties for nuclear waste immobilization. For
example, (Smo.19Gdo.19DYO419E’~‘0419Ybo‘19U0.05)2Tizo790 and
(Sm,Yb,Gd,Er,Dy),Zr,0,”" show improved leaching resistance
and chemical durability. Gd,(Tig,sZro,sHfy25Ceg25),0,°" and
(Lug,Ybg,Ery,Y,,Gdy,)PO,”” demonstrate high corrosion
resistance, while (Nd,,sSmg,sEug,5Gdg,s),Zr,0,”° and
(Lug,Ybg,Er,Y,,Gdy,)PO, also exhibit high radiation
stability.

The pyrochlore structure comprises two cation sublattices—
the A site (typically large rare earth or alkaline earth cations)
and the B site (generally smaller transition metal cations). Both
cation sites can accommodate multiple species
in a high-entropy configuration:°*® for example,
(Smy,Euy,Gdg,Y,Luy,),Ti,0,% demonstrates A-site mixing
and La,(Hf,,Nby,Sc,,Sn,Zry,),0,°> demonstrates B-site
mixing. Here, we focus on the B site (Figure 4b) because it
offers a broad range of transition metal chemistries and lighter
cations, maximizing both compositional diversity and the
achievable iodine loading by weight. The B-site cations also
form the BXy octahedral network, which is central to the
pyrochlore’s structural flexibility and governs the ability to
accommodate large anions such as iodide.

We surveyed the literature for B-site cations present in
reported halide-containing and high-entropy pyrochlores,
identifying 29 elements spanning accessible oxidation states
from 2+ to 6+ (Table 2). Although no iodine-containing
pyrochlore has been reported, several fluoride analogues exist,
such as A,B,04F,”" A,B,0:F,,'® and AB,0O;F,.” Figure 4c
displays each B-site element and its observed oxidation states
in these materials, providing a vast compositional space for
new high-entropy candidates (Figure 4d). Most reported high-
entropy pyrochlores differ from the Na-based oxyhalide
platform studied here in their cation-valence chemistry, often
featuring trivalent A-site cations and tetravalent B-site cations.
By contrast, the accessible design space for halide-containing
high-entropy pyrochlores has not yet been established.

For the candidate library, we focused on five-metal
equimolar mixtures of B-site cations for Na,{B},O;l, and
Na,{B},0,], anion site configurations. Sodium was chosen for
the A site for several reasons: (1) Na occupies the A site of our
benchmark halide-containing pyrochlore Na,Nb,O:F, and
thus can serve as an anchor between computational design
and experimental validation; (2) Na is one of the lightest A-site
elements reported inoxyhalide pyrochlores, maximizing
possible iodine loading by weight; (3) compared with lighter
Li, Na is more abundant and significantly less expensive; and
(4) Na is a frequent glass modifier, lowering melting
temperatures and improving processability and workability,
promoting glass-ceramic formation for nuclear waste immobi-
lization. The following criteria were applied to achieve charge
neutrality: (i) Na,(B'B*B*B*B®),0;l, must have B-site cations
summing to 10+ per formula unit (e.g, five S+ cations; or two
4+, two 5+, one 6+); (i) Na,(B'B*B°B*B®),0,], must have B-

Table 2. Summary of B-Site Elements and Their Observed
Oxidation States in Reported Oxide, Oxyfluoride, and High-
Entropy Oxide Pyrochlores”

