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This review focuses on defect chemistry and ion transport in sodium sulfide solid electrolytes, empha-
sizing the influence of intrinsic and extrinsic defects, grain boundaries, and insights from advanced
computational studies. By comparing sodium and lithium electrolyte systems, it highlights the unique
challenges and opportunities in sodium-based solid electrolytes. Additionally, doping strategies,
emerging materials, and hybrid approaches to enhance ionic conductivity and interfacial stability are
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1. Introduction

Clean and renewable energy sources are currently gaining
attraction due to their ability to reduce greenhouse gas emis-
sions, combat climate change, and provide sustainable, cost-
effective energy with less environmental impact. However, such
greener energies need to be stored either for a shorter or longer
duration before being used in practical applications." Among
various energy storage technologies, lithium-ion batteries dom-
inate the energy storage market due to their higher energy
density, efficiency and longer cycle life. Due to concerns such as
limited raw material availability (e.g., lithium and cobalt), the
environmental impact of mining, higher costs and safety issues
(fire risk), a more cost-effective alternative is imminent.> Also,
the uneven global distribution of critical raw materials and a
need for greener alternatives are key drivers for all-solid-state
sodium batteries (ASSSBs). A wide distribution of sodium raw
materials and abundance contribute to its lower cost than
lithium counterparts. Sodium-ion batteries are further enabled
for large-scale energy storage applications by solid electrolytes
for safety and their ability to operate at higher temperatures
with reduced material costs and improved stability.®> Unlike
liquid-based batteries, the use of metallic sodium anodes plays
a key role by offering high theoretical capacity and low redox
potential, which enhances energy density significantly, while
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their compatibility with solid electrolytes improves safety and
cycle life in solid-state sodium batteries by multiple folds.
Since the early report® of B-alumina as an electrolyte for
sodium-sulfur batteries in 1960, various sodium ion-
conducting solid electrolytes have been explored since then.
Among various solid-electrolytes, oxide,* sulfides,>® halides,®
and polymer electrolytes® are the mostly commonly studied
categories due to their physical and chemical properties such as
high ionic conductivity, chemical and thermal stability, com-
patibility with sodium anodes, material abundance, and their
potential for scalability. Despite these advantages, various
ground-level problems such as poor ionic conductivity at room
temperature, poor interfacial compatibility with electrodes,
brittleness (for ceramics), air sensitivity (for sulfides), and
limited mechanical stability in long-term cycling are hamper-
ing their commercial deployment for a long time. Other pro-
blems such as dendrite formation, high processing costs,
limited electrochemical stability window, and sensitivity to air
and moisture are also obstacles to their application in solid-
state batteries. Therefore, to advance the true potential of
ASSSBs for practical applications, this comprehensive review
of the various modifications made to electrolyte materials to
enhance their performance in meeting application demands is
essential. Moreover, understanding grain boundary effects and
interfacial stability between electrodes and sulfide electrolytes
is also essential for fully harnessing the potential of sodium
solid-state batteries, in conjunction with bulk defect engineer-
ing. Due to the complex nature of defects and ion transport
phenomena, advanced computational techniques - such as
density functional theory (DFT), ab initio molecular dynamics
(AIMD), and emerging machine learning (ML) methods - have
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[ Sulfide-type Na-ion conductors ]

Fig. 1 Advancement history of representative sulfide-based Na-ion conductors with their doping chemistry.

become indispensable tools for predicting defect formation,
ion migration pathways, and interfacial reactions. These com-
putational approaches complement experimental techniques
and help guide the optimization of materials through targeted
defect and doping engineering.

After an inspiring report in 2012 by Hayashi et al.’ on NasPS,
glass-ceramic super-ionic conductors with impressive ionic
conductivity, sulfide-type Na-ion conductors started to gain
serious attention from the scientific community (e.g. Fig. 1
represents the evolutionary history of sulfide-based Na-ion
conductors). Building on previous research on Na;SbS,, where
antimony replaces phosphorus, and other new sulfur chemis-
tries like Na,MS,; (M = Si, Sn, and Group IVA elements),
Na;;SnPS;, has also been investigated and reported to exhibit
impressive sodium-ion conductivities. In particular, among
Nay,MS,, candidates with structural modifications by doping
or substitution display enhanced ionic conductivity compared
with their parent chemistry.'® For example, in Na,SnS,, when
Sn is partially substituted by Si'! a new 3D diffusion pathway is
created, yielding a higher ionic conductivity of 1.6 mS em ™.
Another class of sulfide solid electrolytes with group IIIA
elements, such as Ga and B are currently gaining attraction.
In particular, B being an electrochemically inert element, is
used as a passivating interlayer'* at the electrode-electrolyte
interface for enhancing interfacial stability and longer cyclabil-
ity. Overall, NazPS, (NPS), NazSbS, (NSS), and Na;;SnPS;,
(NSPS) are among the most extensively studied candidates
within sulfide-based sodium solid electrolytes. Though a
recent report'® by Wang et al. discusses various broad aspects
of this sulfide solid electrolyte, we particularly focus on the
defect chemistry perspective and the corresponding effect on
physical and chemical properties of the corresponding
microstructures.

This journal is © The Royal Society of Chemistry 2025

This review focuses on how defect chemistry (vacancies,
dopants, and grain boundaries) affects the ionic conductivity
and performance of solid electrolytes. To address the factors
mentioned above, the following sections will discuss the roles
of parameters such as defects and vacancies, grain boundaries,
and defect formation energies for solid electrolytes. Following
discussions, the impact of those tweaks on the overall perfor-
mance of electrolytes and full cells is discussed briefly. Finally,
some potential applications for sodium solid—-electrolytes and
required research directions for the future are also discussed.

2. Fundamental principles of defect
formation

A crystalline solid is defined as a perfect crystal of solid, in
which atoms are arranged in perfect order of a three-
dimensional periodic array. The term imperfection means any
deviation from a perfect homogenous crystal lattice. In many
physical processes in solids, such imperfections are essential
including luminescence, atomic diffusion, crystal growth, and
various deformations. In this chapter, we thoroughly discuss
the various sources, causes and effects of such imperfections.
Let us consider a layered oxide ABO, composed of equal
numbers of A and B metal atoms. The oxide compound is said
to be ordered if the A and B atoms are arranged in a regular
periodic arrangement with respect to one another. These
periodically arranged A and B in 2D space form a lattice plane
and each atom corresponds to lattice points. In thermal equili-
brium, there may exist a crystal with a number of vacant lattice
points up to an order of 2% near the melting point. If the
removed ion from the vacancy is squeezed in between normal
ions, into an interstitial position in the lattice, then we have a
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Frenkel defect. Instead, if the removed ion is placed on the
surface, we have a Schottky defect. These intrinsic defects are
particularly critical in sodium sulfide solid electrolytes, as they
directly influence sodium-ion mobility and overall ionic
conductivity.

