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Abstract

The efficient capture of volatile fission products released during spent fuel reprocessing is a
crucial concern for the nuclear community. Here we apply density functional theory to
examine the efficacy of a two-dimensional dicalcium nitride electride (CasN:e") to encapsulate
volatile fission products. Encapsulation is endoergic for Kr, Xe, Rb and Cs meaning that they
are not encapsulated. Conversely, strong encapsulation is exhibited for Br, I and Te with
respect to their atoms and dimers as reference states. The preference for Br, I and Te
encapsulation is a consequence of charge transfer from CasN:e™ to form encapsulated anions.

This makes the electride a promising material for the selective trapping of volatile Br, I and

Te.
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1. Introduction

Spent nuclear fuel is reprocessed in order to extract the unused uranium and minimise the
volume of radioactive waste. This process generates a substantial volume of fission product
contaminants distributed in reactants, solvents and products [1-47]. Also, radiotoxic volatile
fission products (Xe, Kr, Br, I, Rb, Cs and Te) can escape from the fuel under a variety of
circumstances, impacting on the environment as they disperse (as atoms, molecules or
entrained in aerosol particles). Radioactive iodine is of particular concern as much is produced,
it is highly active, highly mobile and concentrates in the human thyroid gland, thereby
imparting significant local dose [2,57. Caesium is also a fission product of concern as it too
is highly active and its high chemical reactivity means it will remain bound near to surfaces
[6,7]. Itis therefore important to capture and dispose of radioactive volatile fission products,
particularly iodine and caesium, eftectively and safely.

Filters impregnated with charcoal are widely used to trap iodine in nuclear power plants
owing to their low production cost and high surface area [87]. In order to improve the efficacy
of filters for the capture of radioactive iodine, different filter materials such as zeolites, silica,
alumina, metal organic frameworks and porous organic polymers have also been examined.
[8, 9-117. The efficiency of filters is dependent upon properties of the filter material with a
desire for high thermal stability and robust mechanical properties, high capacity but also
effective chemical retention. The search for new low cost filter materials is a central theme in
reducing the potential impact of radioactive species.

Electrides are ionic crystals in which electrons serve as anions [127]. Based on the localization
of electrons in the lattice, they are classified as: zero-dimensional (electrons residing in
cavities)[18,14], one-dimensional (electrons occupying in a channel)[15,16] and two-
dimensional (electrons localising in a layer)[17,187]. A wide range of applications including
catalyst supports, electron emitters and super conductors have been reported for a zero
dimensional “mayenite” type electride [CaosAlosOss ***(e7)4[19-287. In previous studies, we
have used this electride to examine the effectiveness of encapsulation of volatile fission
products [24,257, heavy metals [267], technetium [277] and lithium [287]. The first one-
dimensional electride [LasSro(SiO4)s ***(e”)s was reported by Yaoqing et al. [167] though its
practical utility was not fully studied.

A new class of two-dimensional dicalcium nitride electride [(CasN)**e ] in which electrons
delocalize between cationic framework layers was first reported by Lee e al. [297]. Owing to
its promising characteristics such as stability at room temperature, low work function (2.6

eV), open layer structure and high electron concentration, this electride has been used in



promising applications such as chemical reduction reactions [307], sodium ion batteries [31]
and solid lubricants [327].

In the present study, atomic scale modelling, based on a density functional theory (DFT)
approach, is used to provide insights into the thermodynamical stability, charge transfer and
electronic structures of volatile fission products encapsulated between layers in the CasN:e™
electride.

2. Computational Methods

DFT calculations were performed to find the energy minimised and electronic structures of
CayN:e~ with and without encapsulated species. The plane wave DFT code VASP (Vienna Ab
initio Simulation Program) was used [887. This solves the Kohn-Sham (KS) equations within
the DFT framework and uses projected augmented wave (PAW) potentials [847] and plane
wave basis sets (cut-off of 500 eV). A 8x8x4 Monkhorst-Pack [857] A-point mesh which
yielded 35 irreducible £ points was used. Further increase in the basis set cut-oft and k-points
resulted a total energy different of 0.9 meV per atom. The exchange-correlation term was
included in the form of generalized gradient approximation (GGA) as described by Perdew,
Burke, and Ernzerhof (PBE)[867. The conjugate gradient algorithm [877] was used to relax
atomic positions and cell parameters with the aid of Hellman-Feynman theorem including
Pulay corrections to obtain forces on the atoms. Forces on the atoms were smaller than 0.001
eV/A in all configurations. The stress tensor was less than 0.002 GPa in all optimised
structures. Short-range interactions were modelled using a semi empirical dispersion term as
described by Grimme et al.[387]. All encapsulated structures were modelled using a 4 X4x1
supercell consisting of 96 Ca and 48 N atoms. One of the limitations in this method is the
supercell size. Accurate encapsulation energy is dependent on the supercell size. Current
study considered a reasonable size of the supercell and the relative trend in the encapsulation
energy will be consistent.

