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The quest for effective and exceptional solid-state electrolytes for metal ion batteries has to address two
primary challenges: overcoming the interfacial resistance between the solid-state electrolyte and the
electrodes and improving their relatively low dc conductivity at operating temperatures. This study
presents advanced atomistic simulations of the primary properties of the Na,MgCl, double chlorite
compound. Calculated results revealed that Na,MgCl, possessed key properties suitable for a solid-state
electrolyte in energy storage applications. Influenced by the hybridizations of [MgClg] and [NaClg],
Na,MgCl, exhibited insulator properties with an energy band gap of 4.7 eV. Mechanical properties
suggested that Na,MgCly was a stable and ductile compound with favorable bulk, shear, and Young's
moduli, thereby ensuring compatibility and stability with potential electrodes. Defect energetics highlighted
the NaCl Schottky defects as the most abundant, with Zn®* and Ga>* as effective dopants that enhanced
Na-vacancy concentration, impacting large-scale transport properties. From the evaluation using the bond
valence site energy method, Na,MgCl, possesses excellent Na activation energies for diffusion (0.20 eV) and
conduction (0.17 eV) along with high diffusivity of 0.17 mS cm~! and conductivity of 1.65 x 10~° cm? s™* at
300 K. These attributes were competitive with those of the current solid-state electrolytes, underscoring the
potential of Na,MgCl, for high-performance battery applications. Overall, Na,MgCl, meets the essential
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1. Introduction

Global efforts towards decarbonization have positioned battery
materials as pivotal elements in the advancement of electrifica-
tion of transportation and storage of intermittent solar and
wind energy."™ Lithium-ion batteries have become ubiquitous,
driving a revolution in portable electronics and the automotive
industry. However, the widespread adoption of electrochemical
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criteria to be used as a solid-state electrolyte in Na-ion batteries.

energy storage for large-scale applications, such as electro-
mobility and grid storage, requires batteries to meet some
stringent criteria in terms of their performance, safety, energy
density, and more importantly the final cost."'® Current state-
of-the-art battery technologies still fall short of fulfilling these
requirements.

In the present context of rapidly developing battery industry,
research efforts are primarily focused on two approaches: the
first involves incremental improvements in the well-established
Li-ion technology, and the second approach focuses on signifi-
cant modifications to its core components (post-Li-ion battery).
The latter approach motivates extensive investigations into
alternative mobile cations such as the Na-ion, the use of
metallic anodes, and the development of solid electrolytes to
create solid-state batteries. These post-Li-ion strategies can be
combined to tailor battery characteristics to specific application
requirements.'*™?

The intercalation chemistry of Li and Na metal ions is quite
similar, making the materials tested for Li-ion batteries (LIB)
potentially applicable to Na-ion systems (NIB) and vice versa.
Both systems operate on the same basic principles, and therefore,
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the existing Li-ion battery (LIB) manufacturing infrastructure can
be adapted to produce NIBs, representing a significant advantage
for the investment and support of this technology.’*™** Despite
this fact, sodium-ion batteries exhibiting high energy densities are
currently limited, and it is challenging to improve the NIBs using
existing liquid electrolyte systems."”™* A viable strategy involves
the replacement of the liquid electrolyte with a solid electrolyte,
which also acts as a physical barrier to dendrite growth. However,
practical applications of all-solid-state Na batteries are still con-
strained by the deficiencies of solid electrolytes, such as low ionic
conductivity at room temperature, narrow electrochemical
window, and weak chemical/electrochemical stability.">™’

Along with experimental investigations, computations are
playing a crucial role in discovering new solid-state electrolytes
(SSEs) for sodium-ion batteries.'®>® These computational
methods provide us with valuable insights into the fundamen-
tal mechanisms of SSEs, thus accelerating their development.
Computational techniques such as atomistic first-principles
calculations, molecular dynamics simulations, bond-valence
site energy (BVSE) and force field methods (FF) are extensively
employed to investigate the properties of solid-state electrolyte
(SSE) compounds.'®* Insights from advanced atomistic simu-
lations, among others, can guide the design of SSEs with high
ion diffusivity, chemical stability, and broad electrochemical
stability windows, and then ultimately advance all-solid-state
battery technology.'” >

Halide solid electrolytes offer excellent chemical stability,
crucial for maintaining battery performance over numerous
charge-discharge cycles. Their durability helps prevent degrada-
tion and ensures long-term reliability. Moreover, their scalability
makes them a viable option for large-scale battery manufacturing,
which is beneficial for commercial applications. These factors
drive the ongoing research in this area.**>®

Of sodium double chlorides, five structural types have been
reported, including the olivine and the Sr,PbO,-type structures
for a family of Na,MCl,; compounds with M being a metal
element such as Co, Zn, Mg, Mn, Fe, and Cd. The ionic
conductivities of these double chlorides with a Sr,PbO,-type
structure were reported to be around 107° to 107®* S em ™" at
200 °C.2**° Previous studies aimed to design and optimize the
geometric structure of Na,MgCl, and critically examined the
vibrational spectra and thermodynamic properties that are
useful in chemical catalysis, ion battery manufacturing, and
the design of novel functional materials.*’ However, the
mechanical properties and ion conduction mechanisms of
the Na,MgCl, series remain unexplored. In this context, we
set out to disclose in this study the capabilities of the double
halide Na,MgCl, as a battery material by using advanced
atomistic simulations.

