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mental characteristics of
Na2Mg3Cl8 as a solid-state electrolyte for Na-ion
batteries†

Yohandys A. Zulueta, a Jose R. Fernández-Gamboa, a Thi Viet Bac Phung,b

My Phuong Pham-Hocd and Minh Tho Nguyen*ef

In this theoretical study, we harnessed advanced atomistic computations to unravel several features of

Na2Mg3Cl8, an unexplored but promising chloride compound for solid-state electrolytes in Na-batteries.

First, Na2Mg3Cl8 exhibits an insulating behavior, characterized by an energy gap of ∼5 eV, arising from

the hybridization of [NaCl] trigonal prismatic and [MgCl6] octahedral units. Second, the compound

possesses mechanical stability and ductility, which render it suitable for practical fabrication. Improved

electrolyte/electrode contact can reduce resistance and enhance battery performance. The

electrochemical performance of Na2Mg3Cl8 involves an open cell voltage of 1.2 V and a theoretical

capacity of 133 mA h g−1. Finally, its transport characteristics include low activation energy for diffusion

and conduction as well as a remarkable room-temperature conductivity of 1.26 mS cm−1, comparable to

those of current superionic conductors.
1. Introduction

Sodium-ion batteries (NIBs) currently hold signicant impor-
tance owing to their cost-effectiveness, sustainability, safety,
performance, scalability, and diverse applications.1–7 As an
alternative to lithium-ion batteries, NIBs offer several advan-
tages as they utilize abundant and low-cost materials, making
them economically more viable.1–7 Additionally, NIBs exhibit
energy-efficient power delivery, fast charging, stability across
extreme temperatures, and safety against overheating or
thermal runaway.1–9 Their emergence represents a key step
toward efficient and sustainable energy storage.1–14

Although NIBs have garnered attention as a cost-effective
alternative to lithium-ion batteries (LIBs) for large-scale
energy storage, their lower energy density than that of LIBs
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necessitates further intensive research and innovation.5–9 One
critical component in NIBs is the solid electrolyte, which plays
a pivotal role in transferring charge carriers between both
positive and negative electrodes. Solid-state electrolytes (SSEs)
offer a higher energy density than liquid counterparts, making
them more suitable for NIBs. However, the current SSEs suffer
from several limitations such as low ionic conductivity, narrow
electrochemical stability window, and poor contact with
electrodes.10–14

In this context, theoretical computations for discovering new
solid-state electrolytes (SSEs) for sodium-ion batteries are
pivotal.15–19 These computational methods provide us with
insights into fundamental properties and mechanisms associ-
ated with SSEs, thereby accelerating their development and
implementation. Current computational techniques include
atomistic rst-principles calculations, molecular dynamics
simulations and force eld approaches.15,20,21 Results derived
from advanced atomistic simulations can guide the design of
SSEs with high ion diffusivity, chemical stability, and a wide
electrochemical stability window, ultimately advancing all-
solid-state battery technology.15–19

As potential materials, halide-based sodium solid-state
electrolytes offer several key benets. First, they exhibit high
voltage stability and air stability, which make them suitable for
cell manufacturing. Additionally, these electrolytes possess
decent room temperature ionic conductivity, which is crucial
for efficient ion transport within batteries.22–25 They are also
compatible with oxide cathode materials, ensuring good
performance when paired with employed electrodes. Further-
more, halide solid electrolytes provide excellent chemical
RSC Adv., 2024, 14, 33619–33628 | 33619
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stability, an essential requirement for maintaining battery
performance over multiple charge–discharge cycles. Their
robustness helps prevent degradation and ensures long-term
reliability. Lastly, their scalability makes them a viable option
for large-scale battery manufacturing, which is advantageous
for commercial applications. These considerations lead to the
motivation for intensive ongoing research in this eld.22–25

Advanced atomistic simulations were previously carried out
to assess the key features of the Na6MgCl8 rock-salt material.25,26

It was found that Na6MgCl8 is an insulating material with an
energy gap of ∼5 eV, and it exhibits mechanical stability and
ductility. Theoretical simulations predicted that the Zn2+ ion is
the most suitable divalent dopant that enhances the defect
characteristics and transport properties of the Na6MgCl8
structure.26 Indeed, the Na transport properties were found to
be notably improved upon the doping of Na6MgCl8 with Ba2+

and Zn2+ ions.26 Expanding the study to Na6MCl8 compounds,
where M = Ca2+, Ba2+, Zn2+ and Sr2+, we observed some
remarkable properties. These include lower energy gap than the
reported values for Na6MgCl8 (which has an energy gap of 4.1–
4.6 eV). All relevant structures are mechanically stable and
ductile, ensuring compatibility with electrodes. Additionally,
a three-dimensional migration pathway was predicted. The
Na6BaCl8 structure possesses the lowest values of defect
formation energies and the highest conductivity at 250 K.25

