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Abstract

Sodium Ion Batteries have emerged as practicable successors of the Li-ion battery

technology with respect to performance, availability and safety. However, to address

the ever-growing demand of improving energy density and capacity, it is important

to invest into the research of materials that can serve as e�cient battery components

and ensure high operational voltages along with long term stability. In this regard,the

design of cathode systems calls for special attention as they govern the output voltage

of the cell. Polyanionic sulfate materials are known for their high cathodic e�ciency

owing to their energy densities that arise from electronegativity of sulfate anions. The

Vantho�te class of compounds, with their open framework skeletons, have been ex-

plored experimentally as good ionic conductors, which show a temperature dependent

ionic conductivity. A superionic phase transition was found in the Mn based system

at 445 �C, which was is reversible. Our theoretical calculations provide a mechanistic
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insight into this phase transition, which is due to the cumulative e↵ect of the changes

in the local topology. Our analysis also establishes Na6Mn(SO4)4 to be an e�cient

cathode material for sodium ion batteries.

Introduction

Over the past few decades, the desire to enhance energy storage technology has created

numerous obstacles for the design and scalability of battery components, particularly the

electrodes and electrolytes. While lithium ion batteries (LIBs), with their high energy density

and working potential, have been a huge success in the field of portable electronics, large-

scale applications like grid storage and plug-in hybrid vehicles (PHEVs) depend on material

cost and abundance in addition to ideal energy densities. Due to the scarcity of lithium and

its high price, there are certain concerns about the use of lithium-ion batteries in large-scale

energy storage systems. Sodium-ion batteries, despite having a lower energy density than

lithium-ion batteries, can be a cheaper alternative fit for large scale usage.1,2 The di↵usion of

Na+ to insert into or withdraw from the host material is constrained by its bigger size (1.02

Å) compared to Li+ (0.76 Å), which a↵ects the overall kinetics and electrode integrity.3,4

The structural stability of electrode materials greatly a↵ects cycling characteristics of

the cells. Many cathode materials are prone to rapid capacity fade by the irreversible struc-

tural alterations brought about by the cycles of sodiation and desodiation processes.5 Tuning

cationic as well as anionic units have been proved to enhance the e�ciency and electrochem-

ical performance, altering the chemical properties at the atomistic level. Recently, many

cathode materials, such as, metal oxides,6,7 prussian blue compounds,8–10 polyanions11,12

and organic materials13 have been applied in SIBs.

Polyanionic compounds are characterized by an anionic structural unit (XOm)n (X =

P, S, As, W, and others) with tetrahedral or octahedral structural units.14 Due to the

diversity and stability of the construction, the impressive inductive e↵ect of the anions,

as well as high operating potentials and remarkable cycling stability, these systems can be
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regarded as potential cathode materials. Notable progress has been made in phosphates,15–17

fluorophosphates18? ,19 pyrophosphates,20,21 and sulfates.22–24

Owing to the high electronegativity of the (SO4)
�
2 group, higher redox voltages of Mn+/n+1+

can be achieved, as explained by the inductive e↵ect. Moreover, the open three-dimensional

skeleton of PSM (Polysulfate materials) provides stable routes for ionic and electronic trans-

fer with minimal volumetric fluctuations. This makes the sulfate based systems attractive

for cathodic application. NaFeSO4F was one of the first sulfate based systems found to have

a redox plateau at 3.6V, albeit with poor electrochemical reversibility.25 This was followed

by extensive experimental and theoretical research on PSMs, by tuning a range of cationic

as well as polyanionic centres.

One class of such PSM compounds, vantho�tes are found as minerals in oceanic salt

deposits. They have a structural formula of Na6M(SO4)4 (M=Mn, Co, Ni, Fe, Mg). It is

expected that due to the high content of Na ions together with the facile coordination around

Na ions, would allow easy migration of Na ions within the structure. Interestingly, Row et

al. observed superionic behaviour (10�2 S.cm�1) at around 445� C with low ion migration

barriers.26 The superionic behaviour is possibly a result of a temperature-driven structural

phase transition, which is not uncommon in this class of materials. Also, it was found to

be reversible. This can further be utilized in the design of a possible switchable superionic

material and can be tested in the sodium-ion battery.27

We consider the Na6M(SO4)4 crystal structures and performed an initial scan for the

energy stability with 3d transition metal cations, M = Mn, Co, Ni and Fe. After carefully

considering the energy stability, the M= Mn based system was found to have the lowest

electronic energy and was thus selected for further studies.
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Computational Methods

First Principles Density Functional Theory (DFT) calculations were performed in Vienna Ab-

Initio Simulation Package (VASP).28–31 Perdew-Burke-Ernzerhorf (PBE)33 functional under

