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For 11 minerals of the lovozerite group, theoretical investigations of Na*-ion migration were performed.
The combination of GT, BVSE, and DFT-NEB approaches allows for studying the relationship between the
crystallochemical energetic characteristics and ion-conductive properties of solid electrolytes. The
constructed tilings made it possible to establish common types of cavities (tiles) for these structures. The
location of sodium in large cavities suggests that these cavities can serve as new building blocks for
modeling zeolite-like frameworks. GT analysis indicated that combeite, townendite, kapustinite and
kazakovite have the widest Na*-migration paths among the 11 minerals. Using the BVSE approach, values
of the migration barriers were obtained. For combeite, townendite, kapustinite and zolotarevite, the values
of the migration barriers are in the range of 0.60-0.80 eV. DFT-NEB modeling results are in good
agreement with the results from BVSE and GT analyses. It was found that minerals of this group have
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1. Introduction

Among the materials for metal-ion batteries, lithium minerals
are in the highest demand. However, the importance of
studies on sodium solid electrolytes has increased recently
due to the low content of lithium materials in the earth's
crust and the rapid growth in their price. Many prospective
sodium-ion conductors have a crystal structure of one of the
well-known mineral species: olivine," apatite,” kaolinite,?
xenophyllite.* Among silicates, the cation-conductive
properties of the sugilite-type compound Fe,Na,K[Li;Si;»O030]
have recently been described,” and it has been established
that their bulk ionic conductivity is 1.7 x 107 S em™ at 943
K. For compounds with the lovozerite-type structures, ion
conductance is also possible because of their sizeable
channels and cavities. In a study,” using the complex
impedance method, the Sn- and Zr-containing compounds
with lovozerite-type structures were investigated and it was
established that the Na;H5ZrSigO;3 compound has an ionic
conductivity of 5 x 10°* S em™ at 573 K. The ion-exchange
properties of the minerals of the lovozerite group are also
being actively studied; recently, a study of the inclusion of
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structures that are promising for the creation of new cation-conducting materials.

potassium in the structure of combeite was carried out.> Ten
minerals of the lovozerite group are divided into three
subgroups: the zirsinalite-lovozerite subgroup (zirsinalite,
lovozerite, combeite, kapustinite, kazakovite, litvinskite,
townendite and tisinalite)) the koashvite subgroup
(koashvite), and the imandrite subgroup (imandrite).® In
2022, a new mineral was discovered in the Lovozero alkaline
massif (Kola Peninsula, Russia) - zolotarevite, which was
classified as a member of the zirsinalite-lovozerite subgroup.®
There are a large number of works devoted to the study of the
crystal chemistry of minerals of this group.”® As indicated in
a study,'® the first crystal chemical review of the structures of
minerals of the lovozerite group was made by Chernitsova
et al. (1975)"* who proposed that all structures of minerals of
the lovozerite group should be considered from the point of
view of pseudocubic modules centered at the midpoint of the
6-MR ring. In another study,” a local analysis of lovozerite
mosaics was carried out and ten possible types of structures
based on cubic S6R blocks were identified, four of which are
realized in nature. This investigation of the cubic S6R blocks
was also expanded.'? However, the possibilities of sodium ion
migration for minerals of this group of compounds have not
previously been studied. A variety of different theoretical
methods has been used for studying the ion conductors."*"*
The databases Bmaterials (https://www.bmaterials.cn),
Materials Project https://materialsproject.org), and
BatteryMaterials (https://batterymaterials.info) were used to
collect the measured and theoretical electrochemical and
structure characteristics of the majority of solid electrolytes.

This journal is © The Royal Society of Chemistry 2024
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The principles and fundamentals of multi-scale modeling are
mostly collected in work,” where both the theoretical
foundations of computational materials science and part of
the instructions for the experiment are presented. Among the
works on the theoretical study of diffusion characteristics,
several directions are most popular:-crystal chemical analysis
of empty space (geometrically-topological analysis (GT-
analysis) by  ToposPro,"> CAVD'®  program);-energy
calculations of migration barriers using the bond valence
method (bond valence site energy approach (BVSE approach),
softBV'” program);-DFT-NEB (nudged elastic bond method
within density functional theory) modeling of ion migration
in the structure and assessment of the energy barrier (VASP'®
program).