Intrinsic defects such as vacancies

In 1926, Frenkel proposed the idea of point defects in crystals
and explained their relationship with ionic conductivity in
crystalline solids. He proposed that volume ionic conductivity
occurs by the motion of positive or negative ions in the lattice
under the influence of an electric field. In a perfect crystal, to
achieve high ionic conductivity, imperfections such as vacant
lattice sites or interstitial atoms would need to be created.
Additionally, a great deal of energy is required to displace an
ion from its lattice position. To overcome this difficulty, Frenkel
proposed that point defects existed in the crystal lattices prior
to the application of the electric field. These point defects led to
the idea of non-stoichiometric compounds for e.g. let MX be a
compound and there are possibilities of M > X or X > M. The
solid overall must be neutral and if X > M there are M
vacancies or for example cation vacancies. To compensate for
charge, other defects must be present, and this phenomenon is
commonly observed in solid-state electrolyte materials.

Extrinsic defects such as aliovalent doping

Point defects can be induced by impurity atoms, too. In
sodium-based electrolytes, these impurity atoms typically
occupy lattice sites or interstitial positions, modifying defect
structures and significantly altering sodium-ion conduction
pathways. For example, aliovalent doping with elements such
as Si, Sn, or W in Na;zPS, and Na;SbS, creates sodium vacancies
or interstitials, thus enhancing ionic conductivity dramatically.
Typically, these impurity atoms are not randomly arranged and
some degree of clustering or ordering region often occurs,
leading to linear, planar, and volumetric defects. Theoretically,
the shear strength of perfect crystals is significantly higher than
the actual shear strength observed in very pure crystals. This
discrepancy has led many researchers to suggest that imperfec-
tions in real crystals are the primary reason for their lower
strength. Normally, the atoms or ions are not in their normal
position during dislocation and causes slip plane and perma-
nent deformation by shear since they are not in their normal
positions. With these fundamental principles established, the
following sections will provide a detailed discussion on how
intrinsic and extrinsic defects specifically manifest in sodium
sulfide solid electrolytes and how they can be engineered to
optimize ionic conduction.

3. Intrinsic and extrinsic defects in Na
ion conductors
To begin with, Na;PS, is shown to coexist both in a glassy state

(amorphous) and a glass-ceramic state upon a mechanochem-
ical synthesis method by using a mixture of Na,S and P,Ss.
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Initially, Na;PS, was believed to exist in two polymorphs - a
tetragonal phase with P42,c space group and a cubic phase with
a space group of 143m”'*'¢ (Fig. 2(a) and (d)). While Na ions
occupy the Na(6b) site in between PS,* tetrahedra of the bcc
sublattice, in tetrahedra form this 6b site splits into two distinct
sites [Na(2a) and Na(4d)] due to slight rotation of the PS>~
polyhedral™” and thus changing the lattice constants. In addi-
tion to these two phases, an additional orthorhombic phase
with space group Fddd was also observed'®'® when heated
beyond 500 °C, characterized by notable changes in both the
PS>~ bonding and an abrupt increase in unit-cell volume
increase. The transition of NazPS, from cubic (at 270 °C) to a
tetragonal phase at 420 °C has been evidently captured by
in situ TEM analyses,*° strongly correlating phase changes with
the annealing temperature.”® Among both forms, the glass-
ceramic form exhibits a notably higher ionic conductivity of
about 0.2-0.46 mS cm™ " at RT,>* which attracted significant
interest in this class of ion conductors. Theoretically, both
cubic and tetragonal stoichiometric phases have similar low
ionic conductivities with activation energies of 0.19 vs. 0.20 eV,
respectively.>' However, in practicality glass-ceramic (amorphous)
NazPS, exhibits a higher ionic conductivity (0.2 mS ¢cm™)
than the crystalline tetragonal phase (0.01 mS cm™').°
This difference in ionic conductivity between experimental
and theoretical values is mainly driven by local factors such
as defect concentrations and micro-strain, rather than crystal
structure alone. Various theoretical, in particular MD simula-
tion studies,"”*' have confirmed that introducing a Na
vacancy can dramatically increase ionic conductivity, which is
discussed in later sections (Fig. 3). For example, Na;PS,-pristine
without defects could display maximum conductivities of
~0.2 mS cm™',** whereas upon introducing Na vacancies as
in Na, ¢,PS, a significant increase in ionic conductivity (theo-
retically ~200.0 mS cm ') could be achieved without much
change in the crystal structure. This significant improvement in
conductivity highlights that defect chemistry, rather than the
material phase, plays a crucial role in achieving high ionic
transport in sodium solid electrolytes.

For a long time, researchers have extensively investigated
doping both at anionic and cationic sites as a widely followed
method to modify the crystal structure and induce defects in
perfect crystal structures. Based on Na;PS, systems, both cation
and anion substitution are more prevalent. In particular, partial
substitution of P with group IVA elements such as Si, Ge, and
Sn introduces extra Na content or Na interstitials, causing
intrinsic defects to the system. For example, in a report by
the Tatsumisago group,” the addition of ~6 mol% Si in
NazPS, glass ceramics (amorphous) boosts room temperature
ionic conductivity by 3 times from 0.25 to 0.74 mS cm™". In
another work by Adams et al.,” doping of group IVA elements
(Ge, Ti, and Sn) on NazPS, was systematically performed with
levels up to x = 0.1 in Naz,,M,P; ,S,;. With the increase in
atomic radii of dopants in sequence (Si < Ge < Ti < Sn), the
corresponding lattice volume was added. However, the corres-
ponding average site decreased in reverse order with Sn doping
appearing to be the most promising. Experimental analysis of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) lonic conductivities and morphologies of solid electrolytes. (al) Frequency dependence of the ionic conductivity of NasPS,4 glass, NazPS,
glass-ceramic, and PB-alumina. Cross-sectional SEM images for the powder-compressed pellet. (a2) NasPS,; glass-ceramic and (a3) B-alumina.®
Reproduced with permission from ref. 5. Copyright 2014 The American Ceramic Society and Wiley Periodicals, Inc. (b) lonic conductivities of 75Li,S-
25P,Ss depending on molding pressure.® Reproduced with permission from ref. 6. Copyright© 2016, The Author(s). (c) lonic conductivities and
morphologies of solid electrolytes.® (c1) Impedance plots of the NazPS,4 glass pellet (open circle) at 25 °C and the glass-ceramic pellet prepared at 270 °C
(closed circle). (c2) Bode plots of the pellets of the NasPS, glass (open circle, at 25 °C) and the NazPS, glass-ceramic (open square, at 25 °C), and the
B-alumina (open triangle (at 70 °C) and open reverse-triangle (at 120 °C)). Cross-sectional SEM images of (c3) the NazPS, glass-ceramic pellet and (c4)
the B-alumina pellet.®’ Reproduced with permission from ref. 9. Copyrights 2017. Elsevier B.V. (d) XRD patterns of NasPS, electrolytes. The patterns of
NazPS,4 prepared using 1,2-dimethoxyethane and dried (d1) at room temperature and (d2) heated at 270 °C. The patterns of NazPS, prepared using diethyl
ether dried (d3) at room temperature and (d4) heated at 270 °C. (d5) The pattern of NasPS,4 prepared by mechanical milling.” Reproduced with permission
from ref. 7. Copyright 2012, Springer Nature.

