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on stability and ion transport
property with halide doping of Na3SbS4 electrolyte
for all-solid-state batteries†

Randy Jalem, *abc Bo Gao,a Hong-Kang Tianad and Yoshitaka Tateyama *ac

All-solid-state Na ion battery (ASS-NIB) is a new class of battery which is a potential alternative to the

conventional all-solid-state Li ion battery. Herein, we focused on Na3SbS4, a reported candidate solid

electrolyte for ASS-NIB application, and performed a comprehensive theoretical study, primarily based

on density functional theory calculations, to evaluate (electro)chemical stability, defect chemistry, and Na

ion transport property. The calculated results reveal that when in contact with a layered cathode

compound (e.g., NaCrO2), sulfur in Na3SbS4 tends to migrate across the interface, leading to interface

atomic rearrangement, interface disordering and/or decomposition. The material is also predicted to

decompose under reductive voltage conditions (0 V vs. Na+/Na), in agreement with experiment. Kinetic

modeling for stresses and electron density distribution showed that the interface between Na3SbS4 and

Na metal anode under typical electrodeposition surface roughness would lead to dendrite initiation and

growth. Aside from controlling Na vacancy concentration, halide doping at the S site was predicted by

DFT molecular dynamics (MD) calculations to directly affect the Na+ ion activation energy. This can be

ascribed to the size modulation of the Na site-to-site pathway bottleneck. Cl and Br halide dopants are

both determined to be promising for conductivity optimization, with low DFT-MD Na+ ion activation

energy (�0.1 eV at 4% Na vacancy). Thermodynamic analysis shows the possible factors that can

influence the final conductivity of Na3SbS4: secondary phases and intrinsic defects. Overall, our findings

offer valuable insights for the rational design of solid electrolytes.
Introduction

Due to cost and accessibility issues associated with Li and the
ever increasing desire of the society to tap more into clean/
renewable energy sources that have less carbon footprint,
many research studies now focus on alternative technologies
besides Li-ion rechargeable batteries, one being based on the
highly abundant Na element.1–4 Na is especially appealing cost-
wise such as in stationary applications wherein gravimetric and
form factors are not as crucial (e.g., in back-up power systems,
smart grids, etc.). Material components in Na and Li ion
batteries share many similar chemistries. As a result, the former
has beneted in terms of accelerated development cycles by
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leveraging on accumulated knowledge and expertise from the
latter.5–22

Similar to the Li ion battery, the increasing demand for high
safety in electric/electronic applications has also motivated
many to rethink the current design of a typical sodium ion
battery (NIB). One approach that is seriously considered as
a solution is the replacement of the combustible conventional
organic-/liquid-based electrolyte with a solid electrolyte (SE),
shiing the current paradigm towards an all-solid-state Na ion
battery (ASS-NIB) concept. Some of the candidate SE materials
that have been explored are Na-b00-alumina,23 NASICON
NaZr2(PO4)3 and Na3.4Sc0.4Zr1.6(SiO4)2(PO4),24,25 borohydride
Na2B12H12,26 anti-perovskite Na3OBr,27 and suldes such as
Na11Sn2PS12,28 Na3PS4,29 Na3�xPS4�xClx,30 Na3PSe4 (ref. 31) and
Na3SbS4.32–34 Specically, Na3SbS4 (NSS), a recently reported
one, has shown great promise in terms of ease in processing,33

ionic conductivity (i.e., order of 10�3 S cm�1),32,34 and material
processing (i.e., less-intensive conditions are needed for high-
elasticity sulde-type SEs, as compared to stiff oxide-type SEs).
The good interface mechanical behavior of NSS when in contact
with a cathode (NaCrO2) under cycling operation has also been
reported.33 NSS has also been found to be more chemically
stable than a predecessor electrolyte Na3PS4, in particular
against toxic H2S gas formation from H2O contact.29,32
J. Mater. Chem. A, 2022, 10, 2235–2248 | 2235
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NSS was noted to undergo chemical decomposition when in
direct contact with a Na metal anode (without cell biasing),
forming decomposition phases such as Na2S and Na3Sb based
on XPS analysis.35 Such anode-side reactions can have profound
impact on battery cell performance. Another issue that is yet to
be studied is the electrodeposition stability with Na–SEs against
initiation of dendrites on the anode surface.

In terms of ionic conductivity (s), NSS was reported to vary by
a factor of 1–2 between its two known phases, the low-
temperature tetragonal (t-NSS) phase and the high-temperature
cubic phase (c-NSS), with comparison being 1.77 �
10�3 S cm�1 vs. 2.80 � 10�3 S cm�1, respectively.32–34,36 The ion
conduction mechanism in both phases was presumed to be
governed by Na vacancies. A DFT-based calculation using
a dilute vacancy model with the single hopping mechanism has
predicted an enormously low local energy barrier (<0.1 eV) along
the Na diffusion channel.37 Since then, s improvement has been
attempted in several studies such as by applying pressure (1.00
� 10�3 S cm�1 at 0.9 GPa),38 isovalent substitution at the S2� site
by Se2� (0.85 � 10�3 S cm�1),39 and aliovalent substitutions at
the Sb5+ site by Sn4+ (0.50 � 10�3 S cm�1),40 W6+

(10�2 S cm�1),41,42 and Mo6+ (10�3 S cm�1).43 Meanwhile, alio-
valently doping the S site with halide anions is another inter-
esting strategy which can modulate the vacancy concentration
and diffusion pathway. In particular, the ion conduction channel
size can be largely affected by variation in the anion sublattice
which largely determines the packing in crystalline solids. The
remaining spaces excluding the anion sublattice are Na sites,
non-Na cation sites (e.g., Sb5+ in NSS), and interstitial sites.

Given the high expectation for NSS as a key SE material for
next-generation ASSBs, we thus aimed in this work to further
investigate it on three key issues that are crucial for practical
application: (i) compatibility with the cathode (i.e., crossing
tendency of chemical species across the cathode–electrolyte
interface that may lead to increased impedance), (ii) stability
with the Na metal anode from the viewpoint of decomposition
and Na dendrite growth, and (iii) ion transport with respect to
halide anion substitution at the S site. Our results not only
provide theoretically determined properties that can be
compared directly with experimental values, but they can also
be used when formulating possible material optimization
strategies for solid electrolytes in general.

Computational details
Geometry optimization

DFT calculations were performed using the VASP code44,45 which
implements the projector augmented wave (PAW) formalism for
the ion–electron interactions.46–48 The generalized gradient
approximation (GGA) as parameterized by Perdew, Burke, and
Ernzerhof (PBE) was employed as the functional for the
exchange–correlation energy.49,50 Except for the Na pseudopo-
tential which includes semi-core p states as valence states,
standard pseudopotentials were used for Sb, S, and dopant
anions F, Cl, Br, and I. The cutoff for kinetic energy was set to
520 eV and a k-point mesh of at least 1000 was assigned with the
Monkhorst–Pack grid scheme.51 All calculations were carried out
2236 | J. Mater. Chem. A, 2022, 10, 2235–2248
under spin-polarized conditions. Initial structural data were
taken from the Inorganic Crystal Structure Database (ICSD).52

The supercell cell size for Na3SbS4 was set to 2 � 2 � 2 (for the
cubic phase, this results to �14 Å cell edge dimension in three
crystallographic directions). Optimization convergence was set
to <1meV per atom in energy and <0.01 eV Å�1 in residual forces.

Thermodynamics calculation

Competing phases were referred from the Materials Project
database via its application programming interface which also
provided tools in this work to aid in phase diagram construction
and analysis.53,54 Na3SbS3, a compound which was separately
reported in a previous work,37 was included in the list of
compound entries (resulting in a total of 61 phases) for the
phase diagram construction.

