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A B S T R A C T

Solid-state batteries (SSBs), especially those derived from lithium and sodium, show great promise as the next 
generation of energy storage devices due to their remarkable energy density, compact electrode architecture, 
nonflammability, and the use of metallic anodes. The solid-state electrolytes (SSEs), a significant part of SSBs, are 
essential to their functionality. A family of SSEs known as sulfide-based has been extensively studied for many 
years as a potential SSE for sodium and lithium SSBs. It offers excellent ionic conductivity, favorable mechanical 
properties, and ease of manufacturing. Notwithstanding its advantages, it also presents several problems, which 
require careful consideration for it to be successfully commercialized. This review summarizes the recent ad
vancements in SSEs for lithium and sodium SSBs. It explores how structural engineering strategies impact the 
electrochemical properties of argyrodites SSEs for lithium SSBs and Na3PS4-based SSEs for sodium SSBs. The 
review provides comprehensive information on successful structural engineering approaches, such as introducing 
vacancies, mobile ions stuffing, and doping, for both lithium and sodium SSEs. It also discusses the air stability 
and electrochemical stability against electrodes, offering insights for designing and synthesizing next-generation 
SSEs that can lead to more durable and efficient energy storage systems.

1. Introduction

Lithium-ion batteries (LIBs) have significantly impacted on our daily 
routines due to the capability of providing portable electricity, light
weight nature, and environmentally considerate characteristics. Never
theless, the safety-related necessity of utilizing materials with lower 
theoretical capacity in LIBs poses a challenge in meeting the growing 
requirements for electric vehicles and grid storage systems [1]. How
ever, using high-capacity lithium metal anodes with non-aqueous elec
trolytes poses potential challenges, including flammability, risk of 
dendrite growth, and heat accumulation. These factors can lead to 
serious safety issues when LIBs are utilized in electric vehicles and 
portable devices [2–6]. All-solid-state batteries (ASSBs) stand out as one 
of the most promising competitors for the next generation of energy 
storage devices, allowing for the use of the metallic anodes, offering 
larger energy density, and posing a smaller safety challenge due to 
compact electrode architecture and the inherent nonflammability. The 
incorporation of the solid-state electrolytes (SSEs) significantly bolsters 
energy density, improves safety, enhances stability, offers a wider 

operating temperature range, and simplifies packaging [7–9].
Although ASSBs show promising potential as the next generation of 

energy storage, challenges such as low conductivity (both ionic and 
electronic), poor stability in ambient environments, and high materials 
fabrication cost still need to be addressed [10,11]. In the past decades, 
many types of SSEs have been developed for both lithium [12–15] and 
sodium [16–18] SSBs. These include oxides (e.g., LISICON, LLZO, 
LiPON, Na-ß-Al2O3, NASICON), sulfides (e.g., Li3PS4, Li6PS5Cl, Na3PS4, 
Na2S-P2S5), polymers (e.g., PEO-Based, solvent-free polymer, ceramic 
fillers), and halides (e.g., Li3InCl6, LiYCl6) etc. Tables 1 and 2 summa
rizes the developments of both lithium and sodium SSEs in the past 
decades. For example, lithium SSEs like LISICON [19–23], which is an 
oxide-type electrolyte, exhibit good electrochemical stability but has 
very low ionic conductivity at room temperature (RT), on the order of 
~10−5 S cm−1. Similarly, perovskite-type electrolytes [24–29] such as 
Li3xLa2/3-xTiO3 (x = 0.1–0.5), have a poor ionic conductivity (10−6 S 
cm−1) at RT and require extremely high synthesis temperatures of 
around 1200 ◦C [30]. LiPON electrolytes [31–34] show similar ionic 
conductivity to perovskite SSEs. In contrast, garnet-structure SSEs 
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[35–41], with a general formula of LixM3N2O12 (x = 3,5,6,7; M = La, Y, 
Lu etc; N = Zr, W, Rb etc), demonstrate appreciable ionic conductivity 
(~10⁻⁴ S cm−1) and a wide electrochemical voltage window, but they 
suffer from poor mechanical properties and high moisture sensitivity 
[42]. Polymer [43–46] SSEs offer good mechanical properties, high 
thermal stability, and a low elastic modulus, but their low Li+ trans
ference number, ionic conductivity, and poor stability with Li-metal 
hinder their commercialization. Halide SSEs [47–50] can achieve high 
RT ionic conductivity (~10−3 S cm−1) and exhibit high oxidation sta
bility against oxide cathodes, despite this, they face poor reduction 
stability with the Li-metal anode, higher grain boundary impedance, and 
sensitivity to air and humidity, which limit their large-scale use.

Similarly, the development of sodium SSEs encounters comparable 
challenges. As shown in Table 2, NASICON-type SSEs offer high con
ductivity (~1 mS cm−1) due to their 3D migration pathways for Na⁺ ions. 
However, NASICON SSEs face issues such as rough mechanical contact 
between electrode/electrolyte interface, leading to higher interfacial 
resistance, low interface conductivity (~10⁻⁵ S cm−1) and severe den
dritic growth, which limit their practicality [51,52]. Solid polymer 

electrolytes address some of these interfacial issues. A PVDF-gel polymer 
SSE demonstrates flexibility, easy production processes, and high ionic 
conductivity (~10⁻3 S cm−1), but the Na⁺ transference number is only 
0.3, and gel presence raises safety concerns like leakage and volatiliza
tion [53–56]. These safety issues are mitigated by solvent-free solid 
polymer SSEs, although they offer very low ionic conductivity (~10⁻⁸ S 
cm−1) at RT due to their dependence on the concentration of Na⁺ ions, 
Na salts, and additives within the polymer matrix. Improvements can be 
made by incorporating polymer blends such as polyvinylpyrrolidone 
(PVP), plasticizers like succinonitrile (SN), or inorganic passive ceramic 
fillers such as TiO2 and SiO2 [57–60]. Ceramic-polymer composite 
electrolytes address conductivity issues by incorporating active ceramic 
fillers like NASICON, which provide higher ionic conductivity (~10⁻⁴ S 
cm−1) compared to solvent-free polymer SSEs. However, their conduc
tivity is highly dependent on the filler content and can suffer from 
agglomeration problems beyond the solubility limit [61–64]. A prom
ising alternative for both lithium and sodium is the family of sulfide 
SSEs, which are favoured for their low-cost precursors, relatively easy 
synthesis procedures, good mechanical properties, and high ionic 

Table 1 
Summary of representative lithium solid state electrolytes.

Type Composition Ionic 
Conductivity 
(RT)

Voltage vs 
Lithium

Oxides 
(LISICON)

Li14Zn(GeO4)4 [23] 1.2*10−1 S cm−1 

(300 ◦C)
-

Li3.5Ge0.5VO4 [21] 4.0*10−5 S cm−1 

(18 ◦C)
-

Li3.5Si0.5P0.5O4 [76] 1.0*10−6 S cm−1 -
Li10.42Si1.5P1.5Cl0.08O11.92 [22] 1.0*10−5 S cm−1 0–9 V
Li10.42Ge1.5P1.5Cl0.08O11.92 [22] 3.7*10−5 S cm−1 0–9 V
Li4Al1/3Si1/6Ge1/6P1/3O4 [77] 9.0*10−4 S cm−1 -

Oxides 
(Garnet)

Li5La3Nb2O12 [78] 1.0*10−6 S cm−1 -

Li5La3Ta2O12 [78] 1.0*10−6 S cm−1 -
Li6BaLa2Ta2O12 [79] 4.0*10−5 S cm−1 < 6 V
Li7La3Zr2O12 [37] 3.0*10−4 S cm−1 -
Li6.4La3Zr1.4Ta0.6O12 [80] 1.0*10−3 S cm−1 0–5 V
Li6.25Ga0.25La3Zr2O12 [81] 1.4*10−3 S cm−1 -
Li6.20Ga0.30La2.95Rb0.05Zr2O12 

[41]
1.6*10−3 S cm−1 -

Oxides 
(Perovskite)

Li0.34La0.51TiO2.94 [24] 2.0*10−5 S cm−1 -

LiSr1.65Zr1.3Ta1.7O9 [82] 1.3*10−5 S cm−1 

(30 ◦C)
-

Li3/8Sr7/16Ta3/4Zr1/ 4O3 [83] 2.0*10−4 S cm−1 

(30 ◦C)
-

Li3/ 8Sr7/16Ta3/4Hf1/4O3 [84] 3.8*10−4 S cm−1 -
Sulfides 
(Glass)

80Li2S −20 P2S5 (glass) [85] 2.0*10−4 S cm−1 -

80Li2S−20 P2S5 (glass-ceramic) 
[85]

9.0*10−4 S cm−1 -

Sulfides 
(Ceramic)

Li10GeP2S12 [86] 1.2*10−2 S cm−1 0–5 V

Li6PS5Cl [87] 1.3*10−3 S cm−1 1.8 V – 
2.3 V

Li6PS5Br [88] 6.6*10−3 S cm−1 0–7 V
Li6PS5I [89] 3.6*10−7 S cm−1 0–7 V

Polymer PEO/LiTFSI+SiO2 [43] 1.0*10−5 S cm−1 -
PEO/LiClO4+TiO2 [44] 1.4*10−4 S cm−1 

(30 ◦C)
-

PEO/LiTFSI+MOF−5 [45] 3.1*10−5 S cm−1 -
PEO/LiClO4+ Li0.33La0.56TiO3 

[90]
1.0*10−3 S cm−1 

(65 ◦C)
-

PEO+Li6.25Ga0.25La3Zr2O12 

[91]
7.2*10−5 S cm−1 

(30 ◦C)
-

Halides Li2.5Y0.5Zr0.5Cl6 [47] 1.4*10−3 S cm−1 -
Li3YbCl6 [48] 1.0*10−4 S cm−1 

(300 ◦C)
-

Li3YBr6 [49] 2.2*10−3 S cm−1 -
Li3ErI6 [50] 5.0*10−4 S cm−1 -
Li3LaI6 [92] 1.1*10−3 S cm−1 ​

Table 2 
Summary of representative sodium solid state electrolytes.

Type Composition Ionic 
Conductivity 
(RT)

Voltage vs 
Sodium

Oxides 
(Al2O3)

Li2O- β’’-Al2O3 [93] 1 mS cm−1 -

MgO-β/β’’-Al2O3 [94] 0.75 mS cm−1 -
β’’-Al2O3 [17] 2 mS cm−1 -

Oxides 
(NASICON)

Zr2O- β’’-Al2O3: Mg [95] 0.82 mS cm−1 -

Na3Zr2Si2PO12 [96] 0.67 mS cm−1 < 6 V
Na3.4Zr1.9Zn0.1Si2.2P0.8O12 

[97]
5.27 mS cm−1 < 6 V

Na3Zr1.75 Mg0.25Si2PO12 

[98]
2.4 mS cm−1 < 6 V

Na3.3Zr1.7La0.3Si2PO12 [99] 3.4 mS cm−1 -
Na3.3Zr1.7Lu0.3Si2PO12 

[100]
0.83 mS cm−1 -

Na3.3Zr1.7Eu0.3Si2PO12 

[100]
1.08 mS cm−1 -

Na3.3Zr1.7Pr0.3Si2PO12 

[100]
1.27 mS cm−1 < 5 V

Na3.1Zr1.9Ga0.1Si2PO12 

[101]
1.06 mS cm−1 < 5 V

Na3.4Zr1.6Sc0.4Si2PO12 

[102]
4.05 mS cm−1 < 6 V

Polymers PEO-NaTFSI [103] 4.5*10−3 mS 
cm−1

-

PEO-NAFSI [104] 1.5*10−3 mS 
cm−1

-

PEO-NAFNFSI [105] 2.0*10−3 mS 
cm−1

-

PEO-NATCP [106] 6.9*10−2 mS 
cm−1

-

PEO-NAPF6 [107] 5.0*10−3 mS 
cm−1

-

PAN-NACF3SO3 [108] 0.73 mS cm−1 -
PVP-NaBr [109] 1.36*10−3 mS 

cm−1
-

PVP-NaClO4 [110] 2.5*10−3 mS 
cm−1

-

Sulfides c-Na3PS4 [111] 0.2 mS cm−1 RT 1.39 V – 
2.45 V

Na3SbS4 [112] 2 mS cm−1 RT 1.45 V – 
2.35 V

Na11Si2PS12 [113] 1.4 mS cm−1 RT 1.22 V – 
2.21 V

Na11Sn2PS12 [114] 1 mS cm−1 RT 1.25 V – 
2.25 V

Na7P3S11 [115] 10 mS cm−1 RT -
Na4SiS4 [116] 0.02 mS cm−1 RT 0.7 V – 2.2 V
94Na3PS4.6Na4SiS4 [116] 0.74 mS cm−1 RT -
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conductivity, making them the most promising candidates for ASSBs. 
For any SSEs to conduct mobile ions well, a few necessary conditions 
should be fulfilled. These include: (i) availability of sufficient vacant 
sites in the structure; (ii) presence of a good concentration of mobile ion 
charge carriers; (iii) a relatively similar energy barrier for the initial and 
transition states of the charge carriers; (iv) a favourable structure for ion 
transport, i.e., wider bottlenecks for ion migration and a softer lattice 
framework; and (v) high dimensionality of ion transfer pathways. 
Satisfying these conditions result in an optimal SSE. Sulfide SSEs stand 
out when compared to oxide-based systems, as they more effectively 
satisfy these structural requirements. For example, sulfide electrolytes 
generally exhibit ionic conductivities in the range of 10⁻3 to 10⁻2 S cm−1, 
which is significantly higher than most oxide-based counterparts, 
making them highly favourable for practical applications. Additionally, 
sulfide-based SSEs can be synthesized at relatively low temper
atures—sometimes as low as 300◦C—which is much lower than typical 
oxide synthesis processes that require temperatures exceeding 1000◦C 
[65,66]. This lower synthesis temperature makes sulfide electrolytes 
more cost-effective and scalable for commercial use. In terms of ion 
transport, sulfur atoms have lower electronegativity and binding energy 
to Li ions than oxygen atoms, which allows for increased ion mobility in 
the sulfide lattice. Furthermore, sulfur ions larger atomic radius results 
in wider pathways for Li ion conduction within the crystal structure, 
facilitating faster ion migration. Moreover, sulfide materials are softer 
and more malleable than oxides, allowing for dense packing through 
cold pressing, a process that minimizes grain boundary resistance by 
creating intimate particle contact. This unique mechanical property 
enables the fabrication of catholyte without a high-temperature sinter
ing process, which is required for oxide SSEs. In terms of thermal sta
bility, sulfide SSEs exhibit comparable stability to oxides. Compressed 

pellets of sulfide SSEs are thermally stable above 400 ◦C, effectively 
preventing melting and self-decomposition, as reported in numerous 
studies [67–71]. However, safety concerns at the interfacial and battery 
levels persist, especially when sulfide SSEs are paired with high-voltage 
cathodes (e.g., NMC811) and Li-metal anodes—issues that are also 
common with some oxide-based SSEs. Sulfide SSEs generally demon
strate cathode/SSE interface stability between 300 and 500 ◦C, slightly 
lower than oxides, which can withstand temperatures exceeding 500 ◦C. 
Despite this, sulfide SSEs remain stable within the operational temper
ature range of most battery applications. Additionally, the thermal 
runaway stability for both Li/Oxide and Li/Sulfide SSEs is comparable, 
typically around 300–400 ◦C [70]. This combination of high ionic con
ductivity, low synthesis temperature, and favourable structural and 
mechanical properties makes sulfide-based SSEs a very promising option 
for solid-state batteries.

Although sulfide SSEs demonstrate strong potential for commer
cialization due to their lower processing costs, higher softness, and 
improved ionic transport compared to other SSEs, they also have notable 
limitations as highlighted in the radar plots in Fig. 1. Their rate per
formance is constrained by a modest ionic conductivity of ~10⁻3 S cm−1, 
which is insufficient for producing high-energy-density thick electrode 
cells. Moreover, the issues of dendritic growth, void generation and 
crack propagation, thickness of the SSE etc., are few notable limitations 
when compared to traditional liquid electrolytes. Additionally, their 
relatively low electrochemical stability (1.9 V–2.4 V) makes them 
particularly susceptible to interface reactions. These reactions can lead 
to poor long-term cycling stability, electrolyte oxidation at high volt
ages, breakdown of the crystal structure, and inadequate solid-solid 
ionic contact, among other issues if not properly addressed [72–75]. 
To support the community in better understanding strategies for 

Fig. 1. Radar plots comparing oxide, sulfide, polymer, and halide SSEs across key characteristics, including ionic conductivity, electronic conductivity, reduction 
stability, oxidation stability, chemical stability, thermal stability, softness, and processing cost.
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improving the performance of both lithium and sodium sulfide SSEs, this 
review thoroughly examines various approaches, including vacancy 
creation, excess mobile ion introduction, optimization of ion migration 
bottlenecks, the role of configurational entropy, and enhancement of 
lattice polarizability. These strategies are applied to enhance the con
ductivity, stability, and interfacial contacts of lithium and sodium SSEs. 
Through meticulous analysis, we elucidate the impacts of these strate
gies on the crystal structure and electrochemical performance of these 
SSEs.

2. Ion transport mechanisms in SSEs

SSEs, such as oxides, sulfides, halides, polymers etc., vary in struc
tural compositions and the specific elements occupying different posi
tions within the frameworks. Despite these differences, the fundamental 
ion transport mechanisms remain largely the same across these mate
rials. Fig. 2a summarizes all the diffusion mechanisms that take place in 
the SSEs [117]. The interstitial mechanism involves ions moving 
through interstitial spaces within the lattice, without the need for va
cancies. The vacancy mechanism operates when ions migrate into actual 
vacancies or missing ion sites, creating a chain-like movement as va
cancies shift throughout the material. In the dissociative mechanism, an 
ion from the lattice dissociates into a mobile ion and occupies the 
existing vacant space to move through the structure. The concerted 
mechanism stands out by enabling multiple ions to move simultaneously 
in a coordinated manner, significantly reducing the energy barrier for 
ion transport and increasing ionic conductivity. The knock-off mecha
nism involves a mobile ion displacing another from its position, causing 

a cascading effect where the displaced ion moves into an adjacent site. 
Lastly, the interstitialcy mechanism combines aspects of interstitial and 
knock-off mechanisms, where the interstitial ion does not move directly 
from one interstitial site to another but instead displaces a regular lattice 
ion into an interstitial position, taking its place in the lattice and the 
newly formed interstitial ion creates a continuous cycle of movement. 
This mechanism exhibits lower activation energies as interstitial ions are 
formed that can navigate through pre-existing interstitial sites. In SSEs, 
the transport of mobile ions like Li⁺ or Na⁺ is a fundamental process 
dictating the electrochemical performance of ASSBs. Before migration, 
these ions reside in well-defined crystallographic sites, such as octahe
dral, tetrahedral, or other coordination sites determined by the elec
trolyte’s crystal structure. These sites are termed as low-energy stable 
sites. The initiation of ion migration is driven by a combination of 
thermal energy, applied electric fields, and concentration gradients, all 
of which contribute to overcoming the potential energy barriers that 
restrict ion mobility. These barriers are associated with the lattice 
structure but also with electrostatic interactions between the mobile 
ions and the surrounding ions within the electrolyte matrix. Mobile ions 
must overcome the electrostatic forces exerted by neighbouring ions as 
well as the inherent lattice energy (stability of the crystallographic sites 
they occupy). This electrostatic energy represents a significant portion 
of the activation energy required for migration, as it opposes the 
movement of the ion from its stable site. As ions migrate, they transition 
through a series of unstable or partially stable intermediate positions, 
where the electrostatic environment is less favourable. These interme
diate states are typically higher in energy, requiring the mobile ion to 
possess sufficient kinetic energy to escape the attractive forces binding it 

Fig. 2. (a) Ion transport mechanisms illustrated include: a1) Direct interstitial mechanism; a2) Vacancy mechanism; a3) Dissociative mechanism; a4) Concerted 
mechanism; a5) Knock-off mechanism; and a6) Interstitialcy mechanism. (b) Representation of ion migration pathways and corresponding activation energies for 
single-ion migration and multi-ion migration. (c) Illustration depicting the impact of static structural changes, such as lattice expansion, on the bottleneck region 
affecting ion hopping pathways.
(a) Reproduced with permission from [117], copyright 2010, Springer. (b) Reproduced with permission from [118], copyright 2017, the authors. (c) Reproduced 
with permission from [119], copyright 2023, Royal Society of Chemistry.
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to its initial position. The following section discusses the two modes of 
ion migration: single-ion migration and multi-ion migration.

