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lt compounds with M=Mg, Ca, Ba,
Zn, Sr as components for solid-state sodium ion
batteries†

Yohandys A. Zulueta, a My Phuong Pham-Ho bc and Minh Tho Nguyen *de

We investigate a new series of rock-salt type structures, Na6MCl8 with M = Mg, Ca, Ba, Zn and Sr using

advanced atomistic simulations. Calculated results show a direct relationship between the size of the

M2+ cation and lattice parameters as well as the defect formation energy variation. The NaCl Schottky

defect type is highly favourable, and the Na6BaCl8 structure possesses the lowest values of defect

formation energies. These structures are predicted to be mechanically stable and ductile, implying their

compatibility with possible use as electrodes/electrolytes. The Na6MCl8 structures exhibit semiconductor

characteristics with an energy gap ranging between 4.1–4.6 eV, which differs from the previous value of

Na6MgCl8. A 3D migration pathway is identified in each rock-salt structure. Despite the small variation of

the Na diffusivity and conductivity at 250 K within the structures considered, the Na6BaCl8 is

characterized by the highest conductivity at 250 K, while the Na6MgCl8 structure has the highest

conductivity and diffusivity values. The outstanding properties predicted for a Na ion battery suggest

future development of synthetic strategies for their actual preparation.
1. Introduction

The search for new and improved compounds for use as elec-
trolytes and electrodes in solid-state batteries is crucial for
further advancing their performance and thereby their indus-
trial applications. Na-ion batteries are considered an effective
alternative technology to the popular Li-ion batteries due to
their abundance, lower cost, and eco-friendliness.1–9 However,
their lower energy density, as compared to that of Li-ion coun-
terparts, remains an important issue to be solved, and therefore
Na batteries are not widely commercialized yet. In this context,
the discovery of new compounds can help improve the energy
density, safety, sustainability, and power delivery of Na-ion
batteries. This will not only increase their usage in various
applications such as electric vehicles, grid storage, and backup
power supplies, but also contribute to the development of
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sustainable energy solutions. In this context, the search for new
compounds is essential for the advancement of Na-ion
batteries, in particular the solid-state electrolytes (SSEs).1–14

The demand of conductivity for an SSE at 25 °C is
<10−2 S cm−1.9–14 In the state-of-the-art of Na-ion battery tech-
nologies, there are not many compounds complying with this
requirement, thus motivating intensive research on new
materials.9–14 On the other hand, in order to prevent a prema-
ture device failure, an SSE must exhibit a negligible electronic
and anionic conductivity, thus allowing for any undesirable
reactions with the electrodes during the charge/discharge
process to be avoided. Additionally, an SSE should be ductile
and mechanically stable to ensure a good contact with the
electrodes and prevent dendrite formation.

Solid polymers, oxide and sulphide derivatives are the most
common commercial compounds used for SSEs.5 While oxide
based SSEs tend to lead to dendrite formation and high inter-
facial resistance, sulphide based compounds possess a poor air
stability and also high interfacial resistance.1–9 To overcome
these problems, halide-based sodium ion conductors emerge as
better candidates for solid state electrolytes having excellent
electrochemical stability and high conductivity.8,9,15–18

A high Na density is also required for a SSE compound,
because the Na ions constitute the charge transfer source,
ensuring the Na reactivity, cycling and durability. Na-rich anti-
perovskite Na3OX (X = Cl, Br) and other metal halide
compounds have been studied, including the exploration of
defect engineering with the aim to improve the conducting
properties of defective A3OX (A = Li+, Na+, X = Cl−, Br−)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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structures.15–18 The effects on Na ion conductivity upon doping
with divalent and trivalent dopants have been explored
employing atomistic simulation computations.15 Favourable
incorporation mechanisms have been found to increase the Na
vacancy concentration with effective effect on the Na conduc-
tivity.18 The Na+ conductivity in the chloride Na3OCl amounts to
10−7 S cm−1 at 300 K.18 On the other hand, a theoretical study
demonstrated that Na3YCl6 and Na3Y2Cl9 compounds are elec-
trochemically stable with outstanding transport properties.7

