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g of Ruddlesden–Popper type
anti-perovskite phases as superb ion conductors
and cathodes for solid sodium ion batteries†

Yuran Yu, ab Zhuo Wang *ab and Guosheng Shao *ab

It is very important and yet extremely challenging to develop solid-state electrolytes for safe sodium ion

batteries, largely due to sodium ions being significantly larger than lithium ones. Here in this work we

have carried out systematic modelling, using a materials genome approach in the framework of density

functional theory (DFT), to formulate a new system of ion conductors and compatible cathodes.

Through iso-valent substitution of both the anion and cation sites in a Na4OI2 compound with

a Ruddlesden–Popper type phase based on sheets of anti-perovskite structural units, or an anti-

Ruddlesden–Popper phase (ARP), we have identified a series of stable layer-structured phases, with the

general formula Na4�cLicAX4 (A ¼ O and/or S; X ¼ I and/or Cl), as remarkable electrolytes and high

capacity cathodes to enable solid sodium ion batteries. The optimized Na3LiS0.5O0.5I2 compound is

a marvellous Na+ conductor, with an extremely low activation energy for Na+ transportation (0.12 eV)

and a high Na+ conductivity of 6.3 mS cm�1 at standard room temperature (298 K). This superb solid

electrolyte does not react with the sodium anode, and formation of layer-structured phases due to its

sodium depletion leads to compatible cathode materials with high voltage plateaus to enable full

batteries with high energy densities.
Introduction

With ever pressing needs for high performance metal ion
batteries essential to modern society,1–3 greater and greater
efforts have been directed towards developing alternative metal
ion batteries4–8 beyond Li-ion batteries (LIBs), due to limited
lithium resources. Naturally, sodium-ion batteries (SIBs) are
among the most attractive ones, owing to the nearly inex-
haustible resource of sodium and its much lower price.9 One of
the main areas of focus in SIBs lies in developing safer elec-
trolytes, as current liquid organic electrolytes are rather am-
mable.10–14 Such a drawback needs to be overcome before the
technology can take off for wide applications, since SIBs are
more suitable for application in large scale energy storage due
to their less competitive energy density than LIBs,4,15 thus
making the safety requirement even more demanding. Indeed,
safety issues are one of the major generic concerns for
secondary metal ion batteries based on liquid organic electro-
lytes,12 which is the very driving factor in developing solid-state
on Designer Low-carbon & Environmental
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batteries employing non-ammable inorganic solid-state elec-
trolytes (SSEs).10,11,15 From the end users' point of view, an ideal
SSE for SIBs is expected to meet the following criteria16: (a) high
Na+ conductivity greater than 1 mS cm�1; (b) electrically insu-
lating to avoid self-discharging in batteries; (c) structurally/
energetically stable to safeguard dependable service in a wide
temperature range, e.g. from �50 to 250 �C; (d) electrochemi-
cally compatible with the sodium anode, so as to make use of
the highest energy density of sodium (1.16 A h g�1); and (e) light
weight, economical, and environmentally friendly.

As sodium and lithium are neighbouring alkali metals with
similar chemical properties, knowledge on solid lithium
conductors has been naturally extended into developing solid
electrolytes for SIBs,11,12,17–19 in particular through straightfor-
ward substitution of Li by Na in known SSEs for LIBs.15

However, distinct differences exist between Na+ and Li+ ions.
Na+ ions are about 26% larger than Li+ ions (ionic radii 1.02 Å
vs. 0.76 Å, respectively),4,15 and they are also much heavier (23 g
mol�1 of Na+ vs. 6.9 g mol�1 of Li+).15 Furthermore, the standard
electrode potential of sodium (�2.71 V vs. standard hydrogen
electrode, SHE) is higher than that of lithium (�3.05 V vs. SHE).4

Such major differences contribute to the greater difficulty in
developing solid electrolytes with superb Na+ conductivity to
rival liquid electrolytes.

Great efforts have been made to develop potential SSEs for
SIBs based on suldes.13 Na+ conductivity in Na10SnP2S12,19 by
replacing Li with Na in Li10GeP2S12 (LGPS), was 0.4 mS cm�1 at
J. Mater. Chem. A, 2019, 7, 10483–10493 | 10483
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room temperature, which is lower than the critical request of 1
mS cm�1. The activation barrier for Na+ diffusion in Na10-
SnP2S12 was also too high (0.356 eV). Subsequently, Na+ trans-
portation was improved signicantly through the slight
stoichiometric offset with excess Na, so that the activation
energy for Na+ diffusion in Na11Sn2PS12 (ref. 20) was lowered to
0.25 eV. The total ionic conductivity reached 1.4 mS cm�1 at
room temperature, which is still marginal for a competitive
solid electrolyte to function adequately below 0 �C. Further-
more, due to the inheritance of the tetrahedral PS4 and SnS4
units from the LGPS system,17,18 the electrolyte is not compat-
ible with the Na anode, with a tendency to be decomposed into
NaxP, Na2S etc.20,21 The stability window of Na11Sn2PS12 is only
0.57 V (from 1.25 to 1.82 V vs. Na), which cannot prevent
undesirable interphase formation below 1.25 V with the Na
anode, or above 1.82 V with the cathode. The narrow electro-
chemical window and the incompatibility with the Na anode for
Na11Sn2PS12 would signicantly hinder construction of all-solid
SIBs with sodium anodes for high energy density.