2.1. Single-ion migration and multi-ion migration

In SSEs, ion migration can occur through mechanisms known as 
single-ion and multi-ion migration. These processes involve the disso
ciation of ions from their stable low energy lattice position, allowing 
them to move through the inter-connected diffusion channels of the 
crystal structure. Ions can migrate via two principal pathways: vacancy 
diffusion and interstitial diffusion. Vacancy mechanism heavily relies on 
the availability of vacancies, which can be either naturally occurring or 
introduced through controlled doping. The activation energy required 
for this process is relatively high, as ions must overcome both their 
bonding energy and the energy barrier to migrate to adjacent vacant site 
through high energy intermediate state. On the other hand, interstitial 
diffusion tends to be more favourable in materials with a more loosely 
packed structure, where ions can easily occupy and move through 
available interstitial sites. As depicted in Fig. 2b top, single-ion migra
tion requires high activation energy and limits the overall ionic con
ductivity. Whereas, the multi-ion migration, as presented by He et al. 
[118], describes the simultaneous movement of multiple ions in a syn
chronized manner, enabling more efficient traversal of the lattice. 
Multi-ion migration, also referred to as concerted migration, is signifi
cantly accelerated by increasing the concentration of mobile ion charge 
carriers within the sublattice. Initially, the lower energy sites, such as 
tetrahedral sites, are filled with the required number of mobile ions 
before migration occurs. Once these low-energy sites are saturated, any 
excess mobile ions are accommodated in intermediate high-energy 
metastable sites. As the mobile ions residing in these high-energy posi
tions migrate downhill, they impart energy to the ions located in the 
low-energy sites, facilitating their uphill migration. This cooperative 
mechanism effectively triggers low energy barrier concerted migration 
(Fig. 2b bottom), resulting in enhanced ion transport efficiency within 
the solid-state electrolyte.

2.2. Factors influencing ion mobility

2.2.1. Lattice expansion and contraction
Lattice expansion and contraction are static structural features 

induced by doping an SSE with atoms that differ in size from the parent 
atom. This phenomenon alters the free volume within the lattice, facil
itating the hopping of mobile ions to different sites. During discussions 
of lattice changes, the term "bottleneck region" is frequently employed to 
describe a triangular zone formed by three anions, which presents the 
highest activation energy barriers for mobile ion migration. Conse
quently, it is crucial to widen diffusion pathways and bottlenecks to 
promote low-barrier ion migration. Fig. 2c illustrates a schematic rep
resentation of unobstructed mobile ion migration facilitated by larger 
bottleneck sizes. However, designing a SSE with optimal static structural 
features is not a straightforward task. A finely tuned lattice must be 
developed, exhibiting appropriately sized diffusion bottlenecks and 
suitable concentrations of mobile ions. Moreover, the simultaneous 
doping of both cations and anions complicates efforts to distinguish 
which factors contribute positively or negatively to the performance of 
SSEs. In addition to these static properties, the continuous oscillation of 
skeletal anions affects the SSEs structural composition and can suc
cessfully lower the activation energy, mostly observed for anions that 
are larger and more polarizable. For instance, the energy barrier for Li+

ions can be reduced in Li6PS5Cl when S2- ions are substituted for larger 
and more polarizable Se2- or Te2- ions that creates a softer lattice [120]. 
Similar trend to Na+ ion migration is also noticed in Na3PS4 [121]. Ul
timately, understanding the interplay between static structural features 
and dynamic anion behaviours is essential for optimizing the design of 
SSEs, enabling enhanced ionic conductivity and improved performance 
in electrochemical applications.

2.2.2. Polyanion rotation
A significant portion of the understanding around robust mobile ion 

conduction has traditionally been based on static structural analysis, as 
outlined in the previous section. However, recent studies have intro
duced a new perspective, highlighting the critical role of cation-anion 
interactions within the lattice. Specifically, the "paddle-wheel mecha
nism" has been identified, which illustrates how the rotational dynamics 
of anions can enhance and facilitate cation movement [69,123–125]. A 
significant link between cation diffusional motion and the rotational 
dynamics of polyanions, such [PS4]3– and [PSe4]3–, has been found in 
recent investigations on a novel class of crystalline polyanion-based 
Na11Sn2PnX12 materials (where Pn = P, Sb and X = S, Se), known as 
the "NSPS" structure. A comprehensive study done by Zhang et al. [122]
using maximum entropy method (MEM), neutron powder diffraction 
(NPD), and ab-initio molecular dynamics (AIMD) simulations, delved 
directly into understanding the rotation of the PnX4

3- polyanions. Fig. 3a 
shows the nuclear density plots of Na11Sn2PS12 along the (100) planes at 
axis z = 1/8. The [PS4]3- tetrahedra is highlighted in blue, and in yellow 
are four maxima (S1a, S2a, S3a, S4a) around the initial S atom. Four 
additional maxima are observed (S1b, S2b, S3b, S4b) that are caused 
because of the rotation of [PS4]3- polyanionic group. The MEM 2D plots 
at temperatures 3 K, 300 K, and 450 K are shown besides the nuclear 
density plots in Fig. 3a. Even at cryogenic temperatures of 3 K, static 
patches of high density (red) are still easily visible, suggesting a sta
tionary reorientation of the [PS4]3- units. On the other hand, the 
spherical distribution of the spread sulfur density at 300 K (RT) and 
450 K indicates dynamic rotation of these [PS4]3- units [126]. In 
contrast to this, very low intensity and localized anions reorientation of 
the [SbS4]3- were visible in the less conductive analogue of 
Na11Sn2SbS12 [127,128]. For [SbS4]3-, a slight but noticeable rotation 
was seen at higher temperatures of 300 K and 450 K, suggesting a higher 
temperatures requirement to activate rotation. The corresponding 
Helmholtz free energy surfaces of [PS4]3-, [PSe4]3-, [SbS4]3- are shown in 
Fig. 3b. The rotation pathways and barriers are represented by the lo
cations and heights of the local minima and transition states, respec
tively. A larger depth of the potential walls is calculated for [SbS4]3- that 
corresponds to a high rotational barrier of 0.60–0.86 eV. Whereas the 
[PS4]3- and [PSe4]3- shows a low rotational energy barrier of 
0.12–0.24 eV. The low rotational barrier of [PS4]3- and [PSe4]3- could 
also be a function of more covalent nature of P-S and P-Se bonds 
compared to Sb-S and Sb-Se bonds. Understanding the role of anion 
rotation, or the paddle-wheel effect, becomes increasingly valuable 
when it is associated with cationic motion in solid-state electrolytes 
(SSEs). AIMD simulations in Fig. 3c demonstrates a strong correlation 
between the rotation of [PS4]3–/[PSe4]3– anions (indicated by red ar
rows) and Na+ ion migration (represented by green arrows). This rota
tional movement introduces intrinsic disorder, and momentarily 
enlarges the triangular bottleneck to cationic motion of Na+ ions 
residing within the octahedral cages along the diffusion pathways. This 
lowers the energy barrier and enhances cation mobility in Na11Sn2PX12 
(X = S, Se). Similar AIMD results for Na11Sn2SbS12 are shown in Fig. 3d, 
however, no signs of polyanionic rotation are visible and neither the S 
ligands nor Na+ cations are found to linger near each other, leading to 
trapping of Na+ ions due to high energy barriers. This leads to poor 
diffusion, higher activation energy, and much lower ionic conductivity 
in Na11Sn2SbS12. In the Fig. 3e, a larger triangular bottleneck area for 
cationic migration is evident for Na11Sn2PS12 thus indicating robust 
performance [129,130].

The concept of paddle-wheel mechanism has also been observed in 
both Li and Na SSEs. A very high conducting Li10GeP2S12 SSE was pro
posed to display some reorientation of the [PS4]3- from the AIMD sim
ulations of [86]. In the argyrodite class of Li SSEs that are high 
conducting, the 31P nuclear magnetic resonance (NMR) displayed the 
rotation of the tetrahedrons, which was linked to their robust diffusion 
characteristics [131]. Apart from the sulfides, the Li and Na halides SSEs 
such as Li3InX6 (X = Cl, Br, I) and Na3SCl6 (S = Er, Y) have also shown 
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these characteristics [132,133]. The NCl6 (N = In, Er, Y) polyhedrons in 
both the Li and Na types have indicated rotational motion with different 
onset temperatures. Collectively, these findings emphasize the critical 
role of anion dynamics in enhancing ionic conductivity across a diverse 
range of solid-state electrolytes.

3. Structure engineering of lithium argyrodite SSEs

Sulfide SSEs are becoming promising candidates for the ASSBs due to 
their advantages seen above. The typical sulfide SSEs include glassy Li-P- 
S (LPS) sulfides [28], ceramics obtained from LPS sulfides [29], argyr
odites (Li6PS5X) [30], thio-LISICONs [24], and Li10GeP2S12 (LGPS) 
compounds [16,31]. Among the glassy LPS compounds, the binary 

Fig. 3. (a) Nuclear density plot of Na11Sn2PS12 obtained along the (100) plane at x = 0 at 450 K. Alongside are the 2D MEM plots displaying nuclear density at 3 K, 
300 K, and 450 K, with red representing regions of high density and green for low density. (b) Helmholtz free energy surfaces as a function of θ and φ in degrees. The 
free energy surfaces of different groups are represented as: (i) [PS4]3- group of Na11Sn2PS12, (ii) [PSe4]3- group of Na11Sn2PSe12, and (iii) [SbS4]3- group of 
Na11Sn2SbS12 SSE. The formula for the calculation of the Helmholtz free energy A is A(θ, φ) = -kBTln[ρ(θ, φ)], where kB is the Boltzmann constant, T is temperature, 
and ρ(θ, φ) is the probability density distribution of the S/Se ligands of [PS4]3-, [PSe4]3-, [SbS4]3- anions from the AIMD simulations. (c) AIMD simulations elucidating 
the impacts of anion rotation on cationic motion for Na11Sn2PS12 and (d) Na11Sn2SbS12. The projection of a snippet on the right panel indicates the motion of Na 
cations in concerted manner (green arrows) and rotation of the [PS4]3- anions group (red arrows). For the case of Na11Sn2SbS12, no rotation of the [SbS4]3- tetra
hedron is observed and mobile Na ions, indicated by red arrows, do not come near the sulfur ions that are shown in yellow and orange colours, thereby leading to 
local trapping of the Na ions. (e) The size of the triangular bottleneck region for Na ion transport for both the SSEs. Enlargement of the bottleneck size for 
Na11Sn2PS12 is evident (~11 Å2), while Na11Sn2SbS12 shows a smaller bottleneck region causing hinderance to cationic motion. Reproduced with permission from 
[122], copyright 2019, American Chemical Society.
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xLi2S.(100-x)P2S5 compound are well studied. Lower Li2S concentration 
(x<60) LPS compounds show more di-tetrahedral P2S7

4- units with one 
bridging S atoms and three terminal S atoms. Higher Li2S amounts 
(x>70), typically glassy 75Li2S.25P2S5, only shows PS4

3- units and 
highest conductivity of 0.28 mS cm−1 at RT [21,39]. Ceramic sulfides 
also evolve from the LPS system after heat treatments such as Li7P3S11 
(70Li2S⋅30P2S5), Li3PS4 (75Li2S⋅25 P2S5), Li7PS6 (88Li2S⋅12 P2S5), and 
Li4P2S6 (67Li2S⋅33 P2S5) [134,135]. Ionic conductivity is largely a 
function of the composition of the binary compounds and their heat 
treatment synthesis protocols as these give rise to metastable crystalline 
phases that are ionically conducting. For instance, synchrotron XRD 
revealed the crystalline phase generated from 70Li2S⋅30 P2S5 glass to be 
Li7P3S11 after heat treating at 531–633 K. It had a triclinic cell and a 
space group P-1, with an ionic conductivity of 1 mS cm−1. Another class, 
namely thio-LISICON, are also formed from the binary/ternary systems 
of Li2S-GeS2, Li2S-GeS2-ZnS, and Li2S-GeS2-Ga2S3. In these compounds, 
the Ge, Zn, Ga atoms occupy the tetrahedral sites, S atoms in the hex
agonal close packing, and Li atoms in the octahedral sites. While the 
possible SSEs from these compounds are Li2GeS3, Li4GeS4, Li2ZnGeS4 
etc., they do not feature sufficient conductivity [136]. However, alio
valent substitution of P5+ to prepare crystalline thio-LISICON 
Li4−xGe1−xPxS4−x (space group P21/m) can increase the conductivity 
to 2.2 mS cm−1 for (x = 0.75) [86]. The very famous tetragonal 
Li10GeP2S12 (LGPS) compounds (space group P42/nmc) are also derived 
from the binary systems of (1-x)Li4GeS4-xLi3PS4 (0.5<x<0.67), similar 
to used in crystalline thio-LISICON [137]. The structure of LGPS has MS4 
(M = Ge, P) tetrahedra along the a and b axes. 1D conducting chains are 
formed by LiS6 octahedra and edge sharing (Ge0.5P0.5)S4 tetrahedra. LiS4 
further helps interconnect this chain to form 1D Li conduction in the 
c-axis. LGPS SSE possess a high conductivity of 12 mS cm−1 at RT, 1 mS 
cm−1 at −30 ◦C, and 0.4 mS cm−1 at −45 ◦C. Despite these advantages, 
the LGPS and crystalline thio-LISICON systems possess high material 
costs due to the presence of Ge metal. Complete or partial substitution of 
Ge atom by Sn and Si to produce Li10SnP2S12, Li10Sn0.7Si0.3P2S12 has 
helped reduce material cost and maintain good conductivity [138,139]. 
In the Si-based LGPS-type structure (Li11Si2PS12), the 
Li9.54Si1.74P1.44S11.7Cl0.3 SSE possesses an exceptional conductivity of 25 
mS cm−1, which is attributed to the 3D conduction and extra Li ions 
located on the interstitial 16 f, 8 f, and 4c sites.

The final type of Li sulfide SSE is the argyrodite type, which is also 
the subject of this review, with the formula Li6PS5X (X = Cl, Br, I). It has 
a cubic structure (space group F43 m) with five different tetrahedral sites 
(Section 3.1) that enable 3D Li-ion conduction through face-sharing 
tetrahedral sites. While the superconducting LGPS-type structure pos
sesses a BCC framework that allows easier migration through face- 
sharing tetrahedral sites, it supports only 1D conduction, which is 
inferior to the 3D conduction offered by the argyrodite structure. 
Additionally, argyrodites typically have favourable mechanical proper
ties, allowing them to accommodate volume changes during cycling and 
reduce dendrite growth. Their 3D conduction also results in lower 
interface resistance, improving overall cell efficiency. Argyrodite 
structures can be easily doped with various elements, enabling tuneable 
ionic conductivity and enhanced stability without the use of expensive 
metals, as seen in LGPS [140]. Unlike the high material cost of Ge in 
potential counterparts, argyrodite offers high RT conductivity of 2 mS 
cm⁻1 in its pristine form and remains cost-effective and scalable for 
large-scale production. Overall, these features make the argyrodite 
structure a superior choice for SSEs compared to LGPS and other 
alternatives.

3.1. Structures of lithium argyrodite SSEs

Argyrodites, classified as ceramic structures, particularly Li6PS5X (X 
= Cl, Br, I), have garnered significant attention due to their distinctive 
crystal structures. These argyrodites are synthesized by substituting the 
chalcogenides in Ag argyrodite compounds (Ag8GeS6) with halogen 

[144]. In the pristine argyrodite structure, halide ions (Cl, Br, I) form a 
face-centered cubic (FCC) lattice, fully occupying all corner and 
face-centered positions, corresponding to the Wyckoff 4a sites. When 
there is anion disorder between chalcogenide and halide ions, the halide 
ions can partially occupy the Wyckoff 4d sites, as depicted in Fig. 4a 
[145,146]. All octahedral voids at the edge-centered positions are 
occupied by phosphorus ions, labelled as Wyckoff 4b sites. These 
phosphorus ions further form PS4

3- tetrahedra with sulfur ions located at 
the Wyckoff 16e sites. Additionally, sulfur ions occupy half of the 
tetrahedral voids, which are also referenced by Wyckoff 4d sites [135, 
147]. Within the anionic framework of Li6PS5X, there are 132 tetrahe
dral interstices per unit cell that can accommodate the 24 lithium ions. 
These interstices are condensed into five distinct tetrahedral lithium 
sites, determined by their interaction with the PS4

3- tetrahedra as shown 
in Fig. 4a. These lithium sites are primarily formed around the free sulfur 
atoms at Wyckoff 4d sites. In Li6PS5X (X = Cl, Br, I) stoichiometry, the 
occupancy of Cl atoms is partially shared between 4a (39 %) and 4d 
(62 %) sites due to a significant anions disorder. For Br substitution, the 
atoms are dispersed throughout the 4a (78 %) and 4d (22 %) sites, with 
the 4d sites having lower occupancy compared to Cl. In I substituted 
Li6PS5I, the atoms solely occupy the 4a sites due to the absence of any 
disorder [148]. The impact of this anions site disorder on the micro
scopic lithium mobility is very well explained by Minafra et al. [142]

From the molecular dynamics (MD) and density functional theory 
(DFT) simulations, the lithium mobility in Li6PS5Cl is seen to occur at 
different time and length scales that are classified into three distinct 
types of transitions [89,140]. These three transitions have activation 
energies between 0.2 and 0.3 eV. The overall conductivity of the SSE is 
limited by the transition having the highest activation energy (0.3 eV), 
which is also referred to as the rate-limiting transition of lithium ions. 
The transition of Li+ ions is majorly understood from their jumps from 
the type 5 (48 h) site to type 5a (24 g) sites. These three transitions are 
classified as doublet jumps, intra-cage jumps, and inter-cage jumps. 
Doublet jumps are also called as the back and forth jumps within the 
same lithium cage as they involve Li motion between the face sharing 
tetrahedra of type 5 via the type 5a Li site. Intra-cage jumps involve Li 
jumps from one non-face sharing type 5 tetrahedra to another non-face 
sharing type 5 tetrahedra within the same Li cage centred around the 4d 
sulfur atom. The inter-cage jumps involve Li motion from one type 5 
cage to another type 5 cage centred around different 4d sulfur atoms. 
The inter-cage jumping is the rate-limiting transition with highest en
ergy barrier as it involves a difficult Li migration occurring across 
non-face sharing tetrahedra. Minafra et al. [142] investigated the role of 
non-type 5 Li sites in Li migration for Li6PS5X (X = Cl, Br, I) using NPD 
and Rietveld refinements. A new Li site at type 2 (48 h) was found for 
argyrodite samples containing Cl and Br as shown in Fig. 4a. The Li 
occupancy on this new T2 site increases as a function of temperature, 
while it decreases on the T5 site as shown in Fig. 4b. The concentration 
of Li occupation on these new T2 sites are directly related to the halide 
ion present in the lithium argyrodites. LPSI shows no T2 site occupancy, 
LPSCl shows moderate T2 site occupancy, while LPSBr shows highest T2 
site occupancy as seen in Fig. 4b. T2 sites also promote improvement in 
the network of Li cages. Fig. 4c shows the importance of a T2 site in 
acting as an intermediate path along the intra-cage and inter-cage 
lithium jumps. T2 site helps in intra-cage motion by connecting two 
T5 sites within the same cage to form a continuous network for Li 
movement. Similarly, a pair of T2 sites help connect the T5 site in 
different cages. Thus, the revised motion of Li ions in intra-cage is 
T5-T2-T5 instead of older T5-T5 motion. Similarly, for inter-cage it is 
T5-T2-T2-T5 motion. However, the presence of T2 sites by itself is not 
beneficial for higher conductivity, rather it is also dependent on the 
T2-T2 jump distances. The T2-T2 jump distance for X = Cl was found to 
be significantly smaller due to higher anions disorder compared to X =
Br, as also reported previously. This is consistent with the higher con
ductivity in the Li6PS5Cl as the inter-cage jumps are more likely to 
happen in this stoichiometry [149]. To gain more insights into the three 
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transition jump distances, Schlenker et al. [150] studied differential 
bond valence and MEM. Consistency of the bond valence method with 
MD simulations was observed [143]. They evaluated the site distances 
as: dT5-T5a = 1.46 Å (doublet jump), dT5-T2 = 2.03 Å (intra-cage dis
tance), dT2-T2 = 1.31 Å (inter-cage distance)