Na6MgCl8 compound having the same type of atoms (Na, Mg
and Cl) was investigated in earlier studies as a Na2Mn3Cl8 iso-
structural motif in the search for the crystal structure of Na6-
MnCl8 and Na2Mn3Cl8 lattice structures.27 There are no previous
works reporting the physicochemical properties and techno-
logical applications of Na2Mg3Cl8. In this context, an explora-
tion of the inherent properties and thereby the possible
application of Na2Mg3Cl8 compound in battery technology is of
interest. Bearing in mind the importance of theoretical
computations for the rapid delivery of properties of materials,
the aim of the present work is to reveal the under-evaluated
battery properties of the Na2Mg3Cl8 material with the aid of
advanced atomistic simulations. In this work, by integrating
density functional theory (DFT), static simulations, defect
energetics, and bond valence site energy (BVSE) computations,
for the rst time, we have elucidated the structural, electronic,
mechanical, and transport properties of the quasi-unexplored
Na2Mg3Cl8 compound. The predicted properties suggest that
Na2Mg3Cl8 is a promising candidate for use as a solid-state
electrolyte in current or future sodium-ion batteries.

2. Computational methodology

DFT calculations were performed using the CASTEP code to
determine the structural, electronic and mechanical properties
of the Na2Mg3Cl8 compound.28 The GGA-PBESOL exchange–
correlation functional within the generalized gradient approxi-
mation was employed.29 Ultraso pseudopotentials with
a plane-wave energy cutoff of 830 eV were utilized. Specically,
the pseudoatomic functions for Na-2s22p63s1, Mg-2p63s2 and
Cl-3s23p5 in reciprocal space represent the electronic congu-
rations of the constituent atoms.
33620 | RSC Adv., 2024, 14, 33619–33628
For electronic structure computations and geometry opti-
mizations, we set the convergence thresholds as follows: a total
energy change of 5 × 10−6 eV per atom and maximum force,
stress, and atomic displacements of 10−2 eV Å−1, 2 × 10−2 GPa,
and 5 × 10−4 Å, respectively. Additionally, a 4 × 4 × 4 k-point
mesh following the Monkhorst–Pack method samples the
Brillouin zone.30

To perform force eld-based computations, the General
Utility Lattice Program (GULP) was employed,31 in which the
potential parameters (force eld) are derived from prior studies,
describing both long-range and short-range interactions.26,32,33

Specically, the Buckingham formulation governs short-range
interactions, while long-range interactions are treated as
coulombic forces, where only the charge and interatomic
distance contribute to the long-range potential energy. Together
with the force eld (FF), the shell model accounts for ionic
polarization, where each ion is approximated as a positively
charged core connected to a negatively charged shell by
a spring, and the sum of the core–shell charges yield the formal
charge of the polarizable species.34

For defect calculations, the Mott–Littleton method was
employed,35 in which the crystal structure is divided into two
concentric spherical regions with radii R1 and R2, where R1 <
R2. The inner sphere contains the isolated defect or defect
cluster, positioned where the interaction with the local struc-
ture is strong. Meanwhile, region R2 is treated using a quasi-
continuum approximation. We adopted specic values of R1 =

13 Å and R2 = 27 Å to ensure smooth convergence in simula-
tions. Geometry optimizations and defect energetics computa-
tions utilized the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm,31,36 which is a widely applied technique to explore
defect formation in various solid-state materials.15,20,21,32,37

Furthermore, the BVSE offers a straightforward and effective
approach for determining diffusion paths and activation ener-
gies in diffusion and conduction processes.16–19 This method
identies mobile cations based on regions of low bond valence
site energy. Specically, the bond length between a cation A and
an anion (LA–x) is evaluated using the tabulated empirical
parameters L0,A–x and bA–x, which are related to individual bond
valences (1).

sA–x = exp[(L0,A–x − LA–x)/bA–x] (1)

The bond valence site energy of a cation A [EBVSE(A)] is eval-
uated in a similar way to the Morse empirical potentials16–19 by
adding the coulombic repulsive term (Er) of the mobile A ion
with respect to other immobile ions (eqn (2)).

