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ABSTRACT: Oxide materials that adopt the garnet-type structure (X;A,B;0;,) have received
attention for a wide variety of applications, one of which is as potential wasteforms for the
sequestration of radioactive actinide elements. The actinides are able to be accommodated in the
eight-coordinate X site of the garnet structure. This study focuses on the investigation of Ce
substitution into the X site as a surrogate for Pu because of their similar chemical properties. This is
accomplished through analysis of the Y;_,Ce,AlFe,O;, (0.05 < z < 0.20) materials. The effects of
the Ce concentration, oxidation state of the Ce in the starting materials, annealing environment, and
cooling rate on the local structure and Ce and Fe oxidation states were investigated through analysis
of the powder X-ray diffraction patterns and Ce Lj-edge and Fe K-edge X-ray absorption
spectroscopy (XANES) spectra. Analysis of Ce Ly-edge XANES spectra indicated that Ce was
present as both 3+ and 4+ oxidation states, the ratios of which depended on the synthetic
conditions. The largest concentration of Ce** was observed when the materials were postannealed at
800 °C following synthesis of the materials at 1400 °C. Variations in the Ce oxidation state are the
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result of the temperature-dependent Ce**/Ce*" redox couple, with Ce** being favored at lower temperatures. Analysis of the Fe
K-edge spectra indicated that Fe was only present in the 3+ oxidation state and the Fe coordination number increased with
increasing concentration of Ce**, which is necessary to charge balance the system. The materials in this study can be described

as an oxygen-intercalated garnet-type structure with the formula Y;_,Ce AlFe,O,,s.

1. INTRODUCTION

Materials that adopt the garnet-type structure have received
attention for a range of technological applications (e.g.,
microwave optical elements, computer memory, solid-state
lasers, and magnetic materials) as well as potential host matrixes
for nuclear waste.'™® This structure has the general formula
X3A,B;0,, where X, A, and B indicate (Figure 1), respectively,
the eight-coordinate dodecahedral, six-coordinate octahedral,

L.

Figure 1. Schematic representation of the garnet crystal structure. Blue,
red, and black polyhedra represent the eight-, six-, and four-coordinate
sites, respectively.
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and four-coordinate tetrahedral sites in the cubic system.” The A
site (tetrahedra) and B site (octahedra) share corners and form
chains in the (100) direction. They also form a three-
dimensional framework by sharing edges with the X site.”’
Materials adopting the garnet-type structure have the space
group Ia-3d with 8 formula units per unit cell. It has been found
that, among these three polyhedra, the eight-coordinate X site
and six-coordinate A site can be occupied by large cations with
oxidation states varying from 2+ to 4+. (e.g,, Ca, Ce, Th, and
U).5,6,10—12

Studies of natural uranium-bearing garnet minerals such as Zr-
containing elbrusite (Ca;UZrFe;0,,; ~27 wt % U) suggest that
the garnet-type structure has good long-term stability."> The
high loading of U within this phase also suggests the potential of
materials adopting the garnet-type structure to be nuclear waste
forms. It is notable that garnet-type materials have been
synthesized that contain a high concentration of U (~30 wt %
U).'>'*!'5 A considerable amount of work has been completed
to study the stability of actinides in garnet against radiation
damage and corrosion resistance.>'*~'® However, factors that
affect the oxidation states in garnet-type oxides have not been
addressed. The incorporation of radioactive actinides with
varying oxidation states into nuclear wasteforms is also of
importance.'”'”"?~?! The substitution of U or Pu into garnet is
complex because of the variable oxidation states of these
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elements, which can be studied by investigating Ce-containing
garnet-type materials because Ce behaves in a manner similar to
that of some actinide elements (e.g,, Pu).”>*’

Ce-substituted garnet-type materials, Y;_ Ce AlFe,O,,, were
investigated in this study. The objective of this investigation was
to understand the effect of substituting Ce with different
oxidation states into the X site in the garnet-type structure. Four
different sets of garnet-type (Y;_,Ce,AlFe,O,,; 0.05 < 2 <0.20)
materials were synthesized, followed by analysis of the powder
X-ray diffraction (XRD) patterns and Ce L;-edge and Fe K-edge
X-ray absorption near-edge spectroscopy (XANES) spectra to
study the effects of the starting materials, annealing temper-
atures, cooling rates, and annealing environments on the crystal
structure and electronic structures of these materials. Ce L;-edge
and Fe K-edge XANES spectra were collected to study how the
Ce and Fe oxidation states changed in this system and to
investigate if changes in the local structure occur.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Powder XRD. The Y;_,Ce,AlFe,O;, (0.05 <z
< 0.20) materials were prepared using the traditional ceramic method.
Four sets of samples were synthesized using differing starting materials,
annealing environments, and cooling rates after high-temperature
annealing. Details of the synthesis of the four different sets of garnet
materials are presented in Table 1. Stoichiometric amounts of CeO,