B-site
parent  oxidation
compound element state classification
La,(ZnMgHfWMo),0,” Mg +2 high-entropy
oxide
, Er),(TiGe, 5 + igh-entro
Y, Er),(TiGeSnAINb),0, Al 3 high Py
oxide
¢, In),Si, i + oxide
S, In),Si,0,” S 4 d
La,(HNbScSnZr),0,% Sc +3 high_-gntmpy
oxide
LaZTiZO7,9?O¥bZTiZO7,m° Ti +4 oxide
Bi,Ti,0,
(Y, Er, Dy),V,0,,'” anvzc>)7“’3 \% +4, +5  oxide
(Y, In, Lu, TI),Mn,0,,"*%*% Mn +2, +4  oxide,
Sc,Mn,0,,'% CsMnMoO,F;” oxyfluoride
CsZnMoQ,F,,”° Zn +2 oxyfluoride,
La,(ZnMgHfWMo),0,” high-entropy
oxide
In,Ge,0,"”’ Ge +4 oxide
La,(YbYZrNbTa),0,%* Y +3 high-entropy
oxide
Ce,Zr,0,,'% I(JaZZrzOW99 Zr +4 oxide
Nd,Zr,0,,'” Pr,Zr,0,'"°
$n,Nb,0,,'"! (lzgclszzow”2 Nb +5 oxide,
Na,Nb,OF, oxyfluoride
(Dy, Gd, Sm, Nfi)zM0207,l 3 . Mo +4, +6  oxide,
CsZnMoO,F;,” CsMnqu[oO3F3,)S oxyfluoride
La,(ZnMgHfWMo),0,”°
Sm,Tc,0,,'"* Cd,Tc,0,'"* Tc +4, +5 oxide
Bi,Ru,0,,"'® Ca,Ru,0,,""” Ru +4, 45 oxide
Hg;_Ru207,118 szRu;_O7,”g (Pré
Nd, Eu, Gd, Tb, Ho),Ru,0,"****!
Bi,Rh,04,' > Rh +4 oxide
(La, Pr, Sm, Y),Sn,0,"**"** Sn +4 oxide
Cd,$b,0,,'** (Co, Mn, Sb +5 oxide
Ni),Sb,0,,"*° Hg,$b,0,"*
Pr,Te,0,'* Te +4 oxide
Nd,(TizrHfCe),0,% Ce +4 high-entropy
oxide
La,(YbYZrNbTa),0,** Yb +3 high-entropy
oxide
(Sm, Eu, Gd),Hf,0,"* Hf +4 oxide
Ca,Ta,0,,"*° Cd,Ta,0,,'"? Ta +5 oxide,
Sn,Ta,0,,""" Na,Ta,OF," oxyfluoride
LaZ(ZnMgHﬂNMo)ZO776 w +6 high-entropy
oxide
Cd,Re, 0,132 szRe2Q7_xI33 Re +5 oxide
Hg205207,1l3j6 KOs,04*° Os +4, 45 oxide
TL0s,0, "
EnIr,0,,"7 gpr, Nd, Eu, Gd, Tb, Ir +5 oxide
Ho),Ir,0,,"*° Y,Ir,0,"*
Eu,Pt,0,"* Pt +4 oxide
Bi,Pb,0,'*" Pb +4 oxide

“This table reports the B elements, typical oxidation states, and
classification for each representative compound.

site cations totaling 8+ per formula unit (e.g., five 4+ cations;
or one each of 2+, 3+, 4+, 5+, 6+). We focus on the O;l, anion
configuration because it preserves the same structural motif as
our benchmark halide-containing pyrochlore Na,Nb,O;F,. To
further increase iodine content, we also consider the
hypothetical O;l, configuration, which pushes the boundary
of possible iodine incorporation within the high-entropy design
space. We did not include the O,; anion configuration

https://doi.org/10.1021/prechem.5c00467
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Table 3. Top-Ranked High-Entropy Iodine-Containing Pyrochlore Candidates Identified by Combined Performance Metrics”

composition Oy o,
Na,(AIMnNbSiTi),051, 0.203 0.114
Na, (AIMgMoNbsi),0,1, 0214 0.109
Na,(AIMnSbSiTi),051, 0217 0.093
Na,(AINBSITiZr),041, 0218 0.137
Na, (AIMgMoSbsi), 0,1, 0.262 0.094
Na,(MoNbSITiW),0.], 0.197 0.102
Na,(MnMoNbSiW),04l, 0.196 0.119
Na,(MoSbSiTiW),051, 0253 0.088
Na,(MnMoSbSiW),0,l, 0216 0.103
Na,(MoNbSIWZr),04l, 0.207 0.128

cost (USD kg™")

abundance (ppm) iodine loading (wt %)

18.04 106515.8 72.33
23.88 107779.6 71.62

4.50 106515.8 71.16
24.96 106504.7 70.87
10.34 107779.6 70.47
32.40 96624.9 45.40
30.48 96455.3 45.17
18.86 96624.9 44.48
16.94 96455.2 44.26
37.40 96443.6 44.04

“The table lists the five best O;1, and five best O;l, compositions, ranked by predicted iodine loading. For each candidate, the B-site elements,
electronegativity difference (§,), and ionic radius mismatch (8,) are shown; &, and §, are Hume—Rothery-type stability descriptors calculated from
the B-site components. Estimated raw-material cost (USD kg™') and elemental abundance (ppm) are the weighted means for the B-site elements.

All data were obtained from the mendeleev Python library."*!

because it requires a total B-site charge of +9 (i.e., an average
of +4.5 per B-site cation), which is difficult to achieve.