Other promising halides such as NaAlCl4, Na3−xEr1−xZrxCl6,
Na2+xZr1−xInxCl6, Na2ZrCl6 and Na3−xY1−xZrxCl6 have been
synthesized, with the higher Na ionic conductivities of
∼10−5 S cm−1.6,19–22

Atomistic simulations provide us with a detailed under-
standing of the mechanisms that govern the properties of
battery materials.23–25 Such a understanding is necessary for
selection on the composition, crystal structure, and defect
properties of the material. Simulations can also predict stability
and reactivity with different electrolytes, particularly their
electrochemical behaviour leading to better performance.
Overall, atomistic simulations have been proved to be a power-
ful approach for materials design and discovery, essential for
developing new and improved battery materials.15,23–27

In our previous work, advanced atomistic simulations have
been used to evaluate themain properties of the Na6MgCl8 rock-
salt material.27 The Na6MgCl8 has an insulating characteristic
with an energy gap of 5.1 eV and is mechanically stable and
ductile. Our simulations also predicted that the Zn2+ ion is the
best divalent dopant, improving the defect characteristics and
transport properties of Na6MgCl8. Na transport properties are
signicantly improved following doping of the Na6MgCl8 with
the divalent Ba2+ and Zn2+ ions.27 Considering that the Zn2+,
Ca2+, Sr2+ and Ba2+ ions are doubly charged as the Mg2+ cation,
we set out to further explore the main properties of a new series
of rock-salt structures, namely the Na6MgCl8 with divalent M2+

cations being Mg2+, Ca2+, Ba2+, Zn2+ and Sr2+, using advanced
atomistic simulations. Structural, electronic and mechanical
properties, including intrinsic defects formation and transport
properties are investigated. Our simulation results suggest
some novel compounds for subsequent experimental prepara-
tions and verications to evaluate their potential application as
electrolytes.

2. Computational methodology

Density functional theory (DFT) calculations are carried out
using the CASTEP code,28 to explore the structural, electronic
spectroscopy and mechanical properties of Na6MCl8 structure.
We adopt the setup described in our previous work on Na6-
MgCl8.27 DFT calculations are performed using the generalized
gradient approximation (GGA) with the Perdew–Burke–Ernzer-
hof exchange–correlation functional optimized for solid (PBE-
SOL).29 The pseudoatomic functions for Na-2s22p63s1, M-2p63s2

and Cl-3s23p5 in the reciprocal representations are used to
represent the electronic conguration of the constituent atoms
in these structures. The convergence thresholds for self-
consistent computation, and geometry optimization
© 2024 The Author(s). Published by the Royal Society of Chemistry
calculations are taken with a total energy change of 5 × 10−6 eV
per atom, and maximum force, stress and atomic displace-
ments of 10−2 eV Å−1, 2× 10−2 GPa and 5× 10−4 Å, respectively.
Ultraso pseudopotentials with a plane-wave energy cut-off of
830 eV are adopted. A 4 × 4 × 4 k-point set along the Mon-
khorst–Pack scheme which is used to sample the Brillouin zone
during the geometry optimization.30

The General Utility Lattice Program (GULP) is used to
perform force eld-based computations.31 The potential (force
eld) parameters are taken from previous studies.15,27,32 The
Buckingham approximation is used for the short-range inter-
actions, while long-range interactions are treated as coulombic
interactions where only the charge and the interatomic distance
describe the long-range potential energy. The Dick–Overhauser
model is included for consideration of the ionic polarization
where each ion is approximated as a positively charged core and
a negatively charged shell linked by a spring (with spring
constant k), and the sum of the core–shell charge results in the
formal charge (Z) of the polarizable species.33

The Mott–Littleton method is used for the defect calcula-
tions in which the crystal structure is divided into two
concentrically spherical regions with the radius of R1 and R2

with R1 < R2.34 At the inner sphere, the isolated defect, or defect
cluster, is positioned where the interaction between the
defect(s) with the local structure is strong, while the region R2 is
treated by a quasi-continuum approximation.34 Values of R1 =

13 Å and R2 = 27 Å are adopted, ensuring a smooth convergence
of the simulations. The Broyden–Fletcher–Goldfarb–Shanno
algorithm is used for geometry optimizations and defect ener-
getics computations.31,35 This technique has extensively been
used to explore the defect formation in different types of solid-
state materials.17,23–27