The Gibbs free energy (G) at a given temperature (T) and
pressure (P) was then calculated by:55

G(T,P,NNa,NSb,NS) ¼ H(T,P,NNa,NSb,NS)

+ PV(T,P,NNa,NSb,NS) � TS(T,P,NNa,NSb,NS), (1)

where H is the enthalpy, V is the volume, and S is the entropy.
For condensed phases at 0 K, TS and PV terms were assumed to
be negligibly small. Reference chemical potentials for the Na–
Sb–S system were based on Na metal (m0Na), Sb metal (m0Sb), and S
solid (m0S).

For (electro)chemical stability analysis, the grand potential
phase diagram was formulated,55 identifying the phase equi-
libria with respect to open Na species (mNa). The applied elec-
trostatic potential f is dened as:

mNa(f) ¼ m0Na � ef. (2)

In here, the decomposition energy of NSS at a given f

(DEd(f)) was determined using:54–56

DEd(f) ¼ Eequil(Cequil([xNa,xSb,xS],f)) � E(Na3SbS4)

� DnNa � (mNa(f)), (3)

where Eequil(Cequil([xNa,xSb,xS],f)) is the phase equilibria energy
from the composition system Cequil([xNa,xSb,xS]) at f, E(Na3SbS4)
is the energy of NSS and DnNa is the number of Na exchanged
between NSS and Cequil([xNa,xSb,xS]) during sodiation or
desodiation.

Chemical stability analysis was also performed under “rich”
and “poor” conditions of non-Na species in NSS, SE-related
phases and possible cathode materials using the methodology
in ref. 70. Chemical potentials for open Sb and open S species
are referenced as well to m0Sb and m0S, respectively, which means
that under Sb-rich (e.g., direct contact with Sb metal) and S-rich
(e.g., direct contact with S solid) conditions, mSb ¼ 0 and mS ¼ 0,
respectively. Going towards Sb-poor or S-poor conditions means
mSb < 0 and mS < 0, respectively.

Elastic property calculation

Geometry optimizations were performed using stricter settings:
kinetic energy cut-off of 700 eV, electronic self-consistency
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Crystal structure of t-Na3SbS4 (P4�21c) and (b) c-Na3SbS4
(I4�3m). Highlighted are Na atoms and isolated SbS4 tetrahedral units,
linkage of NaWyckoff sites in the ab-plane, linkage of NaWyckoff sites
in the c-direction, and 3D perspective-view of the Na pathway.
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convergence of 10�7 eV, and at least 4 � 4 � 4 k-point. Opti-
mized structures were used as initial cells to determine the
elastic tensor. The symmetry-general least-squares extraction
approach of elastic coefficients for strained materials was
implemented, with elastic moduli including both contributions
for distortions with rigid ions and from the ionic relaxations.57

The elastic tensor was determined by carrying out 6 nite lattice
distortions, aer which the elastic constants were calculated
from the resulting strain–stress relationship. For the bcc Na
metal, experimental elastic data were used.58

Defect calculation

The NSS unit cell was expanded into a 2 � 2 � 2 supercell (128
atoms). The defect formation energy (Ef,d) was calculated using
the expression:

Ef ;d ¼ Etotal;d � Etotal;pristine �
XN
i

Dnimi; (4)

where Etotal,d is the total energy of the supercell with defects,
Etotal, pristine is the total energy of the pristine supercell, Dni is
the number of atoms of element i that is added to or removed
from the supercell (summed up for all N elements) to satisfy the
charge balance condition, and mi is the chemical potential of
species i.

Molecular dynamics calculation

For molecular dynamics (MD) calculations, a 2 � 2 � 2 c-NSS
supercell with �14 Å cell edges was used. A cutoff kinetic
energy of 400 eV was set and the k-point grid was xed to 1 � 1
� 1. A revised PBE-GGA functional for densely packed solids
(PBEsol) was used to describe electron exchange–correlation
energy.59

Different supercells were constructed for both undoped and
halide-doped systems. In the doped models, 2 dopant atoms are
introduced homogeneously at 2 S sites (see Fig. S1†) with charge
compensation by Na vacancy (�4%).

A comparison of the energetic stability between the tetrag-
onal and the cubic NSS phase was performed and it showed the
increasing stability of the latter with increasing Na vacancy
concentration and halide doping content (see Fig. S2†). In
addition, it was determined both by the present DFT analysis
that the tetragonality of the NSS structure weakens with
increasing number of Na vacancies and the structure becomes
more cubic, this is consistent with an experimental study.60

Specically, there is a decrease in the ratio between the longer
and the shorter lattice parameters of the tetragonal structure
with Na vacancy introduction via halide doping (see Table S1†).
Based on these results, the use of the cubic structure for the MD
runs of halide-doped systems is reasonable and justied.

Standard pseudopotentials were employed for Na, Sb, S, F,
Cl, Br, and I. The MD step size was set to 1 fs. Sampling
temperatures were chosen in the range of 373–973 K, at every
100 K interval. To account for thermal expansion, an equili-
bration step was performed for 10 000 MD steps using a Lan-
gevin thermostat (NPT ensemble).61 The last 3000 MD steps
were used to estimate the average lattice constant of the cubic
This journal is © The Royal Society of Chemistry 2022
cell at every trajectory-sampling temperature with 100 000 steps
for the production run. The latter procedure used a thermostat
in the Nose–Hoover formalism (NVT ensemble).62

To characterize the sampled trajectories, the mean square
displacement (MSD) of the atoms was calculated:

MSD ¼ h[~r(t + s) �~r(t)]2i, (5)

where ~r(t), t and s are the atom position, time and lag time,
respectively. Diffusion coefficient (D) calculation was based on
the Einstein–Smoluchowski equation:63

D ¼ lim
t/N

h
ð1=2dtÞ½~rðtÞ�2

i
; (6)

where d is the dimensionality-related parameter related to the
characteristic diffusion process. For a 3D ion conducting mate-
rial, d ¼ 3. The value of D can be estimated from the slope of the
tted linear function at the diffusive regime of the MSD prole.
Results and discussion
Crystal structure and electronic properties

The crystal structures of t-NSS and c-NSS are shown in Fig. 1. In
t-NSS, isolated SbS4 tetrahedral units (Wyckoff 2b Sb, 8e S) form
J. Mater. Chem. A, 2022, 10, 2235–2248 | 2237
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Table 1 Comparison between DFT results (in this work) and experiment (in parenthesis)33 for the structural information on Na3SbS4

Phase

Lattice cell information
DFT total energy/eV
per cella, b, c/Å D/% V/Å3 D/%

t-Na3SbS4 (P�421c) 7.23 (7.14), 7.23 (7.14), 7.37 (7.28) 1.2, 1.2, 1.2 385.3 (371.5) 3.7 �61.4313
c-Na3SbS4 (I�43m) 7.25 (7.17), 7.25 (7.17), 7.25 (7.17) 1.1, 1.1, 1.1 380.5 (368.6) 3.2 �61.3648
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a body-centered-type arrangement and 2 distinct Na sites (Na1:
4d, Na2: 2a) in distorted polyhedral units are positioned inside
6-S and 8-S cages. Two characteristic local pathway linkages
form a contiguous 3D network for long range Na inter-diffusion:
the ab-plane pathway with alternating Na1 and Na2 sites and
the c-direction pathway which comprises only Na1 sites. In the
case of c-NSS, only one Na Wyckoff site exists and the resulting
pathway is 3D-symmetric.

DFT-calculated lattice information for NSS is summarized in
Table 1. Values are noted to be overestimated at most by 1.2%
and 3.7% for the lattice parameters and volume, respectively, vs.
experiment. Experimental bond distances are reproduced by
DFT to within 2.3% (Table S2†). These discrepancies are error
levels typical for the GGA-PBE functional.64 From DFT total
energy comparison, t-NSS was predicted to be more stable than
the c-NSS, this is also consistent with experiment. Halide anion
addition into the c-NSS structure results in a slightly expanded
lattice cell by about 0.43–0.87% relative to its undoped form.
Overall, the lattice constant increases with increasing halide
anion radius (see Table S3†).