the same further confirmed the theory by achieving the highest and generates additional Na vacancies that improve ionic
ionic conductivity of 0.25 mS cm ™" at RT. Similarly, incorporat- conduction up to 1 mS cm™ " under optimal Ca content of
ing other dopants such as W or As'>?®?” has significant and x = 0.135, yielding a maximum ionic conductivity.

impactful increase in ionic conductivity by reaching a conduc- Much like cation substitution, anion substitution by aliova-
tivity of about 13 mS cm ™. Not just limited to the P position, lent and isovalent anions was also performed. For aliovalent
cation doping to replace Na” by aliovalent doping such as Ca  substitution, halogen substitution (such as F, Cl, Br, I)**>" at
was also performed by the Jung group.”® Replacing some Na*in  anionic sites can create Na vacancies for charge compensation,
NazPS, with Ca (Na;_,,Ca,PS,) stabilizes the cubic phase at RT  dramatically enhancing ionic diffusivity and conductivity. For
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Fig. 3 (a) XRD patterns, refinement plot, and morphology of solid electrolytes.* (al) XRD patterns for t-Naz_,PS4_,Cl, with x = 0 and 6.25%. Refinement
plot of (a2) the pristine t-NazPS,4 and (a3) the Cl-doped t-NasPS,. Solid red and black lines denote the observed and calculated XRD patterns, while the
green ticks mark the position of the reflections allowed by the space groups of t-NasPS4 and NaCl. The difference between the observed and calculated
patterns is signified by the blue line. SEM image of (a4) pristine t-NazPS4 and (a5) doped t-Nas_,PS;_,Cl, (x = 6.25%). Reproduced from ref. 14 under the
terms of the Creative Commons CC BY license. (b) Cubic and tetragonal modification of NasPChy (Ch =S, Se),*® and the diffusion geometries for
the preferred jump processes, shown along the (010) plane. In both polymorphs, the Na* ions go through a transition state that is only coordinated by the
chalcogen anions, and the changing anion polarizability is expected to directly affect the interaction with the Na™. Reproduced with permission from
ref. 13. Copyright© 2018, American Chemical Society. (c) Structural relationship between o and B-NasPS4. The transition occurs upon translation of the
4d Nal atoms (highlighted in brown) and rotation of the PS, tetrahedra about the c-axis. The model for the B-phase shown here includes a single Na
atom at the 6b position for simplicity, in contrast to the 1/4-occupied 24f site that results in slightly better fits of the Bragg diffractograms.’® Reproduced
with permission from ref. 18. Copyright 2021 Published by American Chemical Society. (d) Na-distribution during a 100 ps MD simulation®” at 525 K for
(d1) cubic NazPS,, (d2) tetragonal NazPS,, (d3) cubic Na, o4PS4, and (d4) tetragonal Na.94PS4. Reproduced with permission from ref. 17. Copyright 2016
Published by American Chemical Society.

Na-density

1

instance, Cl-doped t-NazPS, can reach ~1.14 mS cm™ ~ at substitutions, such as Se®” or O*7, the doping results in the

30 °C,"* while Br doping may provide ionic conductivities up
to ~2.37 mS cm ' at 300 K (Fig. 3(a)). However, a further
increase in halogen doping may result in the formation of
impurity phases that reduce ionic conductivity.** Similar
phenomena®® were observed in other sulfide glasses such as
Na;SbS, during processing at temperatures below at 200 °C in
the presence of Nal to form an amorphous phase surrounding
crystalline Na;SbS,. This 0.1Nal 0.9 Na;SbS, composite dis-
played double the ionic conductivity as high as 0.74 mS em ™,
highlighting the potential of sulfide solid-electrolytes for
high-performance sodium-ion batteries. For iso-valent anion

12236 | Chem. Commun., 2025, 61, 12232-12245

softening of the lattice, lowering activation barriers and achiev-
ing room temperature ionic conductivities up to 0.11 mS em ™,
and modifies the lattice dynamics and helps in controlling the
Na-ion conduction pathway.’®?*3* Apart from experimental
doping mechanisms, various theoretical simulations and pre-
dictions on addition of various other elements such as Ge and
Sn are discussed in the theoretical studies section of this
review. Given these significant improvements, to further opti-
mize sulfide-based sodium-ion conductors, rational doping
strategies remain a key research direction. In addition to
enhancing bulk ionic conductivity, intrinsic and extrinsic

This journal is © The Royal Society of Chemistry 2025
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defect engineering may also influence grain boundary chem-
istry, potentially altering grain boundary resistance and inter-
facial stability, as explored in subsequent sections.