The bond valence method is a simple and effective approach
for determining the diffusion paths and activation energies for
diffusion and conduction.21,36–38 This method identies the
mobile cation with regions of low bond valence site energy. The
bond length between a cation A and an anion, denoted as X (LA–
X), is evaluated with the help of tabulated empirical parameters
L0,A–X and bA–X, and it is related to an individual bond valence
(eqn (1)):

SA–X = exp[(L0,A–X − LA–X)/bA–X] (1)

By adding the coulombic repulsive term (Erepulsion) of the
mobile A ion respect to other immobile ions, the bond valence
site energy of a cation A [EBVSE(A)] is evaluated in a similar way
to the Morse empirical potentials:36–40

EBVSEðAÞ ¼
X
X

D0

"XN
i¼1

h
ðSA�X

�
Smin;A�XÞ2 � 2SA�X

�
Smin;A�X

i#

þ Erepulsion

(2)

The bond valence pathway analyser (soBV-GUI) code is
used for the computation EBVSE and the required parameters in
eqn (2) are included in the code.40 For the analysis of the
RSC Adv., 2024, 14, 21644–21652 | 21645
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EBVSE(Na), while coulombic repulsions are considered between
mobile Na and immobile M2+ cations, coulombic attraction
interactions are included into the Morse type attraction terms.
Furthers details on the bond valence approach can be found in
ref. 36–40.
3. Results and discussion
3.1. Structural characterization and defect energetics of
Na6MCl8 (M

2+ = Mg2+, Zn2+, Ca2+, Sr2+, Ba2+)

Fig. 1 displays the unit cell of these compounds in their prim-
itive and conventional representations. On the basis of the
Na6MgCl8 structure, the proposed Na6MCl8 (M2+ = Zn2+, Ca2+,
Sr2+, Ba2+) compounds consist in a rock-salt structure with four
Z formula units in the cubic Fm�3m space group; the M2+ ion is
bonded to six equivalent Cl− atoms forming [MCl6] octahedron,
while the Na+ cations is 6-coordinated with Cl− anions sharing
corned and edges with [MCl6] and [NaCl6] octahedra.

To explore the lattice properties of Na6MCl8 (M2+ = Mg2+,
Zn2+, Ca2+, Sr2+, Ba2+), the lattice energies of NaCl and MCl2
compounds are computed. In what follows, the Na2MgCl8
results previously reported in ref. 27 are included for a direct
comparison of the structures considered. Following the
computational protocol implemented in our previous work,24,27

the Na-, M- and Cl-vacancy energies (V
0
Na, V

00
Mg and V�

Cl respec-
tively) are computed. Table 1 collects the results for lattice
parameters and basic defect formation of Na6MCl8. Inclusion of
the ionic radius of M2+ in Table 1 serves to clarify the tendency
Fig. 1 (a) Primitive and (b) conventional representations of Na6MCl8
lattice structures (space group Fm�3m). Blue and green balls represent
the Na+ and Cl− ions and orange and blue polyhedral represent the
[MCl6] and [NaCl] octahedral, respectively.

21646 | RSC Adv., 2024, 14, 21644–21652
of the lattice energy and cell parameters in response to changes
in ionic size.

As it is shown, the lattice energy of constituent chlorides and
Na6MCl8 (E

MCl2
L , ENaClL and ENa6MCl8

L ), cell parameters and vacancy
formation energies tend to decrease with increasing ionic
radius. Another point of interest is that Na vacancy formation is
associated with the lowest energy followed by the Cl vacancy
energy. Various reports of such energetic behaviour subtend
that both Na and Cl vacancies are themost abundant defect type
in other Na–Cl containing materials.15,18,27 A clear inuence of
M2+ ionic radius on the lattice properties and vacancy formation
is thus demonstrated. As the ionic radius increases, the lattice
parameters of MCl2 and Na6MCl8 structures increase whereas
the rest of the magnitude decrease.