To understand the diffusion mechanisms, Yu et al. [143] utilized 
NMR spin-lattice relaxation (NMR-SLR) experiments coupled with MD 
simulations approach to gain insight into the bulk and interface Li-ion 
mobility in lithium argyrodites. NMR is a more accurate technique 
than EIS as it is more sensitive to local-scale mobility unlike EIS, which is 
to global mobility. It also has the advantage of being a non-destructive 
and contactless technique [151]. They measured the rates at the labo
ratory frame (1/T1) and rotating frame (1/T1/p). The laboratory frame is 
used to find out the jump frequencies of local Li-ions and the respective 
activation energy, whereas the rotating frame is used to get insights in 
the long-range Li+ motion [152–154]. Fig. 4d indicates the motional 
narrowing of the static 7Li NMR resonance with the increase in tem
perature of Li6PS5Cl. This is an indication of the high mobility at higher 
temperature as these Li-ions can cancel out the dipolar interactions 
effectively. From Fig. 4e, the NMR-SLR 1/T1 rates are asymmetric in the 
low and high temperature limit (R1 data points in square boxes), which 
was also reported in the literature [150,155]. This reflects the Li-ionic 
motion happening at different length scales as a function of 

temperature, a feature also evident from the MD simulations. At the 
laboratory frame, the maximum SLR rate 1/T1 occurs at 345 K with a 
Larmor frequency (ω0) of ω0/2π = 155 MHz. This corresponds to a Li+

ion jump frequency of 9.8*108 Hz. Low temperature region indicates the 
short-range motion whereas the high temperature reflects the 
long-range process. The activation energies calculated from the slopes of 
the SLR rates are 0.09 eV (short range) and 0.29 eV (long range), which 
are very close to the one reported by Schlenker et al. [150] from their 
NMR study. From the activation energy for the long range, its jump 
frequency can be calculated as 2*1013 Hz, at 345 K, which is like the one 
predicted by MD simulations. Diffusion coefficient can be calculated 
from the jump frequency using the Einstein Smoluchowski equation and 
the activation energy values [156,157]. Calculated diffusion coefficient 
at 298 K was 2.5*10−12 m2 s−1. Further, from Nernst-Einstein equation 
and the diffusion coefficients, the ionic conductivity of Li6PS5Cl using 
NMR can be calculated to be 3.9 mS cm−1 [117,158]. This value is near 
to the conductivity value of 3.4 mS cm−1, calculated from the EIS and 
verified by other values in literature [87,88,143,147]. In the SLR 
rotating frame, the maximum jump rates calculated at the lock fre
quencies of 11, 42, and 84 kHz for the condition of τ1pωlock = 0.5, are 
1.38 × 105 Hz (at 200 K), 5.3 × 105 Hz (at 215 K), and 1.06 × 106 Hz (at 
220 K), respectively. At 200 K, the jump frequency based on the 1/T1 
relaxation rate is 7.4*105 Hz, a value very close to the jump frequency 

Fig. 4. (a) Unit cell and crystal structure of cubic symmetry argyrodite-type Li6PS5X crystallizing in space group F43 m. (b) Lithium distribution for Li6PS5X on the 
T5, T5a, and T2 sites, as a function of temperature. (c) Schematic of efficient lithium migration achieved with the presence of a new T2 site. (d) Li6PS5Cl motional 
narrowing curves for the static 7Li NMR resonance. (e) SLR NMR rates for 7Li, recorded in the rotating (R1ρ) and the laboratory (R1) frame of reference. The locking 
frequencies are 11, 42, and 84 kHz, respectively, while the Larmor frequency is 155.506 MHz.
(a) Reproduced with permission from [141], copyright 2021, American Chemical Society. (b-c) Reproduced with permission from [142], copyright 2020, American 
Chemical Society. (d-e) Reproduced with permission from [143], copyright 2016, American Chemical Society.
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calculated from the 1/T1/p relaxation rate of ωlock = 11 kHz for the same 
temperature of 200 K, which is 1.38*105 Hz. Good agreement between 
1/T1 and 1/T1/p results indicates the jump process observed in 1/T1 
(local-hopping) measurements are also responsible for the long-range 
transport of Li+ ions [150]. Additionally, most of the grains are 
captured in the long-range transport probe, which naturally also in
cludes the grain boundaries. Consequently, the strong correlations be
tween the 1/T1 and 1/T1/p pair of findings also suggest that grain 
boundaries within the material have minimal effect on Li+ transport in 
Li6PS5Cl.

3.2. Halogen site substitutions

One simple method to improve SSEs is by substituting halogen atoms 
(e.g., Cl, Br, I) in lithium argyrodites (Li6PS5X). This modification pre
serves the overall crystal structure and lithium-ion diffusion pathways 
while enabling precise adjustments to the polarizability of the anion 
sublattice—essentially, how easily the charge distribution within the 
anions can be distorted. This strategy addresses both the static proper
ties of the host lattice and its dynamic behaviour—how atoms move and 
interact over time. Studying these dynamics offers valuable insights into 
the complex interplay between structural characteristics, ionic hopping, 
and ionic conductivity [13,159–161]. To better understand the influ
ence of the anion sublattice on the ionic performance of lithium argyr
odites, Kraft et al. [145] synthesized Li6PS5X with different halogen 
compositions of (X = Cl, Cl0.75Br0.25, Cl0.5Br0.5, Cl0.25Br0.75, Br, 
Br0.75I0.25, Br0.5I0.5, Br0.25I0.75, and I). In the case of I⁻ containing sam
ples, no site disorder between I⁻/S2⁻ anions could be observed and I⁻ 
atoms (220 pm) exclusively occupied the Wyckoff 4a position, as shown 
in Fig. 5a. However, in Cl⁻ and Br⁻ containing samples, significant anion 
disorder between X⁻/S2⁻ is noted, primarily due to the similar ionic radii 
of Cl⁻ (181 pm), Br⁻ (196 pm), and S2⁻ (184 pm) [140,144,149,162, 
163]. Refinements of the NPD data reveals a linear increase in the lattice 
edge length as the substitution progressively favours iodine, consistent 
with Vegard’s law, which states that the lattice parameter of an alloy is a 

linear function of the concentrations of its constituent elements. The 
increase in lattice length and unit cell volume also expands the distances 
for Li⁺-Li⁺ jumps within and between the cages. The Li(24 g)S3 triangular 
bottleneck plane also enlarges due to increased Li-S bond lengths that 
further promotes excess Li+ ions on the Wyckoff 24 g site as shown in 
Fig. 5b. Correspondingly, the Li+ concentration decreases on the 
Wyckoff 48 h site. The anion polarizability is also affected with different 
sized halogen ions. Lower reported Debye frequencies as well as speed of 
sound values is an indication of the decrease in polarizability. Since 
completely dense samples reflect greater sound speeds, lower values 
here suggest that the lattice is softening with I- substitution (Fig. 5c) 
[164]. Moreover, it has been demonstrated that softer lattices reduce the 
activation energy and increase ionic conductivity. However, the 
Arrhenius pre-factor (σ0) is also directly responsible for the ionic con
ductivity calculation (Eqs. 1 and 2). An increase in the Arrhenius 
pre-factor and a decrease in activation energy are essential to achieving 
higher conductivity values. However, according to the Meyer-Neldel 
rule, a decrease in one quantity generally follows the other, which 
may indicate lattice softening or other structural factors [165–169]. In 
the case of Br- substitution, both the activation energy and the Arrhenius 
pre-factor decrease as expected, following the Meyer-Neldel rule, as 
shown in Fig. 5d. The Li6PS5Cl0.5Br0.5 composition still achieves the 
highest ionic conductivity because the drop in activation energy (due to 
optimal anion mixing) is much greater than the smaller reduction in the 
Arrhenius pre-factor (due to softer lattices), as seen in Fig. 5e. However, 
as I- substitution increases, the pre-factor continues to decrease due to 
further lattice softening, but the activation energy rises, likely because of 
minimal anion site disorder [149], defying the Meyer-Neldel rule. As a 
result, I- doped samples show the lowest conductivities due to the higher 
activation barrier. 

σT = σ0exp
(

−Ea

kBT

)

(1) 

Fig. 5. (a) Impact of mixed halogens substitution on the X-/S2- disorder. (b) Changes in the lithium occupancy over Wyckoff 48 h and 24 g sites. (c) Variation in the 
Debye frequency for Li6PS5X (X=Cl, Cl0.5Br0.5, Br, Br0.5I0.5, I). (d) Changes in activation energy and Arrhenius pre-factor with mixed halogens doping. (e) Ionic 
conductivity for different halogen substituted samples. (f) 7Li NMR SLR rates in rotating time frame for LPSCl, LPSBr, and LPSCl0.5Br0.5.
(a-e) Reproduced with permission from [145], copyright 2017, American Chemical Society. (f) Reproduced with permission from [170], copyright 2019, Elsevier.
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Heng et al.[170] carried out a comparable study two years later, 
synthesizing Li6PS5Cl0.5Br0.5 using a ball-milling process and charac
terizing it using NMR and EIS. For LPSCl0.5Br0.5, the EIS observed ionic 
conductivities were 3.63 mS cm−1 at 32 ◦C that is higher than LPSCl 
(0.79 mS cm−1) and LPSBr (0.36 mS cm−1). The 7Li NMR SLR rates in the 
rotating frames (R1p) are depicted in Fig. 5 f for LPSCl, LPSBr, 
LPSCl0.5Br0.5. The SLR rate for LPSCl0.5Br0.5 reaches a maximum at 
323 K, whereas it reaches the maximum at 348 K and 363 K for LPSCl 
and LPSBr, respectively. This suggests robust Li-ion diffusivity for 
optimally anion polarized LPSCl0.5Br0.5 composition. The activation 
energy calculated from Arrhenius law was 0.44, 0.39, and 0.31 eV for 
LPSCl, LPSBr, LPSCl0.5Br0.5. The mixed halogen doping provided anions 
exchange on the sulfur (Wyckoff 4d sites) that caused optimal polariz
ability and improved conductivity. Better than single halogen LPSCl and 
LPSBr or even glass-ceramic Li2S-P2S5 [171–175], enhanced cycling was 
reported using LPSCl0.5Br0.5 as SSE, Li2S as cathode, and Li-In as anode.

3.3. Lithium site substitutions and vacancies

Achieving higher ionic conductivity and lower activation energy 
requires deliberate manipulation of anion polarizability in conjunction 
with increased disorder on the Wyckoff 4d sites, as the previous work 
made clear. Interestingly, disorder on the S2- site decreases with 
increasing halide ion size because it cannot hold bigger ions. Another 
important factor to consider is the lithium deficiency in the structure 
and composition. Inducing Li+ vacancies have resulted in enhancement 
of the conductivity. The influence of Li+ vacancies has been thoroughly 

examined by De Klerk et al. [149] by comparing the jump statistics plot 
from the MD simulations on artificial Li6PS6 (lithium deficient) and 
Li7PS5Cl (lithium rich) SSEs. There were differences seen in the doublet 
and intra-cage jumps but not in the inter-cage jumps. The lithium defi
cient version of Li7PS5Cl, namely Li6PS5Cl, showed higher conductivity, 
and to understand the rationale behind increased conductivity in Li+

deficient samples, the radial distribution function at the atoms on the 4a 
and 4d sites was measured. It is found that the Li+ ions surrounding the S 
site are higher (7 ions) than the Cl- site (5 ions). As a result, an empty 
doublet always forms around Cl-, facilitating multiple inter-cage hops 
for the Li+ deficient composition, resulting in higher conductivity. 
Therefore, Li vacancies along with the replacement of the S atom with Cl 
atoms and its placement is necessary for improved conductivity. The 
recent study of Eva et al. [176] examined the consequences of over 
chlorinating Li7-xPS6-xClx (x = 1, 1.5, 2) and to also understand the 
impact of lithium vacancies on the performance. The activation energies 
of Li6PS5Cl, Li5.5PS4.5Cl1.5, and Li5PS4Cl2 were determined from the 
AIMD simulations to be 325.48 meV, 230.24 meV, and 292.62 meV, 
respectively. Ionic conductivity values were measured at 0.43, 14.55, 
and 1.69 mS cm−1.

The lithium-ion probability density distribution in Fig. 6a shows that 
the increased quantity of Cl- on the 4c sites and abundant inter-cage 
jumps were the cause of a 100 meV reduced activation energy and a 
30-fold increase in conductivity for Li5.5PS4.5Cl1.5. Since the Li-Cl bonds 
are weaker than the Li-S bonds due to less negative charge, the elec
trostatic energy decreases as the Cl- concentration increases, which is 
also a probable reason for decreased activation energy [179]. By the 
same logic, the Li5PS4Cl2 stoichiometry should have an even greater 
ionic conductivity but the parent crystal structure shifts from F43m to 
C2mm for 1.5<x<2, as reported by [180]. The Ionic diffusion in C2mm 

Fig. 6. (a) Li-ion probability density distribution from 900 K AIMD simulations. (b) Plot of 7Li NMR SLR relaxation time (T1) as a function of Br concentration to 
probe Li-ion dynamics. (c) Lithium site normalized occupancy at 24 g and 48 h site as obtained from 6Li NMR and the corresponding ionic conductivity. (d-e) 
Variation in ionic conductivity and activation energy in the Cl-rich (x=0–0.8) and Br-rich (0.8–1.8) region. (f) Occupation of Cl (cyan), Br (orange), and S (blue) on 
the Wyckoff 4d sites as observed from 31P NMR analysis.
(a) Reproduced with permission from [176], copyright 2022, Elsevier. (b-c) Reproduced with permission from [177], copyright 2020, American Chemical Society. 
(d-f) Reproduced with permission from [178], copyright 2023, Wiley.
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is only strong in the c-direction with extremely low energy barrier, 
however in the a-b plane, it is exceedingly sluggish. Therefore, the 
diffusion is primarily 1-D diffusion. To still know the conductivity of 
Li5PS4Cl2 for the probable F43m structure, the AIMD simulations 
calculate it to be 26.6 mS cm−1. Lower conductivities for Li5PS4Cl2 and 
Li5PS4Br2 for C2mm structure from MD simulations were also observed 
by De Klerk et al. [149]. Analogous experimental study conducted by 
Adeli et al. [181] demonstrated validation between the MD simulations. 
For Li5.5PS4.5Cl1.5, ultrafast Li+ conductivity of 9.4 mS cm−1 with an 
activation energy of 0.29 eV was achieved. Higher NMR SLR rates at 
lower temperatures were also observed for Li5.5PS4.5Cl1.5 compared to 
Li6PS5Cl. This implies that Li5.5PS4.5Cl1.5 has faster Li-ion kinetics and 
jump frequency even at lower temperatures than the Li6PS5Cl SSE. To 
further investigate the impacts of inducing lithium vacancy by tailoring 
the halogen content, Feng et al. [182] synthesized a series of 
Li6-xPS5-xCl1+x (x = 0, 0.3, 0.5, 0.7, 0.8) samples. Preservation of the 
parent crystal structure was observed even for x>0.5, unlike reported by 
Eva et al. [176]. A contraction in the lattice happens with an increase in 
lithium vacancy, observed from the XRD peak shift to higher angles with 
a maximum solubility limit of x = 0.7. A linear rise in conductivity is 
seen when Li+ deficiency and Cl- concentration increases [183,184]. For 
x = 0.7, the highest measured RT ionic conductivity of 17 mS cm−1 and 
the lowest energy barrier of 0.218 eV were found. As reported in [185], 
increased conductivity at x=0.7 is again linked to higher S2-/Cl- anions 
mixing at Wyckoff 4d sites, further causing redistribution and an in
crease in the Li+ ion occupancy from the 48 h sites to the 24 g transition 
sites. Excess concentration at the 24 g transition site has shown to reduce 
the inter-cage jump distances and make the long-distance migration 
easier. Overchlorinated Li5.5PS4.5Cl1.5 has also shown to display inef
fective stripping plating with Li-metal anode. Wei et al. [186] stabilized 
the interface of Li5.5PS4.5Cl1.5 by constructing a hybrid SEI interface 
consisting of LiCl/LiF/LiZn.

To further test with Br-, Yu et al. [184] tuned the Br in Li6-xPS5-xBr1+x 
(x = 0–0.7). Annealing temperatures had a significant impact on the 
anions disorder that occurred in the case of Br. The maximum disorder 
was found to occur at 400 ◦C, which produced the greatest ionic con
ductivity of 4.17 mS cm−1 for Li5.5PS4.5Br1.5 (x = 0.5), a value that was 
four times greater than for x = 0. In a follow-on study done by Pengbo et 
al. [177], they could synthesize Li5.3PS4.3Br1.7 (higher solubility limit) 
without impurities, a composition similar to the one prepared by [182]
in the same group by utilizing chlorine. Higher Br- concentration and Li+

deficiency leads to almost three-fold increase in conductivity (11 mS 
cm−1) with a lower barrier of 0.18 eV. Ionic conductivity closely follows 
the trend of the amount of Li+ residing on the 24 g sites. A 35 % increase 
in lithium occupancy at transition 24 g sites and 50 % higher 7Li NMR 
SLR relaxation time for x=0.7 promotes the robust ionic conductivity in 
the sample as shown in Fig. 6b-c. Recently, Pengbo et al. [178] con
ducted another study that concentrated on changing the Cl- and Br- 

concentration while maintaining a stable Li+ composition. In contrast to 
the mono-halide argyrodite study in the previous work, this study could 
dissociate the effects of different anions structural disorder and Li+ de
ficiencies on the performance and offer insights into mixed and excess 
halogen doping. The group synthesized Li5.3PS4.3Cl1.7−xBrx (0 ≤ x ≤ 1.7) 
in varying compositions while achieving the parent structure and ob
tained high phase purity (>96 %) for the middle region (0.7<x<1.2). 
Interestingly, dual-halide argyrodite phases yield higher conductivity 
than reported for the mono-halide argyrodite by the same group previ
ously. Fig. 6d-e show the maximum conductivities as 24 and 26 mS 
cm−1, reached with x = 0.7 (Li5.3PS4.3Cl1.0Br0.7) and x = 1.0 
(Li5.3PS4.3Cl0.7Br1.0), respectively. In the region rich in chlorine, acti
vation energy is likewise significantly decreased with bromination; the 
lowest value is 155 meV at x = 0.7. This is explained by a softer lattice 
that results from the substitution of the more polarizable element Br- for 
the less polarizable element Cl-. Since excessive bromination results in a 
softer but more organized lattice without significant disorder (unfav
ourable for activation energy) the activation energy in the bromine-rich 

area did not significantly change. This excessively high conductivity is 
attributed to the concerted migration by excess Li ions at the 24 g site 
and maximum anions mixing or no-preference of site occupancy by S2-, 
Cl-, and Br- at Wyckoff 4a and 4d site as obtained from the 31P NMR and 
presented in Fig. 6 f. Wu et al. [187] synthesized a mixed anions SSE 
consisting of In, Cl, O, and S (Li5.54In0.02PS4.47O0.03Cl1.5) that shows a 
high conductivity of 7.5 mS cm−1 with improved interfacial stability.

Zhang et al. [188] performed partial substitution of Li+ ion by a 
trivalent Al3+ ion in Li6–3xAlxPS5Br (x = 0.1, 0.15, 0.2, 0.25, and 0.3). 
Al3+ could substitute Li+ in the structure for up to x = 0.2, after which 
Al2S3 impurity phases starts to form. In addition to Al occupying the 24 g 
site of Li, a decrease in the lattice size happens due to a smaller Al3+

ionic radius. As a result, coulombic repulsions in the doublet jump 
(48h-24g-48h) increases with increasing concentrations of mobile ions 
on the 24 g locations. These repulsions increase the doublet jump dis
tance as shown in Fig. 7a-b, but also cause a shrinking effect on the 
inter-cage and intra-cage jump distances. Ionic conductivity reported for 
Li5.4Al0.2PS5Br was 2.4 mS cm−1 compared to 1 mS cm−1 for Li6PS5Br, 
particularly due to shorter inter-cage jumping distance. In a similar 
strategy, Adeli et al. [189] explored the impact of substituting divalent 
Ca2+ for Li+ in Li6–2yCayPS5Cl. Unlike Al3+, Ca2+ substitution alone 
didn’t affect the Cl-/S2- disorder or occupy Li+ 24 g sites. However 
excessive chlorination with Ca2+ doping in Li6-x-2yCayPS5Cl1+x (x =

0.25, y = 0.1; x = 0.25, y = 0.15; x = 0.375, y = 0.1; and x = 0.5, y = 0.1) 
results in phase purity over 97 % with a constant Ca2+ concentration of y 
= 0.1. But beyond y = 0.1, impurities form, suggesting limitations at the 
Li+ sites for substitution of divalent cations in Cl-rich argyrodites. The 
"super Cl-rich" variant (x = 0.55, y = 0.1) exhibits the highest ionic 
conductivity (10 mS cm−1) with an energy barrier of 0.30 eV, mainly 
due to induced disorder in the SSE upon Cl-substitution and reduced 
electrostatic interactions as evident in Fig. 7c. Divalent Ca2+ doping on 
the Li+ site also helps in shrinking the unit cell that reduces the 
rate-limiting inter-cage jumps and increases the diffusivity of the Li+

ions, as shown in Fig. 7d. Dual modification strategy in Li6PS5Cl (x and 
y) provides promising structural features that gives: 3.3 times increase in 
conductivity for the “super-Cl rich” SSE over pure Li6PS5Cl, and 33 % 
higher than x = 0.5, y = 0.1.

