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Abstract 
Using multiple synergistic design rules, we put forward a powerful strategy to reduce the 

activation energy for cation diffusion by modifying the structure of solid-state electrolytes (SSEs). 

Two heavily W-doped sodium thioantimonate SSEs, Na2.895W0.3Sb0.7S4 and Na2.7W0.3Sb0.7S4 are 

designed, both exhibiting exceptionally low activation energy for sodium ion diffusion and 

enhanced room temperature (RT) ionic conductivity; 0.09 eV, 24.2 mS/cm and 0.12 eV, 14.5 

mS/cm. The 30% W content goes far beyond the 10-12% reported in the prior studies, and results 

in novel pseudo-cubic or orthorhombic structures. Theoretical studies based on density functional 

theory (DFT) calculations reveal that these properties result from a combination of multiple 

diffusion mechanisms, including vacancy defects, strongly correlated modes and excessive Na-

ions. An all-solid-state battery (ASSB) using Na2.895W0.3Sb0.7S4 as the primary SSE and a sodium 

sulfide (Na2S) cathode achieves a reversible capacity of 400 mAh/g. 

Keywords: Na3SbS4, superionic conductor, sodium - sulfur battery, Solid-State Battery (SSB), 

sodium metal battery (SMB).
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Introduction

Employing solid-state electrolytes (SSEs) rather than liquid organic electrolytes is a possible 

path towards greater battery safety since most inorganic SSE's are non-flammable.[1–19] Recently, 

there has been significant progress related to a number of successful solid-state battery chemistries 

showing reasonable cycle-life and capacity retention using traditional cathodes of Li-ion battery 

(LIB) and metal anodes.[20,21] The success of this technology hinges on developing practical 

superionic conducting SSEs with robust electrochemical stability.[22–24] The future of solid-state 

batteries is not limited to Li-metal batteries only.[25–34] Progress in Na and K metal anodes and 

related solid-state ionic conductors[35–37] provide a potential path for safe sodium metal batteries 

and possibly potassium metal batteries. SSE and all solid state batteries (ASSBs) based sodium 

thioantimonate (Na3SbS4) and related Na3PnS4 (Pn = P, As, Sb) are attracting interest due to their 

ambient temperature ionic conductivity.[36–66] The undoped Na3SbS4 has been reported to achieve 

0.6 mS/cm in its room temperature (RT) tetragonal phase [68], with markedly increased 

conductivity occurring in the elevated temperature phases. [53,69] Authors reported that light W-

doping at the Sb sites (Na2.88W0.12Sb0.88S4 and Na2.9W0.1Sb0.9S4) can stabilize the high temperature 

cubic structure at ambient temperature, boosting the RT ionic conductivity to 41( ± 8) mS/cm.[6-7] 

The high RT ionic conductivity achieved in these systems has been attributed to the 

introduction of Na-vacancies caused by W6+ substituting Sb5+. A small number of Na-vacancies 

can generate a large number of degenerate or near-degenerate energy states, which allow the Na-

ions to diffuse and rearrange. For example, two Na-vacancies out of 48 Na sites in a 2 × 2 × 2 

Na3SbS4 supercell corresponds to a concentration similar to the cases of Na2.88W0.12Sb0.88S4 and 

Na2.9W0.1Sb0.9S4. The result is 𝐶46
48 = 𝐶2

48 = 1128 possible configurations for the Na sublattice. 

This is in contrast with the single ground state of the Na sublattice in a defect-free tetragonal or 

cubic Na3SbS4, where the ionic diffusion relies solely on the collective motion of Na-ions in rows 

without individual jumps through vacancies.[70,71] Although the presence of Na-vacancies may 

provide a significant “add-on” to the enhancement of ionic conductivity, its implication on the 

activation energy is not straightforward. This is evidenced by the measured activation energies, 

0.21 and 0.18 eV, of the cubic Na2.88W0.12Sb0.88S4 and Na2.9W0.1Sb0.9S4, respectively, [6-7] which 

are much larger than that ( ≤  0.08 eV) of the cubic phase of Na3SbS4.[64,69] The activation energy, 
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corresponding to the energy barrier of individual diffusion steps, should be largely determined by 

the local Na-Na and Na-S interactions in the system. The high activation energy of 

Na2.88W0.12Sb0.88S4 and Na2.9W0.1Sb0.9S4 may be due to the tetragonal local structure, like cubic 

glass-ceramic Na3PS4 sintered at 260 ℃.[49] Therefore, fine tuning the local environment of the 

Na-ion is the key for the reduction of the activation energy.