Results of the interatomic distances (d) of each Na6MCl8
structure emphasize that the central cation size affects the Na–
Na (dNa–Na) distance, which in turn determines the diffusion
properties of these materials.27 The dNa–Na value decreases in
going from Na6MgCl8 to Na6ZnCl8 and increase to 4.09 Å in
Na6BaCl8. Several Na-containing structures currently consid-
ered in battery technologies exhibit similar Na–Na interatomic
distances to those observed in the present Na6MCl8
compounds.15,19,20

Along with the results of basic defects formation, the
intrinsic defects play an important role determining the trans-
port properties of materials. In particular, the Schottky defect
type is the most common defect scheme present in conducting
materials. The Schottky formation mechanism is usually
described in terms of three different schemes; the rst scheme
can be written in the Kröger–Vink notation,41 as expressed by
eqn (3):

6Na�Na þM�
M þ 8Cl�Cl/6V

0
Na þ V

00
M þ 8V�

Cl þNa6MCl8 (3)

where Na�Na, M
�
M and Cl�Cl represent the host ions occupying its

respective atomic position at the Na6MCl8 lattice structure,
while V

0
Na, V

00
M and V�

Cl symbolize a Na, M and Cl-vacancy,
respectively. In the present context, eqn (3) describes the full
Schottky defect formation mechanism, in which formation of
NaCl Schottky defect can be described by eqn (4):

Na�Na þ Cl�Cl/V
0
Na þ V�

Cl þNaCl (4)

leading to the stoichiometric Na6−xMCl8−x composition, while
the formation of MCl2 Schottky defect is given by eqn (5):

M�
M þ 2Cl�Cl/V

00
M þ 2V�

Cl þMCl2 (5)

which leads to the stoichiometric Na6M1−xCl8−2x formula. As in
our previous work, the Frenkel type defects are not considered
because they are usually energetically unfavorable.18,24

According to the defect-energetics computation protocols
used in a previous work, the solution energy (Es) is computed as
follows (eqn (6)–(8)):

Es ¼ 1

3

�
6ENa

vac þ EM
vac þ 8ECl

vac þ E
Na6MCl8
L

�
(6)

Es ¼ 1

2

�
ENa

vac þ ECl
vac þ ENaCl

L

�
(7)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Basic defect formation energies and interatomic distances of Na6MCl8 structures

(a) Na6MCl8 M2+ IR (CN VI) EMCl2
L a (Å) ENavac EMvac EClvac ENa6MCl8

L

Na6MgCl8 Mg 0.72 −26.52 11.085 5.181 21.765 5.435 −75.255
Na6ZnCl8 Zn 0.74 −26.93 11.049 5.183 22.515 5.472 −76.112
Na6CaCl8 Ca 0.99 −21.15 11.420 5.007 16.264 5.081 −69.094
Na6SrCl8 Sr 1.18 −21.14 11.440 4.984 15.911 5.058 −68.735
Na6BaCl8 Ba 1.35 −20.16 11.564 4.815 14.130 4.917 −66.983

(b) Interatomic
distance (in Å)

Na6MCl8

Na6MgCl8 Na6ZnCl8 Na6CaCl8 Na6SrCl8 Na6BaCl8

dCl–Cl 3.456 3.392 4.017 4.043 3.957
dNa–Na 3.919 3.906 4.038 4.045 4.088
dM–M 7.838 7.813 8.075 8.090 8.177
dCl–Na 2.785 2.762 2.855 2.860 2.892
dCl–M 2.443 2.399 2.840 2.862 2.984
dM–Na 3.919 3.906 4.038 4.045 4.088

(c) Schottky formation energy (eV per defect)

Na6MCl8 M2+ IR (CN VI) NaCl Schottky MCl2 Schottky Na6MCl8 Schottky

Na6MgCl8 Mg 0.72 1.26 3.06 7.03
Na6ZnCl8 Zn 0.74 1.28 3.27 7.09
Na6CaCl8 Ca 0.99 0.99 2.64 5.96
Na6SrCl8 Sr 1.18 0.97 2.44 5.85
Na6BaCl8 Ba 1.35 0.82 1.90 5.12

Fig. 2 Band structure of the Na6MCl8 (M = Zn, Ca, Sr, Ba). The
computed energy gap (Eg) are shown in each case. Horizontal red line
represents the Fermi level.
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Es ¼ 1