EBVSEðAÞ ¼
X
x

D0

"XN
i¼1

h
ðSA�X=SminA�X Þ2 � 2SA�X=SminA�X

i#

þ Er

(2)

The soBV-GUI, code which serves as a bond valence
pathway analyser, was employed for computing EBVSE(Na). The
necessary parameters from eqn (2) were seamlessly integrated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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into the soBV-GUI code. Specically, when analysing EBVSE(Na)
coulombic repulsions between mobile sodium ions (Na+) and
immobile Mg2+ cations were considered. Coulombic attraction
interactions were included into the Morse-type attraction terms.
For further insights into the bond valence approach, we refer
readers to the recent relevant references.16–19,38
3. Results and discussion
3.1 Structural and electronic properties of the Na2Mg3Cl8
structure

Fig. 1 displays the unit cell in the hexagonal representation of the
Na2Mg3Cl8 lattice structure. Compared to Na6MgCl8, while the
chloride Na2Mg3Cl8 crystallizes into a hexagonal lattice structure
(space group R�3m), Na6MgCl8 adopts a cubic Fm�3m space group
with a lattice parameter of a = 11.085 Å. Na6MgCl8 has a rock-salt
structure with four primitive cells, whereas Na2Mg3Cl8 has lattice
parameters of a = 7.355 Å and c = 19.511 Å, possessing three
primitive cells in its hexagonal representation.27 In the Na2Mg3Cl8
structure, while Na+ ions are six-coordinated with Cl− ions,
resulting in trigonal prismatic hybridization, Mg2+ cations are also
Fig. 1 Hexagonal representation of the Na2Mg3Cl8 lattice structure
(R�3m space group). Yellow prisms represent the [NaCl] polyhedron,
light brown the [MgCl6] octahedron and green balls Cl− ions.

Table 1 Results of cell parameters of the optimized Na2Mg3Cl8 lattice s

Cell parameters (Å)

Methods

Force elds

a 7.086 (−3.7%)
c 19.000 (−2.6%)

© 2024 The Author(s). Published by the Royal Society of Chemistry
six-coordinated with Cl− anions, forming an octahedron.27

Notably, Na2Mg3Cl8 offers more accessible sites for Na+ ions,
making it interesting for Na+ storage and migration.27

Table 1 shows the results of the cell parameters obtained by
DFT and force eld computations. We observed that the a-cell
parameter obtained from the FFmethod was underestimated by
3.7%, while the c-parameter was underestimated by 2.6% with
respect to available experimental data.27 Conversely, results
from DFT computations exhibit a low overestimation as
compared to the literature values.27 Commonly DFT computa-
tions tend to overestimate the lattice parameters, whereas the
force eld method tends to underestimate these values. In this
study, the differences between the computed values with the
experiment are small. Consequently, both approaches are
suitable for reproducing the cell parameters of Na2Mg3Cl8.

Exploration of electronic properties is of vital importance to
decide the applicability of a compound as a battery material. An
electrode material needs to be a good electric conductor to
facilitate charge transfer during battery operation. Fig. 2 depicts
the band structure of Na6Mg3Cl8 in the equilibrium ground state.
The valence bands are located between −3.5 eV and the Fermi
level (0 eV reference), while the conduction bands lie between 4.9
and 16 eV. Many electrons lie at the top valence bands at the G-
point (G), which can be passed to the bottom of the conduction
band along the G-point. The calculated energy gap value of Eg =
4.9 eV is similar to that of 5.1 eV previously reported for Na6MgCl8
compound.26 This closely aligns with the criteria for considering
SSEs as these compounds exhibitminimal electronic conduction.
In view of the usual underestimation of DFT calculations and the
lack of experimental results, the value of Eg = 4.9 eV should be
considered as a lower bound.39

Fig. 2b shows the density of states of Na6Mg3Cl8. The valence
band is dominated by Cl− ions and the conduction band by
Mg2+ cations (Fig. 2b); Na+-DOS has lower contributions to both
valence and conduction bands. These results agree well with the
[NaCl] trigonal prismatic and [MgCl6] octahedral hybridization,
dening the Na2Mg3Cl8 lattice structure.

3.2 Defect chemistry in Na2Mg3Cl8 structure

Intrinsic defects signicantly inuence the transport properties
of materials. Notably, the Schottky defect type is prevalent in
conducting materials. The Schottky formation mechanism is
typically described using three distinct schemes. The rst
scheme, expressed in Kröger–Vink notation,40 is described by
eqn (3)

2Na�Na þ 3Mg�Mg þ 8Cl�Cl/2V
0
Na þ 6V

00
Mg þ 8V

�

Cl þNa2Mg3Cl8

(3)
tructure (R�3m space group) derived from different approaches

DFT Experimental (ref. 27)

7.377 (+0.3%) 7.355
19.601 (+0.5%) 19.511

RSC Adv., 2024, 14, 33619–33628 | 33621
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Fig. 2 (a) Band gap and (b) density of states of the Na2Mg3Cl8 struc-
ture; red and black dashed lines represent the Fermi level.