Table 1. Labels and Descriptions of the Different Samples
Studied

annealing
assigned condition at 1400 cooling rate after
set starting materials °C annealing
set 1 CeO,, Al,O;, Fe,03, and  annealed under air  quenched in air

Y,0,

set 2 Ce(NO;);-6H,0, ALO;,
Fe,03, and Y,0;

set3  Ce(NO;);:6H,0, ALO;,
Fe, 03, and Y,0;

set 4 Ce(NO;);-6H,0, AL,O;,  annealed under
Fe,0;, and Y,0; N,(g)

annealed under air  quenched in air

annealed under air  slow cooled to room
temperature

slow cooled to room
temperature

(Alfa Aesar; 99.9%), AL,O; (Alfa Aesar; 98%), Fe,O; (Alfa Aesar;
99.945%), and Y,0; (Alfa Aesar; 99.99%) were mixed and then heated
under air at 1400 °C to produce samples for set 1. The materials were
held at 1400 °C for 9 days with intermittent quenching, grinding, and
repelleting. Once the reaction was complete, the samples from set 1
were quenched in air. As indicated in Table 1, stoichiometric amounts
of Ce(NO;);-6H,0 (Alfa Aesar; 99.5%), ALO, (Alfa Aesar; 98%),
Fe,0; (Alfa Aesar; 99.945%), and Y, 0, (Alfa Aesar; 99.99%) were used
as starting materials for sets 2—4. The annealing environments and
cooling rates after annealing were the same for sets 1 and 2. Samples
from set 3 were annealed under air at 1400 °C and then slow-cooled to
room temperature, while samples from set 4 were annealed at 1400 °C
under N,(g) (Praxair; 99.995%) and then slow-cooled to room
temperature under the same conditions. The starting materials were
mechanically mixed in the appropriate stoichiometries using a mortar
and pestle and pressed into pellets at 6 MPa. The pellets were heated at
1400 °C under different conditions (depending on the set) for 9 days
and then cooled to room temperature using different cooling rates.
Intermediate grinding and pelleting of the materials were performed
every 3 days to improve the homogeneity of the materials. Two samples
from each set were postannealed (PA) at 800 °C for 48 h followed by
the cooling rate assigned for each set. Phase analysis of the materials was
performed using powder XRD. The powder XRD patterns were
collected using a PANalytical Empyrean or Rigaku Ultima IV powder
diffractometer equipped with a Cu Ka X-ray source. Rietveld
refinement was performed using the X'Pert HighScore Plus software
program from PANalytical. The following parameters were refined in

the following order: background, scale factor, zero shift, lattice constant
(a), Caglioti scattering parameters (U, V, and W), peak shape, and
Rietveld asymmetry profile variables.

2.2. XANES. Ce L;-edge and Fe K-edge XANES spectra were
collected at the Advanced Photon Source (APS) using the Sector 20
bending magnet beamline (20-BM; CLS@APS) and a Si (111) crystal
monochromator.** All spectra were collected using an energy step size
of 0.15 eV/step through the absorption edge. Cr metal was used as a
reference for the Ce L;-edge XANES spectra, with the absorption edge
energy set to 5989 eV.>* Fe metal foil was used as a reference, with the
absorption edge energy set to 7112 eV for the Fe K-edge XANES
spectra.”® The resolution of the spectra was 0.8 eV at 5723 eV (Ce Ly-
edge) and 0.9 eV at 7112 eV (Fe K-edge). Samples were prepared by
spreading a thin layer of finely ground powder between the Kapton
tape. The thickness was adjusted by adding or removing layers to ensure
uniform absorption of X-rays by the materials. Multiple scans were
collected in both the fluorescence yield and transmission mode. The
transmission spectra were collected using an ionization chamber filled
with 100% N,(g) to achieve optimal absorption-edge heights. Ce L;-
edge XANES spectra were fitted using a linear combination fit (LCF) of
two standard materials. CePO, was used as a standard for Ce**, and
Gd,Ce,0, was used as a standard for Ce**. The spectra were fitted from
20 eV below the main absorption edge (5725 eV) to 30 eV above the
absorption edge. All spectra were calibrated, normalized, and analyzed
using the Athena software program.”® This program was also used to
perform the linear combination fitting of the Ce L;-edge XANES
spectra.