A narrow electrochemical window is one of the major
shortcomings for alkali-metal phosphor-suldes.22–28 It is highly
encouraging to notice that sodium hali-oxides such as Na3OX
with cubic anti-perovskite structures are compatible with Na
anodes (X: halogen).29 More intriguingly, a layered Na4OI2
compound was found to be stable at room temperature. Such
a layered phase belongs to the anti-perovskite group, containing
plenty of Na+ ions with a 57% atomic percentage in its unit
cell.29–31 However, experimental studies revealed that the Na+

conductivity in Na4OI2 was too poor, only 0.03 mS cm�1 even at
an elevated temperature of 180 �C.32 It is therefore highly useful
to devise a theoretical roadmap to guide effective tuning of
materials chemistry of Na4OI2 based materials, so that practical
delivery of superb Na+ conductors can be achieved cost-
effectively, thus enabling high-performance solid state SIBs.

Here in this work, we have carried out systematic modelling
on the basis of a materials genome approach in the framework
of density functional theory (DFT).7,16,18,33–35 On the basis of
a high throughput simulation, we have identied effective
routes for remarkable enhancement of ionic conductivity, based
on Na4AX2 (A ¼ chalcogen and X ¼ halogen). This covers the
effects of smaller halogen anions on the X sites, substitution of
O�2 with chalcogen species with weaker electronegativities on
the A sites, and co-alloying on both the A and X sites. Through
extensive screening of numerous structural congurations, we
have identied the best sodium hali-chalcogenide candidate
with the stoichiometry of Na4S0.5O0.5I2, which is thermody-
namically and dynamically stable. The ionic conductivity of
Na4S0.5O0.5I2 reaches 0.347 mS cm�1 with a moderate activation
energy Ea of 0.23 eV. More importantly, through the replace-
ment of a quarter of the Na+ site by Li+, we have identied
a hybrid SSE of Na3LiS0.5O0.5I2 as a superb Na+ conductor, which
permits Na+ conductivity up to 6.3 mS cm�1 at 25 �C, together
with an extremely low activation energy of 0.12 eV. Such high
performance and electrochemical compatibility with the
sodium anode is to provide a fundamentally solid basis to
enable high ionic conductivity well below 0 �C, which is key for
high performance solid SIBs.
10484 | J. Mater. Chem. A, 2019, 7, 10483–10493
Methods

Theoretical calculations were performed using the Vienna Ab
Initio Simulation Package (VASP),36,37 with the ionic potentials
including the effect of core electrons being described by the
projector augmented wave (PAW) method.38,39 In this work, the
Perdew–Burke–Ernzerhof (PBE) exchange–correlation (XC)
functionals40,41 are used to study the structural stabilities of the
Na4AX2 family. For geometric relaxation of the structures,
summation over the Brillouin Zone (BZ) is performed with
Monkhorst–Pack k-point intervals limited below 0.04 Å�1 for
both conventional and primitive cells.42 A plane-wave energy
cutoff of 600 eV was used in all calculations. All structures were
geometrically relaxed until the total force on each ion was
reduced below 0.01 eV Å�1.43–45 For the calculations of electronic
energy band structures, we used the HSE06 functional to predict
more accurate values of band gaps.46,47 We employed a conver-
gence criterion of 10�6 eV, adequate for electronic self-
consistent cycles.

The universal structure predictor (USPEX)48,49 based on
energy minimization was employed to predict stable or meta-
stable structures for any given composition. For each compo-
sition, a population of 230 possible structures was randomly
created with varied symmetries in the rst generation. When
the full structure relaxation was reached, the most stable and
metastable structures, through the comparison of enthalpy of
formation, were placed into the next generation. Aerwards,
each subsequent generation would be created through heredity,
with lattice mutation and permutation operators being applied
and assessed energetically for the selection of a population of 60
for the next run. USPEX would continue screening the struc-
tures until the most stable conguration remained unchanged
for a further 20 generations to safeguard the global
equilibrium.34

The energy (enthalpy) of formation of each NaaSbOcIdCle
compound was dened with respect to the chemical potentials
of the constituent phases as

Ef ¼ Ec � bENa2S
� cENa2O

� dENaI � eENaCl (1)

where Ec is the total energy of the compound and ENa2S, ENa2O,
ENaI, and ENaCl are total energies of Na2S, Na2O, NaI, and NaCl
respectively (we used the ground state stable structure as
a reference for each element/constituent as listed in the Mate-
rials Project webpage https://www.materialsproject.org. The
energy of formation with respect to that from the stable
constituent phases is referred to as, by convention, the energy
above the hull).

