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In this work, we investigated the stability trends of actinide-bearing hollandites using density functional theory
calculations. Incorporating actinides generally decreased the stability of cesium end-members relative to their
barium equivalents. Among the actinides, neptunium-containing structures were consistently the least stable.
Curium was the most stable actinide in the +3 oxidation state, followed by americium, plutonium, uranium, and
neptunium. Conversely, in the +4 state, uranium-bearing hollandites were the most stable. An inverse correlation

between actinide content and stability was consistently observed.

Treating the high-level legacy nuclear waste materials remaining
from decades of defense programs and converting them into long-term
waste forms continues to be a significant challenge [1]. Among the ra-
dionuclides requiring safe sequestration, '37Cs, a fission product with
a half-life of ~ 30 years, demands special attention due to its signif-
icant toxicity and mobility, which pose a potential threat to the bio-
sphere [2,3]. In addition, the 3 decay and thus the transmutation of
cesium to stable barium can affect the stability of the waste form mate-
rials [4].

Borosilicate glass is widely recognized as the most accepted waste
form for immobilizing nuclear waste products, thanks to its ability to
capture a wide range of radioactive (and non-radioactive) elements, as
well as its high chemical durability [5]. However, the inferior thermal
stability of borosilicate glass compared to crystalline materials moti-
vates the development of alternative waste forms with improved perfor-
mance and properties [6]. One effective method for radioactive cesium
treatment is to reduce its solubility by fixing it in a crystalline phase in
SYNROC [2,7,8], which is a multi-phase composite of distinct phases,
each of which is compositionally tailored to immobilize specific isotopes
by incorporation into a crystalline lattice [9]. SYNROC phases can im-

mobilize a significant amount of 137Cs, possess high thermal stability,
and exhibit low solubility, which reduces the risk of leaching over repos-
itory time scales [10].

A prominent and distinct titanate phase in SYNROC is hollan-
dite [11], which is usually denoted as A, (Ti**,B)3O,s, where A can
be an alkali and/or alkaline earth cation, and B is a di-, tri-, tetra-, or
penta-valent cation [10,12]. Due to the structural flexibility, a wide
range of compositional variations is possible for hollandites [13]. Fig. 1
shows the typical crystal structure of the hollandite phase, having edge
and corner sharing TiOq octahedra that form a framework consisting
of tunnels parallel to the c-axis ([001] direction). There are eight sites
for these octahedra (B-sites), and there are two available A-sites. How-
ever, A-site occupancy is dictated by charge balance requirements and
thermodynamic stability [9,15,16].

Immobilizing radioactive waste using hollandites has been the sub-
ject of significant research thanks to hollandite’s high phase stability
and resistance to leaching. Studies, such as those by Xu et al. [17] on
gallium-bearing hollandite have provided insights into the structural
stability and ion mobility of these materials demonstrating the effec-
tive immobilization of alkali cations with high concentrations of cesium
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Fig. 1. Unit cell of a cesium-aluminum hollandite structure viewed along the
[001] direction. Picture generated using the VESTA program [14].

and/or barium (i.e., cesium end-member and barium end-member, re-
spectively). Building on this, Wen et al. [18] investigated the impact of
both A-site and B-site ordering on the structural stability of hollandites
with compositions Ba, Cs, (M5, Tig_y_,/2)016, Where 0 <x,y <1.33
and M = Zn?*, Ga’*, and AI’* by means of DFT calculations, reveal-
ing that intermediate compositions containing both cesium and barium
are less stable than those of the pure cesium and/or pure barium end-
members.

Despite these considerable contributions to understanding hollan-
dites, there has not been a systematic investigation of the structural
stability and/or leaching resistance of these types of phases that also
contain actinide elements. This is particularly of interest because hollan-
dites can not only sequester radioactive alkali cations in the tunnels but
also immobilize other radionuclides such as uranium, neptunium, plu-
tonium, etc. in the framework, which can make them true “Hierarchical
Waste Form”. In addition, information available about the key proper-
ties (e.g., phase equilibria, free energies) for these structures is sparse,
with little reported. To fill this knowledge gap, this work establishes the
relationship between the structural stability of actinide-bearing hollan-
dites and composition by means of DFT calculations. This is the first
such study of these novel structures, providing the insights necessary to
support the synthesis and experimental investigation of the materials.