Similar to Na;PS,, Na;SbS, also exists in two polymorphs
depending upon temperature. While the tetragonal phase
(space group P2;c) is common at lower temperatures,*®™® a
cubic phase (space group I3m) is observed at high-
temperatures. While the tetrahedra position consists of two
SbS, tetrahedral units, with Sb on 2b sites and S on 8e sites, Na
is positioned at a distorted octahedron (NaSe) and in a dode-
cahedron (NaSg)"® with a 3D ion-diffusion network that spans
both the a-b plane and along the c-axis. These distortions and
Na vacancies at dodecahedron sites are the main reason for
significantly enhanced Na-ion transport in NazSbS, class con-
ductors. Even under high pressure, the tetragonal structure of
Na;SbS, was observed to be stable. On the cubic phase which
typically appears at higher temperatures (300-350 °C), all Na
sites are crystallographically equivalent.** However, cubic-
structured Na,;SbS, has been reported*®™* to be stabilized at
lower temperatures by the controlled synthesis method by
preventing transition to the tetragonal phase at 150-180 °C.
Between tetragonal and cubic phases, typically tetragonal
Na,;SbS, displays higher ion conductivity in the range of
1-3 mS cm™ !, especially in dry synthesis®” compared to
0.1-0.5 mS cm ' by the liquid phase method.*® Irrespective
of synthesis methods, Na vacancies are the crucial factor in
enabling high ionic conductivity. Also, a planar network in the
a-b plane formed by alternating NaSes and NaSg sites and
interplane connections along the c-axis, where NaSg octahedra
share edges, allowing Na* to hop between planes, emerges as a
3D transport pathway.**** In comparison, tetragonal Na;SbS,
typically shows an activation energy of about 0.22 eV, whereas
cubic Na;Sbs, exhibits a much lower activation energy, ranging
from 0.036 to 0.06 eV in different studies necessitating stabili-
zation of the cubic phase to reap significantly enhanced ionic
conductivity. In addition to the above structural similarity, the
research methodology adopted by various research groups is
also very similar to Naz;PS, counterparts such as in doping
strategies and creating Na vacancies. In addition, some studies
were aiming to stabilize phases, cumulatively sums up to efforts
for enhancing ionic conductivity. Substitution of elements such
as Ge*® and Sn into Na;SbS, resulted in lattice expansion due to
Na interstitials and boosting ionic conductivity by availing
increased ion-diffusion pathways. Particularly in the case of
Sn,*® the introduction of high Sn content leads to crystal-
lization of the tetragonal phase (space group I4,/acd), indicat-
ing mixed Sb/Sn sites and multiple Na sites, all contributing to
superior ionic conductivity. Among various dopants, stabili-
zation of the cubic phase is best achieved by aliovalent W**
substitution. This resulted in some of the highest ionic con-
ductivities exceeding 20 mS cm ™' at RT, which is achieved by
W®" substitution. The stabilization of the cubic phase is
achieved by decreasing tetragonal distortion and with a body-
centered sublattice of SbS,>~ and WS,>~ units.">*” Depending
on the doping level, the ionic conductivity also varied from
32 mS cm ™" at RT for moderate doping levels x ~ 0.1-0.12 to

This journal is © The Royal Society of Chemistry 2025
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24.2 mS cm ' at RT for heavier doping (x ~ 0.3) such as in
Nay go5Sbo.sWo 35S, and drops further up to ~14.5 mS cm™*
for a slightly orthorhombic variant.*® Some studies'>*® have
indicated even higher ionic conductivities such as in Na, oSbg o
W;.1S; up to 41 = 8 mS em™'. Overall, up to the moderate
level of doping, with the W doping level rising the content of Na
vacancies rises leading to a fall in activation barrier and
increase in ionic conductivity.*”***° In addition to single
cation doping, co-doping strategies were also tried by the
Sohn et al. group with additional cations such as Si** to
increase vacancy formation and stabilize the conductive phase,
resulting in ionic conductivity up to 20.2 mS cm ™" at RT.>' It
is often for glass-ceramic approaches and solution-based syn-
theses to yield high ionic conductivity often surpassing
4-5 mS cm ' at RT.>> Overall, cation doping in Na;SbS,
especially with W®* has proven highly effective for generating
Na vacancies, enlarging the lattice, and stabilizing more iso-
tropic cubic or near-cubic frameworks, ultimately delivering
some of the highest ionic conductivities reported for sulfide-
based sodium solid electrolytes.

On the other hand, doping at anionic sites such as Se*~ or
halogens is also performed by various research groups. In a
study by Yao et al., S>~ anions are replaced by larger Se®~ ions
systematically to expand the lattice®® and to induce tetragonal
to cubic phase transitions.®® For example, Na;SbS;Se,
Na;SbS,Se,, and Nas;SbSSe; adopt a cubic structure, whereas
undoped Na,SbS, is tetragonal. In this study,’ the varying Se
content displayed varied ionic conductivities but similar activ-
ities. Not just limited to Se content, synthesis methods also
significantly affect ionic conductivity as demonstrated in
liquid-solid fused synthesis, which demonstrated higher ionic
conductivity up to 4.03 mS cm™ ' compared to purely liquid or
solid-state routes.”>>® On halogen doping, few structural mod-
ifications happen as Cl doping can slightly elongate the a-axis
while shortening the c-axis, reducing tetragonal distortion.>® In
Br~ doping, similar lattice volume expansion happens but
retains the tetragonal framework at moderate doping.”” In
contrast to these, in I" doping if dopant levels are too high,
an impurity phase (e.g. Nal) is formed as mentioned earlier.*?
In terms of ionic conductivity, CI~ doped Na, ¢55bS;.95Clg 05 ~
0.9 mS cm ™, while Br doping Na, ;6SbS; ,¢Br,.4 exhibits about
0.31 mS cm ™. Unlike in Cl or Br, a composite of 0.1 NaI-0.9
NazSbS, boosts ionic conductivity from 0.34 mS cm™*
(undoped) to 0.74 mS cm™'. When using the aqueous approach
for synthesis, RT ionic conductivity also increased with an
increase in Cl concentration (0 < x < 0.15) and similar
concentration studies were performed using Br in the anionic
site.”*® Overall, halogen doping typically creates Na vacancies
for charge balance and slightly distorts the lattice, thus facil-
itating faster Na' ion transportation.

Unlike NazPS, and Na;SbS, which share some similarities,
Na;1Sn,PS;, is another sulfide solid electrolyte type and class
on its own following the roots of Li;,GeP,S;, (LGPS) ionic
conductors.”®®®> However, like its previous counterparts, the
ionic conductivity of tetragonal Na,;Sn,PS;, has also under-
gone significant improvement and fine tuning by introducing
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various dopants/substitutions at both cationic and anionic
sites. In contrast to previous systems upon cation substitution
(Sb®") at the P site, expansion in unit cell was observed for
Na,;Sn,SbS;, but ionic conductivity dropped to 0.56 mS cm ™"
from 1.4 mS em ™" for the undoped system due to stronger Na-S
bonding and altered Na® site occupancy.®®®® In another
study,®® simultaneous doping both at cationic and anionic
sites resulted in enhancement of ionic conductivity up to
~0.66 mS cm . Apart from Sb, other group IVA dopants such
as Si*", Ge*", and Sn*" can also modify vacancy concentrations,
influencing the balance between Na' diffusion pathways and
“excess vacancies” that might hinder Na conduction later.
For example, in a study by Yao et al, Si substitution in
Naj; 551N, 5Pg.7551.7551, achieves an ionic conductivity of
1.6 mS cm ' and similar studies with Ge or Sn reveal that
ion-transport activation energy decreases if the vacancy concen-
tration is optimized upto a sharp peak value.®””*° Upon anion
substitutions such as Se®” for S>~, lattice parameters widen
while preserving the tetragonal structure due to strong Na-S
bonding as discussed earlier.®#*®’® This change in lattice
parameters results in ionic conductivity of 3.0 mS cm ™" slightly
lower than pristine 3.7 mS ecm™ " but exhibits a smaller activa-
tion energy.”" Equivalent results are observed in another inde-
pendent study displaying ionic conductivity of 2.15 mS cm™*
and lower Na-Sn/Na-Se bonding energies, supporting 3D Na"
conduction pathways.”® These conductivity values put this class
of ionic conductors in an emerging category next to the Na;PS,
and Na;SbS, group of ionic conductors.