2. Methodology

Density functional theory (DFT) calculations are conducted
using the CASTEP code to investigate the structural, electronic,
and mechanical properties of the Na,MgCl, structure.’?

6688 | Phys. Chem. Chem. Phys., 2025, 27, 6687-6697

View Article Online

PCCP

The GGA-PBESOL exchange-correlation functional within the
generalized gradient approximation is employed.*® Ultrasoft
pseudopotentials with a plane-wave energy cutoff of 830 eV
are utilized. Specifically, the pseudoatomic functions for Na-
25”2p°3s', Mg-2p®3s®, and Cl-3s”3p° in reciprocal space repre-
sent the electronic configurations of the constituent atoms.

For self-consistent computations and geometry optimiza-
tions, we set convergence thresholds as follows: a total energy
change of 5 x 10~° eV per atom, and maximum force, stress,
and atomic displacements of 1072 eV A™, 2 x 10~2 GPa, and
5 x 10~* A, respectively. Additionally, a 4 x 4 x 4 k-point mesh,
following the Monkhorst-Pack method, is used to sample the
Brillouin zone.**

The general utility lattice program (GULP) is used to explore
the structural and mechanical properties of the compound
considered, including defect energetics computations.®® The
potential parameters (force field values) are taken from pre-
vious studies.'®*”**3” The Buckingham model is used for the
short-range interactions. Long-range interactions are treated as
Coulombic interactions where only the charge and the intera-
tomic distance describe the long-range potential energy. The
Dick and Overhauser model is included for treatment of the
ionic polarization,*® which considers each ion 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 charges
results in the formal charge (Z) of the polarizable ion.*®

The multi-region strategy, which is also known as the Mott-
Littleton method, is used for defect calculations.*® In this
approximation, the crystal structure is divided into two con-
centrically spherical regions with radii of R1 and R2 where
R1 < R2. The isolated defect or defect cluster is located in the
R1 sphere where the interaction between the defect/cluster and
the local structure is strong. The region R2 is treated by a quasi-
continuum approximation.**° To obtain high accuracy for the
defect energetics calculations, the value of R1 should be greater
than the maximum short-range cut-off provided by the force
field parameters and the difference between R2 and R1 must be
close to (or higher than) the force field cut-off. Values of R1 =
13 A and R2 = 27 A are adopted, ensuring convergence of the
computations. The Broyden-Fletcher-Goldfarb-Shanno algo-
rithm is adopted to update the cell parameters and fractional
positions during the defect energetic and geometry optimiza-
tion computations.®>*°

The common methodology used to study defect energetics is
based on the Mott-Littleton method where the defect or defect
cluster is simulated at the infinitely dilute limit.*>*® The total
defect energy, Er, is described by eqn (1):

Er = E; (X) + E]z(x76) + Ez(é) (1)

where the interatomic displacements in the inner region are
denoted by x and the external by ¢, E; and E, represent the
energies of R1 and R2, respectively, and E;, is the interchange
energy between the regions. This technique has previously been
used to explore the defect formation in solid-state battery
materials.'®'9>%37
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The bond-valence site energy method turns out to be a
simple and effective way of rapidly delivering diffusion paths
and activation energies for both diffusion and conduction
processes in solid state materials.”®*"** Briefly, this method
identifies the regions of low bond valence site energy of a
mobile cation. The bond length between a cation A and an
anion, denoted as X (L,-x), is evaluated using the tabulated
empirical parameters Loax and bax. The individual bond
valence (sa_x) is then determined by eqn (2):

Sax = exp[(Lo,a-x — La-x)/bax] (2)

The bond valence site energy of a cation A [Egyse(A)] is
evaluated similarly to Morse empirical potentials by adding
the Coulombic repulsive term (E,) of the mobile A ion with
respect to other static ions, as expressed in eqn (3):*>*"**

Z [(SAfX/Smin,AfX)2 _2SA7X/Smin,A7X:|

i=

+E;

(3)

The bond valence pathway analyser code (softBV-GUI) is
used for the computation of the quantity Egysg and the required
parameters in eqn (3) are included within the code.*' In the
study of Egysg(Na'), the Coulombic repulsion between mobile
Na' and fixed M?* cations is considered, while Coulombic
attractive interactions are included in the Morse-type attraction
terms. Migration paths for Na* ions follow regions of low bond
valence site energy in mesh grids wrapping the Na,MgCl,

lattice structure with a resolution of £0.1 A3 29212341

Egvse(A) = ZDO
X

N
1

3. Results and discussion
3.1 Structural and electronic properties of Na,MgCl,

An understanding of the fundamental properties such as
structural, electronic and mechanical characteristics is crucial
for determining any potential technological application of a
material. For example, in hybrid automotive vehicles, the
weight and size of the battery significantly influence energy
consumption. Therefore, for new or less explored compounds,
it is imperative to make predictions using appropriate compu-
tations to ensure accurate assessments. In this work, density
functional theory (DFT) is employed for this purpose.