Generalized Gradient Approximation (GGA)32 was used to treat the exchange and correla-

tion e↵ects. Optimised lattice parameters obtained from PBE functional were in line with

experimental reports, thus PBE was chosen for further calculations. Projector Augmented

Wave (PAW)35,36 pseudopotentials were used to approximate interactions between nucleus

and core electrons. Kinetic Energy cuto↵ of 520 eV was maintained for PW expansion. A

Hubbard U correction (UMn = 3.9eV ),37–39 was taken to treat the e↵ects of electronic corre-

lations. Brillouin Zone integration was performed with 6⇥6⇥1 Monkhorst-Pack grids. The

geometry was optimized by conjugate-gradient algorithm with a threshold of 10�2 eV/atom

for interatomic forces. A 2⇥ 1⇥ 1 supercell was used for calculations, containing 2 formula

units of Na6Mn(SO4)4.

Climbing Image-Nudged Elastic Band (CI-NEB) was employed to find the Minimum

Energy Pathway as well as the activation barrier for Na hopping.40 Ab-Initio Molecular Dy-

namics (AIMD) simulations were carried out to study Na di↵usion dynamics. The atomic

trajectories were calculated using an NPT ensemble with a Langevin Thermostat, until the

systems were equilibrated.42 Simulations were then run for a total of 80ps with a 2fs time-step

for all simulations, for temperatures ranging from 300 to 1000 K, to observe the displace-

ment of Na ions. The ionic conductivities were obtained at varying temperatures, from the

calculated di↵usion coe�cients, using the Nernst-Einstein relation. The total displacement

as a function of the time taken for the di↵usion process, is a summation of individual ionic

displacements �!r , and is described by
�!
R (t) = ⌃N

i

�!
r i(t)

According to the Einstein relation, the chemical di↵usivity (D) can be expressed as:

D =
1

2d
lim
t!1

⌧
1
N

�!
R (t)2

�

t
(1)
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where d is the dimensionality of di↵usion channels (i.e. d=3 for 3-dimensional channels); a

statistical/ensemble average of the total displacement of all the Na ions,
�!
R (t) is taken since

ionic migration is a completely stochastic phenomenon.

The di↵usion coe�cient D can be related to the Ionic Conductivity, � by the Nernst-

Einstein equation as follows :

�(T ) =
Ne

2

V ⇥ kBT
⇥D(T ) (2)

where, N is the number of Na ions, V is the total volume of the cell considered for simula-

tion, e is the electronic charge of the mobile species, kB is Boltzmann’s constant, (8.617 ⇥

10�5
eV K

�1) and T is the temperature in Kelvin scale. It is understandable that di↵usivity

D varies with temperature and will have a direct e↵ect on the ionic conductivity, �, which

in itself, is inversely proportional to temperature.

Results and discussion

Crystal Structure Analysis

Na6M(SO4)4 crystallises in a monoclinic structure (Space group : P21/c). The optimized

lattice parameters are tabulated in Table 1. It is characterized by rows of MO6 octahe-

dra along the [001] direction, corner-shared with SO4 tetrahedra. The zig-zag intersect-

ing chain of MO6 � SO4 �MO6 units is continuous along the b-axis, and cross-linked by

the sulphate tetrahedra. The Na ions reside in the interstitial sites of this 2D network of

MO6 � SO4 � NaO6 �MO6 units. There exists 2 types of A-B-A-B layers along the b and

c axes, with respect to the Na arrangement. The Layer A consists of edge shared NaO7

units, while the Layer B has a NaO6 � SO4 � NaO7 network. The M centre is symmetrically

unique (Wycko↵ : 2a), but there are 2 distinguishable Na environments with di↵erent oxy-

gen coordination. The Na(1) sites have 6-fold coordination, while the Na(2) site has 5-fold
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coordination of oxygen atoms. The (SO4)2 groups display a 3D network of slightly distorted

tetrahedra. Oxygen atoms connect all the polyhedra in the lattice.

Table 1: Optimized lattice parameters (reported in Materials Project mp-1210321) and Bond
distances

a (Å) c(Å) � Mn-O(Å) Na-O (Å)

8.421(8.420) 10.011(10.010) 113.696 2.16 2.46, 2.40

(a) (b)

(c) Na

MnO6

SO4

O

Figure 1: Crystal Structure of Vantho�te Na6M(SO4)4 system viewed across a) bc and (b)
ab planes. (c) Na coordination and polyhedral connectivity

Thermodynamic Stability

To predict the thermodynamic stability of Na6M(SO4)4, we computed the enthalpy of forma-

tion from stable synthetic precursors, Na2(SO4) and MnSO4) . This revealed a more negative

formation enthalpy for our target compound, thus indicating the feasibility of synthesizing

it in ambient conditions.
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Figure 2: Compositional Analysis from Synthetic Precursors

Desodiation Profile

The thermodynamic stability of intermediate compositions encountered upon desodiation of

the system was probed by constructing the convex hull plot of formation energy per formula

unit varied as a function of composition x of Na. The enthalpy of formation was calculated

using the following equation :

�Hf = Ei �
x

6
⇥ (ENa6M(SO4)4)�

(6� x)

6
⇥ (EM(SO4)4) (3)

where, x is the Na content, Ei is the electronic energy of the intermediate species after x

amount of Na removal (desodiation).