This work is similar to the study by Wen et al. [18], in which
the structural stabilities of barium and cesium hollandites with com-
positions Baj 33Al; 66Ti5 34016, Bagg7Cs0.67A12TigO16, and Csy 33Al, 33
Tig 6,06 Were investigated by means of DFT calculations. We wish to
investigate the question of whether or not actinides, An (i.e., U, Np, Pu,
Am, and Cm) when substituted into the B-sites of hollandite phases are
stable relative to previously known/synthesized hollandites. We start
by calculating the enthalpy of formation of known hollandites using
DFT calculations to find the maximum and minimum range enthalpy
values for these hollandites. We then examine the stability of hypo-
thetical structures in which some titanium atoms are exchanged by
actinides and no other elements are added. This will be referred to as
actinide-hollandites, in which actinides nominally are in the +3 oxida-
tion states. Subsequently, we investigate another class of these hypo-
thetical structures in which aluminum is also present, and the actinides
are substituted for some of the titanium atoms. This will be referred
to as aluminum-actinide-hollandites, where these heavy elements the-
oretically exist in the +4 oxidation state. For both of these classes we
considered the barium end-member, cesium end-member, and interme-
diate end-member (Cs/Ba = 1) structures. For all the calculations a
1 x 1 x 3 supercell was used to reflect the above compositions. The de-
tails of how the actinide and/or aluminum atoms are distributed in the
model are provided in Ref. 18.
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Fig. 2. Averaged DFT-calculated formation enthalpies (in eV/atom) from the
elements of previously synthesized hollandites containing either solely bar-
ium or cesium as the alkali element, or an equimolar mixture of barium and
cesium. The formula for each end-member is as follows: Ba end-member:
Ba; 33M, 46 Tis 3,06, Intermediate end-member: Ba ¢, Csy M, TigO;4, and Cs
end-member: Cs, 33M, 33Tig 4704, Wwhere M = Fe, Cr, Ga, Zn, and Al

The crystal structure of aluminum-hollandite with tetragonal sym-
metry was used to construct the hypothetical compounds [19]. To
calculate the enthalpy of formation from the elements (at 0 K), elec-
tronic structure calculations were performed using DFT [20,21]. When
unpaired electrons were present, spin polarized calculations were per-
formed as implemented in the Vienna ab initio simulation package
(VASP) [22-25]. The electron—core interactions were described by pro-
jector augmented wave (PAW) potentials [26,27]. The generalized gra-
dient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) func-
tional was used for describing the exchange—correlation energy [28,29].
The width of Gaussian smearing was 0.02 eV. For all systems, the plane-
wave kinetic cutoff energy was 520 eV so as to be consistent with both
Materials Project (MP) [30] and the Open Quantum Materials Databases
(OQMD) [31]. Both the internal atomic positions and the lattice con-
stants were allowed to relax until the energy converged to < 1076 eV
and the forces < 1072 eV/A. The Brillouin zone was sampled using a
Monkhorst-Pack grid [32] at the I" point with a 2 X 2 X 2 k-point mesh.

To overcome the delocalization issue of PBE as well as capture the
on-site Coulombic interaction of the d- and f-electrons, the Hubbard U
correction (PBE + U) as described by Dudarev et al. was used [33]. To
be consistent with OQMD, we adopted the following Hubbard U values:
3.5 eV for Cr, 4.0 eV for Fe, and 4.0 eV for the actinides. Non-spherical
contributions related to the gradient of the density in the PAW spheres
was included. Lastly, we allowed the symmetry to be broken. The for-
mation enthalpies (A H;) were calculated using the following equations,

AH =Ey - 2 HiX;i 1)
i

where, E ., is the total energy of the compound, ; is the fitted atomic
(chemical) potential of element i from OQMD, and x; is the quan-
tity/mole fraction of the element i in the compound. To reliably predict
the phase stability of actinide-bearing hollandites, we need to com-
pare the DFT-calculated formation enthalpies of hollandites that have
been previously studied and synthesized. Fig. 2 shows the averaged
formation enthalpies from elements for the Fe-, Cr-, Ga-, Zn-, and Al-
hollandites calculated from first-principles. Each value represents the
mean enthalpy of various configurations obtained by permutating A-
site and B-site atoms, with consistently low standard deviations across
calculations. All of the structures shown in this figure have been pre-
viously synthesized [19,34-36]. When examining stability trends based
on alkali content, it is evident that the Cs end-member is more stable
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Table 1

Comparison between the averaged DFT-calculated and experimental formation enthalpies of the
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previously synthesized hollandites. The experimental values are taken from Refs. 36,35,34,9,19.