Fig. 1 displays the unit cell of the Na,MgCl, lattice structure.
Fig. 1a presents the view along the [001] direction, while Fig. 1b
shows the view along the [100] direction, highlighting the
arrangement of the MgClg] and [NaClg] polyhedral. The
Na,MgCl, compound crystallizes in an orthorhombic Pbam
space group. Na' ions are coordinated by six Cl~ ions, whereas
Mg>" is bonded to six Cl~ ions, creating an edge-sharing [MgCle]
octahedron.

The lattice parameters obtained from both DFT and force
field computations are summarized in Table 1. The cell para-
meters derived from both methods are close to the available
experimental values.?® Additionally, the reduction in cell para-
meters obtained using the force field method is less than 5% as
compared to those reported in the literature, indicating that the
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Fig. 1 Unit cell of Na;MgCl, in the conventional representation (space
group Pbam, No. 55): (a) and (b) views along the [001] and [100] directions,
respectively. Blue and green spheres represent the Mg* and Cl™ ions, while
blue and orange polyhedra represent the [MgClg] and [NaClg] octahedra,
respectively.

Table 1 Results of lattice parameters of the optimized Na,MgCl, (space
group number 55) derived from different approaches

Lattice parameters Experimental
(in A) Force field DFT ref. 30
a 6.853 (—0.8%)  6.916 (+0.1%)  6.907
b 11.342 (—4.6%) 11.873 (—0.1%) 11.885
c 3.710 (—2.7%)  3.817 (+0.1%)  3.814

force field used in this work can accurately reproduce the lattice
parameters of Na,MgCl,. On the other hand, as expected, DFT
computations result in better reproducibility of the lattice
parameters.

The electronic properties of a material are essential for
assessing its performance as a solid-state electrolyte (SSE).
For battery materials, a good electronic and ionic conductivity
are crucially required. Fig. 2a illustrates the band structure of
Na,MgCly, highlighting its insulating nature through an indir-
ect band gap (Z to I" point) of E, = 4.7 eV near the valence band
(with the Fermi level set at 0 eV). A large amount of electrons is
present at the bottom of the conduction band at the Z point,
which can easily be excited by an external electromagnetic field
or thermal energy, facilitating their transition to the top of the
conduction band at the I' point and vice versa. To the best of
our knowledge, no previous report is available on the energy
gap of this compound.

The total density of states (DOS) and the projected density of
states (PDOS) for Na,MgCl, are depicted in Fig. 2b. The valence
band is primarily dominated by Cl-states, while the conduction
band is mainly influenced by Na-states. Minor contributions
from Cl-p atomic orbitals to the conduction band are observed,
and also from Na-p states to the valence band. Additionally,
Mg-states slightly contribute to both the valence and conduc-
tion bands. These findings confirm the view that the [MgClg]
and [NaClg] hybridization determines the electronic properties
of Na,MgCl,. Given the tendency of DFT computations to

Phys. Chem. Chem. Phys., 2025, 27, 6687-6697 | 6689
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Fig. 2 (a) Band structure and (b) density of states of the Na,MgCly
structure; dashed red and black lines represent the Fermi level. Green
bullets in (a) represent the valence band maximum at the Z point and
conduction band minimum at the I" point.

underestimate the band gap and the lack of experimental
verification, the predicted energy gap must be considered as a
lower bound.**

3.2 Mechanical properties and mechanical stability

Another significant challenge in developing solid-state electro-
lytes is the determination of their mechanical properties
and mechanical stability.**** These properties are crucial for
understanding the malleability and resistance to mechanical
degradation of the solid-state electrolyte, which ensures good
contact with the electrodes and minimal volume expansion
during the charge/discharge process.**™**

The elastic constant matrix (C;) describes the mechanical
response of a crystalline structure. The Born criteria establish
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computations.

that the energy for an arbitrary homogeneous deformation
loaded by an infinitesimal strain is positive.*® In this sense,
the C; matrix should be positive definite inferring positive
eigenvalues (/). The C; matrix elements of Na,MgCl, derived
from DFT (C;"") and force field (C};") computations are given in
Fig. 3; their values are included in the ESI, T file. Although small
differences between C;;"" and C}" are observed, due to the lack
of experimental verifications, these values must be considered
as lower and upper bounds.