The total candidate library includes 41,413 high-entropy
compositions: 38,797 with O;1, stoichiometry and 2616 with
O;l,. The much larger number of O;l, candidates reflects the
greater flexibility in charge balancing in this group, which
permits a broader combination of B-site chemistries.
Benchmarking against OgF,gl,,, the highest iodine-loaded
pyrochlore synthesized in this work (6.85 wt % iodine), we
find that theoretical loading for a maximal Na,(B'B*B*B*B*),
O3], composition can reach as high as 74 wt %. Even a single
experimentally viable high-entropy composition would enable
iodine loading above 33 wt %, surpassing most existing ceramic
materials for iodine immobilization.”**%%

We screened these compositions using Hume—Rothery-type
stability descriptors: B-site electronegativity difference (J,) and
ionic radius mismatch (8,) (Figure 4e). This approach helps
identify systems more likely to form a single-phase high-
entropy pyrochlore over phase separating. Although these
simple composition-based descriptors do not reliably predict
synthesizability, they are useful for highlighting regions of
composition space where single-phase high-entropy pyro-
chlores have been reported.”” We defined our region of
interest by overlaying reported high-entropy pyrochlores in
this descriptor space, and found that this region aligns with low
values of 6, and 6,. This supports the Hume—Rothery logic
that minimizing B-site heterogeneity and enthalpic penalties is
key to stabilizing single-phase high-entropy pyrochlores. For all
candidates, we then evaluated and compared theoretical iodine
loading, cost, and elemental abundance, benchmarking against
O;F, glyy the highest iodine-loaded pyrochlore in this work
(6.85 wt % iodine, Figure 4f—h).

After applying all screening criteria, we focused on candidate
compositions from the region of interest that also have
estimated cost and abundance at or below those of benchmark
O;F, gly,. Table 3 presents the five highest-ranked O;l, and
five highest-ranked O;l, compositions, sorted by predicted
iodine loading. These candidates represent promising
directions for experimental validation, with the potential to
substantially increase iodine immobilization while maintaining
practical material cost and elemental abundance.

Trends Among Top Candidates

Analysis of the ten highest-ranked high-entropy pyrochlore
candidates reveals consistent trends in B-site cation selection
and their underlying rationale. Silicon is present in all ten

candidate compositions—its small size and +4 oxidation state
are likely to enable both charge balance and the structural
accommodation of large iodide ions, highlighting its
importance for stabilizing both O;I, and Osl, frameworks.
For O;l, candidates, aluminum appears in every case, which
may help support charge balance at lower B-site charge
requirements, and is entirely absent from the Ogl, group. In
contrast, molybdenum is present in all O;l, candidates and in
two O;l, candidates, while tungsten appears exclusively in
O;l,; both appear to provide the higher B-site valence
necessary for charge compensation in these stoichiometries.

Niobium is present in three out of five candidates in each
group, and titanium is found in three O;l, and two Ol,
candidates; their compatible oxidation states and ionic radii are
expected to further promote pyrochlore stability. Other
cations—including magnesium, manganese, antimony, and
zirconium—are included only occasionally, appearing in no
more than four of the top ten candidates, likely due to stricter
requirements for charge balance, size, and overall phase
stability.

An added benefit of these candidate compositions is the
frequent inclusion of classic glass formers, silicon and
aluminum.'**™"** Their presence could facilitate integration
of high-entropy pyrochlore phases into glass-ceramic compo-
site waste forms, which would be advantageous for processing
flexibility and long-term immobilization of iodine-bearing

145
nuclear waste.

Future Directions

Further work should incorporate higher-fidelity stability
metrics. While &, and J, serve as practical, empirical screening
tools, advanced descriptors such as the entropy forming
ability®> (EFA) and disordered enthalpy—entropy descrip-
tor'*® (DEED) are based on density functional theory
calculations. Unlike empirical methods—constructed using
limited sets of known structures and thus carrying bias toward
these compounds— EFA and DEED are first-principles
descriptors, grounded in fundamental thermodynamics and
quantum mechanics, making them broadly applicable to new
and unexplored materials spaces. Since 2018, EFA and DEED
have validated the formability of over 60 compositions and
driven the discovery of 19 new high-entropy ceramics.*> 147
Although density functional theory calculations are demanding,
machine learning now enables faster predictions and broader
compositional screening.”” These accelerated approaches are
essential for high-entropy pyrochlore discovery, given the
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much larger unit-cell size (22 atoms) relative to typical cubic-
alloy and rocksalt structures (1—2 atoms per cell).