Based on the density of states (DOS) prole of t-NSS
(Fig. S3†), the top of valence bands and the bottom of the
conduction bands are found to comprise bonding and anti-
bonding combinations of Sb and S, respectively. The bottom of
Fig. 2 DFT-calculated chemical potential (m) range of thermodynamic
stability for SE-related compounds evaluated in this study. The stability
range is described by the upper bound m1 (in the rich-condition
environment of a given chemical species) and lower bound m2 (in the
poor-condition environment). Outside this m range, a given compound
will undergo decomposition. No stable phases exist in the shaded
region. Note: mNa ¼ 0, mSb ¼ 0 and mS ¼ 0 are referenced to the
chemical potentials of Na metal (m0Na), Sb metal (m0Sb), and S solid
(m0S), respectively.

2238 | J. Mater. Chem. A, 2022, 10, 2235–2248
the conduction band is split into: (i) S antibonding states and Sb
5s states for the lower band and (ii) S antibonding states and Sb
5p states for the upper band. The estimated GGA-PBE electronic
band gap energy is 2.1 eV (we calculated at the HSE level a value
of 3.1 eV), this is comparable with other sulde-type SEs such as
Li10GeP2S12 (3.6 eV).65 Usually, the band gap energy is used as
a parameter for the SE electrochemical stability window (posi-
tive correlation) and electronic conductivity (negative
correlation).
Thermodynamic phase stability, possible secondary phases

Using the formation energy data of competing phases in the
Na–Sb–S system (see Table S4†), the convex hull results point to
t-NSS as a ground-state phase (see Fig. S4†). Unless explicitly
mentioned hereaer, thermodynamic-related analyses will be
based on t-NSS. For (electro)chemical stability evaluation with
cathode/anode contact and ion conduction property analysis,
possible secondary/decomposition phases that may appear
during material synthesis and battery cycling were also
considered. This would enable the following: (i) the direct
analysis of bulk-related properties and (ii) the qualitative anal-
ysis of inter-grain-related properties. During the material
synthesis of NSS, chemical potentials of Na and S can be
controlled (e.g., viaNa2S loss at high temperature to achieve ‘Na-
poor’ synthesis conditions, or by explicit addition of excess Na2S
to realize ‘Na-rich’ conditions); this can lead to formation of
other phases. Based on the Na–S grand potential phase diagram
as shown in Fig. 2, possible secondary/decomposition phases
were identied from the bounding phases of the NSS chemical
potential stability region, these are Na3SbS3 (P213), NaSbS2 (C2/
c), and Na2S (Fm�3m).
Cathode-side stability

Interface stability at the SE–cathode contact is an important
issue that directly affects the cycling performance of solid-state
batteries. It may be evaluated according to the thermodynamic
tendencies of chemical species to migrate across the SE–
cathode interface which could trigger the interface atomic
rearrangement and/or interfacial decomposition, eventually
leading to an increased interfacial resistance and poor capacity
retention. Some reports have shown the formation of a reaction
layer which may have been facilitated by species diffusion at the
solid hetero-interface.66,67 Other studies depict an interface
region based on the space-charge layer effect in the scale of few-
to-several atomic layers.68 In here, the tendency for chemical
species migration was qualitatively investigated using bulk
chemical potential relationships to provide insight into the
This journal is © The Royal Society of Chemistry 2022
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chemical driving forces that would cause the compositional
change around the interface. For the cathode counterpart, the
layered structures (Na[TM]O2, where TM ¼ {V, Cr, Mn, Fe, Co,
Ni}) were considered here as contact materials with the elec-
trolyte. To identify the possible reactions, the chemical poten-
tials of the different species from the cathode and SE
component were determined from element stoichiometry and
bulk Gibbs free energy of relevant phases.

In the case of reductive and oxidative stability evaluation
related to battery charge/discharge, it is noted that the local
equilibrium of Na+, e�, and Na determines the electrode
potential. It is assumed here that the local equilibrium may be
established and the phase stability range of the SE compound
can be dened (i.e., vs.Na+/Na).69 This can be extended as well to
other chemical species in the system. The phase stability range
([m1, m2]) can be described with respect to a specied open
chemical species, where m1 and m2 denote bounds towards
“rich” and “poor” conditions, respectively.70–72 Outside [m1, m2],
the equilibrium is pushed towards decomposition which forms
the stable competing phases. When viewed at the cathode–SE
contact, species migration is assumed to be likely if no common
m exists (for both the cathode and SE) that would allow for
a possible equilibrium m condition across the interface (i.e.,
checking if [m1,m2]cathodeW[m1,m2]SE ¼ B). Otherwise, there
would be no driving force for species migration (i.e., if [m1,m2]-

cathodeW[m1,m2]SE > B). For the cathode counterpart, experi-
mentally conrmed compounds with layered structures were
selected, such as NaCrO2 (R�3m).73 Overall, 6 cathode
compounds under pre-charged (i.e., full sodiation) and charged
(i.e., full desodiation) conditions, as well as 4 SE/SE-related
compounds (NSS, Na3SbS3, NaSbS2, Na2S) were investigated
(total: 6� 2� 4¼ 48 different interface–contact combinations).
Fig. 3 (a) Chemical potential stability [m1,m2] range for TM species in Na[TM
electrolyte (SE) and other sulfide-type SE-related phases. (b) [m1,m2] rang
interface combinations. Horizontal bands are for same cathodes under

This journal is © The Royal Society of Chemistry 2022
Fig. 3a shows the [m1, m2] relationship for various cathodes
and SE/SE-related compound pairings. The horizontal axis
represents m of the open TM species while the vertical axis
represents the index/label for various layered Na[TM]O2 cathode
compounds. The horizontal lines for different compounds
represent the [m1, m2] stability range. Additionally, for the
different cathodes, the horizontal lines indicate the pre-
charging condition (full Na content) while the corresponding
horizontal bands are for the charging condition (full des-
odiation cases). An example for the assignment of m1 and m2 is
shown in the top subplot for Ni species in NaNiO2 (in red).
Meanwhile, actual [m1, m2] values for open V, Cr, Mn, Fe, Co, and
Ni species in NaVO2, NaCrO2, NaMnO2, NaFeO2, NaCoO2, and
NaNiO2, respectively, are determined to be [0 eV, �1.79 eV],
[0 eV, �4.01 eV], [�0.25 eV, �3.55 eV], [0 eV, �5.03 eV],
[�0.08 eV,�2.78 eV], and [�0.36 eV,�2.15 eV], respectively. For
NSS, m ranges for open V, Cr, Mn, Fe, Co, and Ni species are
[�3.27 eV, �N], [�2.06 eV, �N], [�1.62 eV, �N], [�1.50 eV,
�N], [�1.01 eV, �N], and [�0.84 eV, �N], respectively. Based
on the (non-)overlap in the m ranges between the cathodes and
SE/SE-related phases, the tendency for TM cation migration
across the interface under battery pre-charging (or simple
contact) and charging conditions is predicted to be unlikely,
except for TM ¼ V. The schematic summary is shown in Fig. 4a
and detailed reactions are summarized in Tables S5 and S6.†

Fig. 3b shows the [m1, m2] relationship for open species X ¼
{O, Sb, S}. For X ¼ O, all 4 SE-related phases have common m

values with TM ¼ {V, Cr, Mn, Fe} but not with TM ¼ {Co, Ni}
under the pre-charged cathode condition (i.e., full sodiation,
horizontal lines in Fig. 3b). For X ¼ Sb, overlap in [m1, m2] is
noted for pairs NSS–TM ¼ {V, Cr, Mn, Fe, Co}, SE ¼ {Na3SbS3,
NaSbS2} – TM¼ {V, Cr, Mn, Fe }, and Na2S–TM¼ {V, Cr, Mn, Fe,
]O2 (TM¼ {V, Cr, Mn, Fe, Co, Ni}) when in contact with t-Na3SbS4 solid
e for X species (X ¼ {O, Sb, S}) for various Na[TM]O2–SE (SE-related)
charging condition (full desodiation).
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Fig. 4 Schematic picture for (a) transition metal (TM) species and (b) S
species tendency to migrate across the Na[TM]O2–SE interface based
on the chemical potential relationship as shown in Fig. 3a and b,
respectively.