The combination of the GT, BVSE, and DFT-NEB
approaches allows for studying the relationship between the
crystallochemical, energetic characteristics and ion-
conductive properties of solid electrolytes. Previously, we
analyzed various groups of solid electrolytes using a
combined approach.'®* In the current work, the migration
pathways of the sodium cation in the structures for the
lovozerite group minerals were investigated.

2. Methods

2.1. Topological analysis of crystal structures

The topological analysis of the crystal structures is based on
constructing the atomic net (framework net). The
transformation of the 2-connected atoms to the edges of the
net corresponded to the standard representation of the net."
By means of calculating the net topological indices
(coordination sequences, vertex symbols), the net topology
can be unambiguously characterized and the topological type
determined based on TTD-collections having about 800000
entries  (https://topospro.com/databases/ttd/ or https://
toperyst.com).>® The theory of tiling®® had successfully been
applied to zeolites, which made it possible to describe (from
a unified position) all zeolite blocks of which the frameworks
are composed”® and to predict new structures.”® In addition,
it has been established that tiles have a clear physical
meaning and play a key role as elementary blocks during
crystal growth.”” The current TTT collection contains 428
natural tiles (included in the free ToposPro installation
package). All zeolite tiles are collected in the Database of
Zeolite Structures (https://iza-structure.org).

2.2. GT analysis of the Na'-migration paths

By means of the GT-analysis realized in the ToposPro
program,'® many theoretical investigations of cation and
anion solid electrolytes were performed.*®*° There are many
theoretical investigations involving the screening of big data
as an individual analysis for cation and anion solid
electrolytes realized by the geometrical-topological analysis
(GT-analysis) with the ToposPro program. The basis of the
GT-method is a Voronoi partition,** which is also named as
the Voronoi tessellation.'® It divides the crystal space into
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domains with the centers corresponding to the maximum
of the electron density of the atoms. The vertices and edges
of the Voronoi partition correspond to the maximal free
crystal space. The analysis of the voids and edge
parameters allows for estimating the available space for ion
migration. To assess the possibility of placing an ion in a
void or channel, a number of geometric criteria have been
developed, such as void radius Rsd, channel radius
Fehan(min), VOid shape Gj, channel environment, etc.>® In this
work, only the minimum channel radius parameter
Fehan(min) Was used. Previously, we were investigating the
Na'-migration paths for cathode materials®* and minerals.*!
Upon comparing the calculated data of the migration maps
with the experimental data on the conductivity of the
cathode materials, it was determined that when the
channel size Ichanmin) is less than 2.0 A** the sodium
cation moves with difficulty; therefore, this value is crucial.
We took the criterion of the minimal radius of channel
Fehan(min) = 2.0 A to study the sodium-ion conductivity in
the minerals of the lovozerite group.

2.3. BVSE approach and KMC modeling

The BVSE method is very important for the analysis of
various solid electrolytes due to its accessibility and ease in
obtaining the correct results of the energy of activation
barriers."** The method is based on the condition for
maintaining a local balance of bond efforts.*> Using the
standard deviation of bond valence, the Global Instability
Index (GII) can be calculated. It was determined that
structures with GII > 0.20 are unstable.*® The BVSE approach
was implemented in the softBV program.*” The isosurface
visualization was obtained using VESTA.*®* The diffusion
coefficients and the theoretical ion conductivity were
computed using KMC simulations (Kinetic Monte-Carlo
method*®) implemented in the softBV command line version.

2.4. DFT modeling

Quantum mechanical modeling within the DFT-NEB>*!
approach based on the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional®?
and projector augmented wave (PAW) pseudopotentials*® was
carried out by the Vienna ab initio simulation package
VASP.'"® The cutoff energy was fixed to 600 eV in all
calculations. For the geometry optimization, the convergence
thresholds for the total energy and force components were
chosen as 107 eV and 10" ev A™'. Input files for NEB
calculations were generated using the PATHFINDER script
(https://pathfinder.batterymaterials.info). To visualize the
NEB results, the ToposPro program'® was used.