Table 2 Schottky solution energies derived from eqn (6)–(8),
including the lattice energy of Na2Mg3Cl8, NaCl and MgCl2, and the
vacancy energy of the constituent ions

Lattice energy (eV per fu)
Vacancy formation energy
(eV per vacancy)

EMCl2
L E

Na2Mg3Cl8
L ENaCL EMg

vac EC1vac ENavac

−26.52 −95.68 −8.10 21.80 5.88 5.20

Schottky solution energy (eV per defect)

NaCl MgCl2 Na2Mg3Cl8

1.49 3.52 9.06
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where Na�Na, M
�
M and Cl�Cl represent the host ions occupying its

respective atomic position at the Na2Mg3Cl8 lattice structure,
while V

0
Na, V

00
M and V�

Cl symbolize an Na-, Mg- and Cl-vacancy,
respectively. In this sense, eqn (3) describes the full Schottky
defect formation mechanism. The formation of NaCl Schottky
defect is described by eqn (4),

Na�Na þ Cl�Cl/V
0
Na þ V

�

Cl þNaCl (4)

resulting in a stoichiometric Na2−xMg3Cl8−x composition, while
the formation of the MgCl2 Schottky defect is given by eqn (5),

Mg�Mg þ 2Cl�Cl/V
00
Mg þ 2V

�

Cl þMgCl2 (5)

which leads to the stoichiometric Na2Mg3−xCl8−2x formula.
Because the Frenkel type defects are commonly unfavor-
able,20,21,32 they are not considered in the present work.

The solution energy (Es) is then computed as (eqn (6)–(8))
follows

Es ¼ 1

3

�
2ENa

vac þ 3EMg
vac þ 8ECl

vac þ E
Na2Mg3Cl8
L

�
(6)

Es ¼ 1

2

�
ENa

vac þ ECl
vac þ ENaCl

L

�
(7)
33622 | RSC Adv., 2024, 14, 33619–33628
Es ¼ 1

2

�
EMg

vac þ 2ECl
vac þ E

MgCl2
L

�
(8)

in relation to eqn (3)–(5), respectively, where ENavac, EMg
vac, and

EClvac denote the Na-, Mg- and Cl-vacancy energy, while ENa2Mg3Cl8
L ,

ENaClL and EMCl2
L symbolize the lattice energy of Na2Mg3Cl8, NaCl

and MgCl2 compounds, respectively.
Table 2 collects the calculated results of defect energetics

computations. The lowest vacancy formation energy corre-
sponds to the Na+ vacancy of 5.2 eV per vacancy, followed by Cl−

vacancy (5.9 eV per vacancy). Compared to the reported vacancy
formation energy in Na6MgCl8 (5.2 and 5.4 eV per vacancy for
Na+ and Cl− vacancy, respectively),26 the basic vacancy forma-
tion energies are comparable to each other between these
chloride structures (including the Mg2+ vacancy formation
energy). On the other hand, it has been reported that the Na+

and Cl− vacancies are the most common defect types that
appear in chloride structures.23–26,32 This result conrms that the
observation mentioned above is also valid for the Na2Mg3Cl8
structure.

Table 2 also includes the results of Schottky solution energy
obtained from eqn (6)–(8). The lowest Schottky formation
energy corresponds to the NaCl defect type (1.49 eV per defect),
followed by the MgCl2-Schottky and full Na2Mg3Cl8-Schottky
schemes. Again, this result suggests that the most abundant
defect type in this structure must be the NaCl-Schottky type,
with a minor inuence of the MgCl2-Schottky scheme. The
NaCl-Schottky type involves V

0
Na formation, which determines

the conduction mechanism in this structure. In comparison to
NaCl-Schottky in the Na6MgCl8 structure (being 1.26 eV per
defect),26 the solution energy in Na2Mg3Cl8 appears to be
similar, which seemingly conrms that this Schottky defect type
is responsible for the transport properties in this material.
3.3 Mechanical properties of Na2Mg3Cl8 structure

Accurate information on mechanical properties is of crucial
importance when selecting materials for use as electrodes or
electrolytes in batteries.41–43 Ensuring mechanical stability
involves achieving a moderate Young's modulus to facilitate
desirable contact between a solid electrolyte and the electrodes,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mechanical properties (in GPa) of the Na2Mg3Cl8 structure
computed using DFT and FF approaches