4. Grain boundary and interfacial
effects

In addition to defects and vacancies that lead to an increase in
ionic conductivity, which determine the overall cell perfor-
mance of batteries; there is another critical factor such as grain
boundary and interfacial stability of electrolytes towards elec-
trodes that also determines the electrochemical performance of
batteries.”® The interfacial compatibility between metallic Na
anode and sulfide solid electrolyte strongly influences the Na
dendrite formation and growth, strongly influencing the
cycling stability of solid-state Na batteries. Among various
solid-electrolytes, sulfide-based electrolytes are known to show
narrower electrochemical windows, as indicated in various
first-principle calculations.”>”* To enhance the electrochemi-
cal stability, various strategies such as surface treatment,
modifications, and artificial interlayers at the interface were
fabricated, which are discussed in later sections as stabilization
strategies. Grain boundary and interfacial effects in sodium
sulfide electrolytes are inherently influenced by local defect
structures, including vacancy concentrations, dopant segrega-
tion, and structural disorder. These defect-driven phenomena
can significantly alter ion migration kinetics and interface
stability, directly affecting overall electrochemical performance.

To begin with, interfacial stability between Na anodes and
sulfide ion conductors is discussed here. Na metal anodes are
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considered as ultimate anodes due to their higher energy
density and being lighter in weight compared to many other
complex anodes (e.g. alloy type anodes such as MoS,). However,
the greater disadvantage of metallic Na is its high reactivity,
leading to decomposition of sulfide solid electrolytes at the
interface. Many experimental”>”® and theoretical studies (such
as DFT calculations) including a study by Ceder et al.>® have
validated that Na;PS, can decompose into Na,S and NazP below
~1.55 V vs. Na/Na'. Similar reactions at the Na;SbS,/Na inter-
face are also found to produce Na,S and Na;Sb, which acts as a
protective layer. To mitigate this issue, many new alloy-based
anodes such as Na-In and Na-Sn alloys have been found to
yield stable interfaces with sulfide electrolytes long with redu-
cing interfacial polarization and overpotential in symmetric
cells.”””® In another study performed by Ong et al, halogen
doping (Cl™) was performed on NazPS, to form a NaCl passivat-
ing interface."*”® This “salting” effect creates an electron-
insulting solid electrolyte interphase (SEI) and maintains Na*
transport, thus reducing further decomposition of the electro-
lyte. In the case of substituting S~ anions by O®>" anions in
Na;PS;0 the reaction with Na metal was decelerated, thereby
improving interfacial stability.®’ In another study,®" interlayer
formation and interfacial contact can be facilitated by applying
the stack pressure on the symmetrical cells. Both the interfacial
resistance and total resistance decreased with increase in stack
pressure up to 100 MPa and remained unchanged thereafter.

To counteract the highly reactive Na metal, various stabili-
zation strategies have been adopted by different research
groups as mentioned earlier (Fig. 4). These strategies mainly
fall into three main categories:

(1) Treatment of sulfide conductors.

(2) Modification on Na metal anodes.

(3) Artificial interlayer at anode/electrolyte interfaces.

The above strategies are discussed concisely and not in
detail to avoid deviation from the scope of this review article.
Firstly, in the treatment of sulfide conductors, doping and
compositional adjustments are performed in numerous stu-
dies. For example, Cl-doping in Na;SbS, or NazPS, and O-
doping in Na,P,S, (NaPS) can modify reaction pathways, form-
ing more stable interfacial products.®” In another strategy,
simple exposure to ambient air such as for Na;SbS, can form
a thin hydrated layer, converting a mixed conducting interface
into a protective, passivating film for stabilization.*® For sur-
face modification of Na metal anodes, surface deposition of
alucone® or reacting Na with phosphorus sulfide (P,S;6) can
create a thin NasPS, passivation film,* resulting in dendrite
suppression and smoother plating/stripping profiles for ion
conductors. Lastly, artificial interlayers such as polymeric inter-
layers and liquid/phase-transition interlayers act as interlayer-
blocking electron flow and enables extended plating/stripping
cycles but only at moderate currents. For example, the
cellulose-poly(ethylene oxide) (CPEO) interlayer blocks electron
flow and stabilizes the Na/Na;SbS, interface.?” Similar observa-
tions are seen in other studies involving an ionic liquid ((PYR/
Na)TFSI) interlayer and other phase-transition polymers.®®*”
Overall, these interface engineering approaches such as

This journal is © The Royal Society of Chemistry 2025
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electrolyte doping for protective layers on Na ion conductors or
inserting a specialized interlayer help to minimize decomposi-
tion, prevent dendrite growth, and enhance the cycling perfor-
mance of sulfide-based solid electrolytes and enable employing
them in solid-state Na batteries.

Compared to interfacial effects, grain boundaries have lesser
impacts particularly on sulfide solid electrolytes. In oxide-
based solid electrolytes, grain boundaries are generally
regarded as an ion transport barrier, hindering ion conduction
significantly.*"®® However, grain boundaries were found to
have a lesser impact®>°® or be less clear in the sulfide electro-
lytes due to contradicting results from numerous studies. For
example, in some studies, grain boundaries were found to have
an impeding effect,”*"®® whereas another study suggested little
to no effect on overall ionic conductivity (Fig. 2(c)). Other than
ion transport, grain boundaries also have additional roles in
dendrite formation and defect segregation.”™®* However, the
interplay between nano-crystallites and grain boundaries is not
fully understood and prompts further investigation.’>°® In the
case of NagPS,, while some reports (e.g. Krauskopf et al.*®) suggest
minimal grain boundary resistance in these “mechanically soft”
sulfides, other studies have proposed otherwise. To understand

This journal is © The Royal Society of Chemistry 2025

further, on comparing with lithium counterparts®°”% similar

trends and variations are observed suggesting variability in the
effect of grain boundaries from case to case. Such ambiguity
suggests the need for deeper investigations into grain boundary
behavior in sulfide-based solid electrolytes, particularly regarding
whether and how grain boundaries facilitate or hinder ion trans-
port in these materials—an issue that merits a dedicated review in
its own right. Given these ambiguities, systematic computational
and experimental investigations explicitly targeting defect segre-
gation and chemistry at grain boundaries are essential to better
understand and potentially exploit these phenomena in sodium-
based sulfide electrolytes.