2

�
EM

vac þ 2ECl
vac þ EMCl2

L

�
(8)

in relation with eqn (3)–(5), respectively; where ENavac, E
M
vac, and

EClvac denotes the Na-, M- and Cl-vacancy energy, while ENa6MCl8
L ,

ENaClL and EMCl2
L represent the lattice energy of Na6MCl8, NaCl

and MCl2 compounds, respectively.
The results of basic defect formation energies are also

included in Table 1. For the three Schottky defects type
considered, the solution energies decrease with respect to the
increment of the M2+ ionic radius. The most favorable Schottky
defect formation corresponds to the NaCl in all structures, fol-
lowed by the MCl2, and the unfavorable Na6MCl8 Schottky. In
addition, within the Schottky defect type, the Na6BaCl8 struc-
ture has the lowest values of defect formation energy. Taking
now a closer look into the M2+ ionic radius and the defect
energetics behaviour, we note that the lattice parameters from
Na6MgCl8 to Na6ZnCl8 decrease and gradually increases for the
rest of structures considered. As was discussed before,27

a similar behavior upon the M2+ ionic radius is found for the
interatomic distances. The behavior of the defect energetics is
similar to those disclosed for the lattice parameters and inter-
atomic distances. These results can be attributed to the increase
in the average bond length and volume of the [MCl6] octahe-
dron, which in turn affects the corresponding bond length and
volume of the [NaCl] octahedron. This effect occurs with the
increment of the M2+ ionic radius. These results point out
a direct relationship between the M2+ ionic radius with the
defect chemistry within the Na6MCl8 framework, including the
© 2024 The Author(s). Published by the Royal Society of Chemistry
aforementioned relation to the lattice parameters and inter-
atomic distances.

Fig. 2 shows the band structure of Na6MgCl8 in which the
Fermi level is taken as the 0 eV reference. The valence bands are
located in the range of −3 eV and the Fermi level, and the
conduction bands lies between 4.5 and 17 eV. The energy gap
RSC Adv., 2024, 14, 21644–21652 | 21647
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Table 2 Eigenvalues and other mechanical properties (in GPa) of
compounds considered

(a) Compound l1 l4 l6

Na6MgCl8 13.74 34.81 79.72
Na6ZnCl8 13.92 35.75 82.28
Na6CaCl8 12.43 25.16 59.72
Na6SrCl8 12.36 24.47 58.66
Na6BaCl8 11.91 20.50 53.01

(b)
Mechanical
properties Reuss Voigt Hill
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values are included in gures; these values are remarkably lower
than that of 5.1 eV reported for Na6MgCl8 structure.27 In this
sense, the new compound inherits the electronic characteristics
of the Na6MgCl8 partner structure, in which many electrons are
present at the top valence bands at the G-point. This aligns well
with the criteria for consideration of SSEs, as these compounds
possess a minimal electronic conduction. However, it is crucial
to exercise caution while interpreting the computed energy gap
due to the characteristic tendency of DFT computations to
underestimate the band gaps and the absence of experimental
results for calibration.42
Na6MgCl8 B 26.574 26.574 26.574
G 15.004 15.206 15.105
E(x,y,z) 42.860 42.860 42.860
B/G 1.771 1.748 1.759
Compressibility 0.038

Na6ZnCl8 B 27.426 27.426 27.426
G 15.270 15.500 15.385
E(x,y,z) 44.053 44.053 44.053
B/G 1.796 1.769 1.783
Compressibility 0.036

Na6CaCl8 B 19.906 19.906 19.906
G 12.490 12.490 12.490
E(x,y,z) 31.175 31.175 31.175
B/G 1.594 1.594 1.594
Compressibility 0.050

Na6SrCl8 B 19.555 19.555 19.555
G 12.311 12.311 12.311
E(x,y,z) 30.367 30.367 30.367
B/G 1.588 1.588 1.588
Compressibility 0.051

Na6BaCl8 B 17.670 17.670 17.670
G 11.186 11.246 11.216
E(x,y,z) 25.771 25.771 25.771
B/G 1.580 1.571 1.575
Compressibility 0.057
3.2. Mechanical stability