Table 2 Summary of DFT-predicted reaction product phases related
to the voltage stability window for Na with t-Na3SbS4 and related
phases

Compound Voltage/0 V vs. Na+/Na Reaction product phases

Na3SbS4 <1.60 Na3Sb, NaSb, Sb, Na3SbS3, Na2S
>2.37 NaSbS2, Sb2S3, S

Na3SbS3 <1.18 Na3Sb, NaSb, Sb, Na2S
>1.69 Na3SbS4, NaSbS2, Sb2S3, S

NaSbS2 <1.35 Na3Sb, NaSb, Sb, Na2S
>2.43 Sb2S3, S

Na2S >1.94 S
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Co, Ni}. No common m values appear for NSS–TM ¼ Ni, and SE
¼ {Na3SbS3, NaSbS2} TM ¼ {Co, Ni}. For X ¼ S, species migra-
tion is predicted to be favorable between NSS and all Na[TM]O2

compounds. Na3SbS3 has [m1, m2] overlap for TM ¼ {V, Cr, Fe},
while for NaSbS2 only overlaps for TM ¼ {V, Cr}. Na2S has
overlap for TM¼ {V, Cr, Mn, Fe, Co}, but not for TM¼ Ni. These
results are similar to the experimental observation for the Li-
based cathode–SE interface, especially on S species migration
tendency.66,67 A schematic picture is shown in Fig. 4b for S
species (see Fig. S5 in the ESI† for X ¼ {O, Sb}). Under charging
conditions (i.e., full desodiation, horizontal bands in Fig. 3b),
the [m1, m2] ranges for X ¼ O for the cathodes become largely
narrow, their overlap with the [m1, m2] ranges of NSS/SE-related
phases disappear (such as for TM ¼ {V, Cr, Mn, Fe}), suggesting
the increased chemical driving force for O species migration
from the charged cathode to the SE side. The same trends are
observed for X ¼ {Sb, S}. These ndings highlight the reactive
nature of the charged cathode which can facilitate crossing of
species and reactions at the cathode–SE contact. Detailed
reactions are listed in Tables S7 and S8.†

The above results for the pre-charged cathode are found to
be consistent with a previous DFT study. The result indicates
the less favorable displacement reaction of S2� by O2� for NSS
and pre-charged layered-type cathodes.74 The contrast between
NSS and the other electrolyte Na3PS4 was also conrmed, that is,
the contact between Na3PS4 and layered-type cathodes highly
favors PO4 formation.74 This difference between NSS and Na3PS4
may be further explained by the hard–so acid–base theory,
2240 | J. Mater. Chem. A, 2022, 10, 2235–2248
which emphasizes that Sb5+ (a so acid) prefers to bind with S2�

(a so base) while P5+ (a hard acid) prefers to bind with O2� (a
hard base).32
Anode-side stability

The (electro)chemical stability of NSS is evaluated here by
simulating conditions at the low (reduction, high mNa) and high
(oxidation, low mNa) voltage regimes of a typical battery cycling
process. The evaluation is assumed to be closely linked to Na
insertion/de-insertion into/from the SE structure. Two possible
scenarios could occur: (i) no reductive/oxidative decomposition
or zero Na net loss for SE (i.e., Na+ ions are simply being shut-
tled between the anode and the cathode) or (ii) non-zero Na net
loss for SE which is associated with irreversible side reactions
(i.e., Na+ ions are trapped inside decomposition phases and
become excluded from the shuttling process between the anode
and the cathode). Table 2 summarizes the competing phases
that would likely form during electrochemical cycling. Overall,
narrow voltage windows were found for NSS, Na3SbS3, and
NaSbS2; calculated ranges are [1.60 V, 2.37 V], [1.18 V, 1.69 V],
and [1.35 V, 2.43 V], respectively. These materials are predicted
to react and decompose, both reductively (e.g., at <1 V) and
oxidatively (e.g., at >2.5 V). Meanwhile, Na2S shows a window of
[0 eV, 1.94 V] which indicates stability at the low voltage regime.
If it forms aer the rst few cycling steps or it already exists in
the pre-cycled SE powder/pellet, it can form a passivating phase
(electronic insulator) that may prevent further SE decomposi-
tion at the anode side. It is noted that the change in volume
between NSS and its decomposition products (at the reductive
regime) can be signicant enough to possibly result in stress
build-up and eventually, cracking and contact loss around the
interface region.74
Anode-side dendrite formation tendency

Dendrite formation is another major hindrance towards devel-
oping batteries with metal anode design. In here, dendrite
initiation/growth tendency on the Na metallic anode surface in
contact with an SE material was evaluated using the Monroe–
Newman 2D model.75,76 This model evaluates the effects of
general stresses on current density distributions at roughening
interfaces. Starting from the typical reduction and deposition of
Na+ ion as given by the reaction:
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic illustration for conditions leading to (a) Na dendrite
growth and (b) stable Na electrodeposition, based on the relationship
between electron chemical potential (me�) and surface roughness
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Na+ + e� # Na, (7)

the time evolution of the Na metal surface growth can be
tracked according to the equation:

vf ðx; tÞ
vt

ez$en ¼ �iVNa

zF
; (8)

where x is the general normal direction towards the SEmaterial,
t is the time, ez is the unit vector parallel to the general metal
surface plane, en is the unit vector normal to the local curvature
of the metal surface, i is the current density, VNa is the molar
volume of Na atom in the anode, z is the charge of Na+ ion, and
F is Faraday's constant. The surface overpotentials h and i are
related via the Butler–Volmer equation:

i

i0
¼

�
exp

�
aanodezFh

RT

�
� exp

�
� acathodezFh

RT

��
; (9)

where i0 is the exchange current density, aanode and acathode are
the charge transfer coefficients for the anode and cathode,
respectively, R is the gas constant, and T is the temperature. The
innitesimal change of electrochemical potential dm for the
electron at the deformed interface is coupled to pressure p by
partial differentiation:

dm ¼
�
vm

vp

�
dp; (10)

Taking the ratio between the deformed and ideal interface
(using eqn (9)), the rate of change of the electron electro-
chemical potential (Dme�) is derived as:75,76

ideformed

iideal
¼ exp

�ð1� aanodeÞDme�

RT

�
; (11)

where ideformed and iideal are current densities of the deformed
and ideal interface, respectively. In terms of general stresses
and molar volume of Na+/Na, Dme� is given by:

Dme� ¼ � 1

2z
ðVNa þ VNaþÞ

��gk þ en$
��
sNa
d � sSEd

�
en
	�þ 1

2z
ðVNa

� VNaþÞ
�
DpNa � DpSE

�
;

(12)

where VNa+ is the molar volume of Na+ ion in the SE material, g
is the surface tension of the Na metal anode, k is the mean
curvature at the deformed interface, sNad and sSEd are the devia-
toric stresses in the Na metal anode and SE material, respec-
tively, and DpNa and DpSE are the gage pressures in the Na metal
anode and SE material, respectively. To evaluate electrodepo-
sition stability, Dme� is analytically transformed into the Fourier
space as:

Dme� ¼ cRe{A eikx}, (13)

where c is regarded as the electrodeposition stability parameter
and A is the prefactor of the real part of the complex expression.
This formulation has c (in kJ mol�1 nm�1) expressed as
a function of elastic properties, surface roughness, and molar
volume quantities:
This journal is © The Royal Society of Chemistry 2022
c ¼ �gk2VNað1þ yÞ
2z

þ 2GNaGSEkVNað1þ yÞðvNað4vSE � 3Þ � 3vSE þ 2Þ
zðGNaðve � 1Þð4vSE � 3Þ þ GSEð4vNa � 3ÞðvSE � 1ÞÞ

þ kVNað1� yÞ�GNa
2ð4vSE � 3Þ þ GSE

2ð3� 4vNaÞ
�

2zðGNaðve � 1Þð4vSE � 3Þ þ GSEð4vNa � 3ÞðvSE � 1ÞÞ ;

(14)

where y is the molar volume ratio of the Na+ ion in SE to the Na
metal atom in the anode, GNa is the shear modulus of the Na
metal anode, GSE is the shear modulus of SE, nNa is the Poisson's
ratio of the Na metal anode, and vSE is the Poisson's ratio of SE.
The rst, second, and third terms are contributions from
surface tension, deviatoric stress, and hydrostatic stress,
respectively, at the interface.