3.4. Chalcogenide site substitutions

In Li6PS5X, chalcogenide ions occupy the free 4c/4d sites, and 16e 
positions in the PS4

3- tetrahedra. As halogen concentration increases, 
disorder occurs at the 4a/4d sites between chalcogenide and halogen 
ions, reducing energy barriers and enhancing conductivity, as previ
ously noticed. In a theoretical study [120], it was concluded that the 
performance of lithium argyrodite could be improved by substituting the 
sulfur atom with a larger, more polarizable chalcogenide atom. The 
underlying concept is that ionic conductivity can be enhanced by 
introducing larger and less electronegative atoms. These larger, more 
polarizable anions reduce the interactions between Li⁺ ions and the 
anion framework, thereby facilitating more efficient lithium diffusion 
pathways. Bonding in Li6PA5X (A = Chalcogen, X = Halogen) mainly 
arises due to electrostatic interactions between Li+ ions and chalco
genide ions. The halogen ions interaction with Li+ ions is weaker due to 
its location between the polyhedral units. While chalcogen anions with 
lower electronegativity prefer to coordinate with Li ions to produce 
octahedral configurations like Li6A, phosphorus cations selectively 
connect with highly electronegative bivalent chalcogen anions (O > S >
Se > Te > P) to generate tetrahedral units like PA4

3-. Fig. 8a shows the 
structure of the Li6PS5I where Li+ ions have halfway transitioned in the 
inter-octahedral migration (different Li6S units) through the triangular 
bottleneck made of one I- ion and two S2- ions. Intra-octahedral migra
tion (within Li6S units) is represented by red arrows. From climbing 
image nudged elastic band (CI-NEB) simulation, energy barriers for 
intra-octahedral and inter-octahedral transport of Li+ ions were influ
enced by partial iso-valent substitution at sulfur sites. For the 
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intra-octahedral migration (Fig. 8b) Li6PSeS4I shows the lowest energy 
barrier in contrast to Li6PSO4I. Thus, migration of Li+ ions are inversely 
related to the electronegativity of the chalcogen ion in the Li6A octa
hedra or PA4 tetrahedra (A = O, S, Se, Te, P). Similar results are true for 
the inter-octahedral migration as shown in Fig. 8c with Li6PTeS4I having 
the lowest energy barrier due to least electronegativity of Te.

To experimentally test this hypothesis, Bernges et al. [190]
substituted Se2⁻ ions for S2⁻ ions in Li6PS5Br. The increase in lattice 
parameter of the unit cell was attributed to the larger ionic radius of Se2⁻ 
(198 pm) compared to S2⁻ (184 pm). The expansion of the PS4

3- tetra
hedra due to the occupation of 16e sulfur sites by selenium ions aligned 
with theoretical predictions. Contrary to previous research that showed 
that a greater anion size mismatch between two anions (sulfur and 
iodine) caused the site disorder to lessen, in this case, selenium doping 
also reduced anion disorder while not creating a larger anion size 
mismatch than sulfur ion. As higher anions disorder decreases the Li+

site occupancy at 48 h site, lower disorder with Se2- doping increases the 
Li⁺ occupancy at the Wyckoff 48 h site and leads to greater Coulombic 
repulsions during doublet jumps that consequently reduces inter-cage 
distances. The diffusion pathways, indicated by LiA3Br (A = chalco
genide) polyhedral units and LiS3 triangular planar regions shows an 
increase in volume, suggesting a broadening of the diffusion bottleneck 
channels. However, despite the sharp reduction in anion site disorder, 
there is no significant increase in ionic conductivity or a decrease in 
activation energy. A higher ionic conductivity was still measured for 
Li6PS4SeBr as 3.9 mS cm−1. Se substitution was also examined in 
Li6PS5-xSexI (x = 0–5) system [191]. Interestingly, the disorder between 
S2-/I- could be induced up to 7 % with the addition of Se2- ion along with 
similar broadening of the diffusion pathways in the previous work 

(Li-(S/Se)3 triangular transition region and Li-(S/Se)3I tetrahedra), 
illustrating wider pathways of the doublet and intra-cage jump (Fig. 8d). 
Moreover, lattice polarizability is induced with a bigger chalcogen ion as 
reflected by the measurement of lower speed of sound and Debye fre
quencies, which decreases the activation barrier from 0.38 eV (x = 0) to 
0.28 eV (x = 5). Ionic conductivity of 0.28 mS cm−1 can be achieved for 
fully Se-substituted Li6PSe5I compared to 0.0025 mS cm−1 for Li6PS5I. 
Overall, Li6PS5-xSexI exemplifies how broadening of diffusion channels, 
coupled with lattice softening, impacts ionic transport.

Xuan et al. [192] further explored the impact of Te doping on S sites 
in the off-stoichiometric Li6.25PS5.25-xTexCl0.75 (x=0.125). 
Off-stoichiometric composition allows for higher Li+ content in the 
structure and facilitates Li+ transport [193]. Similar observations in 
increasing bond-lengths and diffusion channels were made. Total 
resistance from EIS for the three compounds was: Li6PS5Cl (266.2 Ω), 
Li6.25PS5.25Cl0.75 (72.5 Ω), and Li6.25PTe0.125S5.125Cl0.75 (16.56 Ω). 
Conductivity of Li6PS5Cl was 0.28 mS cm−1, Li6.25PS5.25Cl0.75 was 1.03 
mS cm−1, and Li6.25PTe0.125S5.125Cl0.75 was 4.5 mS cm−1, all at RT. 
Additionally, this electrolyte demonstrated electrochemical compati
bility over a wide potential window, up to 7 V, with a Li anode. These 
findings underscore the potential of the broadened diffusion pathways, 
loosened cation-anion bonds, and polarizability of the structure on the 
ionic conductivity and activation energy of the lithium argyrodites.

3.5. Phosphorus site substitutions

The introduction of vacancies on the Li⁺ site, along with multi- 
halogen and chalcogenide substitutions on the S2⁻ site has signifi
cantly enhanced the performance of lithium argyrodites. Similarly, the 

Fig. 7. Schematic representation of Li⁺ jumps (a) and corresponding data (b) in Li₆₋₃ₓAlₓPS₅Br, along with the jump distance values before and after Al3⁺ substitution. 
(c) Cl-/S2- site disorder as a function of x and y in Li6−x−2yCayPS5−xCl1+x. (d) Diffusivity of Li-ions obtained from PFG NMR for cation and cation-anion modified 
stoichiometry in Li6−x−2yCayPS5−xCl1+x.
(a-b) Reproduced with permission from [188], copyright 2020, Elsevier. (c-d) Reproduced with permission from [189], copyright 2021, American Chemical Society.
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impact of Li+ stuffing in the crystal structure has also proved to be a 
significant improvement. One additional potential site for crystal 
structure modification via substitution remains to be the P5+ site. Spe
cifically, aliovalent substitution on the P5+ site has caused great im
provements in the performance as it also includes the introduction of 
extra Li+ in the structure to maintain charge neutrality. Aliovalent 
substitution of Si4+ was performed on the P5+ site in the Li6+xP1-xSixS5Br 
crystal structure [194]. Due to the larger ionic radius of Si4+ than P5+

(260 pm vs 170 pm) [195], an 0.7 % increase in the lattice size and 8 % 
increase in the volume of the P1-xSixS4

3- tetrahedra was noticed at the 
maximum solubility of Si4+ substitution at x = 0.3 mol. Additionally, 
there exists a disorder already between the S2-/Br- anions in Li6PS5Br, so 
the Si4+ substitution does not induce any extra disorder and the Li+ jump 
distances remain unimpacted. Si4+ substitution results in a four-fold 
increase in the ionic conductivity at x = 0.3 (2.4 mS cm−1 vs 0.7 mS 
cm−1), which is mainly a result of induced correlated motion of Li+ ions 
by their increased density on the 24 g transition site [118]. In the similar 
approach, promising characteristics are known by substituting Si4+ ions 
on the P5+ site in Li6+xP1-xSixS5I (x = 0–0.6) [196]. The fully ordered 
structure and negligible anions disorder in Li6PS5I can be altered to 
display some S2-/I- anions disorder with Si doping. A larger Li6PS5I 
lattice also incorporates higher concentration of Si (x = 0.6) compared 
to Li6PS5Br compound (x = 0.3), primarily because of a bigger sized 

crystal. An increase in the P/Si-S bond length happens in the (P1-xSi)S4
3- 

polyhedra due to repulsions faced between the P and Si atoms because of 
lower relative electronegativity of the Si compared to P atom. A report of 
1.1 mS cm−1 for the highest RT ionic conductivity is observed for x =
0.3, which is four orders of magnitude greater than the undoped coun
terpart with a completely ordered structure. In a follow on study to 
provide further evidence, Ohno et al. [197] again synthesized 
Li6+xP1-xSixS5I and recorded a 12 % site disorder between S2-/I- and 
8.5 % increase in the P5+ polyhedral volume from NPD. The bottlenecks 
for the long-range diffusion are the Li(48 h)S3I polyhedra and the area of 
the Li(24 g)S3 triangular plane. This study records a 38 % increase and 
8 % decrease in the Li+ occupancy on the 24 g and 48 h sites, which 
altogether increases the conductivity to 2 mS cm−1 and validates the 
previous research. It could be concluded from these studies that a local 
ordering of I− and S2− is disadvantageous to the long-range jumps. 
However, if the disorder is induced due to substitution, then it is thought 
that it will creates paths for low-energy inter-cage jumps, which can be 
attributed to the expansion of the diffusion pathways, bottleneck re
gions, and excess lithiation on 24 g sites

Kraft et al. [146] performed the aliovalent substitution of a slightly 
bigger element, germanium, from the carbon family, in Li6+xP1-xGexS5I 
(x = 0–0.8). The bigger Ge4+ could be successfully substituted up to x =
0.7, which is higher than smaller Si4+ as seen in previous reports. Ge 

Fig. 8. (a) Li6PS5I structure depicting partial Li-ion inter-octahedral migration through a triangular Li(S/I)3 plane. Red arrows indicate the pathway of intra- 
octahedral migration. (b-c) Energy barriers of Li+ intra-octahedral and inter-octahedral migrations, respectively. (d) Variation in the diffusion channels area and 
volume as a function of Se-doping in Li6PS5I.
(a-c) Reproduced with permission from [120], copyright 2017, Royal Society of Chemistry. (d) Reproduced with permission from [191], copyright 2020, American 
Chemical Society.
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substitution also resulted in 7 % site disorder at x = 0.7. Induced dis
order is lower compared to higher solubility of Ge4+ when compared to 
higher disorder through Si4+ and its lower solubility. The on-set of 
disorder directly correlates with the reduction in the activation energy 
and increase in ionic conductivity (Fig. 9a-b). Highest conductivity of 
5.4 mS cm−1 and an activation energy of 0.24 eV is measured for 
Li6.6P0.4Ge0.6S5I, which is 2.8 times higher than Li6.46P0.54Si0.46S5I. 
Sintering at 823 K for 10 mins results in a slightly more than tripled 
ionic conductivity of 18.4 ± 2.7 mS cm−1. In addition, authors 
attempted the doping of bigger sized Sn ion, however its limited solu
bility in the structure did not provide any considerable results as re
ported by [197]. These tests show that the varying ionic radii elements 
in aliovalent doping do not significantly alter the structure; rather, the 
main factor affecting performance is the Li+ concentration and its 
long-range diffusion producing substructure.

Recently, [198] performed the synthesis of a multi-element and 
equimolar substitution on the P5+ site in Li6PS5I. Multi-element 
substituted materials are also referred to as the high-entropy materials 
(HEM’s) if more than 5 elements share a single crystallographic site. 
ΔSconfig (configurational entropy) is used to determine the high-entropy 
materials when ΔSconfig is greater than or equal to 1.5 R [200]. Cationic 
substitution of Si, Ge, Sb atoms on the P5+ site to form Li6.5[P0.25

Si0.25Ge0.25Sb0.25]S5I, calculates the ΔSconfig = 2.77 R, which renders it 

as a high entropy material. Structurally, the electrolyte preserves the 
F43m phase as shown in Fig. 9c. The energy dispersive X-ray spectros
copy (EDS) mapping from the scanning electron microscopy (SEM) 
image shows the uniform distribution of all elements in the SSE. A 
polyanionic tetrahedra is formed with S2-

, P5+, and the aliovalent sub
stitued multi-elemets. From the crystal structure in the Fig. 9c, the S2- 

and I- anions form a FCC sublattice with S2- ions residing in partial 
tetrahedral voids at 16e positions. S2- ions further forms a 
[P0.25Si0.25Ge0.25Sb0.25S4]3.5-, [PS4]3-, [SiS4]4-,[GeS4]4-, and [SbS4]3- 

anion groups. NPD estimates the S2-/I- anions diorder to be 11 %. 
Further, decreased inter-cage distance increases the diffusion to 
7.09*10−12 m2 s−1 and the reported ionic conductivity at RT is 13.2 mS 
cm−1 with an enegry barrier of 0.2 eV. Measured electronic conductivity 
was 2–3 orders of magnitude higher than other conductors [201,202]. 
From Fig. 9d, the SSE displays stable cycling at C/2 rate for upto 200 
cycles.

Significant enhancements in the ionic conductivity can be very well 
observed from the long list of experiments done in the previous half- 
decade. Typical ionic conductivities of 2–3 mS cm−1 for Li6PS5Cl have 
been increased and approaching to 10 mS cm−1, even for the Li6PS5I 
variant which exhibits ~10−7 S cm−1 in the pristine form. However, the 
conductivity in the cold pressed state is still lower. Sintered electrolytes 
show higher conductivity but that often comes with increased side 

Fig. 9. Ionic conductivity (a) and activation energy (b) as a function of mol% substitution of M in Li6+xP1-xMxS5I (M = Si, Ge, Sn). (c) Crystal structure of 
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I with Wyckoff positions of different elements and the SEM-EDS mapping of each element of the multi-element equimolar SSE. (d) 
Cycling stability and coulombic efficiency of ASSB cell containing LiNbO3-NMC(85 %Ni)/Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I/Li4Ti5O12 at C/2 rate for 200 cycles. (e) Li+

stripping and plating of (e1) Li6SbS5I and (e2) I-rich glass ceramic Li5.6SbS4.6I1.4 SSE. (f) H2S evolution results (f1) for Li6PS5Cl, Li6SbS5I, and Li5.6SbS4.6I1.4 at 25 ◦C 
and 10 % humidity and (f2) ionic conductivity retention (%) after 30 minutes air exposure.
(a-b) Reproduced with permission from [197], copyright 2019, American Chemical Society. (c-d) Reproduced with permission from [198], copyright 2022, American 
Chemical Society. (e-f) Reproduced with permission from [199], copyright 2023, American Chemical Society.
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reactions at the electrode/electrolyte interface, which is not desirable 
for the commercial solid-state batteries. To broaden the horizon of the 
lithium argyrodites, a new class of thio-antimonate argyrodites have 
been developed recently by several different groups in the quest of 
beating the saturation observed in the typical lithium argyrodites. 
Interestingly, this new variety of lithium argyrodites possess improved 
air stability with the replacement of phosphorus (a hard acid) with 
antimony (a soft acid) element. Based on the hard-soft acid-base theory 
(HSAB), the Sb-S bonds have proven to have higher resistance with the 
water molecules than the P-S bonds, as also reported in [203–205], 
which makes them better stability wise. Kimura et al. [206] synthesized 
Li6SbS5X (X = Cl, Br, I). However, the synthesis of only Li6SbS5I (X = I) 
could be achieved whereas for (X = Cl, Br), solid solutions of Li3SbS4 and 
Li2S were crystallized potentially due to significant size mismatch be
tween Cl and Br halogens and the SbS4 tetrahedra. Ionic conductivities 
of the Li6SbS5I and Li6PS5I did not seem to differ much (~10−6 mS 

cm−1).
Kim et al. [199] synthesized I-rich glass-ceramic argyrodite 

Li6-xSbS5-xI1+x (x = 0, 0.2, 0.4, 0.6) using Sb atom based on the recent 
findings showing the possibility of I- substituting on the S2- site of 
Wyckoff 4d in the Li6PS5I system. Liu et al. [207] achieved I- incorpo
ration up to x = 0.4 in the stoichiometric Li5.6PS4.6I1.4. They used 
glass-ceramic synthesis approach that involved using ultimate 
high-energy mechanical milling method (UHEMM) at 1500 rpm for 1 h. 
This process does not include crystallizing the electrolyte by sintering 
methods at high temperatures and also reduces the synthesis time 
against traditional mechanical milling and annealing for ca. 20 hours 
[207,208]. They reported a high conductivity of 2 mS cm−1 for 
Li5.6PS4.6I1.4 as opposed to 0.5 mS cm−1 for Li6PS5I using UHEMM 
process. Synthesis of the thio-antimonate version using this UHEMM 
method reveals a conductivity of 0.66 mS cm−1 for same mol% of I 
substitution in Li5.6SbS4.6I1.4 versus 0.17 mS cm−1 for Li6SbS5I, which is 

Fig. 10. (a) Crystal structure of the new thio-antimonate Li6.7Si0.7Sb0.3S5I SSE at 300 K from NPD. (b) Schematic of the Li+ ion sites: Li1(48 h) - turquoise, Li2(24 g) – 
teal, newly found Li3(48 h) - green, Li4(4 d) – orange. Jump pathways: the doublet jump (Li1(48 h)−Li1(48 h) within bipyramids passing through Li2(24 g), blue 
arrow), the intra-cage jump (Li1(48 h)−Li1(48 h) within the cage passing through the newly found Li3(48 h) site, red arrow) and inter-cage jumps (Li1(48 h)−Li1 
(48 h), Li3(48 h)-Li3(48 h) between cages, orange arrow). (c) Ionic conductivity and S2-/I- disorder on the 4a and 4c sites with Si doping. (d) Iso-surfaces of Li+ ion 
probability densities at 1000 K for Si doping of x = 0, 0.25, 0.5, and 0.75 in Li6+xSb1-xSixS5I. (e) Iso-surfaces of Li+ ion probability densities of Li6SbS5I and 
Li6.5Sb0.5Ge0.5S5I.
(a-c) Reproduced with permission from [204], copyright 2019, American Chemical Society. (d) Reproduced with permission from [203], copyright (2021), American 
Chemical Society. (e) Reproduced with permission from [205], copyright 2022, American Chemical Society.
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lower than the P5+ based lithium argyrodites prepared using UHEMM 
process. Liu et al. also estimated the anions mixing of about 44 % in the 
glass-ceramic electrolyte. A similar trend in anions mixing could be 
accepted for Sb-based lithium argyrodites containing I due to better 
conductivity observation. Both the Li5.6PS4.6I1.4 and Li5.6SbS4.6I1.4 dis
played significantly improved Li stripping and plating. The stripping/
plating plot of Li6SbS5I and Li5.6SbS4.6I1.4 are shown in Fig. 9e(e1,e2). In 
addition, better H2S stability after exposure to air for 30 mins at RT, and 
better ionic conductivity retention after air exposure was shown by Kim 
et al. [199] for Li5.6SbS4.6I1.4, indicating the working impact of HSAB 
theory (Fig. 9 f(f1,f2).