The computed eigenvalues of the elastic constant matrix
derived from DFT computations are A" = 10.81, 22" = 13.72,
I3 = 16.75, 20F" = 18.47, A9F" = 35.53 and 12" = 82.86 GPa,
and from the force field method are ¥ = 15.13, A5F = 15.75,
I3 =15.93, 25F =19.26, ALF = 35.92 and /" = 96.27 GPa. In both
approaches, all eigenvalues are positive, confirming that the
Na,MgCl, compound is mechanically stable.*®

The bulk and shear moduli measure the resistance to both
deformation and volume change.*’~>" The Voigt approximation
assumes a uniform strain on the lattice structure,*® in which
the bulk and shear moduli are given by eqn (4) and (5),
respectively:

1
Byoigt = §[C11 +2C1] (4)

1
Gvoigt = g[cll — Ci2 + 3Cu] (5)

The Reuss approximation adopts a uniform stress on the
lattice structure,’® deriving the shear and bulk moduli from the
compliance matrix (S; = C; ') elements, whereas the Hill
approximation combines both the Voigt and Reuss theories

(¢f: eqn (6)~(8)):>"**
Breuss = 27[S11 + 2512]71 (6)

15[4811 — 3(S12 + Saa)] ™ 7)

Greuss =

1 1
By = E(BVOigt + Breuss); Gl = E(GVOigt + GRreuss)  (8)

Table 2 collects the results of mechanical properties of the
Na,MgCl, structure. The computed bulk, shear (Hill approximation)

This journal is © the Owner Societies 2025
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Table 2 Mechanical properties calculated using DFT and force field (FF)
methods (B, G and E in GPa)

Method Reuss Voigt Hill
Bulk modulus (B) DFT 27.19 27.52 27.35
FF 29.53 31.11 30.32
Shear modulus (G) DFT 12.83 13.67 13.25
FF 13.85 15.51 14.68
B/G DFT 2.12 2.01 2.06
FF 2.13 2.01 2.07
M DFT 1.63 1.65 1.64
FF 1.53 1.62 1.42
Direction  x y z
Young’s modulus (E) DFT 36.84 23.48 40.61
FF 24.89 23.96 52.39
Universal anisotropy (A") DFT 0.34
FF 0.65
Ag DFT 0.01
FF 0.03
Ag DFT 0.03
FF 0.06
Kleinman coefficient (K) DFT 0.56
FF 0.72
Cauchy pressure C;,-Cyy (GPa)  DFT 3.92
FF 4.16

and Young moduli (z-direction) amount to 30.22, 14.68 and
52.39 GPa, respectively. The values of mechanical properties are
comparable to those of other battery materials."*>*">* For instance,
the bulk, shear and Young moduli of NagMgClg amount to 26.57,
15.00 and 42.86 GPa, respectively.'®>* In our recent study,'® these
magnitudes computed for the Na,Mg;Clg structure amount to
34.22, 14.47 and 40.49 GPa for bulk, shear and Young moduli,
respectively.'® Reported values of other Na-antiperovskite materials
such as Na;OCl and Na;OBr are slightly larger.>®

The Young modulus is calculated by an approximation such
as in eqn (9):

9BG

E =
3B+ G

©)

When the bulk modulus is larger than the shear modulus,
the compound is more vulnerable to shape deformation than
volume change. In addition, a larger Young value with respect
to the bulk modulus indicates that the compound is more
resistant against uniaxial compression or tension than hydro-
static pressure. As shown in Table 2, these values, computed
from DFT and FF methods within the Hill approximation,
reveal that the Na,MgCl, structure is more vulnerable to shape
deformation and resistant against uniaxial compression than
volume change and hydrostatic pressure.

Ductility and brittleness criteria are assessed using Pugh’s
ratio (B/G),”>® considering the degree of elastic anisotropy,
which is crucial for understanding the anisotropy of chemical

This journal is © the Owner Societies 2025
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bonding. Table 2 shows that all B/G values exceed the 1.75 limit,
which indicates whether a material is classified as ductile or
brittle.>® Na,MgCl, is found to be a ductile material, with direct
implications for manufacturing and volume change during
battery cycling. For its part, the Cauchy pressure (C;,—Cy4)
defines the failure of a material.’” While a positive Cauchy
pressure indicates ductility, a negative value points out brittl-
eness.”” The Cauchy pressure values computed by DFT and
force field methods are both positive, confirming the ductile
nature of the Na,MgCl, compound.

Similar values of Cauchy pressure and B/G have been
reported for other SSEs.”” Appropriate ductile solid-state elec-
trolytes are particularly desirable, accommodating the strains
and stresses that arise at the interface between electrodes
during the cycling process.’®®' In summary, the ductility
nature of the Na,MgCl, lattice structure ensures its stability
and high performance.

The percentage of anisotropy regarding compressibility (4g)
and shear (Ag) for nanocrystalline samples, including the

universal anisotropy (4Y), are defined by eqn (10):>*>%%
_ BVoigt - BReuss. G = GVoigt — GRreuss
g = —yoigt = PReuss — JVoigt — “Reuss
BVoigt + BReuss7 GVoigt + GReuss7 (10)

AU - S(GVOigl/GReuss) + (BVoigt/BReuss) -6

The Az and Ag values tend to zero, indicating that the
Na,MgCl, structure exhibits an elastic isotropy.®> On the contrary,
from the A", the material is not extremely anisotropic. Variations
of Young’s modulus which are observed along crystallographic
directions are reflected in the universal anisotropy index.