The phonon frequency spectrum of a theoretically predicted
structure was used for examining its dynamic stability. The
supercell method in the PHONOPY package50,51 was employed
to perform the relevant frozen-phonon calculations based on
harmonic approximation. The supercells of relaxed structures
were used for phonon calculations. The stability criterion is that
the amplitude of imaginary frequency is less than �0.3 THz,52,53

to accommodate acceptable numerical errors in phonon
calculations.
This journal is © The Royal Society of Chemistry 2019
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In our recent tests, ab initio molecular dynamics (AIMD) can
be carried out to describe the ionic transport behaviour at
elevated temperatures to provide further insights via statistical
processes,33,54–56 for which the diffusion coefficient D and asso-
ciated ionic conductivity s at any temperature can be estimated.
In order to ensure a manageable AIMD analysis, simulation
runs were performed on supercells of Na4(1–x)LixAaXbwith a time
step of 2 fs in the NVT ensembles together with a Nosé–Hoover
thermostat. Each AIMD run lasted for 80 ps aer a pre-
equilibrium run of 10 ps. In order to shorten the simulation
time, elevated temperatures of 900 to 1300 K were employed to
accelerate the ion hopping process (details of AIMD simulation
are presented in S2 of the ESI†).

The Alloy-Theoretic Automated Toolkit (ATAT)57,58 is based
on the method of cluster expansion, which is a powerful tool to
establish phase equilibria of interest through minimization of
the formation energies of variable compositions using rst-
principles calculations. A cluster expansion is considered to
be converged when all the following conditions are satised: (a)
all ground states are correctly reproduced, (b) no other new
ground states are predicted, and (c) the cross-validation score is
typically less than 0.025 eV. Therefore, energies predicted from
the cluster expansion as a function of composition for each
structure are generated. On the basis of the ground states for
each composition, a convex hull is created to describe the phase
equilibrium.

According to the low-energy states on the minimal edge of
the convex hull, the average electrochemical potential �V~AB, for
the transition between state A (Nax

Q
) and state B (Nax+Dx

Q
),

with reference to electrochemical potential vs. Na/Na+ related to
total energies (Et) can be calculated by:
Fig. 1 Flow chart for the materials genome approach.

This journal is © The Royal Society of Chemistry 2019
�V~AB ¼ �1/z{[Et(Nax+Dx
Q
) � Et(Nax

Q
)]/Dx � Et(Na)} (2)

where x is the number of Na in the formula unit of Nax
Q
, charge

value z¼ 1 for Na+, Dx is the change in the number of Na atoms,
and

Q
refers to the collection of other constituents. Again,

energetically stable constituent phase structures for each
compound are identied from the USPEX global search.

Overall, theoretical formulation for a competitive solid
electrolyte involves phase stability, electrochemical stability
against electrodes, ionic conductivity and electrochemical
potential, as well as energy band structures. The phase stability
aspect of modelling covers the stable and metastable structures
for each composition (USPEX and PHONOPY), phase stability
with respect to stable constituent phases (USPEX and PHO-
NOPY), phase equilibria with respect to compositional change
(ATAT), and potential reactions at interfaces, e.g. those with
electrodes. Modelling of functional performance includes ionic
conductivity (AIMD) and electrochemical potentials associated
with electrolyte compositions and structures (eqn (2)).

A summary of methods as an integrated materials genome
approach for the current work is presented in Fig. 1. A potential
stable phase for each given composition can be identied, when
it is energetically and dynamically stable, together with a nega-
tive energy above the hull to account for global equilibration. An
allowance of 25 meV per atom can be considered for the
formation energy at 0 K to accommodate thermal uctuation at
standard room temperature (298 K).19,59,60

The compositional dependence of phase stability, which is
typically involved at interfaces between any two terminal
compositions, can be readily simulated with the ATAT code,
which results in a convex hull of formation energies, thus
J. Mater. Chem. A, 2019, 7, 10483–10493 | 10485
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leading to identication of thermodynamically stable phases
between the stable phases of the terminal substances. Appli-
cation of a PHONOPY simulation to thermodynamically stable
structures leads to assessment of dynamical stability and
phonon entropy as a major contribution to Gibbs free
energy.7,16,18,33,54,61
Discussion
The pristine Na4OI2 phase stability

The Na4OI2 compound was synthesized through a solid-state
reaction at about 350 �C previously.29 Let us examine the
structural stability of the Na4OI2 conguration using USPEX as
a materials genome tool based on global energy minimization
at 0 K, which identies the most stable structure for the Na4OI2
composition, as shown in Fig. 2(a). The stable Na4OI2 phase
contains layers of Na6O

4+ octahedral units, which are basic
units in a cubic anti-perovskite phase such as Na3OCl with the
PM�3M(221) space group. The I� anions sitting between the
octahedral layers help in binding with Na+ cations in between,
thus leading to a tetragonal lattice with the space group of
I�4MMM(139). Such a phase is of the same layered characteristics
of the Ruddlesden–Popper phase,62–64 albeit being based on
anti-perovskite structural units instead of perovskite units. It is
thus termed as an anti-Ruddlesden–Popper (ARP) phase in this
work. Also, PHONOPY calculations, within the quasi-harmonic
approximation, show that the Na4OI2 phase (126 atoms) is
dynamically or mechanically stable, with no states associated
with imaginary frequencies, Fig. 2(b).