3. Results and discussions
3.1. Topological features

Despite the fact that all 11 structures belong to the same
group, the atomic net topologies of the crystal structures for

CrystEngComm, 2024, 26, 4156-4166 | 4157
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Table 2 Results of the GT analysis of the Na*-ion migration map for crystal structures of lovozerite group minerals

Formula (from IMA Na' ion migration map for different values of

Database of Mineral minimal radius of channel, A

Properties https://rruff. Sp. ICSD
No. Name info/ima/) gor. 1.90 1.95 2.00 2.05 2.10 code Ref.
1 Combeite Nay 5Ca; 5Si6017.5(0H)o 5 R3m 3D 3D 3D 3D 0D 62827 44
2 Litvinskite Na;ZrSigO;3(0H)5 cm 3D 3D 0D 0D 0D 57042 45
3 Lovozerite Na;CaZrSigO,5(0H); c2, 3D 3D 1D[001] 0D 0D 30389 8
4 Townendite NagZrSigOqg R3m 3D 3D 3D 0D 0D 168092 46
5 Zolotarevite NasZr[SigO15(0H);3]-3H,0 R3m 3D 3D 0D 0D 0D 137779 6
6 Tisinalite NazMn>*TiSigO;5(0H); P3 3D 3D 0D 0D 0D 250068 47
7 Kapustinite NagZrSigO;6(OH), c2/m 3D 3D 3D 0D 0D 250170 48
8 Kazakovite NagMn2'TiSigOsg R3m 3D 3D 3D 0D 0D 200602 48
9 Zirsinalite NagCaZrSigO;5 R3¢ 3D 3D 0D 0D 0D 200800 8
10 Imandrite Na,,CazFe®" 811,056 Pmnn 3D 1D[001] 1D[001] 0D 0D 200805 49
11 Koashvite NagCaTiSigO45 Pmnb 3D 2D(010) 1D[001] 0D oD 86517 8
these compounds were of different types. The atomic net  this net is isohedral, ie., contains one tile type - [6*8°].
topologies were constructed with definitions involving the  This type of tile was not found in the zeolite

sodium cation located inside the cavities, ie., not
included on net. The framework atoms (oxygen, silicon,
calcium, zirconium, manganese, iron, titanium)
correspond to the nodes of the atomic net. All calculated
topological characteristics of tilings are given in Tables
S1-S6,f and a visual representation of the tiling is given
in Table 1. We see that the minerals, combeite,
litvinskite, lovozerite, townendite, and zolotarevite have
the same 3,6-connected net with topological type -
sqc962 (https://epinet.anu.edu.au/sqc962). There are two
types of the nodes of this net: 3-connected nodes (Si or
0O) and 6-connected nodes (metal atoms). The tiling for

a
b
c
° -0
-Na
O -si
O-zr
@ - migration
map

Fig. 1 Migration map of Na* ions in the crystal structure of kapustinite.

This journal is © The Royal Society of Chemistry 2024

frameworks.

For the remaining six structures, the net belongs to a new
topological type, characterized by the presence of different
types of 3-, 4- or 6-connected nodes. For tisinalite, the tiling
consists of three types of tiles; for kapustinite, kazakovite
and zirsinalite, the tiling has 5 types of tiles; for imandrite -
7, and for koashvite - 8 types of tiles. It can be seen that
almost all cavities can be named according to the zeolite
classification and 6 new tile types discovered: [6"-87], [6°-87],
[4-5-7-8%], [4*-7%], [4*-7*-8%]. Similar structural motifs of
minerals are reflected in the same tiles for different minerals.
found for kapustinite, kazakovite,

The t-ste tile was

CrystEngComm, 2024, 26, 4156-4166 | 4159
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zirsinalite, imandrite and koashvite. The t-kds tile is found in ~ 3.2. GT-analysis

tisinalite, kapustinite, kazakovite, tisinalite and koashvite.