The Kleinman coefficient (K) has been utilized to study the
internal contraction stability of materials, revealing their resis-
tance to both stretching and bending, as well as their ability to

withstand external forces while maintaining structural
integrity.®* The K parameter is defined by eqn (11):
K =(Cyy + 8C1,)/(7Cy1 + 2Cy5) (11)

The K value ranges between 0 < K < 1. K-Values closer to
one indicate a higher contribution towards bond bending,
while values approaching zero imply a greater contribution
towards bond stretching.”® From the results compiled in
Table 2, the Na,MgCl, compound is more likely to have bond
stretching nature according to DFT computations (K = 0.56)
than that by using force field approximation (K = 0.72). The
latter shows more of bond bending nature. It is expected that
DFT values are more reliable.

To provide more information about a material for indus-
trial and commercial use, one can calculate the machinability
index (M).*®> Useful details, such as hardness, machine tool
durability, operational capacity, and cutting form offer valuable
insights into the machinability of materials.®**> These factors
collectively help to determine the efficiency, precision, and
overall effectiveness of machining processes for solid-state
electrolytes.®*®> M is described by the ratio of the bulk modulus
(B) to shear resistance (Cy4): M = B/Cy.°**°

Phys. Chem. Chem. Phys., 2025, 27, 6687-6697 | 6691
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When the machinability index exceeds a value of 1.45, the
compound is considered as suitable for manufacturing.®®®
The values presented in Table 2 show that the Na,MgCl,
is applicable for device fabrication (except for the case of
polycrystalline approximation (Hill) derived from force field
computations).

In summary, the Na,MgCl, compound is predicted to be
mechanically stable, having desirable mechanical properties.
Its elasticity properties are not uniform in all directions, but the
variation is not very pronounced.

3.3. Intrinsic defect chemistry and dopant incorporation
mechanisms in the Na,MgCl, lattice structure

The influence of doping on the electrochemical performance
of various Na-based solid-state electrolytes (SSEs) is well-
known.' %% This section explores the Na,MgCl, defect
chemistry related to intrinsic point defects and the impact of
doping with divalent and trivalent ions. The starting point of
the defect energetics consists in the exploration of intrinsic
defects of Na,MgCl,. Three basic Schottky defect mechanisms
are considered. The first one considers the full Na,MgCl,
Schottky scheme written in the Kroéger-Vink notation as
described by eqn (12):*°

2Nay, +Mggy, +4C15 — 2V, + Vyy, +4Ve + NayMgCly
(12)

where Nag,, Mgy, and Cl represent the Na’, Mg>" and CI~
ions occupying their atomic position in the Na,MgCl, lattice
structure, respectively, and VI’\,a, V;,[g and V¢, denote Na-,
Mg- and Cl-vacancies, respectively. The formation of a NaCl
Schottky defect is given by eqn (13):

Nay, + CI& — Vu, + V& + NaCl

(13)

leading to the stoichiometric Na, ,MgCl,_, composition, in
which for each Na vacancy a Cl vacancy is generated for charge
compensation. The formation of MgCl, Schottky defects is
described by eqn (14):

Mgy, +2CI5 — Vyy, +2Ve + MgCl (14)

which leads to the stoichiometric Na,Mg; ,Cl, ,, formula.
In this case, for each Mg>*-vacancy two Cl-vacancies are created
for charge neutrality. In the present study, Frenkel defect type
and other intrinsic defect(s) are not considered because they
are energetically unfavorable.>”>**

Divalent and trivalent dopants can be incorporated into the
Na,MgCl, lattice structure. The incorporation scheme describ-
ing the doping with a divalent dopant (M>*) occupying the
Mg>"-site in the Na,MgCl, lattice structure is given in eqn (15):

MCl; + Mg, — Mgy, + MgCl, (15)

In eqn (15) the valence charges of both the dopant M** and
host Mg>" ion are equal to each other, implying that no further
defect type is required for charge compensation.

The scheme describing the incorporation of a divalent
dopant occupying the Na'-site leading a Na-vacancy is given

6692 | Phys. Chem. Chem. Phys., 2025, 27, 6687-6697

View Article Online

PCCP

by eqn (16):

MCl, + 2Naj, — My, + Vy, + 2NaCl (16)

where for each divalent dopant occupying a Na'-site (My,, ) a Na
vacancy is generated for charge compensation, resulting in
stoichiometric Na, ,M,MgCl,.