Replacement of P5+ with Sb5+ has shown considerable improve
ments in the stability and hydrolysis areas however their ionic con
ductivity is still not up to the expectations already met by the aliovalent 
doped P5+ type argyrodites. Using the similar strategy, Nazar group 
[204] has synthesized thio-antimonate argyrodites along with aliovalent 
doping of carbon-family elements with the general formula of 
Li6+xMxSb1−xS5I (M = Si, Ge, Sn). The solubility limit observed for Si, Ge 
and Sn was 0.7, 0.4, and 0.2 mol%, respectively. The crystal structure 
with aliovalent doping successfully maintained the same cubic space 
F43m group even after sintering (Fig. 10a). Shrinking of the lattice 
happens as Si4+ has lower ionic radius than Sb5+. Like the P5+ structure, 
anions disorder is also increased to ca. 3 % with Si and Ge substitution. A 
tremendous improvement in conductivity is seen for Li6.7Si0.7Sb0.3S5I, 
which records to 11.2 mS cm−1 at RT with an energy barrier of 0.25 eV 
as shown in Fig. 10c. Further annealing and sintering can induce con
ductivities up to 14.8 mS cm−1 and 24 mS cm−1, respectively, owing to 
the enhanced grain boundary contact [209–212]. A three-order increase 
in conductivity from 0.01 mS cm−1 for x = 0 (Li6SbS5I) has been intri
cately linked to the increased Li+ concentration, altered distribution of 
anions – increasing disorder on 4c/4d sites, and the discovery of a new Li 
(48 h) site as explained by Nazar’s group from the NPD data. As shown 
in Fig. 10b, the crystal structure has 4 distinct Li+ sites: Li1(48 h) - 
turquoise, Li2(24 g) – teal, newly found Li3(48 h) – green, Li4(4d) – 
orange. The distinct jumps involved in Li⁺ diffusion are: the doublet 
jump (Li1(48 h)−Li1(48 h) within bipyramids, passing through the Li2 
(24 g) site, indicated by the blue arrow), the intra-cage jump (Li1(48 h)−
Li1(48 h) within the cage, passing through the newly identified Li3 
(48 h) site, shown by the red arrow), and the inter-cage jump (Li1 
(48 h)−Li1(48 h) between cages, marked by the orange arrow). The 
newly found Li3(48 h) site also facilitates the inter-cage jump from Li3 
(48 h)-Li3(48 h), as shown by the orange arrow. To maintain charge 
neutrality, the concentration of Li+ increases with Si4+ substitution, and 
this forces more Li+ ions onto the newly found high energy interstitial 
Li3(48 h) sites while creating vacancies on the Li1(48 h)−Li2(24 g)−Li1 
(48 h) doublet jump sites. These high energy interstitial positions (Li3) 
act like the low energy positions (Li1). The induced coulombic re
pulsions on the doublet site leads to the long-range concerted migration 
through the low energy (Li3) site with low barrier. In a follow-on work 
next year by the Yu group, Lee et al. [203] showed a higher solubility 
limit of Si4+ to x = 0.75 using high-energy ball milling, thereby forming 
a Li6.75Si0.75Sb0.25S5I. Higher solubility of Si4+ recorded an even higher 
conductivity of 13.1 mS cm−1 with a barrier of 0.17 eV. Lee et al. also 
demonstrated a conductivity of 1.4 mS cm−1 at a low temperature of 
−20 ◦C. This reasoning was understood from the Li-ion probability 
density iso-surfaces obtained from the AIMD simulation that showed 
very well connected iso-surfaces between the cages for x = 0.75, which 
did not exist for x = 0, 0.25, 0.5 (Fig. 10d(d1-d4)). These in
terconnections are vital for long-range inter-cage jumps. For the Ge 
substitution, Nazar group [204] showed the solubility up to x = 0.4, 
which yielded a conductivity of 6.3 mS cm−1. Lee et al. [205] demon
strated a higher solubility limit up to x = 0.5, with the formula 
Li6.5Sb0.5Ge0.5S5I, which also preserved highly symmetric argyrodite 
phase. They obtained the highest reported ionic conductivity so far of 
16.1 mS cm−1 in the cold-pressed state for the thio-antimonate argyr
odites. The synthesis procedure used here was a high-energy ball milling 

and further annealing to 450 ◦C, as also used in Si4+ substitution. Similar 
well-connected iso-surfaces from the AIMD simulations for high per
centage of Ge4+ doping, and concerted ion-migration were ascribed as 
the main reason for highest ionic conductivity (Fig. 10e(e1-e2)).

As argyrodite materials evolve to meet ever-increasing conductivity 
demands, there’s a growing concern regarding the mechanical proper
ties that are essential for practical application, especially in advanced 
SSBs [213,214]. While the pursuit of higher ionic conductivity remains a 
primary objective in SSEs development, the preservation of intrinsic 
mechanical properties, such as flexibility and low modulus in sulfide 
argyrodites becomes increasingly crucial. These properties are vital for 
ensuring the SSE can effectively accommodate the dynamic structural 
changes occurring during battery operation. However, the conventional 
method of annealing sulfide SSEs at elevated temperatures to promote 
crystallinity inadvertently alters their mechanical characteristics [86, 
182,204,215–217]. Specifically, this annealing process induces grain 
growth and promotes long-range ordering within the SSE structure, 
leading to an increase in elastic modulus. This rise in elastic modulus 
poses significant challenges, particularly in the context of accommoda
ting the volumetric changes inherent in the cycling of 
high-energy-density batteries [218]. Therefore, the delicate balance 
between optimizing ionic conductivity and preserving mechanical 
resilience necessitates innovative approaches that mitigate the detri
mental effects of crystallinity enhancement on the mechanical proper
ties of sulfide argyrodites. These advancements are critical for ensuring 
the long-term performance and reliability of advanced SSBs in 
demanding applications.

In the pursuit of enhancing SSEs, partial halogen substitution in Li- 
argyrodite sulfides has shown promise, yielding high room tempera
ture ionic conductivity. However, challenges arise with increased sub
stitution, leading to decreased conductivity. Computational studies 
suggest fully halogenated argyrodites (FHAs) as ideal lithium-ion solid 
conductors (LISCs) [149,180,182,217,219], and very recently, Jung et 
al. [220] achieved a breakthrough by synthesizing a thio-antimonate 
argyrodite SSE with high conductivity and deformability, and low 
elastic modulus (E) using an FHA structure and annealing-free mecha
nochemical synthesis. The general formula of the FHA SSE proposed is 
Li5+xSixSb1−xS4BryI2−y (x = 0–0.3, y = 0–0.4). The researchers explored 
three key approaches for substituting cations and anions within the SSE 
structure. First, replace the central P5+ cation in the tetrahedron with a 
larger Sb5+ cation to create sufficient lattice space for halogen insertion. 
Second, utilize halogens with varying ionic radii to achieve bi-halogen 
tight packing, maximizing the incorporation of monovalent anion clus
ters between tetrahedra. Finally, partially substitute pentavalent Sb5+

with tetravalent Si4+ to enhance conductivity and increase Li-ion con
centration through charge compensation. Notably, the SSE structure was 
optimized in large part due to the halogen selection. To optimize the 
mixed halogen effect, Br- ions were added as a supporting role to the I- 

ions. I- ions were selected as the primary halogen element in the syn
thesized FHA225 material. The maximum conductivity of the 
Li5.2Si0.2Sb0.8S4Br0.25I1.75 (FHA225) was 13.23 mS cm−1 with lowest 
elastic modulus (Fig. 11a). The Wyckoff 4c sites could also achieve an 
astounding total halogen occupancy of almost 90.67 %, breaking pre
vious records [216]. This increased halogen occupancy promotes Li-ion 
hopping across cages, which lead to the conductivity increase that is 
seen. Fig. 11b shows the comparison of porosity as a function of 
compaction pressure between the partially halogenated Li5.5PS4.5Cl 
(PHA1.5) and FHA225 SSEs. Due to higher halogen content inducing 
softness in the material, the porosity is found to be minimal for FHA225, 
which is beneficial for SSEs. Stable rate performance is also shown by 
FHA225 in Fig. 11c. Table 3 summarizes all the structural engineering 
strategies adopted for Li SSEs.

4. Structural engineering of sodium sulfide-based SSEs

Sodium and lithium, both alkali metals from Group 1 of the periodic 
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table, exhibit similar chemical properties due to their analogous elec
tronic configurations. The development of sodium SSEs has closely fol
lowed that of lithium SSEs, including a range of materials such as oxides, 
sulfides, and polymers. While the fundamental principles governing ion 
transport and stability are comparable, sodium SSEs present unique 
challenges and opportunities due to differences in ionic radii, electro
negativity, and material abundance [221–223]. Sodium SSEs, which 
contain mobile Na ions, have a lower electronegativity compared to Li 
ions. Consequently, sodium SSEs experience weaker electrostatic in
teractions with oxide or sulfide species in the crystal structure, which 
facilitates faster Na⁺ diffusion. Additionally, the abundance and low cost 
of sodium make it a promising, sustainable alternative to lithium, 
further highlighting the need for tailored approaches to optimize the 
electrochemical performance and stability of sodium SSEs. Sodium 
sulfides SSEs stand out as one of the most promising candidates for 
commercial use due to their distinct advantages, including low synthesis 
temperatures of around 500 ◦C and rapid sodium-ion conduction at 
ambient temperatures. Additionally, they offer favourable mechanical 
properties such as softness, good ductility, and a low elastic modulus 
[16,224,225]. More importantly, cold pressing alone can form intimate 
electrode-electrolyte contact with reduced grain boundary resistance in 
the full cell assembly. This contrasts with the high temperature hot 
pressing requirements posed by the oxide-based SSEs. These character
istics not only simplify electrode-electrolyte contact during battery as
sembly but also reduce the production costs by avoiding lot of the high 
energy demanding synthesis processes like sintering and annealing. The 
unique combination of these properties presents an opportunity for re
searchers to innovate and develop novel and fast ion conducting sulfide 
sodium SSEs. However, sulfide-based electrolytes are challenged by is
sues related to their chemical stability, impossible air exposure, narrow 
electrochemical voltage window, limiting their applicability in 
sodium-ion batteries (SIBs) like LIBs. Nevertheless, addressing these 
stability concerns through continued materials discovery and modifi
cation efforts holds promise for unlocking the full potential of sulfide 
sodium SSEs in future sodium battery technologies [226].

The dominant type of sulfide SSEs include Na3PS4 and its 

isostructural compounds like Na3PSe4, Na3SbS4 etc. Na3PS4 crystallizes 
in three different crystal structures: (i) RT tetragonal α-phase (P421c), 
(ii) the high-temperature cubic β-phase (I43m), or (iii) the orthorhombic 
γ-phase (Fddd) [69]. Na3SbS4 offers a high conductivity of 2 mS cm−1 

that surpasses many other oxide, polymers, and NASICON-type SSEs 
[227]. Another class is the Na11Sn2PS12-type, synthesized by inspiration 
from the LGPS version by direct substitution of Li+ with Na+ ions. First 
principles calculations yielded the conductivity for Na10GeP2S12 as 4.7 
mS cm−1, Na10SnP2S12 as 0.94 mS cm−1, and Na10SiP2S12 as 10.3 mS 
cm−1 [228–230]. However, these greatly deviated from the experi
mental results due to greater number of impurity phases [231]. In 
addition, recent studies are seen on a new type of sulfide SSEs with el
ements from Group IIIA (e.g., B, Ga) such as Na3BS3 that can form 
insulating interlayer between the Na metal and the SSEs [232]. 
Thio-borate based Na3B5S9 are also reported that contains 
super-tetrahedral clusters for facilitating 3D conduction [233]. For 
argyrodite Na SSEs, only a few computational studies suggest the po
tential for this structures, as experimental data is currently lacking 
[234]. Consequently, this section will primarily focus on Na₃PS₄ SSEs, 
which are more extensively covered in the available literature.

4.1. Structures of sodium sulfide SSEs

The tetragonal phase of sodium sulfide Na₃PS₄ SSEs, synthesized via 
the solid-state reaction method by Jansen et al. [111] in 1992, was 
indexed to the space group P421c (No. 114) with lattice parameters a =
6.952 Å and c = 7.707 Å. The reported ionic conductivity was ca. 10−6 S 
cm−1 at 50 ◦C. Further experimentation revealed a phase transition from 
tetragonal to cubic at temperatures above 250 ◦C. For the cubic phase, 
the ionic conductivity at 510 ◦C was measured at 8.5 × 10⁻2 S cm⁻1. The 
cubic phase, which presents a lower activation barrier than the tetrag
onal phase, is considered the preferred phase for Na₃PS₄. Jansen et al. 
also reported the tetragonal distortion in the crystal structure of Na3PS4, 
which was predicted to be absent in the cubic phase. Fig. 12a shows that 
sodium atoms are located at both face-centred and edge-centred posi
tions. Specifically, sodium occupies the Na1(6b) (face- and 

Fig. 11. (a) Comparison of elastic modulus and ionic conductivity of different crystalline/glass-ceramic sulfides, partially halogenated (PHA) and fully halogenated 
(FHA) SSEs. (b) Comparison of porosity as a function of compaction pressure for PHA1.5 and FHA225. (c) Rate performance (0.1 C, 0.2 C, 0.5 C, 1.0 C) of Nb- 
NMC811/FHA225/Li-In ASSB at T = 25 ◦C. Reproduced with permission from [220], copyright 2023, Wiley.
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edge-centred) and interstitial site Na2(12d) (between Na1(6b) sites) 
position in the cubic phase. However, in the tetragonal phases, only Na1 
(6b) site is present as shown in white colour, which is bifurcated into two 
distinct sites: Na1(2a) and Na2(4d) sites (Fig. 12b) [235,236]. As the 
cubic structure contains extra Na+ sites, it has significant positive im
pacts on Na+ hopping and ionic conductivity compared to tetragonal 
structure. Further, phosphorus resides on the Wyckoff 2a site while 
sulfur resides on Wyckoff 8c sites. The PS4

3- tetrahedra occupies the BCC 
structure and a total of two units are present per unit cell for both 
phases. The transport of Na+ ions differ in both the phases. The jump in 
the cubic phase is from one Na1(6b) site to another Na1(6b) via 
face-sharing and distorted tetrahedron through a tiny deformed tetra
hedral site Na2(12d). This results in an optimal 3D diffusion pathway, 
enabled by face sharing. In the tetrahedral phase, the Na ion diffusion is 
through the direct jump processes occurring between Na1(2a) and Na2 
(4d) through a triangular plane as shown in Fig. 12b. The other route of 
the jump process would be through Na2(4d) – Na2(4d) jumps, however, 
it is generally not possible in the structure as they have an edge-sharing 
tetrahedra.

To identify the energy barrier of Na ion jumps in both the structure, 
Wang et al. [236] performed NEB based DFT simulation. The transition 
energy barrier of Na+ jump in the tetragonal Na3PS4 between Na1(2a) 
and Na2(4d) sites is recorded at 0.100 eV, surpassing the barrier 
observed in cubic Na3PS4, which stands at 0.058 eV, for jumps between 
Na1(6b) and Na1(6b) via Na2(12d) in the face sharing tetrahedra, as 
clearly shown in Fig. 12c-d. This conveys that 3D diffusion in cubic 

phase is beneficial and poses lower activation energy barrier. These 
findings align with the notable conductivity disparity observed between 
the two phases: while the desired cubic electrolyte demonstrates a room 
temperature ionic conductivity of 2 × 10−4 S cm−1, the tetragonal 
electrolyte exhibits a significantly lower conductivity of 1 × 10−7 S 
cm−1. Famprikis et al. [69] identified an orthorhombic crystal structured 
Na3PS4 that evolved above 500 ◦C, as observed from the XRD patterns. 
The phase transition temperatures identified by them are tetragonal to 
cubic (above 220 ◦C) and cubic to orthorhombic (above 500 ◦C). This 
orthorhombic Na3PS4 SSE is indexed to the Fddd space group with lat
tice parameters of a = 6.6055 Å, b = 11.7143 Å, and c = 20.7378 Å. The 
proposed complex crystal structure of the orthorhombic Na3PS4 as ob
tained from AIMD simulations is shown in Fig. 12e. Owing to the com
plex structure with multiple Na+ diffusion pathways, the recorded 
conductivity was an order of magnitude higher than cubic phase (ca. 400 
mS cm−1 with 0.11 eV at 550 ◦C (orthorhombic) vs. 40 mS cm−1 with 
0.39 eV at 450 ◦C (cubic)). Extreme high temperature conductivity tests 
provide information on the structural resilience, maximum mobility of 
carrier ions possible and the corresponding performance achievable.

The RT conductivities of tetragonal, cubic, and complex ortho
rhombic Na3PS4 SSE phases are currently insufficient for commerciali
zation in sodium SSBs. However, given their promising performance at 
high temperatures, there is potential to improve RT conductivity 
through strategic modifications. Among these three phases, the cubic 
phase is the most promising for rapid Na⁺ ion conduction due to its 
favourable crystal structure, which provides abundant Na⁺ ion sites and 
well-defined 3D diffusion pathways. Its relatively simple structure also 
facilitates further modifications. Like Li⁺ ion SSEs, various structural 
engineering methods have been applied to Na⁺ SSEs, including inducing 
vacancies, and substitutions at halide, chalcogenide, and phosphorus 
sites.

4.2. Sodium site substitutions and vacancy engineering

Klerk et al. [235] provided further insights into the impact of 
inducing Na+ vacancies in the sulfide sodium SSE (Na3PS4). Without Na 
vacancy, almost negligible Na-ion mobility between the Na1(6b) sites 
was seen because of deficiency of the interstitial sites in the transition 
pathways for both the t/c-Na3PS4. However, as the vacancy was induced 
up to a concentration of 2 % for the stoichiometry Na2.94PS4, the MD 
simulations indicated the initiation of Na ion mobility by the creation of 
interconnections between the Na1(6b) and Na2(12b) pathways in both 
crystal structures, as visible from Fig. 13a-b. Highest conductivity of 
both phases was observed for Na2.5PS4 (17 % vacancy) to be 0.42 S cm−1 

in comparison to 0.01 S cm−1 at 523 K for 0 % vacancy. To elaborate 
more on the impact of Na+ vacancy by substituting halogen ions on the 
sulfur sites, Chu et al. [238] reported the Cl- substitution charge 
compensated vacancies in t-Na3PS4 SSE with the general formula 
t-Na3-xPS4-xClx. With Cl- substitution of 0.0625 mol or 6.25 % in the 
structure yields the stoichiometry as t-Na2.9375PS3.9375Cl0.0625. It 
showed a high conductivity of 1.14 mS cm−1 at 303 K with a barrier of 
0.24 eV, which is 21 times higher conductive than t-Na3PS4. Huang et al. 
[239] provided further insights using first principles MD investigations 
and a conductivity of 1.07 mS cm−1 for 1.56 % of Cl- substitution, 
consistent with Chu et al. Additionally, they estimated an even higher 
conductivity of 2.37 mS cm−1 with lowest barrier of 0.24 eV for 
Br-doped Na47P16S63Br.

Feng et al. [240] developed a method to selectively substitute Cl- ions 
on S2- ions without creating Na+ ion vacancies, resulting in a 
t-Na3PS3.8Cl0.2 (Cl = 0.2 mol or 20 %) stoichiometry. It provided 
reduced energy barrier and a room temperature ionic conductivity of 
1.96 mS cm−1. This substitution strategy, which does not induce Na⁺ 
vacancies but still enhances conductivity, is primarily effective due to 
the identification of defects that facilitate rapid ion transport. Maxi
mizing of these functional defects is shown to be crucial for ion con
duction. The study identified defective structural sites labelled as Na3 

Table 3 
Summary of structural engineering strategies to lithium sulfide solid state 
electrolytes.