Encapsulation energies were calculated for single atoms encapsulated within Ca;N:e™ through
the following equation:

Epnc = Ex@ca,n:e) — Ecayne)= Ex) (1)
where E(x@ca,n:e-) 1S the total energy of a single fission atom encapsulated in a 4 X4Xx1
supercell of CasN:e", E(¢q,n:e) is the total energy of a 4 X4x1 supercell of Ca;N:e™ and Ey)
is the energy of an isolated gas phase fission atom.

3. Results and discussion

3.1. Crystal structre of Ca:.N:e~



Dicalcium nitride exhibits a hexagonal layered crystal structure with the space group R3m,
as shown in Figure 1a. The experimentally reported lattice parameters are a=b=3.6048 A,
c=19.2031 A, a=B=90° and y=120° [297]. The layers in the crystal structure consist of NCas
octahedra in the ab plane, with a separation of 8.86 A. In order to test the validity of the
pseudopotentials and basis sets used in this study, the experimental crystal structure was
energy minimised: calculated structural parameters are in excellent agreement with
corresponding experimental values [297 as reported in Table 1. Two-dimensional electron
layers and total DOS plot are shown in Figure 1b and 1c respectively. Ca.N:e™ exhibits
metallic behaviour in agreement with a DF'T study performed by Lee et al.[297]

3.2. Encapsulation of single noble gas atoms (Kr and Xe)

Relaxed structures of CasN:e™ encapsulated with Kr and Xe are shown in Figure 2. Both
species exhibit positive encapsulation energies and are therefore unstable within the layers
(see Table 2). The encapsulation energy is less unfavourable for Kr than Xe due to the smaller
atomic radius of Kr than that of Xe [897. This is further confirmed by the shorter Ca-Kr bond
lengths and smaller volume change predicted for Kr. The small negative Bader charge [407]
is indicative of the polarisation that these noble gas atoms are subject to between the layers.
The smaller value for Kr reflects the smaller polarizability of Kr.

Total DOS plots calculated for structures with Xe and Kr are almost identical to the DOS
plot of encapsulant free Ca,N:e". Atomic DOS plots show that p- states belong to the Kr and
Xe appear deep (~ —6 eV) in the valence band. Charge density plots show that encapsulation
resulted in no significant change in the electron distribution between the layers.

3.3. Encapsulation of halogen atoms (Br and I)

Negative (favourable) encapsulation energies are calculated for Br and I, from their isolated
atom reference states. This is a consequence of their strong electron affinities (see Table 3),
reflected in the negative Bader charges. Both Br and I gain essentially one electron. This is
because both Br and I can accept one electron to complete their stable s?p¢ outer electronic
configurations. The encapsulation energy calculated for Br is more favourable than that
calculated for I due to its smaller atomic radius[897. This is consistent with the shorter bond
length of Ca-Br than that calculated for Ca-I.

The encapsulation energy calculated using the dimer as the reference still indicates that both
Br and I will occupy as Br™ and I ions despite the penalty to dissociate their diatomic
molecules. The calculated dissociation energies (per atom) for Bre and o are 1.26 eV and 1.12
eV respectively. Br continues to exhibit a more preferable energy than I despite its higher

dimer dissociation energy.



Total DOS plots calculated for Br and I encapsulated configurations show that there is a
reduction in the states associated with free electrons at the Fermi level, but these materials
retain their metallic character (see Figure 3). This is further confirmed by the reduction of
charge densities around the encapsulated atoms in the middle layer. There is a slight increase
in overall volume upon encapsulation. The larger increase calculated for I is a consequence of
its larger atomic radius.