Tiles t-kzd, t-lov, and t-cub are very small. They do not Silicates of the lovozerite group® have sufficiently wide pores,
correspond to any cavity, but serve to fill the entire space. in which water molecules or large cations are located. It was

Table 3 Disposition of Na atoms on the tiling and migration map for minerals of the lovozerite group

Average Part of the
Topological distance Multipli-city of the Rsd, A migration map
Mineral type Atom position Tile Location on the tiling Na-O, A position in the tile (GT analysis)
Combeite  sqc962 Nalg ¢(Calg.y) [6*8°] Center of tile 2.40 1 1.49 3D map
Na2 [6*8°]  Center of 8-ring 2.66 3 1.56 3D map
Si-Si-Si-Ca-Si-Si-Si-Ca
Na3g6(Ca2o.4) [6*-8%] Center of 6-ring 2.67 3 1.50 —
Si-Si-Ca-Si-Si-Ca
Litvinskite — sqc962 Nal [6*8°]  Center of 6-ring 2.61 1 1.53 0D map
Si-Si-Zr-Si-Si-Zr
Na2,.75(01¢.2) [6*8°] Center of 6-ring 2.62 2 1.53 —
Si-Si-Zr-Si-Si-Zr
Na3g.10(Mng 16) [6"87] Center of tile 2.43 1 1.49 0D map
Lovozerite  sqc962 Nal [6*-8°]  Center of 6-ring 2.46 2 149 —
Si-Si-Zr-Si-Si-Zr
Na2, 5(011¢5) [6*8°] Center of 6-ring 2.49 1 1.52 1D map
Si-Si-Zr-Si-Si-Zr
Townendite sqc962 Natl [6*8°]  Center of 6-ring 2.42 3 150 —
Si1-Si-Zr-Si-Si-Zr
Na2 [6"8°]  Center of 8-ring 2.65 3 1.55 3D map
Si-Si-Si-Zr-Si-Si-Si-Zr
Na3 66(Cao.osFeo.06 [6*8°] Center of tile 2.40 1 1.48 3D map
Mny, 05, Yo0.07)
Zolotarevite sqc962 Naly.o5(Mng gs) [687] Center of 6-ring 2.66 3 1.50 —
Si1-Si-Zr-Si-Si-Zr
Na2 [6*8°]  Center of tile 2.57 1 1.47 0D map
Na3,.11(04.g0) [687] Center of 8-ring 2.64 3 1.54 0D map
Si-Si-Si-Zr-Si-Si-Si-Zr
Tisinalite ~ New Nal [6%87] Center of 6-ring 2.33 3 1.46 0D map
topology Si-Si-Ti-Si-Si-Ti
Na2 [6°8°]  Center of 6-ring 2.37 3 1.46 0D map
Si-Si-Ti-Si-Si-Ti
Kapustinite New Na1(Nd1g,4) t-ste Center of tile 2.46 1 1.51 —
topology [4%-8"]
Na2 (Nd2¢.03) t-ste Center of tile 2.45 1 151 —
[4%-8]
Na3 t-kds Center of tile 2.62 1 1.54 3D map
[4°:67)
Na4 t-kds Center of tile 2.67 1 1.56 3D map
[4°:57)
Kazakovite New Nai t-ste Center of tile 2.37 1 1.48 —
topology [4%-8"]
Na2 t-kds Center of tile 2.61 1 1.53 3D map
[47:87]
Zirsinalite  New Na1l t-kds Center of tile 2.64 1 1.54 0D map
topology [4%-87]
Na2 t-ste Center of tile 2.44 1 1.50 0D map
[4%-8]
Imandrite ~ New Nal t-ste Center of tile 2.38 1 1.48 —
topology [4%-8"]
Na2 [4-5-7-8*] Center of tile 2.61 1 1.52 1D map
Na3 t-lov Center of tile 2.67 1 1.56 1D map
[4%-6]
Koashvite =~ New Nail t-ste Center of tile 2.35 1 147 —
topology [4%-8%]
Na2 [4>-77-8%] Center of tile 2.40 1 148 —
Na3 [4-5-7-8%] Center of tile 2.46 1 149 —
Na4 [4>7%]  Center of tile 2.59 1 1.55 1D map
Na5 t-kds Center of tile 2.50 1 151 —
[4-87]
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Fig. 2 Disposition of Na atoms inside the tiles for the townendite (left) and kapustinite (right) structures. Tiles [6%-8] conclude six Na atoms, t-ste
and t-kds conclude the Na2 and Na3 positions in their center accordingly; fragments of the crystal structures corresponding to the tiles and
migration maps (bottom). 6-rings Zr-Si-Si-Zr-Si-Si (tile [6*-8]) are marked in blue to show the positions of the Nal atoms in their center.

determined (Table 2) that litvinskite, tisinalite, zolotarevite
and zirsinalite have a 0D migration map at Zehan(min) = 2.00 A
for the diffusion of Na' cations that corresponds to a difficult
diffusion at room temperature.