5. Advanced computational and
experimental techniques

Advanced computational methods such as density functional
theory (DFT), ab initio molecular dynamics (AIMD), and emerg-
ing machine learning (ML) approaches have significantly dee-
pened the understanding of defect chemistry, ion transport
mechanisms, and interfacial phenomena in sodium sulfide
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solid electrolytes. As discussed in an earlier section, existence
of defects, low energy barrier for Na ion migration, and high
concentration of mobile carriers are prerequisites to obtaining
high diffusivity in ion conductors.”® Though various critical
challenges that need to be overcome have stacked up, only a
handful of processable Na-ion conductors with high ionic
conductivities have been reported and experimentally vali-
dated. To address this knowledge gap, various research groups
have simulated or predicted different chemistries to under-
stand doping effects and Na vacancies. First-principles calcula-
tions have been performed on Na-based sulfide solid
electrolytes to understand the diffusion mechanism as well as
many novel Na-ion conductors with new compositions and
structures.’”'° To begin with, in a study on NazPS, with both
experimental and simulation techniques, Delaire et al.'®" com-
bined quasi-elastic neutron scattering (QENS) experiments and
ab initio molecular dynamics (AIMD) simulations to study the
atomic dynamics in NazPS,. These studies were performed in a
wide temperature range of 100-600 K and as a result, tempera-
ture evolution of QENS spectra and fitted results showed that
the estimated Na-ion jump length is 3.6 A and the diffusion
coefficient at 600 K is in the of order 107® cm® s~ (Fig. 3(d)).
Additionally, the ionic conductivity of tetragonal Na;PS, could
be increased by ten times due to a consolidated mechanism by
applying external pressure.*® In another first principle investi-
gation by Zhu et al.,'® RT ionic conductivities of 1.66 x 1073
and 1.07 x 107> S cm™ " were achieved by 6.25 mol% Si and 6.25
mol% Sn-doped cubic NasPS,, respectively. Even upon similar
molar % doping of both Sn and Si, the enhanced ionic
conductivity by the Si counterpart is attributed to excess Na"
ions occupancy in the interstitial Na2 site and promoting
faster ionic transport. In many cases, high sodium conductivity
is activated once vacancies or interstitials are introduced into
the structure through P cation or S anion aliovalent
doping.!710%192:103 - A first-principles computation by Ong
et al., successfully predicted that 6.25% doping of Si** for P>
in C-Na;PS, with interstitials can achieve ionic conductivities
>10"" S em™ " at RT, which was validated by experimental
results t00."°° In 2019, Islam et al. studied the superior ionic
conductivity of these ionic conductors from a grain boundaries
perspective by applying a micro-scale simulation approach.'®*
By using two model electrolyte systems of NazPS, and Na;PO,, a
study revealed higher grain boundary resistance for Na;POy,,
decreasing ionic conductivity with decreasing grain volume.
Additionally, evidence of over-coordination of Na ions at the
grain boundaries was also observed. In a molecular dynamics
simulation'®® by Yang et al., tetrahedral alighment and covalent
bonding of isostructural counterparts Na;PS, and NaVS, iso-
lated tetrahedral units were studied. AIMD simulations show
that Na" migrates far more effectively in type I structures, with
lower activation energies (~0.3 eV for NazPS,). In contrast,
type II Na3VS, has the highest activation energy of 2.6 eV and
minimal Na* diffusion, consistent with experiments showing
extremely low conductivity.

After the unprecedented ion conductivity at RT (order of
10728 em ™) reported for W-doped NazSbS,, the conductivity
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value in the composition Na, ggSbo gsWo.12S4 is found to be
higher than its undoped phase in the order the same as its
lithium counterparts.’>*” Apart from high conductivity,
NSS also exhibits remarkably good chemical stability vs.
air/H,0, which is not common for other sulfide solid
electrolytes.>®*®1% The origin of this stability was explained
on the basis of hard-soft acid-base theory.”””'®” In 2017, a
simultaneous experimental and computational study by Holz-
warth et al.,'®® explored the tetragonal phase of NSS and its
interphase with a metallic sodium anode. Its computer simu-
lation inferred the likelihood of a relationship between NSS
and its interface, which involved the conversion of tetrahedral
Sbs;> ions of the bulk electrolyte into trigonal pyramidal ions
SbS;>~ at the interface. In an effort to understand the ion
conduction mechanism and aliovalent cation dopant effects
in Na;SbS,, Tateyama et al. conducted a first principle calcula-
tion study,'®® which showed that Na vacancies played a
significant role in superionic conductivity. A comparison
between the two dopants (Mo°" and W°") revealed that the
conductivity enhancement arises from two key factors: a
reduction in Na' ion activation energy and an expansion of
the Na Wyckoff cages of WS,/MoS, relative to the host SbS,
volume.

For the Na;;Sn,PS;, system, Richards et al utilized a
computation-guided approach to discover and synthesize this
Na,,SnP,S;,, which achieved performance on par with the best-
known sulfide solid electrolytes of that time.''® The authors
combined density-functional theory (DFT) predictions of phase
stability, ionic diffusion from AIMD, and experimental valida-
tion to show that Na;,SnP,S;, has a room-temperature ionic
conductivity of ~0.4 mS em ' and an activation energy of
~0.35 eV (Fig. 5(a)). Another study by Ramos et al in 2018
investigated how sodium-ion mobility in sulfide solid electro-
lytes was governed by crystal structure and defect chemistry.®®
Specifically, the study compares two closely related materials,
Na;,Sn,PS;, with a P center and Na,;Sn,SbS,, with a Sb center
showing differences in the arrangement of Na sites and occu-
pancy, thus influencing their ionic conductivity and stability.
In this study it was confirmed that SB-based materials
showed higher occupancy of Na in regular Na (1) and Na(2)
sites and lower occupancy on interstitial Na(6) sites leading to
vacancies. However, overall sodium mobility compared to the
P-based material is low due to stronger Na-S binding and a
slightly higher activation energy of ~0.34 eV (vs. ~0.25 eV).
Exploiting similar benefits of Na vacancies and quicker 3D
Na-ion conduction pathways, Wang et al''' proposed a
Nay o sSn; oPS;; s With ionic conductivity up to 0.67 mS ecm™*
at RT. Though previously predicted Li;,GeP,Si,-type (LGPS)
“Na;oSnP,S;,” is prone to be structurally unstable, this newly
reported composition gains extra stability from its higher Na-
vacancy content. Therefore, these advanced computational
predictions, combined with targeted experimental validations,
serve as powerful tools in defect engineering and optimizing
material properties, thereby enabling informed designs of
high-performance sulfide electrolytes for sodium solid-state
batteries.