Here, we tune the structure and the resultant ionic conductivity/activation energy of W-doped 

Na3SbS4 by greatly extending the W content, going far beyond the 10-12% reported in the previous 

studies. [6-7] A heavily W-doped system Na2.7W0.3Sb0.7S4, is successfully synthesized, and is 

demonstrated to display an orthorhombic structure. This new phase displays a high RT ionic 

conductivity of 14.5 mS/cm and a uniquely low activation energy of 0.12 eV. The properties are 

further optimized by tuning the Na-ion/vacancy content of the material, resulting in 

Na2.895W0.3Sb0.7S4 with an enhanced RT ionic conductivity of 24.2 mS/cm and a record low 

activation energy of 0.09 eV. 

Results and Discussion

W-doped Na-Sb-W-S systems, Na3-xWxSb1-xS4 (x = 0.1, 0.2 and 0.3), are prepared using 

the method described in the Supporting Information (SI). To obtain a reliable structural model for 

the heavily W-doped Na2.7W0.3Sb0.7S4, we generated all possible configurations with the given 

chemical formula based on a 2×2×2 supercell of Na3SbS4 in which five Sb sites are substituted by 

W atoms and five Na-vacancies are created at the same time. Given the total of 16 Sb and 48 Na 

sites in the supercell, there are C5
16 and C5

48 number of possible combinations, respectively, for the 

substitution and the vacancy creation. Therefore, a total of C5
16×C5

48 = 7.5×109 configurations were 

considered. Their total electrostatic energies based on point-charge models are computed using the 

Ewald summation and are ranked accordingly. The configurations having the lowest energies are 

further subjected to density functional theory (DFT) optimizations and calculations. The ground-

state structure of Na2.7W0.3Sb0.7S4 identified from the procedure is shown in Figure 1A. It is found 

that all the five W atoms occupy the high-symmetry sites in the cell, including one at the body 

center, one at the face center and three at the edge centers. The five Na-vacancies are situated at 

the neighboring sites of the doped W atoms. 
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Fig. 1 Characterization Na2.7W0.3Sb0.7S4. (A) Theoretically identified ground-state structure of 

Na2.7W0.3Sb0.7S4 with SbS4
3- units in purple, WS4

2- units in red and Na in green. (B) Synchrotron XRD of 

Na2.7W0.3Sb0.7S4 and the Rietveld refinement based on an orthorhombic structure. (C) The Raman spectra 

of the synthesized Na3-xWxSb1-xS4 and Na3-δWxSb1-xS4 (x = 0.1, 0.2 and 0.3; 0 < δ < x) series compared to 

that of tetragonal Na3SbS4. (D) The measured AC impedances for the Na3-xWxSb1-xS4 (x = 0.1, 0.2 and 0.3) 

series. (E) The measured ionic conductivities of the Na3-xWxSb1-xS4 (x = 0.1, 0.2 and 0.3) series at different 

temperatures. (F) Measured electric conductivities of the Na3-xWxSb1-xS4 and Na3-δWxSb1-xS4 (x = 0.1, 0.2 

and 0.3; 0 < δ < x) series. 