Exploration of mechanical properties is of great importance
when choosing materials to be used as electrode or electrolyte
in batteries.43–45 The key requirements for mechanical stability
include moderate Young modulus in order to ensure optimal
contact between a solid electrolyte and the electrodes, thus
avoiding the presence of undesirable voids and cracks affecting
the long range transport properties.43–45

The mechanical response of a crystalline structure is
described by the Hooke law, and expressed by the elastic
constant matrix (Cij), dened as in eqn (9):

Cij ¼ 1

V0

�
v2E

v3iv3j

�
(9)

where E represents the total energy, V0 its equilibrium volume
and 3 the strain load.46 From eqn (9), the total energy (E) is given
by eqn (10):

E ¼ E0 þ V0

2

X6

i;j¼1

Cij3i3j þO
�
33
�

(10)

where the zero subscript is referred to the equilibrium state of
the crystal and O(33) is an innitesimal of the strain load of
order 3. The Born criteria establishes the mechanical stability
condition by stating that the energy for a homogeneous defor-
mation loaded by an innitesimal strain must be positive.46 In
other words, the Cij matrix should be positive denite, inferring
positive eigenvalues (l) and its quadratic form satises the
Hooke law.46 The eigenvalues in the cubic symmetry satisfy the
following relations (11):(

l1 ¼ l2 ¼ l3 . 0; l4 ¼ l5 . 0;

l6 . 0 such as l1sl4; l6sl1; l6sl4
(11)

The Cij matrix elements of each compound are collected in
the ESI le.† All the Cij values are positive. Moreover, the values
of C44, C55 and C66 are signicantly lower than the diagonal Cij

(i, j= 1, 2, 3); elements for all Na6MCl8 structures, which implies
that a shear deformation is more probable to occur as a conse-
quence of the strong resistance to uniaxial stress.46–54 Shear
deformations had been observed in other battery materials with
consequences in their performances.46–54 Table 2 collects the
computed eigenvalues of each Na6MCl8 structure considered,
including those obtained in our previous work for Na6MgCl8
21648 | RSC Adv., 2024, 14, 21644–21652
structure.27 All the eigenvalues are positive revealing that these
structures are mechanically stable. Besides, in all cases l1 < l4 <
l6 and the same trend of li values is observed upon the incre-
ment of M2+ ionic size (from Mg2+ to Zn2+ the li increases and
decreases from Zn2+ to Ba2+). This means that the central ionic
size (i.e. the ionic radius of M2+ in the Na6MCl8 lattice struc-
tures) induces direct implications elucidating the mechanical
stability.

To our knowledge, no report is actually available concerning
the relation of li absolute value with mechanical stability. In
addition, as the li depends on the Cij, and in considering eqn
(11), we note the ordering relation l1 < l4 < l6 which is an
expression of high probability of shear deformation because of
strong resistance to a uniaxial deformation. This criterion (i.e.,
l1 < l4 < l6) can be used in other compounds with similar space
group to elucidate shear deformation characteristics.

With the computed Cij elements, the bulk, shear, and Young
modulus values are obtained by using the individual and poly-
crystalline Voigt–Reuss–Hill approximations. The formulations
describing the relevant magnitudes can be found elsewhere.50–54

Table 2 includes the bulk (B), shear (S), Young modulus (E), B/G
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and compressibility of each compound. These parameters
provide us with a support for themechanical stability in relation
with an external force inducing volume change and ductility of
compounds. As it is shown, these magnitudes follow the same
behaviour encountered before upon the variation of the ionic
radius. The highest value of Young modulus of 44 GPa and the
lowest value of 26 GPa correspond to those of Na6MgCl8 and
Na6BaCl8, respectively. The values of Young modulus are
comparable to those of available battery materials.