In addition, the ground state Na4OI2 phase is stable with
respect to constituent binary phases Na2O and NaI at 0 K, with
the pseudo-binary phase diagram being shown in Fig. 1(c).
Temperature dependence of phase equilibria can be derived
with the consideration of the phonon entropy in Gibbs energies:

DGNa4OI2
¼ GNa4OI2

� GNa2O
� 2GNaI (3)
Fig. 2 (a) The pristine stable phase fromUSPEX energyminimization in
Na4OI2. (b) Calculated phonon band structures for pristine Na4OI2. (c)
Phase diagram showing Na4OI2 being in equilibrium with constituent
phases at 0 K. (d) Free energy of formation (eV per unit-cell) above the
hull for the Na4OI2 phase.

10486 | J. Mater. Chem. A, 2019, 7, 10483–10493
where both the ground-state stable constituent phases, Na2O
and NaI, are also dynamically stable. It is found that the
constituent phases are more stable at temperatures higher than
438 K (165 �C), Fig. 2(d). This suggests that phase equilibrium
can only be reached at moderate temperatures below 165 �C,
though such moderately low temperature would limit long-
distance diffusion and thus slows the equilibration process.
This in turn is consistent with the fact that it was rather difficult
to eliminate constituent phases by sintering at a higher
temperature (350 �C).29

Since the pristine Na4OI2 is known to be a rather poor
conductor for Na+ ions, it is necessary to tune its materials
chemistry in order to meet requests for competitive SSEs. This
involves tailoring materials chemistry over every sublattice site
based on M4AX2 (M ¼ alkali metal, A ¼ chalcogen, and X ¼
halogen).
Iso-valent substitution in Na4AX2

Stable and metastable structures for each possible Na4AX2

chemical component are identied by USPEX through global
energy minimization. The energy of formation of each
compound is dened against its stable constituent phases (i.e.
the energies above the hull), e.g. Na2O, Na2S, NaCl and NaI. The
outcome is summarized in Fig. 3.

Iso-valent substitution of I� on the halogen X site with
a smaller halogen species Cl� results in stable compounds with
respect to the constituent binary phases. While complete
replacement of I� by Cl� still keeps the same lattice symmetry
as the stable structure, Na4OCl2_139 (numerable refers to space
group number 139), partial substitution of I by Cl leads to stable
and metastable compounds with different space groups, Na4-
OICl_63 and Na4OICl_129. The corresponding formation ener-
gies are �0.0098, �0.0114 and �0.004 eV per atom (vs.
formation energy for Na4OI2 �0.027 eV per atom), so that they
are more stable than the constituent binary phases at 0 K (in
terms of energies: Na4OCl2 < Na2O + 2NaCl, Na4OICl < Na2O +
NaI + NaCl).
Fig. 3 Formation energies for Na4AX2 based alloys with respect to
stable constituent phases, i.e. the energies above the hull. Thermal
activation at standard room temperature (298 K) is indicated (0.025 eV
per atom).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) USPEX identified Na4OICl_63 with the lowest energy. (b)
Calculated phonon band structure for Na4OICl_63. (c) Phase diagrams

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
6/

20
25

 1
1:

33
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
On the chalcogen A site, replacement of O by S results in
Na4S0.5O0.5I2_65, Na4SI2_55, Na4SI2_11 and Na4SI2_64. The
corresponding formation energies for them are 0.006, 0.0323,
0.0326 and 0.0334 eV per atom above the hull, which are only
slightly less stable than their constituent phases.

In the case of iso-valent substitution on both the chalcogen
(A) and the halogen (X) sites, four energetically favoured struc-
tures emerge as Na4SICl_12 (0.024 eV per atom), Na4SICl_8
(0.050 eV per atom), Na4S0.5O0.5ICl_123 (0.024 eV per atom), and
Na4S0.5O0.5ICl_8 (0.031 eV per atom). Table 1 summarizes the
USPEX searched structures, covering space groups and lattice
parameters. The emboldened phases are stable with respect to
constituent phases, and those starred are also considered as
potential candidates for practical synthesis, with formation
energies above the hull not exceeding the 0.025 eV per atom
marker.
for Na4OICl_63 at 0 K with its constituent phases. (d) Free energy of
formation above the hull for Na4OICl_63.
The chosen phase from Na4AX2

Among the three energetically favoured structures of
Na4OCl2_139, Na4OICl_63 and Na4OICl_129, the Na4OICl_63
phase is the most stable with respect to stable constituent
phases, with the halogen sites equally shared by Cl� and I�. The
phase is base centred, with the CMCM space group symmetry
(number 63), Fig. 4(a), which is characteristic of the zigzag
layers of Na6O

4+ units, the basic octahedra in the layers as
a framework of the Na4OI2_139 phase. While rows of I� anions
appear along the hollow space within each zigzag layer of
octahedra, rows of Cl� anions are present between the layers. Of
the two types of halogen anions, the smaller but stronger Cl�

anions largely contribute to bind the zigzag layers via electro-
static attraction with Na cations, while the weaker I� anions stay
in the hollow space to help brace up the layered structure via
electrostatic repelling the neighbouring rows of Cl� anions.
Therefore, it is the combined geometric and electrostatic factors
that lead to dramatic reconstruction of initially at sheets of
octahedra, the basic units in anti-perovskites, into matching
zigzag layers, Fig. 4(a).