Expanding anion chemistry remains a key direction for
future research. The pyrochlore structure accommodates seven
anion sites, allowing for compositions that span from oxygen-
rich (e.g, Ogl;) to fully iodide-substituted (I,). The existence
of stable A,B,F, pyrochlores'**'*
A,B,1; analogues, which could maximize iodine loading in
pyrochlores if suitable cation combinations can stabilize the
structure. Exploring additional compositional degrees of
freedom, such as A-site substitution and varying the number
of species on either the A- or B-site, may increase
configurational entropy and stability. These strategies must
be balanced against potential reductions in iodine loading (by
weight) and increased risk of site cross-mixing. Increasing
compositional complexity continues to challenge the design of
robust, thermodynamically stable phases.

Synthesizability remains to be established for these systems,
and experimental validation will be essential to confirm phase
stability, iodine uptake, and durability. To the best of our
knowledge, halide-containing high-entropy pyrochlores have
not yet been reported, highlighting the need to understand
how halide incorporation influences synthesis. High-entropy
oxide pyrochlores are typically prepared via solid—state
reactions. However, the lower melting and boiling points of
metal halide precursors'*® make them prone to volatilization at
high temperatures, which can lead to compositional deviation.
Moreover, substituting O?" with halide anions introduces
charge imbalance. Unless this is compensated by redesigning
the composition, the system may accommodate the imbalance
through vacancy formation or cation valence changes,** both
of which may affect phase stability. Halides also differ
substantially from oxygen in ionic size, electronegativity, and
polarizability. These differences alter metal—anion bonding
and local chemical environments, which can shift phase
boundaries between pyrochlore and competing structures
such as perovskite and fluorite. As a result, conventional
criteria such as the radius ratio r(A)/r(B)">' may be less
reliable, underscoring the need for new descriptors that capture
halide effects. The large size and high polarizability of iodide
also introduce substantial challenges. In particular, iodide tends
to form less rigid, more covalent bonds, which can increase
lattice strain and instability at high incorporation levels.
Hydrothermal methods can be advantageous for synthesizing
iodide-rich pyrochlores, but their scope is limited by
compositional complexity and the absence of established
protocols for certain anion-rich variants, such as O4F
pyrochlores. These compositions often require complex cation
chemistries to maintain charge balance, which further
complicates synthesis. Other methods—including solid—state
reaction, high-temperature and high-pressure synthesis, spark
plasma sintering, microwave-assisted approaches, and solvo-
thermal methods—also have distinct advantages and limi-
tations.”* Additional effort will therefore be required to identify
and optimize the most suitable synthesis route for iodide-rich
pyrochlores.

Combining high-throughput computation, machine learning
models for EFA and DEED for these compositions, and
targeted experiments will be key to realizing high-entropy
ceramics for efficient and sustainable iodine immobilization in
nuclear waste forms.

motivates the search for

B CONCLUSION

In this work, we demonstrate that iodine can be successfully
incorporated into the pyrochlore structure using a known
oxyfluoride pyrochlore as the starting material. This is the first
experimental observation of an iodine-containing pyrochlore.
SEM confirms the preservation of pyrochlore morphology after
iodine incorporation, while XRD reveals lattice expansion at
low iodide content and contraction as excess iodide leads to
vacancy formation. Raman spectroscopy and XPS support a
model in which iodide incorporation induces local lattice
distortion, with a solubility limit beyond which further iodide
uptake is not possible.

To overcome these intrinsic limits and enable higher iodine
loading, we adopted a high-entropy design strategy. Previous
studies have shown that anion sublattices in high-entropy
ceramics can accommodate local distortions induced by
multiple cation species. In contrast, our approach leverages
cation diversity to potentially stabilize phases with substantial
lattice distortions localized in the anion sublattice—directly
addressing the challenge of incorporating large iodide ions.
Computational screening of over 40,000 candidate composi-
tions indicates that high-entropy pyrochlores could, in
principle, achieve iodine loadings up to 74 wt %, while also
reducing material costs and improving resource security. The
high-entropy candidates identified here achieve a minimum
iodine loading of 33 wt %, surpassing most existing ceramic
waste forms and underscoring the value of this design space.
The resulting design landscape reveals clear chemical trends
driven by charge balance and cation size, and can be further
optimized with criteria such as glass-former compatibility.

Together, experimental and computational insights suggest
that only a narrow compositional space holds promise for
stable, highly iodine-loaded, and economically feasible
pyrochlores, highlighting the importance of data-driven
approaches for new nuclear waste form design. Synthesis and
experimental validation of high-entropy candidates is essential.
If realized, high-entropy iodine-pyrochlores could offer a
robust, scalable, and cost-effective platform for long-term
containment of iodine-bearing nuclear waste.