As shown in Figure 1B, the Rietveld refinement (see SI) based on the structural model shows 

that Na2.7W0.3Sb0.7S4 has an orthorhombic structure with lattice parameters a=14.3762, b=14.3757 

and c=14.3774 Å. The DFT optimized lattice parameters (a=14.5332, b=14.4798 and c=14.5407) 

are in good agreement with the experimental ones with relative differences ≤  1%. No obvious 

phase fraction is observed in the XRD of Na2.7W0.3Sb0.7S4, as compared to the XRDs of the pristine 

Na3SbS4 and Na3-xWxSb1-xS4 (x = 0.1 and 0.2) in the series (Figure S1 of SI). The Raman spectrum 

of Na2.7W0.3Sb0.7S4 is also compared to those of the pristine Na3SbS4 and Na3-xWxSb1-xS4 (x = 0.1 
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and 0.2) and no peaks belonging to impurities (e.g., crystal WS2) are found, as shown in Figure 

1C. The three Raman signals around 370, 390, and 410 cm−1 correspond to the different modes of 

SbS4
3− tetrahedra, and the peak around 470 cm−1 signals the presence of WS4

2− units in the doped 

system. 

AC impedances are measured for the studied Na-Sb-W-S systems, as shown in Figure 1D. 

With increasing W-doping in the system, the bulk resistance decreases from 78 Ω in 

Na2.9W0.1Sb0.9S4 to 52 Ω in Na2.8W0.2Sb0.8S4, and then to 40 Ω in Na2.7W0.3Sb0.7S4. These 

correspond to the increasing ionic conductivities in Figure 1E, with Na2.7W0.3Sb0.7S4 exhibiting 

the highest RT ionic conductivity of 14.5 mS among the series. No sudden change in the ionic 

conductivity of Na2.7W0.3Sb0.7S4 that would break the linearity of the Arrhenius relation is observed, 

suggesting that there is no phase transition of the material. The measured activation energy of 

Na2.7W0.3Sb0.7S4 is 0.12 eV which is the lowest among the known Na-Sb-W-S systems so far (see 

Table 1). On the other hand, discontinuities do occur in the ionic conductivities of Na2.9W0.1Sb0.9S4 

and Na2.8W0.2Sb0.8S4 at about 90 and 50 ℃, respectively, indicating phase transitions of these 

systems around the corresponding temperatures. The phase transitions greatly increase the 

activation energies of Na2.9W0.1Sb0.9S4 and Na2.8W0.2Sb0.8S4, from the high-temperature values of 

only 0.08 and 0.11 eV, respectively, to the RT values of 0.21 and 0.23 eV. The measured electron 

conductivities (Figure S2 and Figure 1F) show that Na2.7W0.3Sb0.7S4 and the others in the series 

are all good insulators, supporting their applications as solid electrolytes. 

A systematic theoretical study (Theoretical Methods in SI) is carried out to unravel the fast-

ion conduction mechanism and the implications of the heavy W-doping in Na2.7W0.3Sb0.7S4. As 

shown in Figure 2A, there are three types of Na-vacancies in the obtained structural model. Type 

1 sits between two doped W-ions, type 2 between one Sb and one W ion, and type 3 between two 

Na-ions. Due to their different local environments, the energy barriers for a neighboring Na-ion to 

migrate into these vacancies are also different, with type 1 having the highest energy barrier of 

0.12 eV and the other two types having barriers less than 0.04 eV (40 meV). Diffusivities and ionic 

conductivities of Na2.7W0.3Sb0.7S4 are calculated based on molecular dynamics simulations at a 

few temperatures and extrapolated to other temperatures according to the Arrhenius relation, as 

shown in Figure 2B. The extracted activation energy of 0.101 eV is consistent with the value from 
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the static calculation in Figure 2A and in good agreement with the experimental value of 0.12 eV. 

The obtained theoretical ionic conductivity at RT is 145 mS/cm which is an order of magnitude 

higher than the measured value of 14.5 mS/cm. The calculated ionic conductivity is commonly 

known to be significantly higher than the experimental one,[72] since the measured value is limited 

by the preparation quality and the contained grain boundaries in the sample, which can reduce the 

ionic conductivity by up to 1-2 orders of magnitude.[73] Indeed, it is found that Na2.7W0.3Sb0.7S4 

tends to form grain boundaries with large ionic resistance in the powder sample, as shown in 

Figure S3.