3. RESULTS AND DISCUSSION

3.1. Powder XRD. Powder XRD patterns were collected
from all synthesized samples and are shown in Figure 2. The
formation of phase-pure garnet-type oxides was confirmed for
the Y;_,Ce,AlFe, O, (0 <z < 0.20) materials, and no secondary
phases were detected. While the synthetic and annealing
conditions in these materials were quite different, there was
almost no change in their lattice parameters (Table SI).
Postannealing of the materials at 800 °C was conducted to
observe the effect of the temperature on the Ce oxidation state.
The XRD patterns from these PA phases and the as-synthesized
materials showed no comparable differences. All materials
presented in this study have powder XRD patterns that are
consistent with those expected for materials that adopt the
garnet-type structure having a similar composition.27

Rietveld refinement of Y,4,Ce,0AlFe,O;,, which was
synthesized using a Ce®* starting material, annealed in air, and
quench-cooled, was performed to see how well the experimental
patterns agreed with the calculated pattern of a Ce-doped garnet
structure. The model system, Y, 4)Ce,,,AlFe,O,, was based on
Y;AlFe,O,,, with Ce substituting for Y in the eight-coordinate X
site of the garnet structure.”® The structural parameters and
refinement results are presented in Table S2. The atomic
coordinates, site occupancies, and overall isotropic thermal
factor (Bgyy,) were held constant. The results of the refinement
are presented in Figure 3, which indicate that the model system
compares well with the experimental results.

3.2. Ce Ls;-Edge XANES Spectra. Ce L;-edge XANES
spectra were collected from all samples to determine how the Ce
oxidation state changed depending on the concentration and
synthesis conditions and are presented in Figure 4. The spectra
show two distinct features resulting from 2p — 4f£/5d
excitations.'">**”*° Changes in the line shape, onset energy of
the absorption edge, and intensity of spectral features are
observed with variations in the Ce oxidation state (4+ vs
3+).2%2?731 As the oxidation state increases, fewer electrons are
available to screen the nuclear charge. This leads to an increase
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Figure 2. Powder XRD patterns collected from Y;_,Ce AlFe,O,,: (a) set 1; (b) set 2; (c) set 3; (d) set 4. Set descriptions are given in Table 1.
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Figure 3. Rietveld refinement of Y, 4,Cey,0AlFe, O}, synthesized using a Ce®* starting material, annealed under N,(g), and slow-cooled to room
temperature. Triangles indicate the experimental data, the blue line indicates the calculated pattern, and the black lines indicate the allowed reflections
and expected peak intensity ratios. The difference plot is given below the Rietveld plot.

in the energy required to excite core electrons, which results in
an increase in the observed absorption energy of the XANES
spectra.’’~>*~ Spectra from Ce*"-containing materials contain
four features because of one preedge quadrupolar 2p — 4f
transition and three dipolar 2p — 5d transitions that result from
changes in the Ce 4f final-state occupancies (i.e., 4f, 4f,
410). 2339335 The excitation of a 2p electron from Ce** only
results in one intense peak being observed in the Ce L;-edge
XANES spectra.”’ Examination of the spectra in Figure 4 shows
two dominant features at different energies, which indicate the
presence of trivalent and tetravalent Ce.'"*”*" The peak at

~5§727 eV corresponds primarily to Ce’", while the peak at
~5737 eV corresponds to Ce*".