This journal is © The Royal Society of Chemistry 2025
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6. Comparative analysis of sodium vs.
lithium systems

In a periodic table, both lithium and sodium belong to the
same alkali metal group 1 and exhibit almost similar chemical
properties due to the isoelectronic configuration. While most of
the fundamental principles governing ionic mobility and sta-
bility are comparable, due to bigger ionic radii, electronegativ-
ity and abundance differences, sodium systems present a
unique set of challenges and opportunities. Before comparing
lithium vs. sodium systems for ion-conducting electrolytes, it is
right to acknowledge that sodium ion conductors irrespective
of their chemistries trace their roots from Li counterparts, as
shown in Table 1. In 2012, Hayashi et al. developed the cubic
NazPS, inspired by Li* ion conducting electrolyte made from
the Li,S-P,S; system,®*® which exhibited high ionic conduc-
tivities and wide electrochemical stability window (Fig. 2(b)).
Since then, many improvements have been made to Na systems
and have always shadowed their lithium counterparts such as
Si and Se'®** substitutions, which led to the prediction of
NazSbS, in late 2015 by Ceder et al''? In the same year,
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inspired by the record high ionic conductivity of Li;oGeP,S;,
(LGPS),"™® the existence of isostructural Na counterpart
Na;oMP,S;, (M = Si, Ge, Sn) was predicted by first principle
calculations as a metastable state by Kandagal et al®® On
comparison, LGPS displayed room temperature ionic conduc-
tivities of about 12 mS cm ™, whereas NGPS was predicted to be
1/3 of it up to 4.7 mS cm ™', which was higher than any other
Na-ion solid electrolytes for Na-S batteries. In later stages,
Richard et al. expanded Na;,MP,S;, to phases with M = Si or
Sn."*® In 2017, another independent study by Tsuji et al
synthesized NGPS and found its room temperature Na' ion
conductivity to be 0.012 mS cm ™', which is about 300 times
lower than predicted earlier. Parallelly, doping/substitution at
anionic sites was performed by some research groups to
enhance ionic diffusivity compared with in cation substitu-
tions. Following Se substitution in lithium sulfides,®*'"*
enhancing ionic conductivity in comparison with their pristine
compounds, the same approach was followed to develop
Na;PSe, and evaluate its ionic conductivity'® (Fig. 3). In a study
by Ong et al studying the role of Na' interstitials and
dopants,'® aliovalent doping of M*" for P°* was as discussed
in an earlier section. One interesting finding was that the Sn
doped structure has a slightly larger channel size and free
channel volume than the Si-doped structure. However, the
trend was the opposite in Li;oMP,S;, (M = Si, Ge, Sn)'** with
an Li" conductivity of Sn < Si. They speculated that the
difference may have arrived due to the different dimensionality
of diffusion between LMPS (Quasi 1D) and NMPS (3D) and
different diffusing species Li" and Na'. These differences in
ionic diffusion behavior can be fundamentally attributed to
variations in defect formation energies, defect types, and
defect-mediated ion migration pathways inherent to the struc-
tures of sodium and lithium sulfide electrolytes. In 2020, Yao
et al.'*® studied new chemistries of the Na-Sb class with S and
Se co-doped as anions exhibiting an ionic conductivity of
0.66 mS cm*. Though the ionic conductivity was not on par,
a unique bi-layer approach exhibited improved stability of
sodium. Again, this strategy was also followed by LGPS counter-
parts in enhancing their electrolyte stability. Therefore,
a deeper understanding of defect chemistry and defect-
mediated ion transport mechanisms is essential to fully exploit
the similarities and differences between sodium and lithium
sulfide electrolytes for targeted electrolyte optimization.

7. Emerging materials and hybrid
strategies

Recent advances in sodium sulfide electrolytes largely rely
on innovative defect engineering strategies, wherein doping
and hybrid material approaches are employed to strategi-
cally manipulate defects for enhanced ionic conductivity
and stability. From earlier discussions, it is evident that
sulfide-based solid electrolytes have shown tremendous
improvements in terms of their performance and enable
safer all-solid-state sodium batteries supplemented by various
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Table 1 lonic conductivity comparison of sulfide sodium electrolytes and their lithium counterparts
Sodium counterpart Lithium counterpart
Electrolyte Ionic conductivity Tonic conductivity
family Formula (in mS em™) Formula (in mS em™) Ref.
A;BS, Na,PS, 0.46 Li;PS, 0.164 22 and 117
A;BS, Na,SbS, 1.0 Li;SbS, 0.0015 36 and 118
As10+:B3S12 Na,;Sn,PS;, 4.0 Li;oSnP,S;, 4.0 119 and 120
A,BS, Na,SnS, 6.4 x 10°° Li,SnS, 0.07 11 and 121
A,BS, Na,SiS, 0.02 Li,SiS, 9.36 x 10~* 122 and 123
A;BS, ,Se,  NaySbS,Se 0.85 Li,SbSSe; — 54
A3;BS,_,Se, Na;zSbS; 555€0.25 4.03 Li;SbSSe; — 53
A;BS,_,Cl, Na;SbS;.95Clo 05 0.9 Li3SbS,_,Cl, — 56
A;BS, N2, 55Sbo ssWo.1254 32.0 Lig sSbo 5Geg.5SsI 16.1 47 and 124
A101xB3S1> Na,;oSnP,S;, 0.4 Li;oSnP,S;, 4.0 110, 111, 119 and 120
Nay0.85n1.9PS11.8 0.67
Na;1Sn,PS;, 4.0
A;BS, Na3Pg1Vo.054 1.49 x 104 Li;VS, — 125
A,SiS, Ga, P co-doping (theoretical) 1.0 Li,SiS, (Ga, P co-doping) — 126

Si, Ta doping (Theoretical)

emerging compositions and hybrid strategies reported in
recent years. One noteworthy recent example is Sn doping by
Zhang et al., which displayed ionic conductivity boosted up to
~1.4 mS cm ™! by leveraging alternating partially/fully occupied
Na sites.®” Another emerging direction focuses on substituting
P and Sb sites entirely as seen in NazVS, reported by Kuang
et al,"”” which is isostructural to NazPS,. Though this
pristine material displayed RT ionic conductivity of 1.16 x
10> mS cm ™', upon P-doping the conductivity was improved
up t0 1.49 x 10~* mS em ™" for composition of x = 0.1. Although
these values are far lower than an earlier report, it is noteworthy
that such sincere attempts pave the way to design the next
generation of solid electrolytes for solid-state Na-ion batteries.
As technology evolves, new electrolyte materials are discovered
and screened using numerous computational efforts, including
density functional theory/ab initio molecular dynamics
calculations'*”"*' and artificial intelligence/machine learning
(AI/ML),"**> which have been applied as Na-based superionic
conductors (Fig. 5). Among them, a recent report'>” by Ouyang
et al. includes ionic conductivity of 48 potential Na-based
argyrodites which have been examined for the phase stability
and electrochemical stability. However, experimentalists are
more curious about well-established Na,;MS,; (M = Si, Ga, P,
and Ta) than argyrodites, which was reported'® by Jang et al. in
2024. While promising room-temperature ionic conductivities
have already been demonstrated by some sulfide solid electro-
lytes, the systematic and expansive search for stable Na-M-P-S
compounds remains an eminent challenge. In their study, they
leveraged a multi-stage DFT workflow with high-throughput
screening, geometrical optimization, and ab initio molecular
dynamics to discover various metastable/stable compositions
with greater than 1 mS cm™' at room temperature. These
computationally guided approaches enable the systematic
exploration and prediction of defect formation, migration
energies, and, ultimately, ionic transport mechanisms, thereby
substantially accelerating the discovery and optimization of
emerging sodium sulfide electrolytes. As a result, the study
suggested two parent doping combinations as most promising
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such as Ga, P co-doping in Na,SiS, and Si, Ta doping variants in
Na,SiS, (Fig. 4(b)).