Fig. 2 Theoretical studies on the fast-ion transport in Na2.7W0.3Sb0.7S4 and Na2.895W0.3Sb0.7S4. (A) The 

theoretically obtained structure model for the ground state of the heavily W-doped Na2.7W0.3Sb0.7S4 based 

on a 2×2×2 supercell of Na3SbS4 (see Theoretical Method in SI). (B) Calculated diffusivities of 

Na2.7W0.3Sb0.7S4 and Na2.895W0.3Sb0.7S4 at different temperatures fitted by the Arrhenius relation, compared 

to the case of tetragonal Na3SbS4. (C) Calculated probability distribution functions for the defect-free 

tetragonal Na3SbS4 and Na2.7W0.3Sb0.7S4. Iso-surfaces (in yellow) with the same probability value are shown 



7

for both materials. Na atoms are in light green, Sb in purple, and W in red. S atoms are not shown. Without 

any Na-vacancy, the tetragonal Na3SbS4 acts like a one-dimensional ionic conductor along the c-axis, 

featured by rows of Na-ions moving collectively. This is shown by the protruded probability surfaces 

around each Na-ion to the same direction along the axis. The neighboring Na rows are moving in the 

opposite directions, as indicated by the red and black arrows, to lower the electrostatic energy. On the other 

hand, three-dimensional ionic diffusion is found in Na2.7W0.3Sb0.7S4, featured by both individual jumps to 

vacancies as well as correlated motions in the rows of Na-ions. (D) Calculated van Hove correlation 

function of Na-ions in the defect-free tetragonal (tet) Na3SbS4 and orthorhombic (orth) Na2.7W0.3Sb0.7S4, 

showing strong Na-Na correlational modes around 3, 5 and 8 Å corresponding to the third nearest neighbors. 

(E) Calculated Na-S, Sb/W-S and Na-Na radial distribution functions (RDF) for the orthorhombic 

Na2.7W0.3Sb0.7S4 (Orth) and pseudo-cubic Na2.895W0.3Sb0.7S4 (Na2.895), compared to those of the cubic phase 

of Na3SbS4 (Cub) which exhibits the exceptionally low activation energy. For Na2.7W0.3Sb0.7S4 and 

Na2.895W0.3Sb0.7S4, Na-Na, RDFs calculated from the structure snapshots obtained from molecular dynamics 

simulations over 100 ps are also given (in dotted profiles). The three peaks shown in the blue dotted curve 

correspond to the strong Na-Na correlational modes around 3, 5 and 8 Å in the van Hove correlation 

function of Na2.7W0.3Sb0.7S4. 

The importance of W-doping on the Na-ion diffusion can be seen by comparing 

Na2.7W0.3Sb0.7S4 to the defect-free Na3SbS4. Without W dopant and Na-vacancy, Na-ion diffusion 

in tetragonal Na3SbS4 can only rely on the collective motion in a row and the material acts like a 

one-dimensional ionic conductor along the c-axis, as shown by the calculated probability 

distribution in Figure 2C. This originates from the structure feature of the Na-Sb-S system. There 

are two types of cationic rows arranged alternately along each crystalline axis of the structure. One 

type containing only Na-ions (•••Na-Na-Na-Na•••) can support the collective diffusion, while the 

other type containing alternate Na and immobile Sb ions (•••Na-Sb-Na-Sb•••) cannot. For the 

tetragonal phase of Na3SbS4, rows of Na-ions along the a and b axes are coordinated by alternate 

6 and 8 S neighbors with short averaged Na-S bond length, which entails great energy cost (with 

an energy barrier of 0.65 eV[71]) for the Na-ions to diffuse along these axes. Along the c axis, on 

the other hand, Na-ions in a row are coordinated by 6 S neighbors with relatively long Na-S bond 

lengths, which significantly lowers the diffusion energy barrier (with an activation energy of 0.465 

eV as shown in Figure 2B). According to the calculated probability distribution in Figure 2C, 
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around each moving row of Na-ions along the c axis, the four neighboring all-Na rows move in 

the opposite direction. This makes the nearest Na-ion rows always move away from each other, 

lowering the electrostatic energy due to the separation of the same charges. 