A comparison of the normalized Ce L;-edge XANES spectra
(Figure 4) of the as-synthesized and PA samples showed
changes in the line shape. The intense feature located at ~5727
eVindicates the presence of Ce®" as the major oxidation state for
all samples. The Ce L;-edge XANES spectra from sets 1—3 show
an increase in the intensity of the Ce** feature in the spectra from
the PA samples. The temperature-dependent Ce**/Ce** redox
couple (2Ce* + O* = 2Ce* + !/,0,) is responsible for the
change in the oxidation state from Ce®" to Ce** observed in the
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Figure 4. Normalized Ce L;-edge XANES spectra from Y;_,Ce,AlFe,O,: (a) set 1 materials were synthesized using a Ce**-containing starting material
and quenched in air; (b) set 2 materials were synthesized using a Ce**-containing starting material and quenched in air; (c) set 3 materials were
synthesized using a Ce**-containing starting material and slow-cooled in air; (d) set 4 were synthesized using a Ce**-containing starting material and

slow-cooled under N,.

PA samples.”*° As the temperature decreases, the equilibrium

shifts toward Ce*.”**® The incorporation of Ce*" into the
garnet structure does not result in any structural changes, as
observed from the powder XRD patterns of the PA samples,
demonstrating the structural integrity of the garnet-type
structure. Charge balancing of the garnet structure with Ce*"
incorporation can be maintained by reducing Fe*" to Fe*
(which has been suggested previously)'>***” or by incorporat-
ing more O into the structure. This is further explored below
during the discussion of the Fe K-edge XANES spectra (see
section 3.3)

As indicated above, Ce Lj-edge XANES spectra result
(primarily) from the excitation of 2p electrons to Sd states
and are very sensitive to variations in the oxidation state. It is
observed in Figure 4 that, as the degree of Ce substitution in the
garnet system increases, so does the average oxidation state of
the Ce. The PA samples have a higher average Ce oxidation
state, and the Ce®*/Ce*" ratio also depends on the amount of Ce
incorporation in the system. Linear combination fitting of the Ce
L;-edge XANES spectra was performed to quantify the relative
amounts of Ce’ and Ce* present in each of the garnet
materials, and the results are presented in Table 2. In set 1
(Figure S1), the amount of Ce*" increases as the amount of Ce
substituted into the garnet structure increases. Additionally,
postannealing of these materials at 800 °C increases the amount
of Ce*" present. This trend is also seen in set 2 (Figure S2) and
set 3 (Figure S3), with the amount of Ce*" increasing in each
sample after postannealing at 800 °C. This is expected as the
temperature-dependent redox couple favors Ce** at lower
temperatures. Set 4 (Figure S4), however, does not follow a
trend with regard to the amount of Ce*' increasing after
postannealing. This can be attributed to the importance of the
partial pressure of O on the temperature-dependent Ce®*/Ce*
redox couple. Normalized Ce Lj-edge XANES spectra from

Table 2. LCF Results of the Ce L;-Edge XANES Spectra®

Ce* (%) Ce** (%)
Set 1
z=0.20,PA 42 58
z=0.15,PA SS 45
z=0.20 73 27
z=0.15 84 16
z=0.05 99 1
Set 2
z=0.20, PA S1 49
z=0.15, PA 60 40
z =020 87 13
z=0.15 94 6
z=0.05 90 10
Set 3
z=0.20,PA 37 63
z=0.15, PA 56 44
z=0.20 58 42
z=0.15 69 31
z=0.0§ 81 19
Set 4
z=0.20, PA 87 13
z=0.15,PA 74 26
z=0.20 67 33
z=0.15 75 25
z=0.05 84 16

“The error associated with all measurements is +1%.

Y, 55Ceg1sAlFe, O, are presented in Figures 5—7 to understand
the effect of the staring material, annealing conditions, and
cooling rate after annealing, respectively.

Figure S contains a comparison that shows the changes in the
Ce L;-XANES spectra based on the oxidation state of the Ce in
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Figure S. Normalized Ce L;-edge XANES spectra from Y, g;Ce, ;sAlFe, O, showing the change in the Ce oxidation state that occurs depending on the
starting material: (a) as-synthesized samples annealed under the same conditions and then quenched in air directly from 1400 °C; (b) samples that
were postannealed at 800 °C.
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Figure 6. Normalized Ce L;-edge XANES spectra from Y, gsCe, ;sAlFe, O, showing the change in the Ce oxidation state that occurs depending on the
annealing environment. All materials were synthesized using Ce(NO;);-6H,O as the starting material. (a) Comparison of the spectra from the
materials that were synthesized under N,(g) or air followed by slow cooling to room temperature. (b) Comparison of the spectra from the materials
that were synthesized under N,(g) or air and then postannealed at 800 °C.
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Figure 7. Normalized Ce L;-edge XANES spectra from Y, gsCe sAlFe O, showing the change in the Ce oxidation state that occurs depending on the
cooling rate used after high-temperature annealing. All materials were synthesized using Ce(NO,);-6H,0 as the starting material. (a) Comparison of
the spectra from the materials that were slow-cooled to room temperature versus those that were quenched in air from 1400 °C. (b) Comparison of the
spectra from the materials that were postannealed at 800 °C.