The ground state stable phase of Na4OICl (space group
number 63) is also conrmed to be dynamically stable owing to
the lack of phonon states associated with imaginary
Table 1 Lattice parameters and symmetry groups of various configurati

Conguration A B c (Å)

Na4OI2_139 4.6714 4.6714 16.101
Na4OCl2_139 4.4066 4.4066 14.235
Na4OICl_63 4.5745 19.7556 6.823
Na4OICl_129 4.517 4.517 15.041
Na4S0.5O0.5I2_65 16.3097 6.9654 9.959
Na4SI2_11 7.0334 4.5365 13.617
Na4SI2_55 7.6833 13.2245 4.407
Na4SI2_64 7.4196 16.4631 7.509
Na4SICl_8 25.2976 4.5048 7.356
Na4SICl_12 24.1735 4.3758 7.757
Na4S0.5O0.5ICl_8 21.4945 4.68504 7.096
Na4S0.5O0.5ICl_123 4.7755 4.7755 15.273

This journal is © The Royal Society of Chemistry 2019
frequencies, as shown by the phonon band structure from its 2
� 2 � 1 supercell containing 28 atoms, Fig. 4(b). The zigzag
structural framework containing alternating rows of I� and Cl�

anions is therefore dynamically stable as well. It is well recog-
nized that dynamically stable phases, even those with energy
slightly above the hull, tend to exist in nature.

The ground state phase diagram for the formation of Na4-
OICl_63 is shown in Fig. 4(c), which is in equilibrium with the
three constituent phases Na2O, NaI and NaCl at 0 K. The free
energy above the hull, within the quasi-harmonic approxima-
tion to consider the phonon entropy, can therefore be dened
as:

DGNa4OICl ¼ GNa4OICl � GNa2O
� GNaI � GNaCl (4)

It follows that DGNa4OICl turns out to be positive above
a critical temperature of 826 K, Fig. 4(d), so that this phase is
stable within a much wider temperature range than the pristine
phase of Na4OI2_139 (826 K vs. 438 K). Such an outstanding
combination of energetic and dynamical stability indicates it
would be much easier for its practical delivery in a wide
ons from USPEX global searching

a b g (�) Symmetry

4 90 90 90 I�4MMM(139)
6 90 90 90 I�4MMM(139)

90 90 90 CMCM(63)
9 90 90 90 P�4NMM(129)
1 90 90 90 CMMM(65)
5 90 88.1004 90 P2�1M(11)
6 90 90 90 PBAM(65)
7 90 90 90 CMCA(64)

90 88.0375 90 CM(8)
3 90 99.3575 90 C�2M(12)

90 90.0102 90 CM(8)
1 90 90 90 P�4MMM(123)
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temperature window for processing, e.g. through mechanical
alloying followed by power sintering.35

However, the other two energetically stable compounds,
Na4OCl2 (I�4MMM(139)) and Na4OICl (P�4NMM(129)), are not
dynamically stable, as exhibited in Fig. S1(a) and (b),† respec-
tively. The phonon band structures for each of them have bands
associated below the �0.3 THz threshold, Fig. S1(a0) and (b0).†
Optimization on the A site of Na4AX2

USPEX searching results in four potential structural congura-
tions, i.e.Na4S0.5O0.5I2_65, Na4SI2_55, Na4SI2_11 and Na4SI2_64.
The most stable one, Na4S0.5O0.5I2_65 with the CMMM
symmetry, has a negligible energy above the hull (0.006 eV) at
0 K. This energetically favoured phase is characterized with
planar layers made of alternating Na6O

4+ and Na6S
4+ octahedra.

Such alternating arrangement of chalcogen octahedra is char-
acteristic of cubic double anti-perovskite phases,33 and we
therefore can classify this phase as a double anti-Ruddlesden–
Popper phase (DARP) based on interlocking Na4OI2_139 and
Na4SI2_139 APR units, Fig. 5(a).

Besides, the Na4S0.5O0.5I2_65 (112 atoms) is also dynamically
stable without any phonon bands related to imaginary
frequencies, Fig. 5(b). The free energy above the hull for
Na4S0.5O0.5I2_65 is,

DGNa4S0.5O0.5I2
¼ GNa4S0.5O0.5I2

� 0.5GNa2S
� 0.5GNa2O

� 2GNaI (5)

As is shown in Fig. 5(d), DGNa4S0.5O0.5I2 becomes negative above
140 K (�133 �C), indicating that this phase is energetically
favoured over any thermal environment of practical interest, e.g.
well over room temperature. This is desirable for practical
synthesis of the compound so that it can be processed over
a very wide temperature range without worrying about its
decomposition into constituent binary phases.