3.4. Encapsulation of Te atom

Te exhibits a strongly favourable encapsulation energy (see Table 4) . This is due to its high
electron affinity and strong interaction with the lattice leading to a large Bader charge of
—1.72. 'This means that it is tending to a stable Te? electronic configuration. The
encapsulation energy calculated with respect to the dimer is still highly exothermic, despite

the strong Te, dissociation energy of 1.76 eV per atom.

The total DOS plot (Figure 4) shows that the encapsulated configuration is still metallic as
there are electrons left between layers. A single Te atom can gain only part of the interlayer
electron density. Interestingly the volume increase for Te is larger than for I, reflecting the

larger size of Te? than I-.

3.5. Encapsulation of Rb and Cs atoms

Finally, we considered encapsulation of Rb and Cs. The relaxed structures are shown in
Figure 5 and the encapsulation energies and the Bader charges are reported in Table 5. Both
Rb and Cs exhibit unfavourable encapsulation energies (2.09 eV and 2.18 eV respectively).
This is because of their low electron affinities and large size. In general, Rb ad Cs donate their
outmost s' electrons to form stable noble gas electronic configurations. The interlayer space
already has additional electrons so that rather than donate electrons both Rb and Cs end up
with additional charges of —0.29 and —0.90 electrons respectively. Both Rb and Cs atoms are
thus topologically frustrated in a sandwich formed by the Ca.N layers. Consequently, the

encapsulation becomes endoergic.

There is a perturbation in the total DOS and electron distribution noted for Rb (see figure 5).
However, the resultant configuration is still metallic. In the case of Cs, both total DOS and

charge distribution are not significantly changed.

3.6. Encapsulation of dimers (Br., I. and Te.)
We considered the encapsulation of Br, I and Te in the form of dimers. The relaxed structures
of dimers occupying the layer are shown in Figure 6. The encapsulation energies reported in

Table 6 (calculated using the molecular reference state but normalised per atom) predict this



mode of encapsulation is favourable and only slightly less favourable than when these anions
are encapsulated as separated species (compare with energies in Tables 3 and 4). However,
when encapsulated as an adjacent pair, the distance between the anions is significantly longer
than the molecular dimer. Furthermore, the respective Bader charges (see Table 6) indicate
that both anions in the pair assume negative charge — thus they are not molecules but pairs
of adjacent anions. This suggests that the electride may be capable of accommodating high
concentrations of these anions.

4. Conclusion

The efficacy of CaN:e  as a filter material to encapsulate volatile fission products was
predicted using atomic scale simulation based on density functional theory with dispersion
correction. While Kr, Xe, Rb and Cs are not favourably encapsulated, Br, I and Te exhibit a
strong affinity for encapsulation. Such strong encapsulation is evidenced by the significant
charge transfer to the encapsulated atoms from the confined electrons between the layers,
leading to the formation of stable Br~, I” and Te?” ions. Exoergic encapsulation of dimers
considered for Br, I and Te led the formation of anion pairs rather than molecular species. In
summary, CasN:e™ electride encapsulates Br, I and Te in the form of isolated gaseous atoms
to form their stable negative ions. Other fission products (Kr, Xe, Rb and Cs) are not
encapsulated. It is therefore CasN:e electride can be of a candidate material to filter Br, I and
Te from effluent gases generated during spent nuclear fuel processing. This makes the
electride a promising material for the selective trapping of volatile Br, I and Te.
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Table 1. Calculated lattice parameters and unit-cell volume of the hexagonal layered crystal
structure (space group R3m) of Ca,N:e~ together with corresponding experimental values.

Parameter Calc Expt [29] | A](%)
a=b (A) 3.6094 3.6048 0.13
c(A) 19.2007 19.2031 0.01
a=p(° 90.0 90.0 0.00
Y (°) 120.0 120.0 0.00
V (As) 216.62 216.11 0.24




Table 2. Calculated electron affinities of Kr and Xe, encapsulation energies (calculated using the
isolated gas phase atom as the reference), Bader charges on the encapsulated atoms, the shortest Ca—
X bond distances (X= Kr and Xe) and relative volume changes upon encapsulation.