From the convex hull plot, Na ordering is observed for all the compositions upto x = 1,

which suggests that the deep Na extraction is feasible at a higher voltage window above

4.5 V. The minima of the convex hull is found at x = 3, but a solid solution mechanism is

expected to be followed throughout the desodiation process.
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Figure 3: a) Convex Hull Plot showing ordered phases during desodiation and b) correspond-
ing voltages

Evolution of Structure with temperature

As shown by Sharma et al.,26 the superionic conductivity is triggered at elevated temper-

atures above 445� C, which is the temperature of phase transition from orthorhombic to

monoclinic phase. Our AIMD simulations suggest that both the lattice parameters and the

topology of Mn2+ centres undergo a change above 718 K. The Mn2+ octahedra is seen to

undergo a distortion at 600 K arising from the shortening of Mn-O bonds. At 718 K (i.e.

445� C), the Mn2+ ions begin to acquire a 4-coordinate tetrahedral geometry, with further

reduction of Mn-O bond distances and elongation of Na-O bonds. [Table 2]. This improves

the Na ionic mobility as observed from the computed di↵usion coe�cients and ionic mobility.

The ionic conductivity at 718 K was found to be impressively high - 10�2Scm�1 and linearly

increased with temperature, thus confirming the superionic behaviour of this system at high

temperature. The evolution of local structure can be visualised in [Fig. 4].

Table 2: Bond distances at di↵erent temperatures after 50 ps AIMD simulations

Temperature (K) (� C) Mn-O(Å) Na-O(Å)

300 (27) 2.16 2.46, 2.58
600 (327) 1.78,1.84 2.42,2.55
718 (445) 1.71, 1.79 2.52, 2.59
900 (627) 1.71, 1.80 2.42, 2.54
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Figure 4: (a) Superionic behaviour evident from log D as a function of inverse of temperature,
(b) Evolution of Na(1)-O, Na(2)-O and Mn-O bond lengths, (c) AIMD Snapshots showing
change in local topology leading to conversion of Monoclinic to Orthorhombic lattice

To understand the change in Mn2+ local environment, we computed the electronic struc-

tures of the geometries obtained from AIMD simulations at temperatures below, above and

at the transition temperature 718 K. As seen in [Fig. 5], the computed projected density of

states can be characterized by non-bonding t2g orbitals and bonding eg orbitals populating

the valence bands below the Fermi level. The 3dz2and3dx2�y2 of Mn orbitals are hybridized

with 2p and 3p of O and S orbitals respectively, to form the bonding � states. The anti-

bonding �
⇤ states are majorly comprised by the eg⇤ states of the Mn2+. AIMD simulations

were carried out up to 80ps at constant temperatures, at T=718K and at mention T values.

The projected density of states (PDOS) calculations were then performed on the structures

obtained from the AIMD simulations. At 718 K and above, the Mn crystal field splitting
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is found to be quite di↵erent. It was observed that the Mn 3dxy, 3dyz, 3dxz orbitals now

populate the antibonding �
⇤ states, whereas the 3dx2�y2 , 3dz2 orbitals lie below the Fermi

level comprising the valence bands. This corresponds to an Mn0
d state that is formed upon in

which the Mn prefers to acquire a tetrahedral coordination. It is speculated that the superi-

onic phase transition involving Na+ di↵usion is accompanied by a change in the crystal field

of Mn centres, which also leads to a deformation of the lattice to an orthorhombic (Pmmm)

phase.
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Figure 5: Evolution of electronic structure with Temperature. Projected DOS for a) 0 K
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CI-NEB calculations revealed low Na migration barrier of 0.24 eV, and the Minimum

Energy Pathway was found to lie along [010] direction.
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Conclusion

In summary, the vantho�te class of materials was explored for cathodic properties. The Mn

analog was found to be the most stable member among the 3d Transition Metal cations.

The ionic conductivity was found to be significantly high, as is generally seen in superionic

conductors. The superionic behaviour was explained by a temperature driven structural

phase transition, in which, the octahedral to tetrahedral transition of the Mn centres was

responsible for causing a lattice distortion and in turn facilitated fast Na ion di↵usion.
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