The next incorporation mechanism deals with the introduc-
tion of a trivalent dopant (M*") occupying an Mg>"-site as in
eqn (17):

MCl; + Mgy, + Nag, — My, + Vi, +MgCl, + NaCl (17)

where for each trivalent dopant occupying the Mg?*-site one Na-
vacancy is required to maintain the charge neutrality of the
defective Na, ,Mg; ,M,Cl, structure. Secondly, the incorpora-
tion of a trivalent dopant (M**) occupying a Na'-site is as
follows (eqn 18):

MCl; + 3Naf, — M, 4 2Vy, + 3NaCl (18)
In eqn (18), a trivalent dopant occupying a Na'-site (M%},)
leads to two extra charges, which are compensated by two Na-
vacancies, resulting in a Na,_,,M,MgCl, structure.
The defect energy (Es) for the Schottky defect types consid-
ered is then obtained as follows (¢f eqn (19)-(21)):

1 as
E, = 5 (2B + ENE + 4EG, + BMEN) (19)
I
Ey = 5(Eve + Evge + EL") (20)
I
E — §<E%[§ +2EC 4 E{”gc‘z) 1)

and for the dopant incorporation mechanism (eqn (22)-(25)),

By = Ejloone + B — B (22)

L A - A )

E = BNyl g + ENA + BN 4 BB — YD (2a)
Ey = ENyong + 2ENS 4 3ENCT - YCH (25)

according to eqn (12)-(18), respectively, where Eng, Evig, and
ES). represent the Na-, Mg- and Cl-vacancy energy, respectively,

M2+ EM2+
subs,Mg’ “~subs,Na?’

energy of a M2"*" at a Mg**-site and Na'-site, respectively, and
EY represents the lattice energy of the X compound involved.

To evaluate defect energies, firstly, the vacancy formation
and lattice energies are calculated. The Mg-, Na- and Cl-
vacancies are positioned at the centre of R1. The lattice energies
of MgCl, (R3M), NaCl (FM3M) and Na,MgCl, are also com-
puted. Four divalent (Ca®*, Ba**, Sr** and Zn**) and two
trivalent dopants (A’ and Ga®") are considered for which
the lattice energies of their respective metal chlorides are
computed.

M3+ M3+ . .
Egbsme and Egy , denote the substitution

This journal is © the Owner Societies 2025
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Table 3 Results of the defect energetics of pristine and doped Na,MgCly
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(a) Divalent

Solution energy (eqn number)

dopant IRin A (CN6) MCl, E?’mz (eV per f.u.) Emé;Na (eV per dopant) EME,;Mg (eV perdopant) (22) (23)

Zn** 0.74 ZnCl, —26.93 —14.29 —0.83 —0.42 1.54

Ca** 0.99 CaCl, -21.15 —8.56 5.74 0.37 1.50

Sr* 1.18 SrCl, —21.14 —8.24 6.07 0.68 1.80

Ba>* 1.35 BaCl, —20.16 —6.77 7.59 1.23 2.29
Trivalent dopant IR in A (CN 6) MCl, EMCh EM i‘ﬁ;;Mg (24) (25)
AP* 0.54 AlCl; —55.85 —37.56 —24.89 1.44 4.19
Ga* 0.62 GaCl; —51.61 —33.27 —20.79 1.30 4.24
(b) Basic vacancies Lattice energies (eV per f.u.) Schottky (eqn number)

Ev Evie Evat Byt Bt B (19) (20) (21)
4.94 5.10 21.45 —85.35 —26.52 —8.1 —11.32 0.97 2.40

Table 3 includes other energetic quantities for deriving the
solution and binding energies. Table 3a firstly shows the
resulting solution energies of divalent dopants. In schemes
dealing with M>" occupying an Mg”*-site in the Na,MgCl,
lattice structure [¢f eqn (15)], charge compensation is not
required. This scheme results in a stress/strain defect due to
the ionic size difference between the dopant and the host Mg”>*
(0.72 A) cation with no defect cluster formation.

It is well known that in a doped structure, the charged point
defect(s) commonly leads to an intrinsic association, forming
localized defect clusters that can inhibit the transport proper-

ties. In particular, formation of the Bay, — Vy, dimer tends to
affect the conducting properties of the material, because a
trapping effect is expected due to the high solution energy

(2.29 eV per defect).**>*"*? Besides, formation of a Zny, — Vy,
cluster with the lowest solution energy of 1.54 eV per defect
should reduce the trapping effect with direct implications for
the large-scale transport properties of Na,MgCl,. For this
reason, Zn>" at the dilute limit is fairly bounded with the Na
vacancies, thereby enabling the Na migration.

Table 3a includes the results of Es of M*>" doped Na,MgCl,
of the two doping schemes considered [eqn (24) and (25)].
The lowest final solution energy is obtained for Ga** occupy-
ing a Na'-site related to two Na-vacancies as described in
eqn (18). The incorporation mechanism with lower defect
association is found for the trivalent dopant occupying a
Mg**-site, leading to a Na- vacancy (Mg —V;\]a dimer) as
described by eqn (17), and, in particular, for the Ga** dopant
(1.30 eV per dopant).

Concerning Schottky defect formations, Table 2b contains
the calculated results of formation energy of the intrinsic defect
in Na,MgCl,. Clearly, the most favorable defect mechanism is
the one described by eqn (13) involving the NaCl Schottky
defect type (0.97 eV per defect). This double chloride struc-
ture has the lowest NaCl Schottky energy as compared to other
similar compounds.'®'®?*” Besides, the calculated value
for Na,MgCl, is half of those reported for Naz;OCl, suggesting

This journal is © the Owner Societies 2025

a similar phenomenon concerning both Na and Cl concen-
trations at ambient temperature."®'®>*”7° In addition, for-
mation energies for the other two Schottky-defect types are
likely unfavorable, which confirms the structural stability of the
Na,MgCl, compound. This stability is further validated by the
vacancy formation energies, that is, the Na-vacancy is the most
favorable, followed by the Cl-vacancy, while the Mg-vacancy is
associated with the highest formation energy.