The Pugh's formula (B/G) establishes the limit of a material
to be considered as ductile or brittle.54 The Na6ZnCl8 appears to
be the most ductile material followed by Na6MgCl8 (B/G > 1.75).
The B/G values of other compounds remain at ∼1.6, indicating
Fig. 3 Energy vs. reaction coordinate profiles of Na6MCl8 with M = Ca
Na6SrCl8, (e) Na6BaCl8, (f) 3D network of Na+ pathways in Na6MgCl8 (b
Na6MCl8 structures the migration pathway isosurfaces are similar, and th

© 2024 The Author(s). Published by the Royal Society of Chemistry
that they can be classied as partially ductile compounds. In
summary, the Na6MCl8 compounds are mechanically stable
having appropriate mechanical properties, thus promoting
them as applicable battery materials.
3.3. Transport properties of Na6MCl8 (M = Ca2+, Ba2+, Zn2+

and Sr2+)

Transport properties such as diffusion and conduction mech-
anisms are explored by using the BV method. The Na+ diffusion
coefficient and conductivity within the electrode/electrolyte
material determines the sodiation/desodiation rate during the
charge/discharge cycles.1–5 In this sense, exploration of trans-
port properties of emerging materials is essential for achieving
2+, Ba2+, Zn2+ and Sr2+, (a) Na6MgCl8, (b) Na6ZnCl8, (c) Na6CaCl8, (d)
lue isosurfaces) calculated by bond valence site energy. In (f) the rest
e arrows highlight the Na+ migration pathways.
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high energy density, high power output, and long cycle life in
Na-ion batteries, particularly for emerging applications such as
electric vehicles and grid-scale energy storage.

Following the approaches described in ref. 40, the rst step
deals with an exploration of the migration path derived from
the bond valence site energy. Migration paths for Na+ ions
contemplate regions of low bond valence site energy in mesh
grids covering the Na6MCl8 structure models with a resolution
of ±0.1 Å3.

Fig. 3a–e displays the energy variation against the reaction
coordinate of each Na6MCl8 (M = Ca2+, Ba2+, Zn2+ and Sr2+)
structure. Fig. 3f depicts the energy surface describing the Na+

migration pathways into the Na6MgCl8. The isosurfaces of
remaining Na6MCl8 structures are quite analogous to each
other. Three 3D migration paths are found within each
Na6MCl8 structure. Three saddle points (transition structures)
are identied in all structures (denoted as s1, s2 and s3).
Interstitial mechanism described by a Na Frenkel defect type
Na�Na/V

0
Na þ Na�

i appears as the scheme describing the
migration mechanism. In addition, three favourable intersti-
tial sites are also identied, namely i1, i2 and i3, in these
structures.

In Na6MCl8 compounds, variations in bond length and the
Na–Na distance (diffusion length) occur due to changes in the
M2+ ionic radius. As the M2+ ion size increases, more space
becomes available between the [NaCl] and [MCl2] octahedra.
This increased spacing allows additional Na ions to be accom-
modated, resulting in a favourable interstitial mechanism.
Consequently, the diffusion length is reduced, leading to
improved overall Na transport properties.

Fig. 4 collects the transport properties namely the conducing
behaviour and relevant information concerning the diffusivity
and conductivity at 250 K of all structures studied. The
Fig. 4 (a) Arrhenius dependence of Na conductivity (s) with the
temperature (T) of Na6MCl8 structures, (b) their respective activation
energy (Ea), (c) conductivity (s250 K) and (d) diffusivity (D250 K) at 250 K.

21650 | RSC Adv., 2024, 14, 21644–21652
Arrhenius dependence of Na conductivity is observed in all
samples. The calculated activation energy lies in the range of
0.38–0.41 eV in going from Na6BaCl8 to Na6MgCl8 structures.
While the lowest Ea value corresponds to Na6BaCl8, the Na6-
MgCl8 structure has the highest one. Bearing in mind the ionic
size of M cations, we can note the same behaviour of inverted
proportionality of Ea against ionic radius.