When c > 0, electrodeposition becomes unstable (i.e.,
perturbation is in phase with current density), resulting in
a faster deposition at the metal surface peaks rather than at the
metal surface valleys (i.e., electron chemical potential is lower at
the peaks than at the valleys) and thereby promoting Na
dendrite formation (see Fig. 5a). When c < 0, the reverse is true
in which electrodeposition is predicted to be stable (i.e.,
perturbation is out of phase with current density), resulting in
a faster deposition rate at the valleys than at the peaks of the
deformed/rough Na metal surface (i.e., electron chemical
potential is lower at the surface valleys than at the surface
peaks), resulting in a more uniform deposition and no dendrite
growth (see Fig. 5b). To determine c, elastic data calculated by
(wavenumber k) at the Na metal surface (peak and valley).

J. Mater. Chem. A, 2022, 10, 2235–2248 | 2241
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DFT and partial molar volumes of Na+ ion in the SE/SE-related
compound structures from DFT-optimized structures are used.

Fig. 6a plots the contributions of the surface tension and
general stresses to c as a function of surface roughness k (in
m�1) for the Na–NSS interface. It indicates a stabilizing effect
for surface tension (c < 0) while a destabilizing effect for
deviatoric and hydrostatic stresses (c > 0); this is consistent with
calculations performed for metal–SE interfaces for Li-based
solid-state batteries.76 Using the k value in a typical electrode-
position process (1 � 108 m�1),75 the contributions of surface
tension, deviatoric stress, and hydrostatic stress with NSS are
�0.04 kJ mol�1 nm�1, +7.09 kJ mol�1 nm�1, and
+15.68 kJ mol�1 nm�1, respectively, leading to a c value of
+22.73 kJ mol�1 nm�1 (see k-axis intercept in Fig. 6a inset). This
suggests that Na dendrite formation is likely to occur during Na
plating/stripping with metallic Na. No dendrite suppression is
expected as well for other SE-related phases (Na3SbS3:
+21.41 kJ mol�1 nm�1, NaSbS2: +29.62 kJ mol�1 nm�1, Na2S:
+24.77 kJ mol�1 nm�1). A stability map using the ratio of molar
Fig. 6 (a) DFT-derived plot of electrodeposition stability parameter c
as a function of surface roughness wavenumber k. (b) Electrodeposi-
tion stability map plotted using the molar volume ratio of Na+ cation in
the solid electrolyte (SE) and Na atom in the Na metal anode vs. their
shear modulus ratio, respectively. Dashed curves in red and blue
indicate frontiers for electrodeposition stability for a theoretically
incompressible SE material (i.e., limiting Poisson's ratio, vSE ¼ 0.50) and
an arbitrary material with vSE ¼ 0.21.

2242 | J. Mater. Chem. A, 2022, 10, 2235–2248
volume quantities (Vm,Na+/Vm,Na) and shear moduli parameters
(GSE/GNa) is displayed in Fig. 6b for various Na-based SE
compounds, including non-sulde-type ones (e.g., NaZr2(-
PO4)3,24 Na3Zr2Si2PO12,77 Na3AlF6,78 Na3OBr27). There are 3
regions in the plot: (i) density-driven stability region in the
lower le, (ii) “region of instability” in the middle, and (iii)
pressure-driven stability region in the upper right. All the
considered SE compounds lie in region (ii) (i.e., Vm,Na+/Vm,Na <
0 and GSE > GNa). Overall, none of the investigated compounds
are predicted to be stable against dendrite growth. Meanwhile,
along the log(GSE/GNa) axis, NSS is noted to be closer to the
frontier of region (i) than the non-sulde types.
Intrinsic bulk defects

Table 3 lists the various defect complexes (in the Kroger–Vink
notation) for the NSS compound. The lowest defect energies
were noted for S Frenkel (1.26 eV), Na–S antisite (1.01 eV), and
Na2S Schottky (2.05 eV) (S Frenkel and Na–S antisite are visu-
alized in Fig. 7). These values suggest that intrinsic disorder is
maybe common in the material in its as-prepared form, in
particular under the high-temperature synthesis condition.30

Meanwhile, the Na-Frenkel model showed a defect energy of
0.15 eV, but this defect conguration naturally relaxes back to
the normal Na sites, that is, Na and defect species redistribute
according to the reaction:

Na
�

int þ Vac
0
Nað1Þ þNaNað2Þ/NaNað1Þ þNaNað2Þ þ Vacint: (15)

This is reective of a Na pathway with energetically shallow
local sites, favourable for fast Na diffusion. On the other hand,
for S Frenkel and Na–S antisite, we found that aer structural
optimization the interstitial S ðS00

intÞ actually prefers to form
a chemical bonding with a corner S (Scorner) of a neighboring
SbS4 unit (see Fig. 7a and b) as evidenced by the shorter distance
between Sint and Scorner (2.044 Å). Interatomic distance is also
increased between Scorner and its center Sb (Sbcenter) of the same
SbS4 unit (from 2.350 Å in the pristine model to �2.5 Å at post-
relaxation), indicating Sb–S bond weakening due to Sint. The
Sint–Scorner complex forms a basic bridging S unit which is
similar to those observed in polysulde compounds such as
Table 3 DFT-calculated intrinsic bulk defects in t-Na3SbS4

Reaction equation
Ef,d/eV per
formula unit

Na Frenkel (2nd nearest neighbor): Na�Na/Vac
0
Na þ Na�

int
0.15a

Sb Frenkel: Sb�
Sb/Vac

00 00 0
Sb þ Sb

�����

int
3.51

S Frenkel: S�S /Vac��
S þ S

00
int

1.26

Na2S Schottky: 2Na�Na þ S�S /2Vac
0
Na þ Vac��

S þ Na2S 2.05

Na–Sb antisite: Na�Na þ Sb�
Sb/Sb

����

Na þ Na
00 00
Sb

3.33

Na–S antisite: Na�Na þ S�S /S���
Na þ Na

00 0
S

1.01

Sb–S antisite: Sb�
Sb þ S�S /S

00 00 00 0
Sb þ Sb

�������

S
3.53

a Na Frenkel defect relaxes largely, all Na atoms occupy the Na Wyckoff
sites back.