the starting material in sets 1 and 2 (see Table 1). As described 1400 °C to room temperature), while Figure Sb shows the
earlier, the PA samples showed a greater concentration of Ce** spectra from the samples that were postannealed at 800 °C.
(compared to the as-synthesized materials). Figure Sa compares These spectra demonstrate that the use of a Ce*'-containing
the spectra from the as-synthesized samples (quenched from starting material results in a higher average Ce oxidation state.
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Figure 8. Normalized Fe K-edge XANES spectra. (a) Materials from set 1 were synthesized using a Ce*" starting material and quenched in air. (b)
Materials from set 2 were synthesized using a Ce’* starting material and quenched in air. (c) Materials from set 3 were synthesized using a Ce*" starting
material and slow-cooled in air. (d) Materials from set 4 were synthesized using a Ce** material and slow-cooled under N,(g). The preedge region is
highlighted in the inset of each figure. The reference spectrum in sets 2—4 is Y, 4Ceg osAlFe, O}, from set 1, which was synthesized using a Ce** starting
material and quenched in air. This material was shown to contain no Ce*" by analysis of the Ce L;-edge XANES spectrum.

The Ce**/Ce™* ratio in these materials was also observed to vary
depending on the oxidation state of the Ce-containing starting
material used to synthesize these materials.

The effect of the annealing environment [air vs N,(g)] on the
Ce oxidation state is demonstrated by the normalized Ce L;-
edge XANES spectra from Y,g;Ce, sAlFe O, in Figure 6.
Annealing under N,(g) reduces the amount of oxygen present
during high-temperature annealing, which creates a reducing
environment. The spectral changes observed in Figure 6 indicate
that samples annealed under air contain a higher Ce**
concentration than the samples annealed under N,(g). It can
be concluded that the lack of O,(g) inhibits the temperature-
dependent Ce®*/Ce*" redox couple, which results in a lower
average Ce oxidation state. However, the spectra presented in
Figures 4d and 6 do show that a limited amount of Ce* was
observed in the samples annealed under N,(g), which is likely a
result of the purity of the N,(g) used and the presence of
oxidizing agents in the starting materials such as NO;™ and H,0.
The observation of a greater concentration of Ce*" in the
samples annealed in air versus those annealed in N,(g)
demonstrates the importance of the O,(g) partial pressure to
the average Ce oxidation state in these materials.

Normalized Ce L;-edge XANES spectra are presented in
Figure 7 to understand the effect of the cooling rate on the Ce
oxidation state. When the materials that were quench-cooled in
air after heating at 1400 °C (as-synthesized) and materials that
were slow-cooled to room temperature were compared, the

quench-cooled materials contained Ce with a lower average
oxidation state. This observation can be explained by the
temperature-dependent equilibrium that exists between Ce®*
and Ce*', where the oxidation of Ce>* to Ce*" is an exothermic
process.”>*® As indicated above, the equilibrium shifts toward
the more oxidized state when the temperature is lowered. The
higher Ce*" concentration observed in the spectra from the
slow-cooled samples resulted from exposure of these samples to
lower temperatures for longer periods of time.