The conductivity data are derived following the Nernst–Ein-
stein equation in which the diffusion coefficient at each
temperature is directly proportional with the conductivity of the
mobile ion.15,23–25 In this case, the same Ea value obtained by
BVSE method is used to derive the conductivity using the
soBV-GUI computer code.40

From Fig. 4c and d, it can be observed that the highest
value of Na+ conductivity and diffusivity at 250 K (s250 K and
D250 K, respectively) are found in the Na6BaCl8 structure, with
values of 3.22 × 10−6 S cm−1 and 2.46 × 10−11 cm2 s−1

respectively. In contrast, the Na6MgCl8 structure has values of
s250 K = 1.19 × 10−6 S cm−1 and D250 K = 9.12 × 10−12 cm2 s−1.
The Ea values of these structures comply with the requirement
for battery materials. For instance, in our previous work, an
activation energy of 0.45 eV and a conductivity of 7.12 ×

10−7 S cm−1 of Na3OCl solid-state electrolyte were deter-
mined.27 In addition, a combined deep potential MD, ab initio
MD and static simulations study of the Na+ migration in
Na3OBr solid state electrolyte, reported a diffusion activation
energy of 0.41–0.43 eV and a conductivity at 273 K of 2 ×

10−7 S cm−1.15,18 In the particular case of Na6MgCl8 structure,
we found that the Ba2+ doped Na6MgCl8 leading the stoi-
chiometric Na6−xBaxMgCl8 promotes the Na vacancy concen-
tration and improves the conductivity at 300 K as compared to
the defective Na6−xMgCl8−x.27 Surprisingly, the Na6BaCl8
structure exhibits the most promising transport properties,
making this new compound a novel candidate for Na ion
battery technology.

In summary, the Na6MCl8 compounds with (M = Ca, Ba, Zn
and Sr) structures comply with the requirements to be consid-
ered as cathode materials having favourable structural and
electronic properties, mechanically stable and ductile and
interesting transport properties. Besides, transport property of
<10−5 S cm−1 is required to be considered as a solid-state
electrolyte. Introduction of foreigner cations or designing pol-
yanionic Na6MCl8−xAx compounds are recommendable
approaches to improve their transport properties at 25 °C.

4. Concluding remarks

In this theoretical study, we explore a novel series of rock-salt
type structures, Na6MCl8 (where M = Mg2+, Ca2+, Ba2+, Zn2+,
and Sr2+), using advanced atomistic simulations. Our investi-
gation focuses on their structural, electronic, and mechanical
properties, including defect energetics and transport behaviour,
with the goal of understanding their potential application in
solid-state sodium-ion battery technology.

The key ndings include a direct correlation between the
ionic size of the divalent M2+ cation and lattice parameters, as
well as defect formation energy variations. As the M2+ cation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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size increases, lattice parameters, interatomic distances, and
defect energies tend to decrease. The NaCl Schottky defect type
is particularly favourable, and the Na6BaCl8 structure exhibits
the lowest defect formation energy. The low defect formation
energies determined in this work indicate that these materials
can accommodate defects without compromising their stability,
which is of crucial importance for any long-term battery
operation.

Mechanical stability and ductility characterize these struc-
tures, suggesting a possible compatibility for both electrodes
and electrolytes for Na-ion batteries. The Na6MCl8 compounds
exhibit insulating properties, with an energy gap ranging from
4.1 to 4.6 eV, different from the reported value for Na6MgCl8
(5.1 eV). The energy gap within the Na6MCl8 compounds
suggests their potential as solid-state electrolytes, allowing an
efficient Na+ transport while preventing an electronic
conduction.

The transport properties of Na6MCl8 compounds are dis-
closed by the bond valence site energy approach for rapid
predictions. A 3D migration pathway is identied in each rock-
salt structure. The corresponding activation energy lies in the
range of 0.38–0.41 eV in going from Na6BaCl8 to Na6MgCl8
structures. Despite the small variation of the Na conductivity
and diffusivity at 250 K within the structures considered, the
Na6BaCl8 is characterized by the highest conductivity and
diffusivity at 250 K of 3.22 × 10−6 S cm−1 and 2.46 × 10−11 cm2

s−1, respectively, while the Na6MgCl8 structure has respective
values of 1.19 × 10−6 S cm−1 and 9.12 × 10−12 cm2 s−1. The
Na6MCl8 structures, especially Na6BaCl8, show promising ionic
conductivity. Their ability to facilitate the Na+ migration can
greatly enhance the battery performance.

We hope that these outstanding predicted properties moti-
vate following experimental syntheses and investigations of
Na6MCl8 compounds, leading to practical applications in the
current and future solid-state Na-ion batteries.
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