Ba end-member

Intermediate end-member

Cs end-member

DFT Exp. DFT Exp. DFT Exp.
Fe-Hollandite -2.628 -2.891 2.734 -2.940 -2.844 -2.988
Cr-Hollandite -2.825 -3.091 -2.879 N/A -2.941 -3.109
Ga-Hollandite -2.975 -3.002 -2.991 -3.021 -3.012 -3.051
Zn-Hollandite -3.104 -3.136 -3.092 -3.127 -3.066 3.112
Al-Hollandite -3.304 -3.353 -3.236 -3.292 -3.174 N/A
in the Fe- and Cr-hollandites, while the Ba end-member displays greater 3.020
stability in the Zn- and Al-hollandites. For the Ga-hollandite, the alkali - ’—’—"\‘
content does not have any discernible effect on the stability. Among the g 5.576 o/\
structures studied, the Al-hollandite emerges as the most stable, whereas E ’
the Fe-hollandite is found to be the least stable. The observed trend in >
the stability can be attributed to the differences in ionic radii as well as T 3120 '/\<
to the amount of B-site element in the structure. According to Shannon’s "%
ionic radii data, AI(IIT) exhibits the smallest ionic radius (0.535 /0\), while § -3.170
Fe(III) has the largest ionic radius at 0.645 A. Zn-hollandite is identi- 2
fied as the second most stable structure, despite Zn(II)’s larger radius S esngiicl
of 0.74 A. This is attributed to its +2 oxidation state and the fact that, _E —e—Unhol
within each end-member, there is less zinc present compared to other .g 3270 —e—Pu-hol
hollandites. S —e—Am-hol
The maximum and minimum ranges of DFT-calculated formation —e—Cm-hol
-3.320

enthalpies for different end-members in Fig. 2 are as follows: Ba end-
member from —2.628 to —3.303, intermediate end-member —2.734 to
—3.236, and Cs end-member from —2.844 to —3.174 eV/atom. There-
fore, we presume that if the predicted formation enthalpies of actinide-
bearing hollandites fall within these ranges, their successful synthesis
can be achieved. Due to the underbinding nature of the PBE functional,
we assume that all of the calculated formation enthalpies are underesti-
mated compared to experimental values. However, the trend in stability
with respect to the elemental content predicted by DFT produces the
same trend that is experimentally observed (Table 1).

The averaged DFT-calculated formation enthalpies (from elements)
of the actinide-hollandites are shown in Fig. 3. The most stable hol-
landite is the Cm-hollandite while the Np-hollandite is the least stable.
When examining stability trends based on alkali content, no specific
trend is evident, meaning, for Pu-, Am-, and Cm-hollandites, the Cs end-
member is found to be less stable, while for U- and Np-hollandites, the
Cs end-member demonstrates greater stability compared to the Ba end-
member. Here the stability trend is also justified based on the ionic radii
of the actinides that are present in the structure, that is, U-hollandite has
the largest ionic radius (formally +3 oxidation state), and therefore is
the least stable structure, while Cm-hollandite exhibits the smallest ionic
radius, and is thus the most stable structure. Comparing the predicted
formation enthalpies for the actinide-hollandites to compositions previ-
ously synthesized, shown in Table 1, illustrates that it should be possible
to synthesize all these structures.