- Atomic Electron : Bader Ca-X Relative

Fission . . Encapsulation _ volume

roduct radius affinity energy (V) charge (A)[X=Kr chanee
P (A)[39] (eV) &Y (le]) and Xe] ( A%g)
Kr 2.02 1.08 1.86 —0.32 3.00—-3.07 0.97
Xe 2.16 1.24 2.48 —0.44% 3.06—3.11 1.36




Table 3. Calculated electron affinities of Br and I, encapsulation energies (calculated using the isolated
gas phase atoms and dimers as reference states), Bader charges on the encapsulated atoms, the shortest
Ca—X bond distances (X= Br and I) and relative volume changes upon encapsulation.

Atomic

Fission ' Electron Encapsulation energy Bader Ca-X Relative
roduct radius affinity (eV/atom) charge | (A)[X=Br volume
produ (A)[39] (eV) atom dimer (% Xo) (le]) and I change (%)
Br 1.83 4.97 —4.67 —3.41 —1.09 2.92—2.99 0.96
I 1.98 4.65 —3.34% —2.22 —1.12 3.00-3.05 1.85
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Table 4. Calculated electron affinity of Te, encapsulation energy (calculated using the isolated gas
phase atom and dimer as reference states), Bader charges on the Te atom, the shortest Ca—Te bond
distances and relative volume changes upon encapsulation.

Fissi Atomic | Electron Encapsulation energy Bader Relative
:Z(Sjll?cnt radius affinity (eV/ atorn)1 charge | Ca-Te (A) volume(z)
P (A)rs9] (eV) atom dimer (> Te.) (le]) change (%)
Te 2.06 3.49 —5.23 ~3.47 ~1.72 | 2.99-3.03 1.47
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Table 5. Calculated electron affinities of Rb and Cs, encapsulation energies (calculated using the
isolated gas phase atoms), Bader charges on the encapsulated atoms, the shortest Ca—X bond distances
(X= Rb and Cs) and relative volume changes upon encapsulation.

Fission ?:d)gﬁf Electron Encapsulation Bader i [}Ei_fj{ib and 13211?;2/:
product ) affinity (eV) | energy (eV) | charge(|e|) (A)EX= o
(A)r39] Cs] change (%)
Rb 3.08 2.57 2.09 —-0.29 3.07-3.18 1.09
Cs 3.43 2.22 2.18 —-0.90 3.08-3.15 1.15
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Table 6. Encapsulation energies and Bader charges calculated for dimers encapsulated in Ca;N:e”

layer.

Encapsulation energy

Bader charges |e]|

Reaction (eV/atom) with respect to On both Br or I or Te atoms
dimer
Br, + CagN:e"—Br,*CaN:e™ —3.85 —1.00, —1.00
I, + CagN:e- —I,2CasN:e” —2.18 —1.04, —1.04
Tey, + CasN:em —>Tes*CasN:e™ —3.01 —1.60, —1.60
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Figure 1. (a) The relaxed structure of bulk Ca.N:e, (b) electrons confined two-dimensionally within
layers and (c) DOS plot of bulk Ca,N:e". Black dashed lines correspond to the Fermi energy level.
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Figure 2. (a) Relaxed structure of Kr encapsulated within Ca.N:e", (b) total DOS plot (c) atomic DOS
plot of Kr (d) constant charge density plot showing electron distribution upon encapsulation and (e-
h) corresponding structures and plots calculated for Xe encapsulated within Ca,N:e™.
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Figure 3. (a) Relaxed structure of Br encapsulated within Ca.N:e", (b) total DOS plot (c) atomic DOS
plot of Br (d) constant charge density plot showing electron distribution upon encapsulation and (e-
h) corresponding structures and plots calculated for the I encapsulated Ca,N:e™.
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Figure 4. (a) Relaxed structure of Te encapsulated within Ca,N:e", (b) total DOS plot (c) constant
charge density plot showing electron distribution upon encapsulation and (d) atomic DOS plot of Te.
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Figure 5. (a) Relaxed structure of Rb encapsulated within Ca,N:e", (b) total DOS plot (c) atomic DOS
plot of Rb (d) constant charge density plot showing electron distribution upon encapsulation and (e-
h) corresponding structures and plots calculated for the Cs encapsulated Ca.N:e™.
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Figure 6. Relaxed structures of (a) Bro,(b) I, and (c) Te, encapsulated in CaoN:e™.
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