Substitution 
Sites

Composition Ionic 
Conductivity 
(RT)

Voltage vs 
Lodium

Halide Li6PS5Cl [145] 0.79 mS cm−1 1.3 V – 
2.3 V

Li6PS5Cl0.5Br0.5 [170] 3.63 mS cm−1 -
Li6PS5Br0.5I0.5 [145] 0.04 mS cm−1 -

Lithium 
Vacancy

Li5.5PS4.5Cl1.5 [176] 14.5 mS cm−1 1.8 V – 
2.5 V

(Excess 
halogenation)

Li5PS4Cl2 [176] 1.69 mS cm−1 1.8 V – 
2.5 V

Li5.3PS4.3Cl1.7 [182] 17.0 mS cm−1 -
Li5.5PS4.5Br1.5 [184] 4.17 mS cm−1 -
Li5.3PS4.3Br1.7 [177] 11.0 mS cm−1 -
Li5.3PS4.3Cl1.0Br0.7 [178] 24.0 mS cm−1 -
Li5.3PS4.3Cl0.7Br1.0 [178] 26.0 mS cm−1 -
Li5.4Al0.2PS5Cl [188] 2.40 mS cm−1 0.5 V – 

5.0 V
Li5.7Ca0.15PS5Cl [189] 5.20 mS cm−1 -
Li5.55Ca0.1PS4.75Cl1.25 [189] 6.80 mS cm−1 -
Li5.3Ca0.1PS4.5Cl1.5 7.70 mS cm−1 -
Li5.35Ca0.1PS4.5Cl1.55 10.2 mS cm−1 -

Chalcogenide Li6PS4SeBr [190] 3.90 mS cm−1 -
Li6PSe5I [191] 0.28 mS cm−1 -
Li6.25PS5.25-xTexCl0.75 [192] 4.50 mS cm−1 < 7.0 V
Li5.6PS4.6I1.4 [207] 2.00 mS cm−1 -

Phosphorus Li6.3P0.7Si0.3S5Br [194] 2.40 mS cm−1 -
Li6.3P0.7Si0.3S5I [196] 1.10 mS cm−1 < 6.0 V
Li6.46P0.54Si0.46S5I [197] 2.00 mS cm−1 -
Li6.6P0.4Ge0.6S5I [146] 5.40 mS cm−1 -
Li6.5[P0.25Si0.25Ge0.25Sb0.25] 
S5I [198]

13.2 mS cm−1 -

Li5.6SbS4.6I1.4 [199] 0.66 mS cm−1 < 5.0 V
Li6SbS5I [199] 0.17 mS cm−1 3.0 V – 

5.0 V
Li6.6Si0.6Sb0.4S5I [204] 14.8 mS cm−1 -
Li6.75Si0.75Sb0.25S5I [203] 13.1 mS cm−1 < 7.0 V
Li6.4Ge0.4Sb0.6S5I [204] 6.30 mS cm−1 -
Li6.5Ge0.5Sb0.5S5I [205] 16.1 mS cm−1 1.6 V – 

2.6 V
Li5.2Si0.2Sb0.8S4Br0.25I1.75 

[220]
13.2 mS cm−1 1.6 V – 

2.6 V
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and Na4 with Cl- substitution in the charge balanced t-Na3-xPS4-xClx 
using high-resolution solid-state magic-angle-spinning (MAS) 23Na NMR 
(Fig. 13c). Further, tracer-exchange NMR experiments with Li+ ions 
replacing the Na+ ions under a biased electric potential were performed 
on t-Na3-xPS4-xClx. This technique is performed by sandwiching the so
dium SSE between the two Li-metal foils. Under applied potential, Li+

ions are allowed to diffuse through the SSE wherein they replace the 
active Na+ ions. Fig. 13d illustrates the comparison of 7Li with 23Na 
tracer exchange and it shows the reduction in the Na3 and Na4 reso
nances and an increase in the Na1 and Na2 sites resonances. In 
t-Na2.8PS3.8Cl0.2, the introduction of Li ions into Na vacancies (Na4 site) 
leads to a transformation of vacancies to neighbouring Na sites, specif
ically from Na4 to Na1 and Na2, thus an increase in the intensity of 
Na1/Na2 and consequent decrease in Na4 intensity. Consequently, the 
reduction in active Na3 ions signal arises from the replacement of 23Na 
with 7Li, thus showing that Na3, positioned adjacent to Cl, serves as the 
pivotal site for ion conduction within the system. Thus, minimizing Na 
vacancy formation to prevent Na1 and Na2 sites formation while 
maximizing Na3 sites for ionic transport is a beneficial optimization 
strategy for ionic conductivity. To further test this, the Na vacancies in 
t-Na2.9PS3.9Cl0.1 were filled by introducing controlled NaCl amount 
experimentally (t-Na2.9PS3.9Cl0.1/zNaCl (z = 0.1, 0.3, 0.5)). For z = 0.1, 
the stoichiometry is t-Na3PS3.8Cl0.2, ionic conductivity increased to 1.96 
mS cm−1 at RT. Another method for inducing vacancies in Na3PS4 is 
doping with alkaline earth metals that have higher valence states. Moon 
et al. [241] experimentally substituted the Ca2+ ions on the Na(2a) sites 
in the t-Na3–2xCaxPS4 SE. They observed tetragonal to cubic phase 

transformation upon substitution, which further increased the conduc
tivity to 0.94 mS cm−1 for c-Na2.73Ca0.135PS4 (Fig. 13e). Remarkably, the 
activation energy rose as the Ca2+ concentration did as well. This was 
explained by the fact that the surrounding Na+ vacancies were trapped 
by the more positively charged Ca2+ ions, creating a high migration 
barrier. The full cell performance with TiS2/Na-Sn electrodes showed 
remarkable cycling stability and delivered a high specific capacity of 
150 mAh g−1 at 0.11 C even after 120 cycles, as shown in Fig. 13f.

4.3. Chalcogenide sites substitution

In solid-state materials, replacing sulfur with a bigger chalcogenide 
ion, like selenium, shows great potential for improving ion conductivity 
as seen in Li+ argyrodites case. Due to selenium’s higher ionic size, this 
deliberate replacement may offer more advantageous ion transport 
paths to much larger Na+ ions because of wider diffusion pathways and 
polarizable lattice. Cedar’s group [121] reported the first synthesis of a 
selenium replaced sulfur, c-Na3PSe4 that yielded a conductivity of 0.11 
mS cm−1 at RT and a low barrier of 27 KJ mol−1 in the cold-pressed 
state. This is comparable to the Na3PS4 version. Another advantage of 
using bigger chalcogenide ions is that it eliminates the need for high 
temperature sintering thus preventing associated side reactions. DFT 
and AIMD simulations reveal that pure Na3PSe4 exhibits negligible Na⁺ 
ion diffusivity, even at 900 K, making it a very poor ion conductor. 
However, introducing a small amount of Na vacancies (2 %) signifi
cantly enhances Na⁺ ion diffusion greatly. To further confirm these re
sults of AIMD, NEB calculations were performed by Bo et al. [121]. 

Fig. 12. Crystal structure of c-Na3PS4 (a) and t-Na3PS4 (b), respectively and the positions of phosphorus (purple), sulfur (orange), Na1(6b) (white) and Na2(12d) 
(transparent white) sites. Na ion migration pathways are also indicated under respective crystal structure. (c) Sodium ion activation energy barrier for the tetragonal 
and (d) cubic phased Na3PS4, respectively. (e) Orthorhombic structure of Na3PS4 as obtained from ab initio calculations.
(a-b) Reproduced with permission from [237], copyright 2016, American Chemical Society. (c-d) Reproduced with permission from [236], copyright 2021, Institute 
of Physics. (e) Reproduced with permission from [69], copyright 2019, American Chemical Society.
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Fig. 14a shows the plot of Na ion vacancy migration as a function of 
activation energy in Na3PSe4. In the transition state, the activation en
ergy for Na vacancy migration is slightly less than 0.05 eV. This corre
sponds to an ionic conductivity of 29 mS cm⁻1 at room temperature, 
indicating that selenide-based defective systems are superior to S doped 
Na3PX4 (X = S, Se) systems and they provide efficient and larger path
ways for rapid Na+ diffusion. Following on this, the same group [242]
showed that a number of variables, including temperature, reaction 
vessel, and precursor mass, affect the synthesis process of c-Na3PSe4. As 
the amount of selenium increases, there is a steady expansion of volume 
along with a shift from tetragonal to cubic phase change.

Zeier’s group [237,243] investigated the changes in the lattice dy
namics with Se doping. A decrease in the speed of sound and Debye 
frequencies with Se-doping are the first observations, like the Li+ case, 
that indicate the softening of the anion’s framework. Although lattice 
polarizability expands the diffusion channels and decreases the activa
tion energy, the ionic conductivity is not much enhanced. This happens 
due to the accompanying fall in the Debye frequencies and Arrhenius 
pre-factor, as also seen in Li6PS5-xSexCl [191,244]. Upon seeing the 
better impacts of Sb-doping in the Na3PS4 SSE (discussed in the next 
section), Wang et al. [245] synthesized a single phase Sb-substituted 
c-Na3P1-xSbxSe4. These compounds exhibit excellent ionic conductivity 
and low activation energy; the substitution of Sb enlarges the unit cell 
and improves ion transport. Reported ionic conductivity was 3.7 mS 
cm−1 at RT for x = 1. A very recent study by the Zeier group [246]
explored the impacts of static (structural changes) and dynamic 
(bonding interactions) changes in a cationic and anionic substitution 
series involving Na3P1−xSbxS4, Na3P1−xSbxSe4, Na3PS4−ySey, and 
Na3SbS4−ySey systems. Fig. 14b represents the Arrhenius plot of all the 
systems. Structural analyses of these systems after cationic and anionic 
doping reveal complex changes in unit cell volumes, PnCh4

3- (Pn = P, Sb; 
Ch = S, Se) polyhedral volumes, Ch-Ch bond distances. Obtained results 
indicated that volume changes behave differently with different types of 
modifications and that monotonic increase/decrease cannot be ex
pected. While comparing the impacts of static changes on the activation 

barrier, the authors considered Ch-Ch distance to represent the bottle
neck size of the diffusion channels (Fig. 14c). A clear reducing trend in 
activation energy as a function of bottleneck size is obvious from the plot 
for both cationic and anionic substitution as both lead to increase in the 
diffusional channel volumes. However, inconsistency in the rate of 
decrease in the activation energy is observed (cationic substitution has 
steeper drop in barrier). The authors argue that if larger Ch–Ch bottle
neck distances were the sole determinant of reduced activation energy, 
then the largest drop in activation energy should occur in systems where 
substitution leads to the greatest increase in Ch–Ch distances. However, 
this is not consistently observed. For instance, in anion substitutions like 
Na3PS4−ySey and Na3SbS4−ySey, a 4 % increase in the Ch–Ch distance is 
present, but a significant reduction in activation energy is only noted in 
Na3PS4−ySey. This discrepancy suggests that relying solely on geometric 
descriptors—such as diffusion pathways and bottleneck sizes—provides 
an incomplete explanation of activation energy variations. Instead, the 
authors propose the use of macroscopic thermodynamic descriptors, 
such as melting temperature and anharmonic bulk modulus (Bγ), as 
more reliable indicators of lattice dynamics. These properties, deter
mined for Na3PS4, Na3SbS4, Na3PSe4, and Na3SbSe4, reveal a clear 
correlation between decreasing melting temperatures, softer lattices, 
and reduced activation barriers (Fig. 14d). Weaker bonding interactions 
in softer lattices lead to flattened vibrational potentials and lower en
ergy requirements for ion migration. Furthermore, the correlation be
tween Bγ and activation energy demonstrates that softer lattices with 
lower Bγ values exhibit reduced activation barriers, particularly in 
Sb-substituted compounds as shown in Fig. 14e. This highlights that 
lattice dynamics, characterized by softer structures and weaker bonding, 
play a crucial role in lowering the energy barrier for ion transport. In 
contrast, geometric factors such as Ch–Ch distances do not show a 
consistent relationship with activation energy, reinforcing that dynamic 
descriptors like Bγ and melting temperatures are more reliable pre
dictors of ion conductivity in SSEs. The authors emphasize the impor
tance of considering these dynamic properties over geometric ones when 
assessing activation barrier trends.

Fig. 13. (a) Na-ion density distribution from MD simulation at 523 K for (i) c-Na3PS4 and (ii) t-Na3PS4. (b) After inducing sodium vacancies for (i) c-Na2.94PS4 and 
(ii) t-Na2.94PS4. (c) Impact of Cl- substitution on the evolution of functional defects (Na3 and Na4) in t-Na3-xPS4-xClx (x = 0, 0.0625, 0.1, and 0.2) from 23Na MAS 
NMR. (d) Comparison of 7Li with 23Na tracer exchange experiments on the resonances of all Na sites. (e) Structural schematic after Ca2+ doping on Na+ site in Na3PS4 
showing the evolution of Na vacancy and structural transformation from tetragonal to cubic. (f) Electrochemical cycling performance of TiS2/Na2.7Ca0.15PS4/Na-Sn 
for different c-rates at 30 ◦C.
(a-b) Reproduced with permission from [235], copyright 2016, American Chemical Society. (c-d) Reproduced with permission from [240], copyright 2019, Wiley. 
(e-f) Reproduced with permission from [241], copyright 2018, American Chemical Society.
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4.4. Phosphorus site substitutions

Substitutions at the phosphorus site enhance ionic conductivity and 
improve air and moisture stability. This approach, like those used in 
lithium-ion SSEs, involves substituting the P5+ ions in the sodium sulfide 
Na3PS4 SSE with aliovalent cations. This approach can either introduce 
excess Na⁺ ions or induce vacancies, depending on the oxidation state of 
the dopant. For examples the substitution of 6 % of a lower valence Si4+

ion on the P5+ ion site in c-Na3PS4 induces extra Na ions in the structure 
and leads to an increase in ionic conductivity to 0.74 mS cm−1, as shown 
by Tanibata et al. [247]. This was mainly attributed to the increased Na 
site occupancy on the Na2(12b) transition site in 94Na3PS4⋅6Na4SiS4 
glass ceramic SSE [248]. With the increase of the Si4+ dopant to 10 %, 
enhanced thermodynamic stability was further seen for 
94Na3PS4⋅10Na4SiS4. In addition, the introduction of larger aliovalent 
dopants like (M = Ge4+, Sn4+, Ti4+), in contrast to smaller Si4+, on the 
P5+ site in the general formula Na3+xMxP1-xS4 (x = 0.1) displays over
crowding of the Na sites and is proven to be important in enhancing the 
ionic conductivity and Na migration by Rao et al. [249]. Highest con
ductivity is observed only with Sn-doped Na3.1Sn0.1P0.9S4 (x = 0.1), 
which is 0.25 mS cm−1 and with improved cyclability at 2 C. However, 
this experimental results deviated from the AIMD simulation performed 

by Zhu et al. [250] that predicted a conductivity of 10 mS cm−1 for 
6.25 % of Sn doping. Their results convey lowest activation energy for 
6.25 % Sn-doped sample. The van Hove correlation function Gd at 800 K 
is shown in the Fig. 15a for Si, Ge, and Sn dopants at same concentra
tions. The Van Hove function describes the probability of finding a 
particle at a certain distance from a reference point over time, helping to 
analyze particle dynamics in a system. It consists of two parts: the 
self-part Gs(r,t), which represents the likelihood of finding the same 
particle at a distance r, after time t, given that it was at the origin at time 
t = 0 and the distinct-part Gd(r,t), which indicates the probability of 
finding a different particle at distance r, at time t, with the original 
particle located at the origin at t = 0. In the figure, the Gd(r,t) for all 
dopants show an intense peak at r = 0, indicating that Na+ ions are 
exhibiting correlated motion. However, for the Sn-doped sample, Gd(r,t) 
starts to exhibit a strong peak starting nearly at 1 picosecond, in contrast 
to 7–11 picoseconds for other samples. This indicates that the correlated 
motion in Sn-doped sample is happening very earlier with higher 
diffusion constant. Authors relate this to increasing free channel volume 
with larger Sn doping. Despite these computational findings, the lower 
valence ion substitutions (oxidation state of +4) have not shown to be 
particularly encouraging in the Na3PS4 systems mainly because it fails to 
attain the higher solubility limit as it introduces additional Na+ ions into 

Fig. 14. (a) Na ion vacancy migration as a function of activation energy in Na3PSe4. Final states are represented on the left and right sides and transition state in the 
middle. Na atoms are represented in yellow, Se atoms in green, and Na vacancy is represented by a cross mark. (b) Arrhenius plots in the temperature range of 
−20–60 ◦C for Na3PS4, Na3SbS4, Na3PSe4, and Na3SbSe4. (c) Plot of activation energy changes as a function of Ch-Ch (Ch = S, Se) distances, a potential measure of 
diffusional channel bottleneck size. (d) Schematic of the relationship between displacement and melting temperature for hard and soft lattices. Rigid lattice is 
displayed by stronger spring to indicate greater bond strength and vice versa in soft lattices. Corresponding melting temperature for different system is shown. (e) 
Variation of activation energy with anharmonic bulk modulus, a potential benchmark of dynamic changes like lattice softening and bond strengths in truly accessing 
activation energy variation.
(a) Reproduced with permission from [121], copyright 2016, American Chemical Society. (b-e) Reproduced with permission from [246], copyright 2022, American 
Chemical Society.
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the smaller structure of Na3PS4.
An alternative approach is to introduce an even higher valence state 

ions such as, W6+, that also results in the creation of sodium vacancies, 
which is found to be crucial for fast mobility in the previous sections and 
also presented in literature [239,251,252]. Fuchs et al. [253] performed 
this interesting study by substituting W6+ in Na3PS4 and obtaining 
Na2.9P0.9W0.1S4 (x = 0.1) via solid-state method. This substitution 
strategy resulted in the highest ionic conductivity of 13 mS cm−1 at RT. 
However, their Raman spectra of the as-synthesized SSE show the 
presence of the starting precursor WS2 (Fig. 15b). Synthesis of the ho
mogenous Na-ion SSE without any residual elements is crucial for the 
long term cyclability. Thus, in the following year, Tsuji et al. [254]
experimented four different synthesis procedures to obtain the homo
geneous W6+ substituted Na3PS4. Four different synthesis procedures 
included mechanochemical milling of precursors at 510 rpm for 
15 hours [sample A], heat-treatment in Argon at 220 ◦C for 2 hours 
[sample B], heat-treatment in vacuum at 550 ◦C for 20 hours [sample 
C], and a direct solid-state method involving heat treatment in vacuum 
for 20 hours at 550 ◦C [sample D]. From the XRD spectra of each syn
thesis process (Fig. 15c), the crystallinity of the SSE clearly increases 
with temperature. While the sample C and sample D has the same heat 
treatment protocol, the full width at half maximum (FWHM) at 2θ =

31.2◦ for sample D was 0.1173◦, lower than 0.1205◦ for sample C. This 
indicates that sample D has slightly higher crystallinity. Despite that, the 
lattice parameters of all samples are relatively same. Interestingly, the 
WS2 crystals are not observed in the samples A, B, and C, but sample D 
did exhibit 7 % crystalline WS2. This was mainly the cause of the 

pre-mechanochemical milling that reacted all the starting precursors. 
Interestingly, the solubility limit of W6+ was increased in their experi
ment up to 15 mol% (Na2.85P0.85W0.15S4), that yielded a conductivity of 
13.7 mS cm−1 and 8.8 mS cm−1 at RT for samples D and C (sample C is 
semi crystalline), respectively (Fig. 15d). These results underscore the 
importance of crystallinity of the synthesized electrolyte, synthesis 
procedures, and compositional control in optimizing the conductivity.

Aliovalent doping in the sulfide Na SSEs structure impacts the ionic 
conductivity by either increasing or decreasing the mobile ion concen
trations and defects. Majorly, doping of heavier aliovalent elements is 
done to enlarge the parent structure for larger diffusion channels, lower 
activation barrier and a greater number of mobile charge carriers. Iso- 
valent doping emerges as another strategy in deconvoluting the im
pacts of mobile ion concentration and activation barrier on conductivity. 
As seen in the Li section, Sb substitutions has seen positive impacts in 
both ionic conductivity and air stability, which is also applied to the Na 
based systems. Lee et al. [255] in their very recent study have studied the 
impact of doping lighter and heavier iso-valent transition elements (V, 
Nb, Ta) on the Sb site in Na3Sb1−xMxS4 (M = V, Nb, Ta) to understand 
the impacts of mobile ion concentration and mobility (altered migration 
barrier) on conductivity. Complete substitution of these ions have been 
reported previously reported in the literature [256–258]. The tetra
gonality, as indicated by the higher c/a ratio, has been found to be 
lowest for the V5+ substituted sample due to its smaller size than Sb5+

ion and higher shrinking c-axis in contrast to a-axis lattices. The con
ductivity plot also displays the impact of tetragonality on the ionic 
conductivity (Fig. 16a-b). Nb and Ta doping displays a monotonic 

Fig. 15. (a) van Hove correlation functions Gd(r,t) for (i) Na3.0625Si0.0625P0.9375S4, (ii) Na3.0625Ge0.0625P0.9375S4, and (iii) Na3.0625Sn0.0625P0.9375S4. All samples 
indicate intense peak at r = 0, implying correlated motion. (b) Raman spectrum of Na3-xP1-xWxS4 for x = 0, 5, and 10 mol%. Presence of WS4

2- polyanion is confirmed 
for all mol% along with the starting precursor WS2. (c) XRD patterns of Na2.85P0.85W0.15S4 for different sample preparation methods and (d) their respective ionic 
conductivity values at RT.
(a) Reproduced with permission from [250], copyright 2015, American Chemical Society. (b) Reproduced with permission from [253], copyright 2020, American 
Chemical Society. (c-d) Reproduced with permission from [254], copyright 2021, Elsevier.
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decrease in the conductivity whereas V5+ (x = 0.05) shows increased 
conductivity followed by steep decrease. To investigate the competing 
local and global effects, the energy barrier has been calculated in two 
different scenarios: the motion of Na ions in the presence of dopants 
while maintaining the cell parameters of an undoped SSE (local effect), 
and the motion of Na ions in a cell with volume adjusted to reflect the 
presence of dopants without explicitly placing the dopants nearby 
(global effect). From the Fig. 16c-d, the local migration barrier increases 
in the order of the Nb>Ta>V, indicating that the Na ions in the vicinity 
of these dopants face higher migration barrier. Whereas the global 
migration barrier decreases with all dopants, but V doping reduces the 
migration barrier 2X times due to shrinking volume of the unit cell. The 
global effect barrier does not account for the presence of the dopants. It 
indicates that for iso valent doping, competing effects are at play that 
influences the conductivity. The local effects generally dominate at 
higher concentrations as shown by decreasing conductivity for V5+ at 
higher doping levels. In contrast, the global effects start to prevail at 
lower concentrations and account for much larger decrease in the bar
rier. Smaller iso-valent dopants on P/Sb site can also be a good strategy 
for enhanced conductivity and lower barrier. These dopants facilitate 
global structural effects, even at low concentrations, where the reduc
tion in migration barrier outweighs any competing local effects that may 
be caused. Possibility of ion percolating pathways with local structural 
changes have been previously shown by [259]. In addition, smaller 

dopants are found to make stiffer bond with sulfur ions, thereby loos
ening the SbS4

3- tetrahedra and can also help in softening of the parent 
framework and reduce the interactions with mobile ions.