This journal is © The Royal Society of Chemistry 2022
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I�42dNaS2 (in which the experimental S–S average bond length is
2.070 Å).79 It is pointed out here that S–S bonding formation
may facilitate the stabilization of Na vacancy defects via the
charge compensation mechanism. Previous characterization by
Rietveld renement for the undoped NSS phase has indicated
the presence of 5% vacancies in one of the Na Wyckoff sites.32

Na ion transport property

For ground-state t-NSS, two distinct Na local pathways describe
the 3D long-range inter-diffusion process (see Fig. 1a). Mean-
while, for metastable c-NSS which has a higher s than t-NSS by
a factor of �2, there is a 3D symmetric pathway of linked
equivalent Wyckoff sites as shown by the DFT-MD 2D-projected
trajectory in Fig. 8a. Similar to the strategy for other known
metastable SEmaterials, c-NSS stabilization can also be realized
via doping, for example by halide anions X (F, Cl, Br, I) at the S
site. Similar to the intrinsic defect energies calculated for the
undoped NSS phase, DFT doping energies for NSS by halide
anions with Vac

0
Na introduction were also estimated to be

sufficiently low (0.95–1.11 eV f.u.�1) to be accessible during
high-temperature synthesis.30,80 Thus, we focus hereaer on c-
NSS and investigate s and effects of halide doping on it. For
this, the Arrhenius relationship was employed:81

s ¼ s0

T
exp

�
� Ea

kBT

�
; (16)
Fig. 7 Schematic illustration of (a) S Frenkel and (b) Na–S antisite from
DFT-optimized supercells. Defect species such as S

00
int, Vac

��

S , Na
00 0
S , and

S
���

Na and defect-related bond lengths are shown in red.

Fig. 8 (a) 2D-projected atom trajectory density from 100 ps NVT-MD
calculation (473 K) of the 1-vacancy c-NSS (I4�3m) supercell model. (b)
DFT-MD-derived Arrhenius plot for Na+ ionic conductivity at different
temperatures of 1-vacancy undoped (1v-u), 2-vacancy undoped (2v-
u), F-doped (2v-F), Cl-doped (2v-Cl), Br-doped (2v-Br), and I-doped
(2v-I) supercell models. Experimental data for undoped Na3SbS4 are
included for comparison.41

This journal is © The Royal Society of Chemistry 2022
where s0, T, Ea, and kB are the conductivity prefactor, temper-
ature, Na+ ion activation energy, and Boltzmann constant,
respectively. To estimate s and Ea, DFT-MD calculations were
performed, with respect to dopant type and vacancy concen-
tration. For this, 6 supercell models (2 � 2 � 2, �128 atoms)
were constructed: 1-vacancy undoped (Na2.9375SbS4 as 1v-u
model), 2-vacancy undoped (Na2.875SbS4 as 2v-u model), F
doping (Na2.875SbS3.875F0.125 as 2v-F model), Cl doping
(Na2.875SbS3.875Cl0.125 as 2v-Cl model), Br doping (Na2.875-
SbS3.875Br0.125 as 2v-Br model), and I doping (Na2.875SbS3.875-
I0.125 as 2v-I model).

Fig. 8b shows the Arrhenius plot derived from temperature-
dependent MSD proles (see Fig S6†). We note that, for
example, in the 1v-umodel which is the closest representative of
the reported undoped phase, the same order of magnitudes was
calculated for Ea and room-temperature s (sRT) vs. experimental
data. Thus, comparison can be reasonably and systematically
carried out based on our calculation results. Without doping,
such as in 1v-u and 2v-u models, an increase from a single
J. Mater. Chem. A, 2022, 10, 2235–2248 | 2243
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Table 4 Comparison between DFT-MD-based and experimental Na+ ion activation energy Ea and its room-temperature conductivity sRT

Composition Dopant anion radius rX
a/Å DFT-MD Ea/eV (expt.) DFT sRT/10

�2 S cm�1

Na2.9375SbS4 (2% vacancy, 1v-u) — 0.201 � 0.042 (0.269)b 0.828 (0.21)b

Na2.875SbS4 (4% vacancy, 2v-u) — 0.159 � 0.052 (—) 0.220 (—)
Na2.875SbS3.875F0.125 (4% vacancies, 2v-F) 1.33 0.281 � 0.078 (—) 0.178 (—)
Na2.875SbS3.875Cl0.125 (4% vacancies, 2v-Cl) 1.81 0.105 � 0.017 (—) 4.489 (—)
Na2.875SbS3.875Br0.125 (4% vacancies, 2v-Br) 1.96 0.073 � 0.007 (—) 10.240 (—)
Na2.875SbS3.875I0.125 (4% vacancies, 2v-I) 2.20 0.267 � 0.029 (—) 0.253 (—)

a 6 nearest neighbors.81 b Nominal Na3SbS4.41
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vacancy (�2%) to two vacancies (�4%) resulted in a decrease in
the logs vs. 1000T�1 slope. The slope is directly correlated with
Ea, the estimated values of 0.201 � 0.042 eV to 0.159� 0.052 eV,
respectively, reveal the importance of Na vacancies in activating
the superionic conduction in NSS. Without vacancy, a negligible
diffusivity was found as conrmed by a at MSD trend (see
Fig. S7†).

As previously pointed out, it is expected that Ea may be
further modulated with respect to halide dopant type since the
diffusion channel can be modied differently even at the same
level of vacancy concentration, this is owing to the ionic size and
electronegativity/ionicity difference among halide anions. To
examine this, results for halide anion dopant radius rX,82 Ea, and
extrapolated sRT from DFT-MD runs were collected and
summarized in Table 4 (experimental data included for
Fig. 9 (a) Schematic illustration of the Na diffusion channel isosurface
approach.83 Na sites labelled 1 and 2 are highlighted, with local pathway
bottleneck diameter. (b) DFT-Ea vs. d0 plot and (c) DFT-Ea vs. d1 plot for 1
Cl-doped (2v-Cl), Br-doped (2v-Br), and I-doped (2v-I) supercell model

2244 | J. Mater. Chem. A, 2022, 10, 2235–2248
comparison). The rX parameter was initially chosen to check
whether it has a direct correlation with Ea and sRT, noting that it
may be correlated with the variation in the anion sublattice
packing and thus, the diffusion pathway.

DFT-MD Ea values reveal a concave up trend with increasing
rX as follows: 0.281 � 0.078 eV with F doping, 0.105 � 0.017 eV
with Cl doping, 0.073 � 0.007 eV with Br-doping, and 0.267 �
0.027 eV with I doping. Correspondingly, the sRT trend shows
a concave down behaviour: 0.178 � 10�2 S cm�1, 4.489 �
10�2 S cm�1, 10.240 � 10�2 S cm�1, and 0.253 � 10�2 S cm�1,
respectively. Overall, Cl and Br doping appears to be promising
as dopants for s optimization. To study how rX correlates with
the changes in the diffusion channel, other physical parameters
were also investigated such as Na site cage diameter (d0) and
site-to-site bottleneck diameter (d1), as displayed in Fig. 9a.
in NSS. The isosurface is generated by the bond valence sum (BVS)
features described; d0: Na site cage diameter and d1: Na site-to-site
-vacancy undoped (1v-u), 2-vacancy undoped (2v-u), F-doped (2v-F),
s.

This journal is © The Royal Society of Chemistry 2022
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These parameters were determined by the Voronoi tessellation
approach and using the DFT geometry-optimized structures.84

Fig. 9b and c display the ranges for d0 and d1 which are 2.1–2.7 Å
and 1.60–1.67 Å, respectively. The undoped models (1v-u, 2v-u)
show the smallest d0 and largest d1 values. For the F-doped
model (2v-F), both its d0 and Ea are the largest, but it has the
smallest d1 values relative to other models. It can be interpreted
as the path bottleneck becoming smaller and thus Ea becoming
larger with F doping. It is apparent that there is a critical value
for d1 (�1.62 Å), below which Ea starts to increase signicantly
as shown in Fig. 9c (for 2v-F and 2v-I models). No monotonic
decrease in Ea is determined with further increase beyond the
noted critical value of d1 (for 1v-u and 2v-umodels). Therefore, it
can be argued that, aside from inducing ionic conduction viaNa
vacancy creation, the dopant halide anion type modulates the
diffusion channel for the moving Na+ ion by changing the Na
site-to-site bottleneck size.
Discussion

Considering that there are only a few practical SE material
choices so far for ASS-NIB application, NSS may be expected as
one of the base SE materials which satisfy the high-s require-
ment for actual application. When it is incorporated in the
actual solid-state cell, further improvement (e.g., viamorphology
control and interface engineering) is still necessary to satisfy the
other metrics such as chemical/electrochemical compatibility vs.
electrode materials and stability vs. dendrite initiation/growth
during the anode-side Na plating/stripping process.