Since the aluminum hollandite exhibited the highest stability com-
pared to other elements in Fig. 2, we have considered aluminum to
be present along with the actinide elements. The DFT-predicted for-
mation enthalpies of these hollandites are shown in Fig. 4. The for-
mulae for the compounds under consideration are Cs;Al;AngTi;,Oyq
(represented as Cs; 33Al; 33An, ¢, TiyO¢) and BayAlgAn,Tij,Oyg (rep-
resented as Ba; 33Al, ;An| 33Ti;O¢). When comparing the stability of
the two compounds, the Ba end-member is more stable than the cesium
end-member, which can be attributed to the fact that the barium end-
member has a lesser quantity of actinide in its structure, since a higher
proportion of actinide generally results in decreased stability. Specifi-
cally, among the variants, the uranium hollandite, characterized by a
(formally) U*t oxidation state, stands out as the most stable structure.
Comparing these results with values in Table 1, it is expected that all
these structures can be successfully synthesized.

Ba Intermediate Cs
end-member end-member end-member
Fig. 3. Averaged DFT-calculated formation enthalpies (in eV/atom) from
the elements of the actinide-hollandites containing solely barium or ce-
sium as the alkali element, or an equimolar mixture of barium and ce-
sium. The formula for each end-member is as follows: Ba end-member:
Ba, 33An, ¢4 Tis5 34,0,6, Intermediate end-member: Ba, ¢;Cs c;An,TigO 4, and Cs
end-member: Cs; 33An,; 33Tig ¢,0,6, Where An = U, Np, Pu, Am, and Cm.
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Fig. 4. Averaged DFT-calculated formation enthalpies (in eV/atom) from
the elements of the aluminum-actinide-hollandites as a function of alkali
content. The formula for each end-member is as follows: Ba end-member:
Ba, 33AlkAn, 33Ti 0,4 and Cs end-member: Cs, 33Al, 33An, ; Ti O, Where An
= U, Np, Pu, Am, and Cm.

Furthermore, we explored intermediate end-members under two sce-
narios. The first scenario examined compositions with a 1:1 ratio of
aluminum to actinide: Cs4;Ba¢;Al;An;TigO 4. The second scenario
maintained the aluminum content while varying the actinide content,
yielding a formula of Cs ¢;Ba, ¢;Al,An, Ti¢ ,O4. Our stability findings
for the 1:1 ratio revealed an essentially progressive increase in the sta-
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Fig. 5. Averaged DFT-calculated formation enthalpies (in eV/atom) from elements of the aluminum-actinide-hollandites as a function of alkali content. An corresponds

to U, Np, Pu, Am, and Cm.

bility from U to Cm, influenced by the (formally) +3 oxidation states of
the actinides and the sequential decrease in ionic radii from U to Cm.
For the situations with varying actinide content, U-hollandite proved to
be the most stable structure. A notable trend was the reduction in sta-
bility as the actinide content increased. Encouragingly, a comparison
between the values in Table 1 and those shown in Fig. 5 corroborated
the feasibility of synthesizing these structures as well.

This work for the first time predicts the existence of a new type of
“hierarchical” waste form by means of density functional theory (DFT)
calculations. Actinide dopants substituting for titanium in the oxygen
octahedra framework were investigated along with cesium occupying
the “tunnel” sites in the hollandite structure were shown to be stable
and serve as guide for new experimental synthesis routes and waste form
strategies. Based on the calculated values, it is evident that the cesium
end-members often exhibit less stability when compared against barium
end-member counterparts. A particular point of interest is the observa-
tion regarding neptunium structures. Among all the actinides considered
in this work, these structures consistently ranked as the least stable.
In addition, it was revealed that for the actinide-hollandites (An3*),
Cm-hollandite was the most stable structure, followed by Am-, Pu-, U-
, and Np-hollandite. Conversely, for the aluminum-actinide-hollandite
(An**), uranium-bearing hollandites consistently emerged as the most
stable variants. Another consistent trend across this study was the in-
versely proportional relationship between actinide content and struc-
tural stability, a greater actinide content typically resulted in decreased
stability. Attempts to provide more insight into these energetic rela-
tionships in the future will require efforts that focus on calculating the
enthalpy of formation of these phases from the simple oxides. In ad-
dition, due to the scarcity of phase equilibria data for these complex
and high-order systems, we considered only the hollandite phase in this
work. The DFT results indicate that actinide-bearing hollandites can be
stable. However, competing phases may also be present in the same
compositional region, potentially limiting or reducing the stability of
the predicted compounds to some extent. This necessitates further ex-
perimental exploration.
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