4.5. Air stability in phosphorus substituted SSEs

Phosphorus substitutions play a pivotal role in enhancing air and 
moisture stability, offering advantages not typically observed with the 
other strategies as discussed earlier. These substitutions directly address 
the primary challenge in sodium-ion SSEs—namely, their susceptibility 
to hydrolysis and instability against sodium metal—like the issues faced 
by lithium-ion SSEs. The application of the hard acid base theory (HSAB) 
offers insights into addressing these concerns. A hard acid (P5+) interacts 
with a hard base (O2-) from the water molecule and tends to displace a 
soft base (S2-), forming H2S gas and a defective crystal structure. This 
significantly impedes the overall ionic conductivity [261]. To enhance 
air and moisture stability and promote Na mobility, substituting the 
hard acid (P5+) ion with softer acid ions like Sb5+ or As5+ to reduce the 
interaction with O2- (hard base) emerges as a promising strategy in the 
sodium ion SSEs as well. In the crystal structure of Na3MS4 (M = Sb, As), 
this substitution also weakens the bond strength between the M-S bonds 
in the MS4

3- tetrahedra, facilitating easier Na+ diffusion. Substitution of 
larger M5+ for P5+ ions also broaden the diffusion channels that could 
benefit the movement of Na ions. To test the hypothesis of HSAB in the 

Fig. 16. (a) Variation in the tetragonality parameter (c/a) and (b) ionic conductivity with iso-valent doping of M = (V, Nb, and Ta) in Na3Sb1-xMxS4. (c) Impact of 
local effect (motion of mobile ions in doped-SSE while maintaining undoped-SSE cell parameters for simulation) on the migration barrier of Na ions. (d) Impact of 
global effect (motion of mobile ions in an undoped-SSE while maintaining the doped-SSE cell parameters for simulation) on ion migration. (e) Crystal structure of c- 
Na2.88Sb0.88W0.12S4 synthesized from ball milling and heat treated at 275 ◦C for 12 hours. (f) Evolution of H2S gas amounts for Na3PS4 and c-Na2.88Sb0.88W0.12S4 with 
relative humidity of 50 % and 70 %, respectively.
(a-d) Reproduced with permission from [255], copyright 2024, the authors. (e-f) Reproduced with permission from [260], copyright 2019, Nature.
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sodium sulfide SSEs, Zhang et al. [262] synthesized the t-Na3SbS4 for the 
first time through solid-state reaction, which was indexed to P421c space 
group with a = b= 7.1597 Å, c = 7.2906 Å. Interestingly, it presented an 
ionic conductivity of 3 mS cm−1 at RT compared to 0.2 mS cm−1 ob
tained for Na3PS4. In addition, unlike the stoichiometric Na3PS4, the 
new t-Na3SbS4 reveals an existence of 2.5 mol% Na vacancies at Na1(2a) 
sites from the XRD data [121]. Existence of these Na vacancies benefit 
towards the ionic conductivity, as shown by Klerk et al. [235]. This 
synthesis of replacing Sb5+ with P5+ led to several different researchers 
exploring this avenue. For instance, the same group [112] synthesized a 
c-Na3SbS4 (a = b = c = 7.191 Å) that proved be a stable phase at RT as 
well as have superior stability at even 200 ◦C. Fig. 17a shows the 
diffraction pattern of the t-Na3SbS4 and c-Na3SbS4. The inset in Fig. 17a 
is the diffraction pattern of t-Na3SbS4 where two small tetragonal peaks 
at 28◦ and 37.5◦ are visible in contrast to the cubic XRD pattern. The 
Ionic conductivity of the cubic phase is 2.8 mS cm−1, approximately 
same as the tetragonal phase however they differ significantly in the 
activation energy. The activation energy calculated for c-Na3SbS4 is 
0.06 eV, significantly lower than 0.25 eV of t-Na3SbS4. In addition, 
Wang et al. [261] synthesized Na3SbS4 from Na3SbS4.9H2O, also known 
as Schlippe’s salt, and proved its stability in ambient atmosphere. They 
exposed Na3SbS4 to air at 70 % humidity for 48 hours and conducted 
Raman and XRD tests on the pristine Na3SbS4.9H2O, as-prepared 
Na3SbS4, as-exposed Na3SbS4, and reheated Na3SbS4 (Fig. 17b). Both 
the Raman and XRD spectrums of the air-exposed sample resembles that 
of the pristine Na3SbS4.9H2O sample. These results reaffirm the HSAB 

theory that Sb5+ (soft acid) can strongly bond with a soft base S2- and 
maintain its chemical properties. Moreover, the air-exposed sample’s 
reversible water absorption/desorption behaviour is further highlighted 
by heating it to 150◦C that helps to restore the pure Na3SbS4 phase.

Apart from the typical solid-state method of synthesizing sodium 
sulfide SSEs, Banerjee et al. [263] synthesized the Na3SbS4 SSE with a 
scalable solution liquid-phase synthesis method using methanol or 
water. This method, however, fails to achieve the crystallinity as 
observed by the typical solid-state methods, thus, the conductivity 
observed is around 0.2 mS cm−1 at RT. Very recently, Yan et al. [264]
developed a low-cost synthesis method to produce high purity Na2S used 
in the synthesis in Na3SbS4 (Fig. 17c). They prepared their Na2S by 
performing hydrogen reduction reaction on Na2SO4 by supplying Ar/H2 
gas at 750 ◦C for 20 hr during sintering. Crude Na2S was dissolved in 
ethanol to remove impurities and later distilled to separate both the 
compounds. Pure Na2S was obtained after heat treatment at 400 ◦C for 
2 hours, which was verified by XRD results and the white colour of the 
product. It showed superior ionic conductivities and low activation 
barrier in the range of 30–100 ◦C compared to commercial ones. Full 
cells performance with TiS2/NaSn electrodes was also found to be su
perior in contrast to commercially obtained Na3SbS4 (C-NSS-L), shown 
in Fig. 17d. Moreover, Liang et al. [261] produced a pure c-Na3SbS4 SSE 
from the naturally occurring salt (Na3SbS4⋅9 H2O), which is also a pre
cursor for the preparation of antimony pentasulfide (Sb2S3). By 
removing the crystalline water molecules from the Na3SbS4⋅9 H2O salt 
by heating it to 150 ◦C in vacuum, they could create c-Na3SbS4 with 

Fig. 17. (a) Rietveld refinements patterns from X-ray diffraction of ball milled c/t-Na3SbS4. (b) Raman and XRD spectrums of pristine Na3SbS4.9H2O, as-prepared 
Na3SbS4, as-exposed Na3SbS4 in air (48 h), and reheated Na3SbS4 after air exposure (150 ◦C for 1 h in vacuum). (c) Schematic of a low-cost synthesis and purification 
process to synthesize Na2S in glovebox. (d) Full cell cycling performance of NaSn/TiS2 electrodes at RT using commercially obtained Na3SbS4 (C-NSS-L-200mg) and 
as-synthesized Na3SbS4 SSEs (A-NSS-L-200mg and lower loading 140 mg). The voltage windows and c-rate are 1.0–2.5 V and 0.5 C, respectively.
(a) Reproduced with permission from [112], copyright 2018, Elsevier. (b) Reproduced with permission from [261], copyright 2016, Wiley. (c-d) Reproduced with 
permission from [264], copyright 2024, Elsevier.
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improved stability in moist air and a high conductivity of 1 mS cm−1 

[265].
The following year of the first synthesis of t-Na3SbS4, Yu et al. [266]

reported a new SSE with partial substitution of As5+ on P5+ with the 
general formula of Na3P1-xAsxS4 (x = 0–1). They reported a RT con
ductivity of 1.46 mS cm−1 for Na3P0.62As0.38S4 (x = 0.38), which was 
higher than the 0.2 mS cm−1 of c-Na3PS4. As5+ substituted SSE also 
displays far superior moisture stability, thereby supporting the HSAB 
theory. Full substitution of As5+ in Na3P1-xAsxS4, i.e. x = 1 or 100 mol%, 
generates a lower conductivity of 0.027 mS cm−1. The Na-S bond length 
emerges as a critical determinant of Na-ion diffusivity and conductivity 
(Fig. 18a). The presence of the partial As5+ ions introduce lattice 
expansion, promoting longer bond lengths between Na-S in the initial 
state (IS) of the migration step. In the transition state (TS), the Na-S bond 
length is maximum at x = 0.5 as well as show an inverse relationship 
with the migration energy. Conversely, at higher As5+ concentrations, 
more As5+ ions are available than the P5+ ions to interact with S2- ions. 
Since As-S bonds would be longer and weaker compared to P-S bonds 
due to HSAB theory, this results in the creation of more loosened and 
freer S2- ions from the AsS4

3- tetrahedra that instead gets strongly 
attracted to the Na+ ions. This creates stronger Na-S bond strength that 
shortens the Na-S bond lengths. Stronger and shorter Na-S bonds 
(maximum As5+ substitution) increase the minimum migration energy 
of Na+ ion diffusion through the SSE, causing lower conductivity. This 
work was further supported by computational work involving first 

principles and phonon calculations from the same group [267]. They 
demonstrated that Na3P1−xAsxS4 exhibits notable moisture stability 
when x > 0.25 because the reaction products change from easily forming 
oxysulfide’s to more difficult-forming hydrates because of As−O bonds 
lower affinity of formation than P−O bonds. As a result of promising 
features showcased by the replacement of P5+ ions by individual As5+

and Sb5+ ions, Yin et al. [268] combined the dopants to form a high 
conducting Na3Sb1-xAsxS4. Partial doping of As5+ on Sb5+ creates a 
greater number of cubic phases and crystalline crystal structure. While 
the Na3Sb0.75As0.25S4 possesses a conductivity of 2.42 mS cm−1 that is 
slightly higher than their Na3SbS4 version, the major improvement is 
observed on the air and moisture stability. Upon exposure to air at RH 
50 % for 30 mins, the Na3Sb0.75As0.25S4 releases 0.017 cm3/g of H2S gas 
as compared to very higher amount of 0.05 cm3 g−1 of H2S for the 
undoped Na3SbS4 (Fig. 18b). In addition, the unchanged Raman spectra 
after air exposure clearly displays the structural stability of this 
As-doped Na SSEs (Fig. 18c).

While HSAB theory has proven valuable in the design of solid-state 
electrolytes (SSEs) with enhanced moisture stability and long-term 
cyclability, achieving the desired level of ionic conductivity remains a 
challenge. Several work on the aliovalent substitution on the newly 
developed Na3YS4 (Y = Sb, As) has been performed to learn the impact 
of partial substitution, introduction of excess Na, or inducing Na va
cancies. For example, Yu et al. [269] partially substituted Ge4+ in 
Na3+xSb1-xGexS4 and obtained a doubled conductivity of 5 mS cm−1 at 

Fig. 18. (a) Comparison of nearest Na-S bond lengths (Å) and (a-iii) the minimum migration energy (eV) for Na47P16S64, Na47P8As8S64 (partially doped with As5+), 
and Na47As16S64 (fully doped with As5+) at the initial states (IS) (a-i) and transition states (TS) (a-ii) of Na migration. Compositions are adjusted to reflect one Na 
vacancy. Partial As5+ doping is equivalent to Na3P0.5As0.5S4. (b) Amount of H2S gas generated for three compositions of Na3PS4, Na3SbS4 and Na3Sb0.75As0.25S4 upon 
exposure to humid air with relative humidity of 50 %. (c) Raman spectra comparison of Na3Sb0.75As0.25S4 before and after exposure to air. (d) SEM images of Na3SbS4 
and Na3⋅1La0⋅05Sb0⋅95S4. (e) The correlation between H2S release and time for three distinct samples—Na3PS4, Na3SbS4, and Na3.3Zn0.1Sb0.9S4—measured at RH of 
49 %.
(a) Reproduced with permission from [266], copyright 2017, Wiley. (b-c) Reproduced with permission from [268], copyright 2024, Wiley. (d) Reproduced with 
permission from [270], copyright 2024, Elsevier. (e) Reproduced with permission from [271], copyright 2024, Springer.
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RT for x = 0.1, compared to pristine 2 mS cm−1 of Na3SbS4. This proved 
possible by interstitial sodium defects caused by higher number of mo
bile charge carriers in a larger unit cell size of Na3SbS4. Lowered energy 
barrier of 0.156 eV was reported. Recently, Lu et al. [270] studied the 
impacts of doping lower valence rare earth element La3+ on Sb5+ site. 
La3+ possesses a larger radius than Sb5+ (103.2 pm vs 60 pm), and so 
broadening of the diffusion channels and concomitant increase in the 
Na+ interstitials were directly observed [100]. Due to significantly 
larger size of the La3+ ion, doping above 0.05 mol% restrained the for
mation of Na3SbS4 units. SEM images reveals a key difference by La3+

doping (Fig. 18d). Without any doping, isolated particles of Na SSE are 
visible that also are random and irregular in shapes. With La-doping, a 
more uniform crystal growth and densified surface can be observed that 
also reduces the grain boundary resistance in the cold pressed state. The 
Na3⋅1La0⋅05Sb0⋅95S4 stoichiometry heat treated at 450 ◦C displays a 
modest conductivity of 0.52 mS cm−1 with an extremely low barrier of 
0.069 eV and enhanced air stability. As a result of very low energy 
barrier, the 450 ◦C treated La-doped Na3SbS4 can maintain its conduc
tivity for a wide range of temperatures. Fu et al. [271] tested a lower 
valent Zn2+ ion (74 pm) as an aliovalent dopant in the same class of SSEs 
to synthesize Na3+3xZnxSb1-xS4 (0 ≤ x ≤ 0.2). Zn2+ leads to over
crowding of the Na+ interstitials and charge carrier density. Doping 
results in a uniformly distributed surface, and enhances conductivity to 
1.48 mS cm⁻1 with a 0.128 eV barrier at 550◦C. It also improved air 
stability, reducing H₂S release by half compared to the undoped sample 
(Fig. 18e).

Given the significant performance improvements achieved by 
substituting higher valence state ions at the P⁵⁺ sites in Na₃PS₄, applying 
a similar strategy to Na3SbS4 as the base solid electrolyte is promising. 

Hayashi et al. [260] performed mechanochemical method with heat 
treatment to dope W6+ ions on the Sb5+ sites to synthesize 
c-Na3-xSb1-xWxS4. For x = 0.12, they achieved a highest conductivity of 
32 mS cm−1 at RT, which is till date superior to the state-of-the-art Li+

SSEs [86,215]. Fig. 16e shows the crystal structure of 
Na2.88Sb0.88W0.12S4. The introduction of W6+ stabilizes the cubic phase 
thereby allowing easier diffusion. Further, the heat treatment directly 
impacts ionic conductivity and energy barrier. Moreover, the 
Na2.88Sb0.88W0.12S4 electrolyte was found to be more resistant to the 
production of H2S gas at an RH of 70 % in an ambient environment 
compared to the Na3PS4 at a lower RH of 50 % (Fig. 16 f). Fuchs et al. 
[253] synthesized solid solutions of Na3−xSb1−xWxS4, and as well ach
ieved the highest reported conductivity of 41±8 mS cm−1 for x = 0.1. 
Introduction of W6+ has proved to decrease the tetragonal distortion by 
increasing a lattice and decreasing c lattice of the structure. This leads to 
better Na⁺ diffusion and improved conductivity. While the ionic con
ductivity of both Na2.88Sb0.88W0.12S4 and Na2.9Sb0.9W0.1S4 SSEs were 
higher, the authors also reported a higher activation barrier of 0.21 eV 
and 0.18 eV compared to the pristine Na3SbS4 SSE with only 0.06 eV. 
Feng et al. [272] further tuned the local environment of these SSEs to 
achieve lesser activation barrier by heavy W-doping. Their stoichiom
etry possessed an orthorhombic structure and displaced a conductivity 
of 14.5 mS cm−1 with a low barrier of 0.12 eV. Interestingly, the syn
thesis did not display WS2 impurities in the SSEs from Raman spectra 
(Fig. 19a). From the theoretical study, the fast-ion conduction has been 
explained by evolution in spatial structural features. The heavy W-doped 
system consist of four types of cationic rows: first - Na-Na-Na-Na, second 
- Na-Sb-Na-Sb, third – Na-Sb-Na-W, fourth – Na-W-Na-W. Only first and 
second rows are found in Na3SbS4, the presence of third and fourth rows 

Fig. 19. (a) Comparison of Raman spectrums of pristine Na3SbS4 and as-synthesized Na3-xWxSb1-xS4, Na3-yWxSb1-xS4 (x = 0.1, 0.2, 0.3; 0<y<x). (b) Probability 
distribution functions and iso-surfaces (in yellow) for the pristine Na3SbS4 and vacancy induced Na2.7W0.3Sb0.7S4. Different atoms are indicated by: Na (light green), 
Sb (purple), W (red). (c) EIS values for the excess Na and pseudo cubic structured SSE with the stoichiometry Na3-yWxSb1-xS4 (x = 0.1, 0.2, 0.3; 0<y<x) and (d) Ionic 
conductivity plots for the same SSE in the temperature range of 20 ◦C to 120 ◦C. Reproduced with permission from [272], copyright 2021, Wiley. (e) XRD patterns of 
Na(3–2x)Sb(1-x)MoxS(4-x)Ix (x = 0.05, 0.1, 0.15, 0.2) prepared via melt-quenching method using excess S. (f) Monitoring of H2S gas by MoI-doped Na3SbS4 when 
exposed to moist air for 40 mins. Reproduced with permission from [274], copyright 2021, Elsevier.
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enable strong correlation between Na ions and these ions can jump into 
the indued Na vacancies in the Na-Na-Na first row to achieve correlated 
motion. The impact of these correlated motions is also shown in the 
calculated probability distribution functions iso-surfaces of Na ion 
movement in Fig. 19b. In the case of t-Na3SbS4, the Na-ion movement is 
only possible in the cationic rows aligned in the c-axis (Na-Na-Na), thus 
making it a 1-D conduction. In the c-axis, each Na ion is coordinated by 6 
S atoms with longer Na-S bond lengths. However, along the a and b axes, 
the Na ions are coordinated by 6 and 8 S atoms with shorter Na-S bond 
lengths, making it difficult for 3-D conduction. In the case of W-doped 
SSE, W6+ interacts very strongly with the four S bonds and forms shorter 
W-S bonds. As a result, W atoms in the third and fourth row can attract 

the S ions much strongly thereby reducing the Na-S attractions. This 
drops the Na ion activation barrier in Na2.7W0.3Sb0.7S4 significantly and 
causes conduction in a and b axes. This experimental data is also sup
ported in the computational simulation by Ravalli et al. [273]. They 
propose that the diffusion coefficient significantly increases as the W 
content increases. This is primarily supported by increasing intercon
nection between the ab planes because of shrinking c-axis, which is a 
symbol of lower tetragonal distortion by W-doping. Building on this and 
with the idea that excess mobile ions can improve correlated motion, the 
authors synthesized Na2-yWxSb1-xS4 (x = 0.1, 0.2, 0.3; 0<y<x) SSE with 
a pseudo-cubic structure and excess Na ions. The Na2.895W0.3Sb0.7S4 
stoichiometry showed the lowest bulk resistance of 23.7 ohms and RT 