The other three candidates, Na4SI2_55, Na4SI2_11 and
Na4SI2_64, are slightly less competitive energetically with
Fig. 5 (a) The stable structure Na4S0.5O0.5I2_65 from USPEX search-
ing. (b) Calculated phonon band structures for Na4S0.5O0.5I2_65. (c)
Phase equilibrium between Na4S0.5O0.5I2_65 and constituent phases
at 140.2 K. (d) Free energy of formation above the hull for the
Na4S0.5O0.5I2_65 compound, showing it being stable at any practical
thermal ambient (> �130 �C).
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energies above the hull being close to 0.025 eV (0.0323, 0.0326
and 0.0334 eV correspondingly). The layered structures are
maintained with the rst two being also dynamically stable, as
is evidenced in Fig. S2(a)–(c).†

In the case of iso-valent substitution of both the chalcogen
and halogen sites, USPEX searching results in four structural
congurations, Na4SICl_12, Na4SICl_8, Na4S0.5O0.5ICl_123,
Na4S0.5O0.5ICl_8, as exhibited in Fig. S3.† It is found that the
latter two phases, Na4S0.5O0.5ICl_123 and Na4S0.5O0.5ICl_8, are
dynamically unstable.

Table S1† summarizes the overall nding on iso-valent
substitution in the Na4OI2 phase. In addition to the pristine
Na4SI2_139 phase, we have thus identied Na4OICl_63 and
Na4S0.5O0.5I2_65 (DARP) as most promising structures with
greater stability.

Iso-valent doping on the Na site of Na4AX2

Iso-valent replacement of Na with Li has also been investi-
gated, on the basis of the DARP Na4S0.5O0.5I2 phase, since
rstly it has the widest temperature window for both energetic
and dynamical stability, and secondly S substitution of O is
expected to soen the lattice to induce improved ionic
conductivity.18,35 ATAT searching outcome for the stable
congurations is represented as an convex hull, through the
combination of DFT with cluster expansion simulation over
Na4(1–x)LixS0.5O0.5I2 (0 # x# 1). As is shown in Fig. 6(a), the
most stable structural conguration is based on substitution
of a quarter of the Na site by Li. On the basis of chemical
potential minimization, the stable phases are those sitting
over the minimal common tangents between any two points
on the bottom edge of the convex hull. Consequently, Fig. 6(a)
suggests unlimited potential for mixing Na4S0.5O0.5I2 with
Li4S0.5O0.5I2 into alloys. Substitution of a quarter of the Na
sites leads to the structure shown in Fig. 6(b), which is also
dynamically stable owing to the lack of phonon bands asso-
ciated with imaginary frequencies, as shown in Fig. 6(c),
a phonon band structure from its 2 � 1 � 2 supercell con-
taining 112 atoms.

Ionic conductivity

Ionic conductivity is determined by the diffusion of alkali ions.
Fig. 7 shows the plot of the Arrhenius relationships of potential
electrolytes of interest, with a vacancy of Na+ being considered
for every 32 alkali ions, similar to the vacancy ionic trans-
portation mechanism illustrated in the anti-perovskite
system.16,33,65 Data derived from Fig. 7 are summarized in
Table 2. For the pristine Na4OI2 phase, the activation barrier of
Ea ¼ 0.37 eV is largely consistent with the result of 0.3 eV from
LST/QST simulation using CASTEP.32 The corresponding Na+

conductivity (s) is only 5.89 � 10�2 mS cm�1 at room temper-
ature (298 K). Introducing Cl� to share the halogen site with I�

leads to an even bigger activation barrier for Na+ diffusion in
Na4OICl (0.44 eV), together with poorer Na+ conductivity as low
as 8.79 � 10�4 mS cm�1 at room temperature. This is under-
standable, considering that stronger electrostatic attraction to
the interlayer Cl� anions tends to keep Na+ from hopping
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) The convex hull for Na4(1–x)LixS0.5O0.5I2 (0# x# 1) through ATAT simulation. (b) Stable structure for Na3LiS0.5O0.5I2_65 corresponding
to minimal energy. (c) Calculated phonon band structures for Na3LiS0.5O0.5I2.

Fig. 7 Diffusion coefficients for sodium ions from AIMD simulation.
The extrapolated D values at room temperature and �50 �C are pre-
sented by open patterns on the right.
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(layers of the zigzag structural framework are closer to each
other, thus hindering the migration of Na+ ions). On the other
hand, with 50% S substitution of the O site in Na4OI2, the
Table 2 Summary of data for ionic diffusion and conductivity of this wo

System
Activation barrier
(eV)

Arrhenius prefactor
(cm�2 s�1)

D
(1

Na4OI2 0.37 7.22 � 10�4 25
Na4OICl 0.44 1.17 � 10�4 21
Na4S0.5O0.5I2 0.23 2.23 � 10�5 27
Na3LiS0.5O0.5I2 0.12 5.76 � 10�6 25