In these structures, some channels have radius in the
range of 1.90-1.95 A that possibly will expand slightly at
pressure or high temperature.’® Imandrite, koashvite and
lovozerite have a migration map in the form of chains along
the [001] direction. The most branched and wide system of
channels (3D migration map) for the Na'-ion diffusion in this
group of minerals has the structures of combeite,
kapustinite, kazakovite (Fig. 1), and townendite. The location

of sodium by positions in the minerals of the lovozerite
group is described in detail in ref. 6.

To assess which types of sodium atoms will be more
capable of diffusion, the localization of sodium atoms in
the tiles and the Na-O distance were calculated and
matched with the migration map (Table 3). For all 11
minerals (except lovozerite and tisinalite), one of the
sodium atoms is located in the center of one of the big
tiles. Lovozerite, litvinskite, and tisinalite are cation-
deficient structures,’® so they do not have wide migration
paths for sodium ions through the center of the tiles. The
sodium position on 6-rings in the structure of lovozerite

Table 4 Results of the BVSE calculations of the Na*-ion migration for the crystal structures of the minerals of the lovozerite group

Energy barriers Na*-ion
No. | Name Formula Sp. gr. migration AEy, eV GII ICSD code

1D 2D 3D
1 Combeite Nas27Cas(SicO1s) R3m 0.61 0.61 0.61 0.19 | 62827
2 Litvinskite Na3(ZI’0_95Hfovoz)Si5013 Cm 0.69 0.76 0.41 57042
3 Lovozerite Na,.5Zr0.5(Si6015)(OH)(H20)> C2, 0.91 0.97 0.97 0.41 30389
4 Townendite | NasZrSicOis R3m 0.62 0.62 0.63 0.18 168092
5 Zolotarevite | Nasg7Cao0sMng91Zr0ssSi6O1s R3m 0.66 0.66 0.78 0.28 137779
6 | Tisinalite Na.0s(Mno.42Cao.13)(Tio 47Z1014Nbo 13Feo12) SicO12.6(OH)s4 | P3 NI ERT 1134|078 [250068
7 Kapustinite Nas 31Mng 24Z10.91Ndo.09Ti0.1S16016(OH)2 C2/m 0.83 0.83 0.95 0.32 250170
8 Kazakovite NagMnTi(SiO3)s R3m 0.93 0.93 0.93 0.21 200602
9 Zirsinalite NagCaZrSicO1s R3c 0.93 0.93 0.93 0.18 | 200800
10 | Imandrite Naj2CaszFex(SicO1s)2 Pmnn 0.91 1.03 1.03 0.21 200805
11 | Koashvite Nag(CaosMnog35)(Feo sTios)(SisO1s) Pmnb 1.06 1.06 1.07 0.19 86517

Energy barrier values are highlighted in colour: 0-0.90 3B < 0.90-1.20 3B < -

This journal is © The Royal Society of Chemistry 2024

CrystEngComm, 2024, 26, 4156-4166 | 4161


https://doi.org/10.1039/d4ce00545g

Published on 18 July 2024. Downloaded on 11/19/2024 3:23:29 PM.

Paper

Energy / eV

.