The tendency of S species in NSS to migrate across the
interface with the cathode is predicted as one of the highly likely
processes that would drive the chemical makeup variation and
atomic rearrangement around the interface region. This pre-
dicted single-species-type migration may also form part as an
elementary process of other experimentally suggested reactions
such as mutual species exchange and defect-driven redistribu-
tion of chemical species across the cathode–SE contact.66,67

Usually, these reactions are linked to resistance increase around
the cathode–SE interface region.85,86 One possible way to reduce
this interfacial resistance is by introducing a thin oxide buffer
layer which acts as a physical barrier that prevents interface
reaction.70,87,88

Similarly, the insertion of a physical barrier between the
anode and SE component is also a possible approach to prevent
or limit SE decomposition. For instance, NaCl was found to be
able to slow SE degradation kinetics in NSS.35 The formation of
NaCl at the low-voltage regime (i.e., under high Na chemical
potential) in Cl-doped NSS was veried to be energetically
preferable in the present work according to DFT free-energy
phase diagram calculations (see Table S9†). However, a trade-
off with interface and grain boundary ion transport is to be
expected, given the difference in s of the inserted barrier
compound. The use of an alloy metal anode may also address
the aforementioned stability problem, since the chemical
potential of Na in the alloy phase is relatively lower than in the
pure Na metal phase. For example, instead of Na metal as the
starting anode, Na3Sb and NaSb alloys may be used instead
This journal is © The Royal Society of Chemistry 2022
which are more stable phases under low voltage conditions.
However, a possible drawback of this approach would be
volume expansion/contraction, particularly at high current
densities. This volume change can cause poor cycle perfor-
mance due to eventual contact loss. To address this issue on
volume change, porous morphology structures or porous
supports have been tested.89 Meanwhile, to stop dendrite initi-
ation at the Na metal anode surface, the electrodeposition
stability map in Fig. 4b suggests two ways to achieve density-
driven stability (i.e., region (i)): (i) make Na in the SE
compound more densely packed than Na in the Na metal anode
or (ii) appropriately pair the SE compound with an anode with
lower effective molar volume for Na atom (e.g., alloy). In addi-
tion, intentionally increasing the Na metal surface roughness
may also prevent dendrite formation, as shown in the total c
curve in Fig. 4 in which the value becomes negative at higher
surface roughness k (e.g., at �6.41 � 1011 m�1). The density-
driven stability (region (i)) may also be achieved via interface
morphology control, by taking into account the anisotropy
owing to the crystallographic orientation of Na metal and SE
surfaces.90 The stress–strain condition and electron density
distribution around the anode–SE interface may also be
controlled by modulating the cell stack pressure.91

Na ion transport in NSS is determined to be assisted by Vac
0
Na

as revealed by DFT-MD results. The halide dopants modify the
bulk s value by: (i) controlling Na vacancy concentration and (ii)
varying the size of the Na inter-site path bottleneck. An order of
10�2 S cm�1 is predicted to be accessible for Br-doped and Cl-
doped NSS phases. A previous experimental report showed s

optimization by Cl doping in a material analogue Na3�dPS4�xClx
(x ¼ 0.2).92 Interestingly, the analysis indicated that this system
is a case in which the Na vacancy is limited and Cl is abundant,
rather than Na vacancy and Cl concentrations being equal (i.e.,
following a typical charge compensation for S2� substitution
with Cl�). It was suggested that, for charge compensation, the P
oxidation state was changed from 5+ to 4+ (based on solid-state
NMR analysis). It is noted here that 4+ is an uncommon elec-
tronic conguration for the P element, instead it is 5+ which is
the natural oxidation state. This is in contrast with the present
DFT work, in which the Na vacancy concentration depends on
halide content for charge neutrality and there is no change in
the oxidation state of Sb (such as from 5+ to 4+). So far, we found
no experimental report yet that suggests the possible oxidation
state change of Sb from 5+ to 4+ in NSS. Meanwhile, experi-
ments have demonstrated a room-temperature conductivity
maximum by Cl doping, the values are 9.0 � 10�4 S cm�1 and
2.9 � 10�3 S cm�1 for xCl ¼ 0.05 and xCl ¼ 0.0625, respec-
tively.60,93,94 These measurements are consistent with the
present DFT-MD data for Cl doping, but the experimental
doping concentrations are noted to be slightly lower. Although
a higher conductivity is exhibited by our prediction, our simu-
lated doping level (at xCl ¼ 0.125) is apparently difficult to
obtain experimentally because of decreased achievable SE pellet
density.60 The formation of new structure and/or secondary
phases (with inherently lower conductivity) could also play
a role in the observed decrease in experimental conductivity.60
J. Mater. Chem. A, 2022, 10, 2235–2248 | 2245
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Out of all the bounding phases in the phase diagram for NSS,
only Na2S may offer a favorable grain boundary pathway
between particles, as suggested by its relatively low Na+ ion
migration energy (see Fig. S8 and S9†). Thus, suppression of
other secondary phases is crucial to achieve high s. In addition,
intrinsic defects such as S Frenkel and Na–S antisite are ex-
pected to also affect s since they may alter a long-range inter-
diffusion process in the bulk, possibly even blocking the Na
pathway (see Fig. 7). Control of these intrinsic defects should
thus be considered as well, particularly during the actual
material synthesis of NSS.

Conclusions

A comprehensive theoretical study based on DFT and advanced
kinetic modelling was carried out to investigate the phase
stability, (electro)chemical stability, electrodeposition stability,
defect chemistry, and Na ion transport property of NSS SEs for
ASS-NIB application. In the cathode side (e.g., using NaCrO2),
interface atomic rearrangement is highly likely to be facilitated
by S chemical species diffusion. Meanwhile, NSS undergoes
decomposition under the low voltage (Na insertion reaction) and
high voltage (Na de-insertion reaction) conditions; the predicted
electrochemical window is 1.60–2.37 V vs. Na+/Na. It was deter-
mined that Na dendrite formation is likely during the electro-
deposition process on the Na metal anode surface with NSS as
the contact SE material, highlighting the need for other strate-
gies to be implemented such as control of morphology and cell
stack pressure. Halide doping at the S site enables increasing the
Na vacancy concentration and modulating the diffusion path
bottleneck size to tune the conductivity and activation energy
barrier. Among the dopants, Br� and Cl� anions are predicted to
be the most promising ones, both with activation energies of
about �0.1 eV at 4% Na vacancies. Secondary phases and
intrinsic defects during NSS synthesis are possible hindrances
for maximizing the conductivity. Na2S, a possible secondary
phase that could either exist in the as-prepared sample or could
form during battery charge–discharge operation, may aid in the
inter-grain transport because of its low Na+ ionmigration energy.