This journal is © The Royal Society of Chemistry 2019
activation barrier in Na4S0.5O0.5I2_65 (i.e. Na31S4O4I16) is
reduced signicantly down to 0.23 eV, with Na+ ion conductivity
increased over two order up to 0.347 mS cm�1 at room
temperature. This is comparable to the best reported data for
solid sodium ion conductors such as Na11Sn2PS12 (Ea ¼ 0.25 eV,
s ¼ 1.4 mS cm�1 at 300 K).20 Such signicant improvement of
ionic conductivity through substitution of O with S is consistent
with recent theoretical prediction and experimental conrma-
tion that the reduced electrostatic attraction between S and
alkali ions leads to lattice soening.18,35

It is amazing to nd that in the case of the hybrid electrolyte
Na3LiS0.5O0.5I2, the activation barrier in Na23Li8S4O4I16 is
reduced by a further half down to 0.12 eV, together with
a remarkable Na+ conductivity of up to 6.3mS cm�1 (4.5 times of
that in Na11Sn2PS12). The very low activation energy also helps
safeguard an ionic conductivity of 1.31 mS cm�1 at �50 �C,
which is extremely useful for a promising SSE. Meanwhile, as
shown in Fig. S4,† the mean square displacements (MSDs) of
anions, e.g. S�2, O�2, and I�, are minimal, suggesting that they
are largely conned around equilibrium positions. On the other
hand, Li+/Na+ ions experience long distance transportation in
a coordinated way, owing to the great energetic advantage of the
stoichiometric composition.

The Na+ ion trajectories for Na4S0.5O0.5I2 and Na3LiS0.5O0.5I2
at 800 K are compared in Fig. 8. In the case of Na4S0.5O0.5I2, the
trajectory is still somewhat localized around Na6O

4+ octahedral
units. When Li+ ions are introduced into the Na+ sites, the long-
range transportation of Na+ over half of the unit cell can be
observed. The co-existence of smaller Li+ ions, therefore,
induces knocking-on effects to promote the transportation of
the bigger Na+ ions. The overall Na+/Li+ ion trajectories for
Na3LiS0.5O0.5I2 are presented in Fig. S5,† where continuous two-
rk

ensity
0�23 cm�3) D300 K (cm�2 s�1)

s (mS cm�1)

300 K 223 K

.553 4.266 � 10�10 5.89 � 10�2 4.17 � 10�4

.3876 5.5 � 10�12 8.79 � 10�4 2.54 � 10�6

.8576 2.75 � 10�9 0.347 0.016

.0532 6.053 � 10�8 6.3 1.31

J. Mater. Chem. A, 2019, 7, 10483–10493 | 10489
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Fig. 8 Projections of diffusion trajectories of sodium ions from the top
view for (a) Na31S4O4I16 and (b) Na23Li8S4O4I16 and the side view for (a0)
Na31S4O4I16 and (b0) Na23Li8S4O4I16, over a simulation time of 90 ps at
800 K.
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dimensional channels between the layered structural units are
clearly revealed. The basic layered structural units are main-
tained over the AIMD process at such an elevated temperature,
indicating high material stability together with high mobility of
alkali ions. Such a theoretical observation is similar to the Li+

effect onMg2+ in the hybrid Li+/Mg+ cathode.7 Huang et al.66 and
Du et al.67 reported that a tiny amount of Li+ substitution of Na+

in sodium oxide cathodes NaxTMO2 led to signicantly
improved electrochemical kinetics and cycling performances,
which may be attributed to the same reason as for enhanced
Na+ transportation.
Fig. 9 Electrochemical potentials (a) for ground-state stable structure
Percentages on the right refer to lattice mismatches.

10490 | J. Mater. Chem. A, 2019, 7, 10483–10493
Electrochemical compatibility with the Na anode

The interfacial stability between the optimized electrolyte and
sodium anode can be investigated by AIMD simulation at
elevated temperature, using a sandwich model of Na|Na3-
LiS0.5O0.5I2|Na, as shown in Fig. S6(a).† It is shown that no
interfacial reaction occurs aer AIMD simulation for 90 ps well
above the melting point of sodium (500 K), Fig. S6 (b).† Besides,
the change in pair correlation functions (PCF) for O–Li, O–Na,
S–Li and S–Na is shown in Fig. S7,† which demonstrates trivial
changes over the simulation time. The Na3LiS0.5O0.5I2
compound is thermodynamically more stable than its constit-
uent binary phases, i.e. E(Na3LiS0.5O0.5I2) < E(0.5Na2O + 0.5Na2S
+ NaI + LiI), so that there is no energetic driver for phase
separation. Since no other stable phases exist between Na and
Na2O/Na2S/NaI/LiI,68,69 one can conclude that Na3LiS0.5O0.5I2
does not react with the Na anode. This is consistent with the
AIMD simulation more than 100 K above the melting temper-
ature of sodium (Fig. S6a†).

From an equilibrium point of view, equilibration associated
with depletion of Na+ typically involved with a high voltage
cathode material can be investigated by ATAT simulation over
Na3(1�y)Li1�xS0.5O0.5I2 (0 # x, y # 1). The identied stable
structures are shown in Fig. 9(b), with their corresponding
electrochemical potential shown in Fig. 9(a). It is encouraging
to note that the lattice mismatches between neighbouring
layers are rather limited (2.5–8%), which helps to maintain
mechanical integrity when such an interfacial reaction occurs
during service.