3.3.Fe K-Edge XANES Spectra. It was demonstrated above
by examination of the Ce L;-edge XANES spectra that the
Y;_,Ce,AlFe,O, system contains both trivalent and tetravalent
Ce and that postannealing of the materials at 800 °C results in an
increase in the average Ce oxidation state (compared to the as-
synthesized and quench-cooled materials). This observation
could imply an increase in the oxygen stoichiometry in the PA
materials or that Fe was (partially) reduced from 3+ to 2+ to
charge balance the system. The Fe K-edge XANES spectra are
sensitive to the oxidation state and coordination number of
Fe.”®™* The normalized Fe K-edge XANES spectra from all
four sets of materials investigated are presented in Figure 8. Two
unique regions can be observed in the spectra, which are referred
to as the preedge region (feature A) and the main-edge region
(feature B). The preedge region (feature A) is a result of 1s — 3d
transitions, while the main-edge region (feature B) is a result of
Is — 4p transitions.”"** A decrease in the intensity of the
preedge region indicates an increase of the Fe coordination
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number, which is accompanied by an increase in the intensity of
the main-edge region. Conversely, an increase in the intensity of
the preedge region indicates an decrease in the Fe coordination
number, which is accompanied by a decrease in the intensity of
the main-edge regon,27’40

The Fe K-edge XANES spectrum collected from
Y, 95CeosAlFe,0,,, which was synthesized using a Ce** starting
material, annealed under air, and quench-cooled to show a main-
edge feature at ~7127 eV and a preedge feature at ~7114 eV,
which indicates the presence of Fe** in the system. This would
be expected because the Ce L;-edge XANES spectrum of this
material indicates that Ce exists only as Ce®*, maintaining the
charge balancing of this system. The normalized Fe K-edge
XANES spectra from Y, ,Ce,AlFe,O;, (Figure 8) are similar to
those found in the spectrum from Y,4;Ce,osAlFe,O;,. This
observation confirms that the Fe oxidation state in
Y,_,Ce,AlFe,O, is 3+ because a (partial) reduction of Fe** to
Fe® would lead to lower-energy preedge and main-edge features
being observed, which was not the case here. 241 The
normalized Fe K-edge XANES spectra from the set 1-3 PA
samples show a decrease in the intensity of the preedge region
followed by an increase in the intensity (and slight increase in
energy) of the main-edge region, which indicates an increase of
the Fe coordination number in the PA samples compared to the
as-synthesized materials. This change is subtle in the spectra
from the set 2 and 3 samples, while the spectra from set 4 show
little to no change. The limited change observed in the Fe K-
edge spectra from the set 4 samples is understandable
considering that these materials were synthesized under a
N,(g) environment and no significant differences in the Ce L,-
edge spectra from the as-synthesized vs PA samples were
observed when the composition was held constant (Figure 4d).

Examination of the Ce L;-edge XANES spectra presented in
Figure 4 established the presence of a higher Ce*" concentration
in the PA samples compared to the as-synthesized samples when
the materials were annealed in air. The increase in the Fe
coordination number observed in the PA samples along with the
presence of more Ce*" indicates the presence of excess O in the
structure to maintain a charge-balanced system. It is proposed
here that the excess O is incorporated into unoccupied
interstitial sites in the garnet structure. It should be emphasized
that only small changes in the Ce oxidation state were observed
along with little to no change in the coordination number of Fe
when the system was annealed under N,(g) (see Figures 4d, 6,
and 8). This further indicates the importance of the O,(g)
partial pressure to the oxidation state of Ce observed in these
materials and provides more evidence to support the
incorporation of excess O in the garnet-type structure to charge
balance the (partial) oxidation of Ce®* to Ce*".

4. CONCLUSIONS

The study has shown by examination of the XANES spectra that
Y,_,Ce,AlFe,O,, contains both Ce** and Ce**. Further, it has
been shown here that the average oxidation state of Ce in these
materials changes depending on the Ce-containing starting
material, annealing environment, cooling rate, postannealing
treatment, and/or concentration of Ce used to synthesize these
materials. Analysis of the Fe K-edge XANES spectra have
confirmed the presence of Fe3*. The question then becomes,
how do the materials maintain a charge-balanced system? At
lower annealing temperatures, the Ce redox couple shifts toward
Ce*, which leads to the incorporation of excess O into the
crystal structure to charge balance the system. The increase in

the average Fe coordination number in the PA samples, as
determined by analysis of the Fe K-edge XANES spectra,
confirms the incorporation of excess O in the garnet-type
structure. It is proposed here that Y;_,Ce,AlFe, O, incorporates
excess O into unoccupied interstitial sites to maintain a charge-
balanced system, which requires this O-intercalated garnet
system to be represented as Y;_,Ce, AlFe,O,, 5 The versatility
of the garnet structure to be able to incorporate multiple
oxidation states of a given element could be important for the
sequestration of actinides with easily accessible redox states

(e.g., Pu).
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