Author contributions

R. J. and Y. T. conceived the study with the help of B. G., and H.
K. T. Calculations were performed by R. J. Contributions were
made by Y. T., B. G., and H. K. T. in relation to the analysis and
discussion of thermodynamic reactions, chemical potential
relationships, and ion transport. The manuscript was written by
R. J., with input/comments/feedbacks from other authors.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

R. J. is thankful to the Japan Science and Technology Agency
(JST) Precursory Research for Embryonic Science and
2246 | J. Mater. Chem. A, 2022, 10, 2235–2248
Technology (PRESTO) program for the nancial support. This
research was also supported in part by JST through “Materials
research by Information Integration” Initiative (MI2I)”, ALCA-
SPRING Grant Number JPMJAL1301 and COI-NEXT Grant
Number JPMJPF2016, by JSPS KAKENHI Grant Numbers
JP19H05815 and JP21K14729, and by MEXT as Elements
Strategy Initiative Grant Number JPMXP0112101003, Materials
Processing Science project (“Materealize”) Grant Number
JPMXP0219207397 and “Program for Promoting Researches on
the Supercomputer Fugaku” Grant Number JPMXP1020200301.
The calculations were performed on the supercomputers at
NIMS (Numerical Materials Simulator), Nagoya University
(CX400), Kyushu University (ITO) and the supercomputer
Fugaku at the RIKEN through the HPCI System Research Project
(project ID: hp210105). Visualization of crystal structures was
made with the VESTA soware.95 The molecular dynamics
trajectory in Fig. 8a was visualized using the VMD soware.96

Plots were generated using python Matplotlib.97
Notes and references

1 C. Delmas, Adv. Energy Mater., 2018, 8, 1703137.
2 K. Kubota, J. Electrochem. Soc., 2015, 162, A2538–A2550.
3 S.-W. Kim, D.-H. Seo, X. Ma, G. Ceder and K. Kang, Adv.
Energy Mater., 2010, 2, 710–721.

4 Y. Yuan, K. Amine, J. Lu and R. Shahbazian-Yassar, Nat.
Commun., 2017, 8, 15806.

5 K. Mizushima, P. C. Jones, P. J. Wiseman and
J. B. Goodenough, Mater. Res. Bull., 1980, 15, 783–789.

6 C. Delmas, C. Fouassier and P. Hagenmuller, Physica B+C,
1980, 99, 81–85.

7 T. A. Hewston and B. L. Chamberland, J. Phys. Chem. Solids,
1987, 48, 97–108.

8 A. K. Padhi, K. S. Nanjundaswamy and J. B. Goodenough, J.
Electrochem. Soc., 1997, 144, 1188–1194.

9 S.-M. Oh, S.-T. Myung, J. Hassoun, B. Scrosati and Y.-K. Sun,
Electrochem. Commun., 2012, 22, 149–152.

10 M. Ati, B. C. Melot, J.-N. Chotard, G. Rousse, M. Reynaud and
J.-M. Tarascon, Electrochem. Commun., 2011, 13, 1280–1283.

11 R. Tripathi, T. N. Ramesh, B. L. Ellis and L. F. Nazar, Angew.
Chem., Int. Ed., 2010, 49, 8738–8742.

12 S. Nishimura, M. Nakamura, R. Natsui and A. Yamada, J. Am.
Chem. Soc., 2010, 132, 13596–13597.

13 P. Barpanda, G. Liu, C. D. Ling, M. Tamaru, M. Avdeev,
S.-C. Chung, Y. Yamada and A. Yamada, Chem. Mater.,
2013, 25, 3480–3487.

14 K. Ozawa, Solid State Ionics, 1994, 69, 212–221.
15 S. Komaba, W. Murata, T. Ishikawa, N. Yabuuchi, T. Ozeki,

T. Nakayama, A. Ogata, K. Gotoh and K. Fujiwara, Adv.
Funct. Mater., 2011, 21, 3859–3867.

16 W. J. H. Borghols, D. Lützenkirchen-Hecht, U. Haake,
W. Chan, U. Lafont, E. M. Kelder, E. R. H. van Eck,
A. P. M. Kentgens, F. M. Mulder and M. Wagemaker, J.
Electrochem. Soc., 2010, 157, A582–A588.

17 H. Xiong, M. D. Slater, M. Balasubramanian, C. S. Johnson
and T. Rajh, J. Phys. Chem. Lett., 2011, 2, 2560–2565.
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta07292g


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/3
1/

20
26

 4
:2

8:
20

 A
M

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 E. Ferg, R. J. Gummow, A. de Kock and M. M. Thackeray, J.
Electrochem. Soc., 1994, 141, L147–L150.

19 Y. Sun, L. Zhao, H. Pan, X. Lu, L. Gu, Y.-S. Hu and H. Li, Nat.
Commun., 2013, 4, 1870.

20 Y. Wang, X. Yu, S. Xu, J. Bai, R. Xiao, Y.-S. Hu, H. Li,
X.-Q. Yang, L. Chen and X. Huang, Nat. Commun., 2013, 4,
2365.

21 K. Xu, Chem. Rev., 2014, 114, 11503–11618.
22 H. Che, S. Chen, Y. Xie, H. Wang, K. Amine, X.-Z. Liao and

Z.-F. Ma, Energy Environ. Sci., 2017, 10, 1075–1101.
23 F. G. Will and S. P. Mitoff, J. Electrochem. Soc., 1975, 122,

457–461.
24 A. K. Ivanov-Schitz and A. B. Bykov, Solid State Ionics, 1997,

100, 153–155.
25 Q. Ma, M. Guin, S. Naqash, C.-L. Tsai, F. Tietz and

O. Guillon, Chem. Mater., 2016, 28, 4821–4828.
26 T. J. Udovic, M. Matsuo, A. Unemoto, N. Verdal, V. Stavila,

A. V. Skripov, J. J. Rush, H. Takamura and S. Orimo, Chem.
Commun., 2014, 50, 3750–3752.

27 H. Nguyen, S. Hy, E. Wu, Z. Deng, M. Samiee, T. Yersak,
J. Luo, S. P. Ong and Y. S. Meng, J. Electrochem. Soc., 2016,
163, A2165–A2171.

28 Z. Zhang, E. Ramos, F. Lalère, A. Assoud, K. Kaup,
P. Hartman and L. F. Nazar, Energy Environ. Sci., 2018, 11,
87–93.

29 S. S. Berbano, I. Seo, C. M. Bischoff, K. E. Schuller and
S. W. Martin, J. Non-Cryst. Solids, 2012, 358, 93–98.

30 I.-H. Chu, C. S. Kompella, H. Nguyen, Z. Zhu, S. Hy, Z. Deng,
Y. S. Meng and S. P. Ong, Sci. Rep., 2016, 6, 33733.

31 L. Zhang, K. Yang, J. Mi, L. Lu, L. Zhao, L. Wang, Y. Li and
H. Zeng, Adv. Energy Mater., 2015, 5, 1501294.

32 H. Wang, Y. Chen, Z. D. Hood, G. Sahu, A. S. Pandian,
J. K. Keum, K. An and C. Liang, Angew. Chem., Int. Ed.,
2016, 55, 8551–8555.

33 A. Banerjee, K. H. Park, J. W. Heo, Y. J. Nam, C. K. Moon,
S. M. Oh, S.-T. Hong and Y. S. Jung, Angew. Chem., Int. Ed.,
2016, 55, 9634–9638.

34 L. Zhang, D. Zhang, K. Yang, X. Yan, L. Wang, J. Mi, B. Xu
and Y. Li, Adv. Sci., 2016, 3, 1600089.

35 E. A. Wu, C. S. Kompella, Z. Zhu, J. Z. Lee, S. C. Lee, I.-H. Chu,
H. Nguyen, S. P. Ong, A. Banerjee and Y. S. Meng, ACS Appl.
Mater. Interfaces, 2018, 10, 10076–10086.

36 D. Zhang, X. Cao, D. Xu, N. Wang, C. Yu, W. Hu, X. Yan, J. Mi,
B. Wen, L. Wang and L. Zhang, Electrochim. Acta, 2018, 259,
100–109.

37 L. E. Rush Jr, Z. D. Hood and N. A. W. Holzwarth, Phys. Rev.
Mater., 2017, 1, 075405.

38 H. Wang, M. Yu, Y. Wang, Z. Feng, Y. Wang, X. Lü, J. Zhu,
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