Mechanical properties Method Reuss Voigt Hill

Bulk (B) DFT 25.33 25.46 25.40
FF 33.69 34.76 34.22

Shear (G) DFT 10.36 12.14 11.25
FF 13.47 15.48 14.47

Young (E) DFT 37.45 37.45 37.36
FF 48.97 48.97 40.09

B/G DFT 2.45 2.10 2.26
FF 2.50 2.25 2.36

Universal anisotropy (AU) DFT 0.87
FF 0.78

AB DFT 0.0027
FF 0.0157

AG DFT 0.0795
FF 0.0692
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thereby preventing the formation of undesirable voids and
cracks that could impact long-range transport properties and
the battery life.41–43 The mechanical behavior of a crystalline
structure follows Hooke's law and is described by the elastic
constant matrix (Cij), eqn (9).

Cij ¼ 1

V0

�
v2E

v3iv3j

�
(9)

In eqn (9), E represents the total energy, V0 the equilibrium
volume, and 3 the strain load. From eqn (9), the total energy (E)
can be expressed as in equation

E ¼ E0 þ V0

2

X6

i; j¼1

Cij3i3j þO
�
33
�

(10)

where E0 stands for the total energy, V0 the cell volume in the
equilibrium state, and O(33) represents a third order innites-
imal strain load. The Born criterion, which establishes the
condition for mechanical stability, states that the energy asso-
ciated with a homogeneous deformation under an innitesimal
strain must be positive.44 In practical terms, the Cij matrix
should have positive eigenvalues (l), aligning with the quadratic
form described by Hooke's law. The Cij computed utilizing DFT
(CDFT

ij ) and FF (CFF
ij ) methods is given in eqn (11) and (12).45–51

CDFT
ij ¼

0
BBBBBBBBBBBBBBBBBBBB@

47:29 17:69 13:96

17:69 47:29 13:96

13:96 13:96 43:36

�2:35 2:35 0:0

0:0 0:0 0:0

0:0 0:0 0:0

�2:35 0:0 0:0

2:35 0:0 0:0

0:0 0:0 0:00

7:57 0:0 0:00

0:0 7:57 �2:35
0:0 �2:35 14:80

1
CCCCCCCCCCCCCCCCCCCCA

(11)

CFF
ij ¼

0
BBBBBBBBBBBBBBBBBBBB@

65:15 26:75 20:05

26:75 65:15 13:96

20:05 20:05 48:84

�3:34 3:34 0:0

0:0 0:0 0:0

0:0 0:0 0:0

�3:34 0:0 0:0

3:34 0:0 0:0

0:0 0:0 0:0

10:37 0:0 0:0

0:0 10:37 �3:34
0:0 �3:34 19:20

1
CCCCCCCCCCCCCCCCCCCCA

(12)

All the diagonal components are positive in both Cijmatrices
and the eigenvalues are lDFT1 = 9.25, lDFT2 = 9.60, lDFT3 = 20.32,
lDFT4 = 34.76, lDFT5 = 39.17 and lDFT6 = 105.98 GPa; from the
force eld method, lFF1 = 6.88, lFF2 = 7.08, lFF3 = 15.50, lFF4 =

30.09, lFF5 = 31.65, lFF6 = 76.68 GPa. Despite the Cij (and
consequently the eigenvalues) differences between the values
© 2024 The Author(s). Published by the Royal Society of Chemistry
derived from DFT computations and force eld based (FF)
methods, the Na2Mg3Cl8 structure is mechanically stable.

With the Cij elements, the other relevant mechanical
magnitudes are computed. Table 3 collects the elastic modulus
obtained by the DFT and FF approaches of Na2Mg3Cl8 structure.
The values of Young modulus (E) are comparable to those of
other battery materials.26 For instance, the bulk, shear and
Young modulus of Na6MgCl8 amount to 26.57, 15.00 and
42.86 GPa, respectively, as reported in ref. 26. The bulk
modulus, which is higher than shear modulus, indicates that
Na2Mg3Cl8 is more susceptible to shape deformation than
volume change. In addition, the Young's modulus is higher
than the bulk modulus, indicating that Na2Mg3Cl8 is better
against uniaxial compression or tension than hydrostatic pres-
sure. The Li10GeP2S12 compound, which is used as an SSE in Li-
ion batteries, has a Young's modulus of 37.20 GPa.52 The re-
ported values of other Na-containing materials such as Na3OBr
and Na3OCl of 55.70 and 60.50 GPa, respectively, are slightly
larger.53 Overall, Na2Mg3Cl8 can be regarded as a promising SSE
improving the contact with the electrodes.