The three stable phases owing to sodium depletion from the
optimized electrolyte Na3LiS0.5O0.5I2 are NaLiS0.5O0.5I2, Na0.25-
LiS0.5O0.5I2 and LiS0.5O0.5I2. The layered structures are largely
maintained throughout the sodium depletion process across
s of Na3(1–y)Li1–xS0.5O0.5I2 (0 # x, y # 1) from ATAT simulation. (b)

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 The projected density of states calculated using the HSE06
functional: (a) Na4S0.5O0.5I2; (b) Na3LiS0.5O0.5I2.
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the three phases, with electrochemical potential (calculated by
eqn (2)) increasing with decreasing Na+ content. As the redox
potential of Na+/Na is 0.34 V higher than that of Li+/Li, only
sodium can deposit or dissolve at the anode, while the Na+ and
Li+ hybrid electrolyte acts as an ion reservoir to supply or receive
Na+/Li+ during the discharge/charge process. The electro-
chemical window for the electrolyte Na3LiS0.5O0.5I2 is from 0 to
2.1219 V, and the maximum oxidation voltage plateau reaches
4.71 V through sodium depletion over the Na0.25LiS0.5O0.5I2-
|LiS0.5O0.5I2 equilibration.

This means that LiS0.5O0.5I2 and metallic sodium can be
used as an electrochemically compatible cathode and anode
with the Na3LiS0.5O0.5I2 to form a solid sodium battery of
Na|Na3LiS0.5O0.5I2|LiS0.5O0.5I2, with evolution of interfacial
solid phases being mechanically and electrochemically
compatible with the electrolyte and the cathode.16,61,70 The
density of states (DOS) for LiS0.5O0.5I2 with metallic character-
istics is displayed in Fig. S8,† which indicates that it is a good
electronic conductor as a cathode.

In an optimized battery structure, one can make use of
a graded battery structure, with each layer being a stable phase,
as shown in Fig. 10. The Li content is maintained in such
a graded cell, with the change of Na content owing to charging/
discharging leading to NaLi0.5O0.5I2 and Na0.25LiS0.5O0.5I2. Such
a cell construction is thus thermodynamically compatible in
service. Mechanical integrity can also be readily maintained in
such a graded solid battery, owing to the limited lattice
mismatch between the layers of materials. The high contents of
sodium across materials in the graded layers are helpful to
deliver high capacity for the full battery. As is indicated in
Fig. 10, the corresponding capacities for Na3LiS0.5O0.5I2,
NaLiS0.5O0.5I2, and Na0.25LiS0.5O0.5I2 are 302.6 mA h g�1,
173.91 mA h g�1, and 115.15 mA h g�1. The theoretical limit for
energy density of a full cell, on the basis of balanced capacities,
is over 320 W h kg�1 (the maximum energy density of the
materials system, undergoing equilibration over Na depletion,
Fig. 10 Set up of a full battery based on graded layers of materials,
with capacity plotted against corresponding electrochemical poten-
tial. The area below the red lines is representative of the theoretical
limit for energy density, being over 967 W h kg�1.

This journal is © The Royal Society of Chemistry 2019
corresponds to the area under the capacity lines in Fig. 10,
being 967 W h kg�1). Such a hybrid rechargeable ion battery
system is of great potential to outperform the current state-of-
the-art battery systems, so that high battery voltage and
capacity can be achieved at the same time.

Bandgaps

While a SSE needs to be highly conductive to Na+ ions, it should
be insulating to electrons, so as to avoid self-discharging across
the electrodes. Fig. 11 summarizes electronic band structures as
well as density of states (DOS) for the ionic conductors of
interest in this work. Both electrolytes are of wide energy gaps,
being 3.37 eV for Na4S0.5O0.5I2 and 3.69 eV for Na3LiS0.5O0.5I2,
which are adequate for solid electrolytes. In comparison, such
band gaps are considerably larger than those of the well-
recognized SSE materials. The band gap for the landmark
LGPS is only 2.68 eV,60 as shown in Fig. S9.† The band gaps for
Li6PS5Cl and Na11Sn2PS12 are 3.1 eV (ref. 18) and 2.87 eV,71

respectively.

Conclusions

Systematic modelling has been carried out to design fast Na+

ion conductors through optimizing materials chemistry over
J. Mater. Chem. A, 2019, 7, 10483–10493 | 10491
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lattice sites of a layered anti-perovskite like structure, Na4OI2.
This results in the discovery of a superb solid electrolyte Na3-
LiS0.5O0.5I2, which exerts extremely low activation energy for Na+

diffusion, thus permitting a room temperature Na+ conductivity
of over 6.3 mS cm�1.

The optimized electrolyte is compatible with the sodium
anode both thermodynamically and electrochemically. Deple-
tion of sodium at elevated voltages leads to formation of stable
compounds suitable for compatible cathode materials. This
enables construction of high capacity full batteries based on
graded layers covering electrolyte and cathodes. The theoretical
energy density for a graded battery is over 320 W h kg�1, which
is fundamental for high performance solid sodium ion
batteries.
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