B METHODS

Experimental Design

We performed a series of hydrothermal experiments, systematically
varying the iodine-to-fluorine ionic ratio in solution to probe iodide
incorporation in the pyrochlore structure. The oxyfluoride pyrochlore
Na,Nb,OF, was selected as the base composition for substitution
studies. For clarity, sample annotations omit Na and Nb, labeling only
the X- and X'-site anions, as also noted in the figure captions. All
sample names directly reflect their nominal stoichiometries. Seven
compositions were synthesized with different fluoride/iodide ratios:
OsFy, OsF o1 OsFiglos OsFy7los OsFiLy, OsFosly s, and Ogly. The
sample naming scheme is summarized in Table 1.

Materials Synthesis

Sodium fluoride (NaF) was purchased from Fisher Scientific.
Niobium pentoxide (Nb,O;) and sodium iodide (NaI) were obtained
from Thermo Scientific. Samples were prepared by a hydrothermal
method."® For Na,Nb,OF,, a 2 M aqueous solution of NaF was
prepared with deionized water (4 mL), to which 0.004 mol (1.0632 g)
Nb,O; was added. After 30 min ultrasonication, the mixture was
transferred to a polytetrafluoroethylene vessel, sealed in a stainless-
steel autoclave, and heated at 220 °C for 60 h. After cooling, the
product was collected, washed twice with deionized water,
centrifuged, rinsed once with ethanol, and dried overnight at 60 °C.
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Todine-containing pyrochlores were synthesized using precursor
solutions in which NaF was partially replaced by Nal according to
the nominal stoichiometry. Prior to hydrothermal treatment, solutions
were purged with Ar to minimize oxidation and then processed as
above.

Materials Characterization

X-ray diffraction (XRD) was performed using a Malvern Panalytical
Aeris powder diffractometer (40 kV, 7.5 mA) with Cu Ka radiation (4
= 1.5406 A). Rietveld refinements were carried out using GSAS-11.'*?
Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were conducted on a JEOL IT700H SEM
equipped with an EDAX Octane Elect EDS/EDX System. A 5—10 nm
carbon layer was deposited on all ceramic powder samples using a
Leica EM ACE200 sputter coater before SEM observation. Raman
spectroscopy was performed on a Horiba LabRAM HR Evolution
confocal Raman microscope with a 532 nm continuous-wave
excitation source. X-ray photoelectron spectroscopy (XPS) was
performed using a PHI 5600 instrument with a Mg Ka X-ray source.
XPS depth profiling, which involves sequential sputtering and analysis
to obtain subsurface chemical information, was not performed. This
approach is not well suited to powder samples, as surface roughness
reduces depth resolution and preferential sputtering and chemical
reduction during the process can further alter the chemical profile and
complicate interpretation.153’7155 Therefore, we focused on surface-
sensitive XPS measurements, which provide more reliable and
meaningful results for powdered ceramic specimens.

Leaching Test

The dissolution behavior of the OsF, ;Iy; sample was examined using
a powder-based static leaching protocol _adagted from the ASTM
C1285 Product Consistency Test’®'*®'*” and modified for
accelerated hydrothermal conditions. The specific surface area of
the powder fraction was determined using the Brunauer—Emmett—
Teller method. The powder was then transferred into polytetrafluoro-
ethylene (Teflon) vessels containing deionized water, with a liquid-to-
solid ratio of 10 mL g~'. The vessels were sealed within airtight
stainless-steel autoclaves and heated in an oven at 150 °C for 3 days.
At selected time intervals, the leachate solution was collected. The
elemental concentrations in the filtered solutions were quantified by
ion chromatography (Dionex ICS-6000 HPIC). The normalized
leaching rate (r) of iodine was calculated in units of g m™> d*
according to

_ C
T X fX(S/V) (1)

where C (g L™") is the concentration of iodine in water after leaching
time t (day), S/V (m* L™") is the specific surface area of the sample
divided by the volume of the leachate, and f is the mass fraction of
iodine in the sample.

Analysis of High-Entropy Design

Twenty-nine reported B-site elements with oxidation states from +2
to +6 were selected as candidates for high-entropy iodine-containing
pyrochlores, and all combinatorial chemical compositions with five
equimolar B-site elements satisfying charge neutrality were generated.
Iodine loading was calculated as the total atomic mass of iodine
divided by the total atomic mass of all elements in the composition,
weighted by their proportions. Economic descriptors, including
crustal abundance and elemental price, were taken from the
mendeleev Python library;'*" missing data were filled using the
median value of each data set. Compositions containing Tc, Ru, Rh,
Re, Os, Ir, or Pt were excluded from price and abundance analyses
due to rarity or radioactivity. Price and abundance results report the
weighted average for B-site elements only, excluding Na, O, and L.
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