The bulk (B), shear (G) and Young's (E) modulus derived by
DFT computations are smaller than those obtained from the
force eld-based method. DFT computation tends to underes-
timate the mechanical properties.39 With the lack of experi-
mental studies concerning the mechanical properties of this
compounds, we would suggest considering these values as both
lower and upper bounds. Despite the difference, the B/G ratio
derived from both methods are similar to each other. According
to Pugh's criteria, it can be noted that the B/G ratio is greater
than 1.75, implying that Na2Mg3Cl8 is a ductile material, which
can deform signicantly under stress or when subjected to
external forces without cracking.

In order to further explore the elastic anisotropy, the
anisotropy regarding compressibility (AB) and shear (AG) is
dened by eqn (13)

AB ¼ BVoigt � BReuss

BVoigt þ BReuss

; AG ¼ GVoigt � GReuss

GVoigt þ GReuss

(13)
RSC Adv., 2024, 14, 33619–33628 | 33623
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for nanocrystalline samples. In eqn (13), a 100% value of both
magnitudes corresponds to anisotropy, while a zero value
corresponds to elastic isotropy.54 The AB and AG values are both
near zero, indicating that the Na2Mg3Cl8 compound has elastic
isotropy, as conrmed by the low values of universal anisotropy
factor AU dened in eqn (14).54

AU = 5(GVoigt/GReuss) + (BVoigt/BReuss) − 6 (14)

In summary, the Na2Mg3Cl8 compound is determined to be
mechanically stable and suitable for practical application as
solid-state electrolyte.
Fig. 3 Formation energies of pseudo-binary phases of Na2Mg3Cl8 at
0 (top) and 300 K (bottom). The red point represents the unstable
phases in Na+ vacancy generation.
3.4 Estimation of open cell voltage and capacity of
Na2Mg3Cl8

To investigate the impact of Na vacancy concentration on the
stability of the Na2Mg3Cl8 lattice structure, the distribution of
sodium vacancies and their energetic cost were investigated.
For this purpose, various distributions of sodium vacancies
were generated maintaining inequivalent congurations within
a 1 × 2 × 1 Na2Mg3Cl8 supercell. This study focuses on inter-
mediate compositions of NaxMg3Cl8, with x ranging from 0 to
2.0. The site occupancy disorder (SOD) code was used to identify
these congurations.55,56 This approach, which was effective in
earlier studies,57 helps us describe how the Na+ ions are
distributed over the crystal sites.55–57

The process begins by generating all possible congurations
within the supercell, each uniquely dened by specifying
substitution sites in a parent structure. We then select and fully
relax the atomic positions and volume of the inequivalent
congurations from the complete canonical ensemble. Cong-
urations are considered equivalent if an isometric trans-
formation can convert one into the other.

The symmetry group of the parent structure and internal
translations within the supercell provide a list of potential
symmetry operations. To evaluate the thermodynamic stability
of the pseudo-binary phases of NaxMg3Cl8, we used the above-
hull energy.58 All computational analyses, including the
construction of phase diagrams, were performed with the
Python Materials Genomics (pymatgen) soware library.59 This
comprehensive approach allows an in-depth exploration of the
thermodynamic landscape to be carried out, thus aiding with
the identication of stable compositions and phases under
different conditions.

The outstanding stability of the solid electrolyte materials is
based on the widely reported electrochemical window of 0–5 V
from cyclic voltammetry measurements. Solid electrolyte
materials have a limited intrinsic electrochemical window, and
the decomposition of most solid electrolyte materials is ther-
modynamically, favorable the formation of decomposition
interphases. In solid electrolytes, stable phases can exist at
intermediate ion concentrations that include ion-vacancy
orderings in intercalation materials or different atomic order-
ings in alloys. Atomistic simulations can be used to determine
all possible intermediate phases employing the convex hull
formalism. However, the number of potential combinations to
33624 | RSC Adv., 2024, 14, 33619–33628
generate ion vacancies is quite large, making it impractical to be
evaluated using atomistic simulations.58

The intermediate phases in the system share the same host
structure, where sodium ions and vacancies occupy a common
sublattice. Addressing the general problem of determining the
distribution of Na-vacancy over the available lattice sites can be
effectively achieved using the SOD approach, which identies
inequivalent congurations and signicantly reduces the
number of required calculations.55

Fig. 3 depicts the formation energies calculated using an FF-
based method for the pseudo-binary phases of Na2Mg3Cl8 at
temperatures of 0 and 300 K.