View Article Online

CrystEngComm
1D = 0.825eV 2D = 0.825€eV 3D = 0.949eV
[mmm oo mmm 10 mEm 1DRibbon W 20 W 3D
1.2 4 5

3]

—

12

Reaction Coordinate /A

Fig. 3 Isosurface of the Na* ion diffusion for the kapustinite crystal structure and energy profile of the migration barriers obtained by the BVSE

approach.

does not have geometric difficulties, and a one-dimensional
migration map passes through it. This position is
disordered and hence probabilistic. For cation-saturated
minerals (townendite, combeite, kapustinite, kazakovite,
zirsinalite, imandrite, koashvite, zolotarevite), the position
of sodium in the center of the large cavity (tiles [6"-87],
[6°-8%], t-ste) is not involved in diffusion. For combeite and
townendite, the migration map passes through the center
of the [6%-8%] tile and 8-rings, and the 6-rings are not
available for Na" diffusion (Fig. 2).

However, the central positions inside the tile are
disordered. The t-ste cavity (kapustinite, kazakovite,
zirsinalite, imandrite, koashvite) is quite large and it contains
a sodium inside. However, it is not accessible for ion
diffusion due to the small sizes of the windows (Fig. 2). As a
result, the sodium atoms included on tiles t-kds, t-lov,
[4-5-7-8%], and [4%-77] are arranged in a special way with each
other to form channels available for Na* diffusion.

3.3. Energetic calculations

For all structures of minerals of the lovozerite group, the
energy barriers were calculated using the BVSE approach in
the softBV program (Table 3). To calculate the barriers, the
initial structures were taken from the ICSD database, which
contains the maximum available information on the
composition of the unit cell. Accordingly, in structures with
water molecules (lovozerite) or OH groups (lovozerite,
tisinalite, kapustinite), the diffusion of sodium ions is
hampered by the presence of these groups. The GII
parameter for all structures indicates sufficient stability of
the minerals, and the high value of GII = 0.78 for tisinalite is
most likely associated with a large number of disordered
positions (Table 4).

It has been established that from an energy point of view,
sodium cations migrate along a 3D migration map in the
structures of combeite, townendite, and zolotarevite, and

Table 5 Calculated results of the values of the ion diffusion coefficient and theoretical conductivity by KMC calculations for the kapustinite crystal

structure

Temperature, K

550 600 650 700 750

Mobility D, m* s™* 1.28 x 107'® 4.51x107" 1.44x 1077 3.08x10°° 5.74 x 107
1.79 x 108 1.44 x 107 2.23x10°8 6.85 x 10°® 1.06 x 10°°
2.06 x 107" 4.61x107" 3.08x10°® 2.87x10°° 2.02x1077
2.89 x 10 *® 3.49 x 107 8.66 x 10°° 3.08 x10°° 5.94 x 10”7
1.82x 10 '8 3.41 x 10 '° 4.24 x107° 4.25x10°8 6.36 x10°®
5.68 x 108 1.22 x 107 5.76 x 10°° 4.03x107° 4.99x 1077

Ton conductivity 6, S cm™ 6.39 x 10 *® 2.06 x 107*¢ 6.04 x 1077 1.20 x 1077 2.09x10°
8.74 x 10 '8 6.57 x 107*° 9.40x10°® 2.68x 107 3.85%x10°
1.02 x 10°*° 8.91 x 107 1.30 x 1077 1.12x 1077 7.37 %1077
1.44 x 10" 1.59 x 107*¢ 3.64 %1077 1.20 x 1077 2.17x10°
9.04 x 107*® 1.55 x 107 1.78 x10°® 1.66 x 1077 2.32x1077
2.78x 107" 6.93 x 107*¢ 2.74 %1077 1.57 x 1077 1.82x10°
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Fig. 4 Temperature dependences of the theoretically calculated ion
conductivity for the kapustinite structure.

6, S/icm

Ig

along a 2D migration map in the structures of litvinskite and
kapustinite. For lovozerite, kazakovite, zirsinalite, koashvite
and imandrite, the ion migration occurs in three directions,
although it is restricted by the large energy barrier (AE,, >
0.90 eV). For tisinalite, the barrier to the 3D migration is 1.34
A, which suggests that geometric difficulties will not allow
sodium to move in this direction even at elevated
temperatures.

The isosurface showed a diffusion path of the Na" cation
in the kapustinite crystal structure shown on Fig. 3. The value
of the energy barriers indicates that the 2D migration map is
preferable for this structure. For supercell 2 x 2 x 2, the
theoretical ionic conductivity and diffusion coefficient were
computed using KMC simulations at 550 K, 600 K, 650 K,
700 K and 750 K. The KMC results were averaged over 5
different configurations (Table 5 and Fig. 4). The conductivity
value is typical for sodium ion conductors,*® and these values
are expected among minerals.