In summary, the most abundant defect type is the NaCl
Schottky one with low formation energy. The Zn** and Ga®**
ions occupying a Na'-site in the Na,MgCl, lattice structure are
the best dopants with low solution energies, increasing the Na-
vacancy concentration with possible implications for the large-
scale transport properties of Na,MgCl,.

3.4 Predictions of the Na-transport properties of the
Na,MgCl, compound

In this section, transport properties, including diffusion and
conduction mechanisms, are examined using the bond valence
method. The Na" diffusion coefficient and conductivity of the
electrode/electrolyte material dictate the sodiation/desodiation
rate during charge and discharge cycles." Transport proper-
ties of a material determine its energy density, high power
output, and prolonged cycle life in NIBs, especially for emer-
ging applications such as electric vehicles and grid-scale energy
storage.>°

Fig. S1a (in the ESL file) shows the energy profile versus
reaction coordinate describing the energetics of Na' migra-
tion along accessible sites in the Na,MgCl, structure. From
Fig. S1a (ESIT), one can note that the predominant migration
pathway is the 1D ribbon with lower activation energies (see
Fig. S1b, ESIT), and a 3D migration with higher energy costs
(Fig. S1c, ESIY).

Fig. 4a displays the energy isosurface describing the Na*
migration pathways within the Na,MgCl,. Several saddle points
(denoted with the letter s) and interstitial (denoted with the
letter i) sites are identified. The interstitial mechanism
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Fig. 4 3D network of Na* migration pathways in Na,MgCl, (blue iso-
surfaces) calculated using BVSE computations. Yellow polyhedra represent
the [MgClg] octahedra.

described by Nag, — V{\Ia + Na} appears as the scheme
describing the migration mechanism.

The diffusion coefficient and conductivity are computed by
using the softBT-GUI code.*' The conductivity data are derived
following the Nernst-Einstein equation in which the diffusion
coefficient at each temperature is directly proportional to the
conductivity of the mobile ion.**”*

Fig. 5 shows the linear Arrhenius-type dependence of diffu-
sion and conductivity in the temperature range of 300-700 K.”>
The activation energy (E,) for diffusion amounts to 0.20 eV and
that for conduction amounts to 0.17 eV. These predicted
activation energies indicate that significant increase in mass
transport enhances the charge transport process, thereby redu-
cing the conduction activation energy. The Na' conductivity
and diffusivity at 300 K (g300x and Dsgox, respectively) are
0.17 mS cm ™" and 1.65 x 10~° em? s, respectively.

The E, value of Na,MgCl,, together with the outstanding
diffusivity and conductivity at 300 K, meets the requirements
for SSEs." ™ The activation energy and transport properties at
300 K demonstrate a remarkable compatibility of Na,MgCl,
with currently used solid-state electrolytes (SSEs) in Na-ion
battery technology.”® %

Table 4 provides a detailed comparison of various Na*-based
SSEs, highlighting key properties such as NaCl Schottky energy,
room-temperature diffusivity (Dspox), conductivity (o300x),
and activation energy (E,). These parameters are critical for
the evaluation of the performance of electrolytes in Na-ion
batteries, as they influence ionic transport efficiency and
stability.' ™

Table 4 includes a range of compounds, namely, NagMClg
M = Mg, zn**, Ca*", sr**, and Ba®"), Na,Mg;Cl; and Na,-
MgCl,. The Na,MgCl, compound exhibits characteristics simi-
lar to those of other Na-based SSEs. It has a room-temperature
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Fig. 5 Linear Arrhenius dependence of the Na* ion: (a) diffusion coeffi-
cient and (b) conductivity of Na;MgCly.

diffusivity of 1.65 x 107° ecm® s' and a conductivity of
0.17 mS cm™ ', positioning it in the mid-range for ionic
transport efficiency. Its activation energy is relatively low at
0.17 eV, similar to Na,Mg;Clg, which also has a low activation
energy of 0.18 eV.'® However, Na,MgCl, shows lower conduc-
tivity as compared to Na,Mg;Clg, NazSbS,, NazPS, and
Nay.9375PS3.9375Clo.0625 Compound5~18’83785

In addition, a recent study on the Naz;YBrs solid-state
electrolyte, synthesized via a solid-state reaction, reveals an
experimental activation energy of 0.15 eV, along with a promis-
ing electrochemical window, making this Na halide a compel-
ling candidate for all-solid-state sodium batteries.”® Li;YClg
was reported as a candidate for battery technology having a
conductivity of 0.51 mS ecm '.”>*® Recent advancements in
Nay.,Zr,Si,P; 04, superionic conductors have significantly
enhanced room-temperature ionic conductivity, reaching an
impressive value of 1 mS cm™".#"%* Additionally, research on
the tetragonal phase of Na;SbS, (293-453 K) showed an activa-
tion energy of 0.22 eV and a conductivity of 0.6 mS cm™" at
293 K.”® As it is shown in Table 4, when comparing the room-
temperature conductivity with those of other Li-based SSEs