At both temperatures, Na2Mg3Cl8 and the derivative Mg3Cl8
without Na are identied as stable phases, indicated by the blue
points on the convex hull. The intermediate compositions are
unstable, as represented by red squares above the convex hull
(Fig. 3). The formation of intermediate phases is energetically
unfavorable. The consistent stability of Na2Mg3Cl8 and Mg3Cl8
is crucial for their use as solid electrolytes in Na-ion battery.

The stability window is determined by the voltages at which
Na+ is extracted from the electrolyte to form an Na-decient
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Energy vs. reaction coordinate profile of the Na2Mg3Cl8
structure derived from BV computations.
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decomposition layer between the electrolyte and the cathode
and at which sodium atom is inserted into the electrolyte,
reducing another species and forming an Na-reduced decom-
position layer. The open cell voltage (VOC) is an essential
magnitude to determine the electrochemical window of the
solid-state electrolyte.1–5 The VOC is estimated by the difference
in the chemical potentials of Na+ ions in the cathode (mNAcath) and
the anode (mNAan ), as described by eqn (15):20,21

VOC ¼ mNa
cath � mNa

an

F
(15)

where F represents the Faraday's constant, and mNAcath and mNAan are
the chemical potentials of the cathode and anode, respectively.
Combining the Nernst relation with eqn (3), the open cell
voltage can be computed in terms of total energy, as described
in eqn (16).20,21

VOC = −DE/xF (16)

To assess the energetic cost of an Na-intercalation and the
change in the internal energy of the Na2Mg3Cl8 structure, a 1 ×

2 × 1 supercell of Na2Mg3Cl8 was used to remove Na+-ions, and
the total energy was obtained through FF calculations. The
change in the reaction energy (DENa) of Na+ intercalation
between both stable phases Na2Mg3Cl8 and Mg3Cl8 can be
calculated using eqn (17).

DENa = E(Na2Mg3Cl8) − [E(Mg3Cl8) + 2E(Na)] (17)

In addition, predictions of the theoretical capacity (Q) can be
done using the Faraday equation

Q = zFn/3.6M (18)

where n and z represent the number and valence of Na+ ion,
respectively; M is the molar mass of Na2Mg3Cl8 and 3.6 is the
conversion factor. The computed open cell voltage is 1.18 V, and
the theoretical capacity is 133 mA h g−1. The open cell voltage is
not a common parameter of interest for solid-state electrolytes.
Other properties such as the conductivity at room temperature,
mechanical stability, and energy gap are more important for
determining the performance of the solid-state electrolyte.1–5

For instance, the energy gap is more essential than open cell
voltage, providing the upper limit for the electrochemically
stable region.1–10 In addition, while a high voltage cathode
operates at ∼4 V, a band gap slightly superior to 4 eV is more
suitable for use as a solid state electrolyte.1–8
3.5. Transport properties of Na2Mg3Cl8 structure

Knowledge on the diffusion and conduction of alkali ions in
a material is crucial when evaluating its potential.1–14,32,60 The
sodiumdiffusion coefficient and conductivity within the electrode/
electrolyte material directly impact the sodiation/desodiation rate
during the charge and discharge cycles.1–14,32,60 The transport
properties of candidate materials are essential for picking the one
that achieves a high power output, energy density, and long cycle
life in Na-ion batteries.1–14,32,60
© 2024 The Author(s). Published by the Royal Society of Chemistry
For this purpose, the BVSE was used for prompt predictions
of Na+ transport properties in the Na2Mg3Cl8 structure. The rst
step in a BVSE approach that deals with an exploration of the
migration path derived from the BVSE. Migration pathways for
Na+ ions were determined by identifying the regions with low
bond valence site energy within mesh grids of Na2Mg3Cl8
structure with a resolution of ±0.1 Å3.61

Fig. 4 depicts the energy prole against the reaction coor-
dinates of the Na2Mg3Cl8 structure derived from BVSE compu-
tations. Archives containing the BVSE results are included in
the ESI.† The respective energy landscape in Na2Mg3Cl8 is dis-
played in Fig. 5a. There are two intermediate sites denoted as i1
and i2, with minimum energies and six transition structures
(saddle points labelled with s) with maximum energies, which
determine the energy barriers. From Fig. 4 and the energy
prole displayed in Fig. 5a, it can be noted that 2D migration
paths located between the [MgCl6] octahedron is the predomi-
nant Na+ ion mechanism in Na2Mg3Cl8 with low migration
energy barrier. The Na+ ion migration scheme can be explained
by a Na+ interstitial mechanism: Na�Na/V