Fig. 20. (a) Diagram representing the three typical in-situ interface types resulting from the interaction of SSE with a Na metal anode: (i) thermodynamic stable 
interface; (ii) kinetically stable SEI layer; and (iii) unstable MCI layer. (b) S 2p and P 2p XPS spectra with matching fits of a Na3PS4 sample, before (a) and after (b) 
sodium metal plating. (c) Schematic of the formation of kinetically stable SEI layer by the addition of cellulose-poly (ethylene oxide) (CPEO) interlayer. (d) S 2p and P 
2p XPS spectra for the Na3SbS4 pellet surface after the removal of the CPEO layer. The absence of Na2S and Sb peaks at 800 hours indicates reduced Na3SbS4 
decomposition. (e) SEM images before stripping/plating (i) for Na3SbS4 and ionic liquid interlayered Na3SbS4(PYR/Na)TFSI SSE. Cross section of Na3SbS4(PYR/Na) 
TFSI and EDS mapping are shown in bottom two SEM images, and after stripping/plating are indicated in (ii). (f) At a current density of 0.1 mA cm−2, the gal
vanostatic cycling performance of the Na/Na3SbS4/Na and Na/Na3SBS4-(PYR/Na)TFSI/Na cell is shown, along with magnified voltage profiles. (g) The rate ca
pabilities of the TiS₂/Na3SbS4-PPP|NaTFSI/Na batteries are assessed at 50 ◦C across varying current densities of 20, 50, 80, 100, 150, and 200 mA g⁻1.
(a) Reproduced with permission from [119], copyright 2023, Royal Society of Chemistry. (b) Reproduced with permission from [280], copyright 2016, American 
Chemical Society. (c-d) Reproduced with permission from [283], copyright 2019, American Chemical Society. (e-f) Reproduced with permission from [284], 
copyright 2022, Elsevier. (g) Reproduced with permission from [285], copyright 2021, Wiley.
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conductivity of 24.2 mS cm−1 with record lowest activation barrier of 
0.088 eV as shown in Fig. 19c-d. Weak Na-S interactions and better Na 
ions correlated motion by higher Na-Na repulsions through excess Na 
doping are the key reasons behind this improvement. Due to enhance
ments observed in the conductivity and ion transport mechanisms by 
doping with +6 oxidation state transition metal elements, He et al. [274]
synthesized a series of Molybdenum doped-Na3SbS4 via methods of ball 
milling and melt quenching. In addition, I- was also introduced to help 
with poor interfacial stability with Na metal anode and enhance elec
trochemical performance. Currently, there has been no record of 
enhanced stripping/plating with W6+ doping alone. Melt quenching 
method has been deemed as most efficient in synthesizing 
Na(3–2x)Sb(1-x)MoxS(4-x)Ix (x = 0.05, 0.1, 0.15, 0.2) with excess S. No 
impurity of MoS2 is observed even for 0.2 mol% of Mo-doping via melt 
quenching [275](Fig. 19e), while the other method indicated MoS2 
impurity at 0.2 mol% doping. From the XPS spectra of Mo 3d, the Mo 
3d5/2 and Mo 3d3/2 peak at 225.43 eV, 228.83 eV and 231.78 eV indi
cate that Mo remains as Mo4+ instead of Mo6+. This is likely due to 
higher thermal stability of MoS2 than MoS3. While the conductivity 
could not reach expected heights (0.54 mS cm−1), the Na2.9Sb0.95

Mo0.05S3.95I0.05 SSE for all mol% generated no significant H2S after air 
exposure (Fig. 19 f)

4.6. Electrochemical stability of sodium sulfide SSEs

While the developments in Na sulfide SSEs through various doping 
strategies have shown to be promising in respect to robust ionic con
ductivity, the enhancement in interfacial stability with Na metal anode 
remains a concern for the development of SSBs [276,277]. Sulfide SSEs 
are known to possesses narrow electrochemical voltage window, which 
in contact with very reactive Na metal anode generates mixed con
ducting interfaces that continuously deteriorates the SSE and increases 
the impedance of the cell [278,279]. While the sulfide-based SSEs do not 
show rigid behaviour in contrast to other oxides or NASICON SSEs, the 
issue of contact loss between the Na metal anode and sulfide SSE still 
exists upon cycling. With repeated cycling, the interface undergoes se
vere irreversible reactions that leads to generation of reactive in
terphases and even contact loss in few cases. To ensure both the 
thermodynamic and kinetic stability of the interface between electro
lytes and metal anodes, three distinct types of interfaces are generally 
observed as shown in Fig. 20a. These include (I) an inherently stable 
interface with no reaction, (II) a reactive interface that forms a passiv
ating solid electrolyte interphase (SEI) layer to prevent further reactions 
and allow kinetic stability, and (III) an unstable, mixed conducting 
interface (MCI) that facilitates the conduction of both ions and electrons. 
While the first option is ideal, achieving it is challenging, making the 
second a more practical solution for maintaining long-term interface 
stability [119]. The presence of a mixed ion-electronic conducting (MCI) 
interface, the third type, would result in continuous reactions between 
the Na metal and the solid-state electrolyte (SSE). This can lead to rapid 
capacity loss and increase the risk of a short circuit. From the XPS data of 
Na3PS4 by Wenzel et al. [280] (Fig. 20b), the S 2p and P 2p spectrums of 
before and after Na deposition in Na3PS4 SSE clearly show the formation 
of mixed conducting interphases like Na2S (ionically conducting) and 
Na3P (electronically and ionically conducting). The P-S-Na chemical 
state also shows significantly decreased intensity along with the PS4

3- 

units of the SSE. These by-products lead to degradation of the Na SSE 
and continuous formation of Na dendrites upon reaction with the Na 
metal anode [280,281]. In the similar manner, Na3SbS4 SSE forms Na2S 
and Na3Sb products that impede the cell performance [282].

4.6.1. Artificial SEI interfaces to enhance electrochemical stability of SSEs
To combat this, stable artificial SEI interphases that are only ionically 

conducting are created such as done by Hu et al. [283] in which a 
polymer electrolyte cellulose-poly(ethylene oxide) (CPEO) interlayer 
can act as an effective stabilizer between the Na/Na3SbS4 interface by 

blocking every electronic pathway that could lead to SSE decomposition 
(Fig. 20c). The XPS spectra of the symmetric cell (Na/CPEO/
Na3SbS4/CPEO/Na) taken apart after stable 800 hr cycling at 
0.1 mA cm−2 shows no traces of Na2S and Sb as shown in Fig. 20d. 
Polyethylene oxide interlayer applied on the Na3PS4 surface has also 
shown to prevent the side reactions at the interface and deliver 
improving cycling performance with SnS2/Na electrodes [286]. Using 
similar strategy, Li et al. [284] used an ionic liquid interlayer made from 
(PYR/Na)TFSI, which they applied on the side of SSE pellet in contact 
with the Na metal anode. This interlayer helped in reducing the inter
facial resistance by improving the wettability and contact at the Na 
metal interface. Stable SEI formation was shown that showed stable Na 
stripping/plating for 300 hr at 0.1 mA cm−2 (Fig. 20 f). The before and 
after cycling SEM images of the Na3SbS4 SSE indicates rough surface 
with cracks during synthesis, which upon cycling leads to aggravated 
cracks and undesirable side products. Whereas the morphologies of 
interlayered-Na3SbS4 remain uniform and smooth (Fig. 20e). In another 
work by the same group, Li et al. [285] employed a phase-transition 
polymer electrolyte interlayer (PPP/NaTFSI) that could suppress the 
dendritic growth and prevent detrimental side reactions. Their full cell 
with TiS2 cathode could cycle for 300 cycles at 20 mA g−1 rate and 
maintained a specific capacity of 100 mAh g−1. Stable rate performance 
of this SSE is shown in the Fig. 20 g.

4.6.2. Effects of dopants on the electrochemical stability of SSEs
Introducing dopants into SSEs is a well-established technique for 

enhancing their properties. Among these methods, halogen doping has 
been frequently explored to mitigate side reactions that lead to cell 
failure. Cl-doped Na3PS4 forms NaCl at the interface that eases the 
uniform stripping/plating behaviour of Na ions [282]. Similarly, for
mation of NaBr at the interface is beneficial for Na ions conduction as it 
prevents the formation of Na dendrites and stops side reactions [287]. 
Apart from conventional dopants, Lazar et al. [288] tested doping O to 
form Na3PS3O. Without O, the Na/Na3PS4 interface has found to be very 
exfoliated, i.e., continuous reaction between the side products and Na 
metal takes place until the limiting reactant is fully consumed. Presence 
of O causes denser and less porous SSE surface that slows down the re
action between the Na/Na3PS3O and remains unreacted for longer pe
riods. The optical photograph (Fig. 21a) displays the reaction products 
formed upon pressing the Na metal at 40 MPa on the surface of Na3PS4, 
Na3PS1.5O2.5 and Na3PS3O SSE. For the former, a clear and separable 
layer of Na3P is produced on the surface of SSE, while no significant 
reaction product could be observed for Na3PS3O SSE. The Na3PS1.5O2.5 
shows mild evolution of Na3P after two weeks. In a similar approach, Chi 
et al. [289] synthesized Na3PS4-xOx (x = 0–0.6). At 60◦C, Na3PS3.85O0.15 
exhibited the maximum ionic conductivity (0.27 mS cm⁻1), whereas 
Na3PS3.4O0.6 had lower conductivity (0.082 mS cm⁻1) but greater elec
trochemical stability. A combination of these characteristics was ach
ieved by a tri-layer SSE of Na3PS3.4O0.6/Na3PS3.85O0.15/Na3PS3.4O0.6, 
which led to a stable cycling for 300 hours at 0.5 mA cm⁻2 without 
dendrites. The critical current density (CCD) test (current density 
increment of 0.05 mA cm−2 and cycle time of 1 hr for this tri-layer SSE is 
shown in the Fig. 21b. Highest CCD of 2.3 mA cm−2 can be achieved, 
which is comparable to the Li based systems. The full cell with Na-S 
cathode displays stable cycling even for increasing current densities as 
shown in the Fig. 21c. The cell could deliver near 900 mAh g−1 after 150 
cycles at 0.10 mA cm−2 current density in a 60 ◦C environment. Most of 
the strategic modifications to enhance the interfacial stability does not 
necessarily also improve the ionic conductivity to enable higher rates 
cycling. So far, W-doped Na3MS4 (M = P, Sb) systems have reported the 
highest conductivity and look promising parent structures for further 
modification. However, W-doped SSEs induce significant deterioration 
of the interface and lead to cell failure. In an effort to stabilize the 
interface between Na/W-doped SSE, Weng et al. [290] synthesized a 
WO-doped version of the Na3SbS4 after promising results of O doping in 
previous literatures. Following the same trend, the Na2.95Sb0.95W0.05S4 
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and Na2.95Sb0.95W0.05S3.9O0.1 SSEs show a high conductivity of 10.37 
and 8.49 mS cm−1, respectively. Na/SSE/Na stripping plating results 
indicate slower increase in the polarization voltage with WO-doped SSE. 
From the EIS profiles (Fig. 21d) for before cycling and after 30 h, 50 h 
cycling, the WO-doped SSE shows lowest Rb before cycling and the in
crease in impedance is slower with cycling as compared to W-doped SSE. 
While the pristine Na3SbS4 shows smaller increase in impedance, it lacks 
by an order of magnitude in ionic conductivity, which is also a critical 
factor under consideration. In the full cell configuration with TiS2/Na 
metal electrodes, the WO-doped SSE shows improved long-term cycling 
and higher specific capacity for different C-rates (Fig. 21e-f). While He 
et al. [274] could not achieve heightened conductivity with MoI doping 
in Na2.9Sb0.95Mo0.05S3.95I0.05, they demonstrated higher critical current 
density of 1.5 mA cm−2 in contrast to 0.34 mA cm−2 of Na3SbS4. Strip
ping/plating for Na/0.05 MoI/Na could be made efficient and prolonged 
with I doping except for continuous increase in polarization in contrast 
to undoped version (Fig. 21 g).

5. Conclusion and perspective

This review comprehensively summarizes the structural engineering 
strategies used to improve ionic conductivity and electrochemical sta
bility in lithium and sodium sulfide SSEs, by correlating their synthesis 
methods with structural features and diffusion mechanisms. The suc
cessful strategies are outlined in Table 3 (lithium) and Table 4 (sodium), 

including their respective ionic conductivities and electrochemical sta
bility windows. Among these substituted argyrodite SSEs, some mate
rials exhibit conductivities comparable to liquid electrolytes. The main 
strategies for developing SSEs with high ionic conductivity are sum
marized in Fig. 22. These techniques include manipulating the halogen 
content to induce anion disorder, creating vacancies, promoting 
concerted migration through excess lithiation or sodiation, increasing 
lattice polarizability through chalcogenide substitution, and expanding 
the lattice via phosphorus substitution.

In lithium argyrodites, the presence of multiple halogen atoms 
softens the anion sublattice and creates site disorder between S2⁻ and X⁻ 
ions. This softening effect lowers the activation energy by weakening 
bonds and expanding the unit cell, thereby enhancing ionic mobility and 
enabling diffusion at lower temperatures. Furthermore, excessive halo
genation introduces mobile ion vacancies to maintain charge neutrality, 
which also enhances polarizability and reduces the energy barrier for 
ion transport. These vacancies shorten the inter-cage jump distances, 
facilitating concerted ion migration by lowering the energy barriers for 
ionic diffusion. Another effective approach involves doping on the 
phosphorus site with larger ions, which expands the unit cell and 
particularly widens ion migration bottlenecks, crucial for enabling low- 
energy migration pathways.

In contrast to lithium sulfide-based SSEs, structural engineering for 
sodium sulfide SSEs is less explored. This review highlights Na₃PS4 and 
its derivatives as examples to examine existing structural engineering 

Fig. 21. (a) Optical microscope images of the reaction products produced upon pressing Na metal at 40 MPa against NPS, NPSO25, and NPSO1 pellets. (b) CCD test 
of the tri-layer solid electrolyte (Na3PS3.4O0.6/Na3PS3.85O0.15/Na3PS3.4O0.6) conducted at 60 ◦C. Current density increments are of 0.05 mA cm−2, each plating/ 
stripping cycle lasts 30 minutes. (c) Rate performance of a Na-S/Na3PS3.85O0.15/Na3PS3.4O0.6/Na full cell at varying current densities at 60 ◦C. (d) AC impedance of 
the WO-doped symmetric cells before and after 30 h, 50 h cycling. (e) Rate performances of TiS2/Na3SbS4/Na and TiS2/Na2.95Sb0.95W0.05S3.9O0.1/Na full cells. (f) 
Cycling performance of TiS2/Na3SbS4/Na, TiS2/Na2.95Sb0.95W0.05S4/Na, and TiS2/Na2.95Sb0.95W0.05S3.9O0.1/Na full cells at 0.1 C (1 C = 240 mAg−1) in the voltage 
range of 1.0–2.5 V at RT 25◦C. (g) CCD testing for Na/SSE/Na symmetric cells with (g1) Na3SbS4 and (g2) Na2.9Sb0.95Mo0.05S3.95I0.05 SSE. Each cycle lasts for 1 hour 
and the current increments are 0.05 mA cm−2 per cycle.
(a) Reproduced with permission from [288], copyright 2020, American Chemical Society. (b-c) Reproduced with permission from [289], copyright 2022, Nature. 
(d-f) Reproduced with permission from [290], copyright 2022, Elsevier. (g) Reproduced with permission from [274], copyright 2024, Elsevier.
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strategies. As shown in Table 4, the summary of sodium sulfide-based 
SSEs is less extensive than that of lithium-based systems. However, the 
introduction of vacancies in Na₃PS4-based structures has been well- 
documented, proving effective in improving conductivity. Vacancies 

can be introduced by doping higher-valence cations, such as Ca2⁺ or Al3⁺, 
at the mobile ion sites. This progressively shrinks the unit cell, reducing 
ion jump distances and leading to enhanced ionic conductivity. Addi
tionally, substituting sulfur with larger chalcogenide ions like Se2⁻ or 
Te2⁻ expands the unit cell, increasing polarizability and softening the 
lattice, which lowers the energy barrier for ion migration and provides 
an alternative pathway for improved ion transport. Both strategies—unit 
cell shrinkage through cation doping and unit cell expansion via anion 
substitution—offer distinct advantages. Shrinking the unit cell enhances 
kinetics by shortening jump distances, while expanding the unit cell 
increases ion mobility by creating a more flexible and less rigid struc
ture. The choice between these approaches depends on the specific 
design goals of the electrolytes, and it is essential to view them not as 
conflicting, but as complementary strategies for improving SSEs 
performance.

Another challenge in developing sulfide SSEs is to maintain a low 
elastic modulus while retaining high conductivity and stability. Ideally, 
SSEs should be developed for both Li and Na, possessing high conduc
tivity values and low elastic modulus to accommodate dynamic changes 
such as volumetric expansion, flexibility, and breakdown of electrode 
materials. A potential solution to this issue from computational studies is 
to develop fully halogenated SSEs, which would result in softer lattices. 
This strategy has been proven by recent work, demonstrating higher 
conductivity values with the lowest elastic modulus (Li5.2Si0.2Sb0.8S4

Br0.25I1.75 - 13.23 mS cm−1) [220]. While these fully halogenated SSEs 
show promise, their overall electrochemical robustness still requires 
significant improvement for practical use. More attention needs to be 
given to the electrochemical stability window of sulfide SSEs. Without a 
sufficiently wide electrochemical stability window, Li argyrodites 
cannot be directly used in all-solid-state lithium-ion batteries. While a 
few studies have reported oxidative-resistant argyrodites that can 
withstand high-voltage cathodes, very few address reduction stability 
against lithium metal anodes. Surface modification and interface 

Table 4 
Summary of structural engineering strategies to sodium sulfide solid state 
electrolytes.

Substitution 
Sites

Composition Ionic 
Conductivity 
(RT)

Voltage vs 
Sodium

t-Na3PS4 [111] 0.0001 mS cm−1 1.39 V – 
2.45 V

c-Na3PS4 [227] 0.2 mS cm−1 1.39 V – 
2.45 V

Sodium 
Vacancy

c-Na2.73Ca0.135PS4 [241] 0.94 mS cm−1 0.70 V – 
4.00 V

t-Na47P16S16Cl [239] 1.07 mS cm−1 -
t-Na2.9375PS3.9375Cl0.0625 

[238]
1.14 mS cm−1 < 2.40 V

t-Na47P16S63Br [239] 2.37 mS cm−1 -
t-Na46P16S62Br2 [239] 5.60 mS cm−1 -

Chalcogenide c-Na3PSe4 [121] 0.11 mS cm−1 -
c-Na3SbSe4 [245] 3.70 mS cm−1 -

Phosphorus c−94Na3PS4.6Na4SiS4 

[247]
0.74 mS cm−1 -

Na3P0.62As0.38S4 [266] 1.46 mS cm−1 0.0 V – 
5.0 V

t-Na3SbS4 [262] 3.00 mS cm−1 < 5.00 V
Na3.1Sb0.9Ge0.1S4 [269] 5.00 mS cm−1 -
c-Na2.85P0.85W0.15S4 (SC) 
[254]

8.8 mS cm−1 -

c-Na2.9P0.9W0.1S4 [253] 13.0 mS cm−1 -
c-Na2.85P0.85W0.15S4 

[254]
13.7 mS cm−1 -

c-Na2.88Sb0.88W0.12S4 

[260]
32.0 mS cm−1 -

Fig. 22. Schematic summarizing key structural modification techniques applied to lithium and sodium sulfide SSEs, including anion disorder, vacancy creation, 
concerted ion migration, enhanced lattice polarizability, and lattice expansion. These modifications are aimed at optimizing ion transport and improving overall 
electrolyte performance.
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engineering should therefore be prioritized alongside the development 
of new materials with wider electrochemical stability windows. As 
summarized in Table 4, only a few sodium-based SSEs are stable against 
both the Na anode and the cathode. Current research into Na-based SSEs 
is focused on developing new sulfide materials with improved electro
chemical and air stability. Additionally, dual-SSE systems (using two 
types of SSEs) have been explored to address the narrow electrochemical 
stability windows in sodium-based batteries. Ultimately, improving 
electrochemical stability and moisture, high-performance SSEs that are 
suitable for commercial battery applications.
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