This journal is © the Owner Societies 2025
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Table 4 Comparison of some Na-containing compounds with similar
compositions

NacCl

Schottky Djoox 0300K
Compound energy (cm®s (Sem™) E, (eV)
NagMgClg™* 1.26 8.33 x 107'% 2.14 x 10~/ 0.56
NagZnClg™* 1.28 9.12 x 1072 1.19 x 10°° 0.41
NagCaClg™ 0.99 1.64 x 107" 2.15 x 10°° 0.39
NagSrClg** 0.97 2.05 x 107 2.69 x 10°° 0.39
NagBaClg™* 0.82 2.46 x 107" 3.22 x 10°° 0.38
Na,Mg;Clg'® 1.49 3.00 x 107 1.26 x 107° 0.18
Na,MgCly 0.97 1.65 x 10°° 0.17 x 10 0.17
Na;SbS, (cubic)® — — 1x10° 0.22
Na,OCI*” 1.96 — — 0.43
Na,Ps,**% — — 0.46 x 107 0.22
Nas.0375PS5.0375Clo.0625° " — — 1.14 x 107% 0.25
LizYbClg®® — — 0.14 x 107° —
Liy.5Yo.5Zr0.5Cls®” — — 14 x 107° —
Lis.556YDo.402Zr0.402Cl®®  — — 1.58 x 107° —
Li, ,Ybo ,Hf, ;Cl6° — — 1.1 x 1073
(orthorhombic structures),®*® the Na,MgCl, compound

stands in the mid-range for Na'-ion transport.

Fig. S2 (ESLT file) illustrates the performance ranking of
Na,MgCl, in terms of activation energy and o3k, as per the
dynamic database for solid state electrolyte (DDSE).***" DDSE
is a novel and online platform designed for helping solid-state
battery research and development.®®®*

The transport properties of Na,MgCl, are benchmarked
against 2532 experimentally studied solid-state electrolytes
and 657 computationally explored compounds. The com-
parison reveals that Na,MgCl,, which exhibits a high @300k
(Fig. S2a, ESIt) and a low activation energy of 0.17 eV
(Fig. S2b, ESIf), ranks favorably among previously reported
SSEs. These results support the promising performance dis-
cussed in Table 4 compared with other SSEs.

These favorable transport properties, comparable to those
listed in the DDSE (including those collected in Table 4),
underscore the potential of Na,MgCl, for synthesis and perfor-
mance evaluation in sodium-ion battery technology. Overall,
the Na,MgCl, double chlorite structure exhibits required trans-
port properties, mechanical stability, and excellent malleability.
It thus emerges as a strong SSE candidate for current and future
sodium-ion battery technology.

4. Concluding remarks

In this paper, the results of advanced atomistic simulations of
the main properties of Na,MgCl, are presented. By combining
quantum-based calculations with static and large-scale mole-
cular dynamics simulations, relevant properties related to the
key requirements of a material with potential application as
a solid-state electrolyte in energy storage applications are dis-
closed. The results of DFT computations reveal that the
Na,MgCl, double chlorite has an isolating characteristic with
an energy gap of ~4.7 eV, where the [MgCls] and [NaClg]
hybridization determines its electronic properties. Na,MgCl,
is predicted to be mechanically stable and ductile with

This journal is © the Owner Societies 2025
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favorable bulk, shear and Young moduli, ensuring compatibil-
ity with possible electrodes and stability.

Defect energetics computations reveal that the most abun-
dant defect type is the NaCl Schottky defect type with low
formation energy. The Zn>" and Ga®" occupying a Na'-site in
the Na,MgCl, lattice structure are the best dopants with low
solution energies. They increase the Na-vacancy concentration
with favorable implications for the large-scale transport proper-
ties of Na,MgCl,.

The transport properties of Na,MgCl, are evaluated by the
bond valence site energy method. Remarkably low Na activation
energies for diffusion (0.20 eV) and for conduction (0.17 eV) are
predicted. Along with the low activation energies, the Na,MgCl,
structure having outstanding diffusivity and conductivity at
300 K (1.65 x 10" ° cm® s~ " and 0.17 mS cm ™', respectively) is
competitive with contemporary SSEs, underscoring their readi-
ness for high-performance battery applications.

In summary, the double halide Na,MgCl, compound is
predicted to be an insulating material with exceptional malle-
ability, where the NaCl Schottky defect plays a key role in its
transport properties and is expected to be present in real
samples. This compound meets the essential criteria to be
considered as an efficient solid-state electrolyte for Na'-ion
batteries. Given the ongoing intensive search for efficient
battery materials, we hope that this prediction will inspire
subsequent experimental studies.
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