0
Na þ Na�

i .
Fig. 5b and c collect the transport properties (diffusivity and

conductivity) of Na2Mg3Cl8 in the temperature range of 300–700
K. An Arrhenius dependence of Na+ diffusivity and conductivity
is observed. The conductivity data was obtained using the
Nernst–Einstein equation, where the diffusion coefficient at
each temperature is directly related to the Na+ ion
conductivity.20,21,32

The calculated activation energy amounts to 0.22 and 0.18 eV
for Na+ diffusion and conduction, respectively. The predicted
results of activation energy suggests that there are effective
jumps in the mass transport that contribute to the charge
transport process, thus lowering the conduction activation
energy. Low activation energy in a solid-state electrolyte signif-
icantly enhances ionic conductivity, which in turn boosts
battery performance by enabling faster charge and discharge
rates, improving energy efficiency, and extending the overall
lifespan of the battery.1–10 This leads to more reliable and high-
performing energy storage solutions, which crucial for appli-
cations ranging from portable electronics to electric vehicles
and grid storage systems.1–11
RSC Adv., 2024, 14, 33619–33628 | 33625
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Fig. 5 (a) Bond valence energy landscape in the Na2Mg3Cl8 structure
(blue isosurfaces) calculated using BVSE and an Arrhenius plot for Na+;
(b) diffusion and (c) conduction in the Na6MgCl8 structure.
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Together with the low activation energies for diffusion and
conduction, the Na2Mg3Cl8 structure possesses promising
diffusion coefficient and conductivity at 300 K of 3.10 × 10−8
33626 | RSC Adv., 2024, 14, 33619–33628
cm2 s−1 and 1.26 mS cm−1, respectively. The source of these
outstanding properties can be explained by the crystal structure
of Na2Mg3Cl8, specically by the [NaCl] and [MgCl4] frame-
works. As was mentioned in Section 3.1, Na2Mg3Cl8 has more
Na+ accessible sites, favoring the migration through interstitial
mechanism. The values of activation energy and transport
properties at 300 K are equally comparable to those of the
currently used solid state electrolytes in Na-ion battery
technologies.62–67 For instance, in a recent study on Na3YBr6
solid-state electrolyte, which was prepared via a solid-state
reaction, has an activation energy of 0.15 eV and promising
electrochemical window, making this Na halide compound
a good candidate for sodium all solid-state batteries.68 Another
study on the tetragonal phase of Na3SbS4 (293–453 K) showed an
activation energy of 0.22 eV and conductivity at 293 K of 0.6
mS cm−1.69 Recent advances signicantly improved the room-
temperature ionic conductivity of Na1+xZr2SixP3−xO12 (0 < x <
3) superionic conductors, reaching a remarkable value of 1
mS cm−1.70–75 The computed values of room-temperature
conductivity and activation energy are competitive with those
reported in current SSEs.

In this context, the Na2Mg3Cl8 compound, with its remark-
ably low activation energy of 0.18 eV and impressive room
temperature conductivity of 1.26 mS cm−1, stands out as an
exceptional candidate for solid-state electrolytes in both current
and future Na-ion batteries. We are optimistic that the
outstanding properties predicted in this theoretical study will
motivate experimental synthesis efforts, paving the way for
groundbreaking advancements in Na2Mg3Cl8 compounds and
their applications in energy storage technologies.
4. Concluding remarks

Advanced atomistic computations were employed to investigate
the structural, electronic, mechanical, and transport properties
of an unexplored chloride compound, specically Na2Mg3Cl8.
The computed lattice parameters using density functional
theory and force-eld based methods closely match the values
reported in the literature. The exploration of electronic prop-
erties reveals that the Na2Mg3Cl8 structure exhibits insulating
characteristics, with an energy gap of ∼4.9 eV arising from the
hybridization of [NaCl] trigonal prismatic and [MgCl6] octahe-
dral units.

The exploration of mechanical properties points out that
Na2Mg3Cl8 is a ductile material and mechanically stable, which
is benecial for practical fabrication, improving the electrolyte/
electrode contact, reducing the resistance and improving the
performance of the battery device. On the other hand, Na2-
Mg3Cl8 has appropriate transport properties with low activation
energies for both diffusion and conduction processes and an
outstanding room-temperature conductivity of 1.26 mS cm−1

comparable to that of other superionic conductors.
In light of these remarkable properties, experimental

synthesis efforts are highly desirable to validate our theoretical
predictions regarding the Na2Mg3Cl8 compound as a solid
electrolyte.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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