View Article Online
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Quantum mechanical modeling is one of the most time-
consuming computational methods. The current work
presents the results from the calculations of the energy
barriers for kapustinite and zirsinalite (Table 6 and Fig. 5).
It is convenient to determine the total number of migration
paths using the developed online option service, https://
pathfinder.batterymaterials.info/. For DFT calculations, the
ideal structures (occupancy of all atoms equal 1) were
made. For kapustinite and zirsinalite, a 1 x 1 x 2 cell with
the composition NagMn,ZrSicO,5 and a 1 x 1 x 1 cell with
the  composition Na;,Ca,Zr,Si;;036 were  modeled,
respectively. The number of possible transitions between
positions is 7 for kapustinite and 8 for zirsinalite, but only
2 and 4, respectively, are the shortest transitions for the
sodium cation to jump from one position to another
(Table 6).

The results from the calculations of the energy barriers
using DFT modeling are in good agreement with the results
from the BVSE and GT analyses. It can be seen both
geometrically and energetically in the structure of zirsinalite
that there are great difficulties for the diffusion of sodium
ions, despite the fact that the structures have the same
topology. The higher migration barrier for zirsinalite
compared to kapustinite can be explained by the presence of
a large calcium cation in its structure. This cation increases
the repulsive interaction. The absence of a pronounced
anisotropy of the ion conductivity can be characterized for all
frameworks, and is confirmed by DFT calculations for
kapustinite and zirsinalite.

4. Conclusion

A combination of theoretical approaches was used for the
analysis of potential Na'™-ion migration paths in the crystal
structures of the lovozerite group. A comparison of the
results of the topology analysis with the results of the

Energy barrier profile for Na*-diffusion in crystal structure of the Kapustinite mineral

1,20
= PATH1

1,13

= PATH2

1.40
1.20
’. Na 1.00
O -Si
@-Mn 0.80
-z
9 i 0.60
0.40
0.20
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Fig. 5 Na*-ion diffusion map and energy barriers for the kapustinite structure obtained by DFT-NEB calculations.
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Table 6 DFT-NEB calculation results for the determined Na*-ion migration barriers of the kapustinite and zirsinalite structures

Parameters of cell after optimization

Energy of energy
barrier AE,,, eV

Super
Name cell Composition a, A b, A v, A Energy of cell, eV 1D 2D 3D ICSD
Kapustinite 1x1x2 NagMn,ZrSigOqg 10.35 10.32 14.61 1559.3 -914.73 1.12 1.20 1.20 250170
Zirsinalite 1x1x1  Naj,Ca,Zr,Si;;0s;  10.58  10.58  10.77 859.9  —451.65 131 131 131 200800

calculations of the migration paths shows that the sqc962 net
corresponds to a prospective structure for the diffusion of
sodium ions. The pathways of sodium movement in the
structures were studied in detail, and the involvement of
various sodium positions in diffusion was assessed. Tiling
tessellation shows that the [6*8%] and t-ste tiles likely
participate in the formation of these structures. The location
of sodium in large cavities suggests that these cavities can
serve as new building blocks for modeling zeolite frameworks,
or other microporous substances. These cavities are spacious,
but the dense structure of the minerals makes it difficult for
sodium to diffuse. Among the 11 minerals, the widest
channels are found in combeite, townendite, kapustinite and
kazakovite. The values of the migration barriers obtained
using the BVSE approach (0.60-0.80 eV) for combeite,
townendite, kapustinite and zolotarevite indicate the promise
of these structures as ionic conductors. The inequality of
energy barriers calculated by DFT modelling for kapustinite
(1.2 eV) and zirsinalite (1.3 eV), which have similar structures,
can be explained by the presence of different metal cations
and different symmetries. In general, we can conclude that
this class of structures is promising for ion diffusion and ion
exchange. Thus, modifying the compositions will help to find
promising materials for electrochemical batteries.

This research was performed in the framework of the state
assignment 122022400093-9.
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