8. Practical implications and
challenges

Since the first use of f-alumina electrolyte for high-temperature
sodium-sulfur batteries in the 1960s, numerous efforts over
decades have developed diverse types of solid electrolytes to
meet the requirement of ASSSBs at RT. Typically, ASSSBs are
assembled in a set consisting of a cathode, anode, and solid
electrolyte. The key functionality of a solid electrolyte is similar
to that of a separator in liquid electrolyte-based sodium bat-
teries. However, for practical applications, the usability is
hindered by numerous factors such as weak mechanical stabi-
lity, low ionic conductivity and poor electrode/electrolyte inter-
facial compatibility. Conversely, the key properties required for
high-performance solid electrolytes at RT are high ionic con-
ductivity, often enabled by engineered defects, alongside good
mechanical characteristics, interfacial compatibility and above
all high chemical and electrochemical stability. To achieve
practical energy densities, these solid electrolyte layers need
to be thinner than 50 pm."**> However, when scaling up for
larger formats, the poor mechanical property of inorganic solid
electrolytes makes them brittle, posing a greater challenge in
processing. In addition, the practical realization of high-
performance solid electrolytes must consider doping strategies
that enhance defect-mediated ionic transport. Optimized dop-
ing not only improves conductivity but also stabilizes specific
crystal phases, providing a scalable pathway to tailor electrolyte
properties. On the other hand, polymer composites can allow
roll-to-roll manufacturing with good elasticity and adhesion to
current collectors. For commercial applications, when solution
processing is used, the compatibility of solvents and binders
with sulfide-based solid electrolytes must be considered.'*® In
particular, organic solvents with a polarity index of below 3.1
are fully compatible with sulfide-based solid electrolytes."*°

This journal is © The Royal Society of Chemistry 2025
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While these compatibility metrics are well established in
lithium-based systems, equivalent systematic investigations
tailored to sodium sulfide-based solid electrolytes remain lim-
ited and are urgently needed. In addition, for commercializa-
tion, the stability of solid electrolytes under ambient conditions
needs to be considered. For example, NPS electrolytes can
spontaneously undergo hydrolysis when exposed to moisture,
producing H,S gas and posing a serious safety hazard. To avoid
this, solid electrolytes should be used under dry-room condi-
tions, similar to conventional LIBs, which may add to the
cost of manufacturing. It is noticeable that many recent
reports*”'*%133 of the Na;SbS, family with various doping steps
are in line with these moisture requirements and adding
additional studies related to H,S exposure in a highly humid
environment up to few hours. Computational studies—parti-
cularly those focused on defect energetics, ion migration
barriers, and phase stability predictions—are becoming indis-
pensable for identifying promising candidates. These techni-
ques should be integrated early in the materials screening
process to reduce experimental workload and accelerate scal-
able materials development. In reality, such exposure data for
much longer times such as a few days and even months are
required to understand their true capabilities against moisture.
With rapid battery adoption, the need for sustainable battery
components is of the utmost importance. While it is costlier to
redesign at a later stage, future ASSSB manufacturers should
consider sustainability as part of the development and manu-
facturing process.

9. Future directions and conclusions

In summary, this review comprehensively explores the defect of
chemistry and its implications in ion transport mechanisms of
sodium sulfide solid electrolytes. By analyzing intrinsic and
extrinsic defects, grain boundary effects, and utilizing advanced
computational insights, this study underscores the importance
of defect engineering strategies for enhancing ionic conductiv-
ity and electrochemical stability of sulfide-based solid electro-
lytes for Na batteries. The correlation involves a range of factors
including synthesis procedure, structural characteristics, and
diffusion mechanisms. The comparative analysis between
sodium and lithium systems highlights the unique challenges
and opportunities presented by sodium solid-electrolyte sys-
tems over lithium-based materials.

Despite a leap of achievements such as working temperature
from high temperature to room temperature and ionic conductiv-
ities from 10™* mS em ™' to >10 mS cm™?, several knowledge
gaps still prevail in sodium solid electrolytes. To address these,
future research should focus on the following key areas:

(1) Interfacial stability: more new strategies should be devel-
oped to improve the interfacial stability between sodium metal
anodes and sulfide solid electrolytes. This includes exploring
new avenues such as alloy-based anodes, surface treatment
techniques and possible extensions to anode free systems to
prevent detrimental dendrite formation and enhance cycling
stability.

This journal is © The Royal Society of Chemistry 2025
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(2) Grain boundary behavior: more deeper investigations
into the role of gain boundaries in ion transport and defect
segregation is crucial. This can provide insights into the inter-
play between nano crystallites and grain boundaries, optimiz-
ing the microstructure for enhanced performance.

(3) Defect and doping strategies: continued research into
both intrinsic and extrinsic defect engineering, including alio-
valent doping, vacancy manipulation, and phase stabilization is
crucial for enhancing ionic conductivity. Tailoring dopant type
and concentration can significantly impact carrier mobility and
phase stability, thereby optimizing electrolyte performance for
practical applications.

(4) Advanced computational and experimental techniques:
leveraging advanced techniques such as artificial intelligence
(AI) and machine learning (ML) alongside density functional
theory (DFT) studies and experimental validations can expedite
new materials discovery and refine defect-engineering
approaches. To predict and validate these novel compositions
with high ionic conductivity and stability, integration of these
techniques seamlessly is critical. Increasingly, machine learn-
ing (ML) models are expected to play a central role in predicting
defect energetics, migration pathways, and phase stability in
next-generation solid electrolytes.

(5) Manufacturability and scalability: currently, there are
various practical challenges for commercial application, which
require sufficient addressing before scale up. This includes
improving compatibility with organic solvents and polymer
binders, ensuring the mechanical properties of inorganic solid
electrolytes and developing cost-effective manufacturing
processes.

By strategically addressing these areas, future research can
pave the way for the development of high-performance sulfide-
based solid electrolytes and all-solid-state sodium batteries,
thereby contributing to a cleaner, safer, and more sustainable
energy future.
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