In comparison, there are four types of cationic rows arranged alternately along each crystalline 

axis in the orthorhombic Na2.7W0.3Sb0.7S4 (Figure 2A). The first type contains only Na-ions 

(•••Na-Na-Na-Na•••). The second type contains alternate Na and Sb ions (•••Na-Sb-Na-Sb•••). 

These are also found in Na3SbS4. The third type contains alternate Na and Sb/W ions (•••Na-Sb-

Na-W•••) and the fourth type contains alternate Na and W ions (•••Na-W-Na-W•••). Especially, 

the fourth type is only possible with heavy W-doping in Na2.7W0.3Sb0.7S4. Although only the first-

type (•••Na-Na-Na-Na•••) rows are mobile, Na-ions from other row types can join the collective 

transport of the first-type rows by jumping into the Na-vacancies, as shown by the calculated 

probability distribution in Figure 2C (Left panel). As shown by the van Hove correlation function 

in Figure 2D, strong correlations between Na-ions up to the third nearest neighbor are found in 

both Na3SbS4 and Na2.7W0.3Sb0.7S4. The major difference of the two cases is the weakened 

correlation between the nearest neighboring Na-ions over time in Na2.7W0.3Sb0.7S4 (Figure 2D, 

left panel), which is due to the enhanced individual jumping into the nearest neighboring Na 

vacancies. Thus, the Na-vacancies and correlated Na-ion transport are the enablers for the observed 

three-dimensional fast-ion conduction in Na2.7W0.3Sb0.7S4.

The activation energy of the material is found to be closely related to the local interatomic 

interactions which are studied by the calculated radial distribution function (RDF) shown in Figure 

2E. Fewer S interaction with each Na-ion in a structure and longer Na-S bond length will lead to 

weaker interaction strength and smaller migration barrier. The number of S ions interacting with 

each Na-ion and the averaged Na-S bond length are calculated by considering all the major peaks 

in the Na-S RDF of each case in Figure 2E. For example, in the cubic phase of Na3SbS4 which 

exhibits the exceptionally low activation energy, each Na atom is coordinated by 8 S atoms and 

each S is shared by 6 Na atoms. Therefore, each Na-ion is interacting with (8/6 =) 1.33 S in the 

cubic Na3SbS4 and the averaged Na-S bond length is 3.22 Å. It is found that each Na-ion in the 

orthorhombic Na2.7W0.3Sb0.7S4 is interacting with 1.40 S and the averaged Na-S bond length is 

3.10 Å, which are close to the case of cubic Na3SbS4. In contrast, the averaged Na-S bond length 
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<  3.0 Å of tetragonal Na3SbS4 is much shorter. The weak Na-S interaction found in the cubic 

Na3SbS4 is due to the high symmetry,[71] while that in the W-doped Na2.7W0.3Sb0.7S4 is enabled by 

W-S interactions. With an ionic radius very similar to that of Sb5+, each W6+ in the doped system 

interacts more strongly with the four-coordinating S than that of Sb5+, as shown by the much 

shorter W-S bond length than that of Sb-S in the calculated RDF (Figure 2E). Cationic rows (the 

third and fourth types mentioned above) containing W-ions can, therefore, hold the S ions much 

more closely, effectively lowering the Na-S interactions of the neighboring Na-ions and the 

activation energy of the material. Such effect is especially significant in the heavily W-doped 

system, where the fourth-type rows (•••Na-W-Na-W•••) with Sb entirely replaced by W are present 

in the structure (Figure 2A), leading to the very low activation energy of Na2.7W0.3Sb0.7S4.   

Maintaining the advantages of heavy W-doping, the properties of Na2.7W0.3Sb0.7S4 can be 

further optimized by tuning the Na-vacancy content in the system using excess Na-ions. It seems 

that a system containing more vacancy sites would generate more possible energetically 

degenerate or nearly-degenerate states, enabling the Na sublattice to rearrange into and, therefore, 

increasing the ionic conductivity. According to this, a structure having 5 vacancies out of a total 

of 48 Na sites can generate 𝐶43
48 = 𝐶5

48 = 1712304 possible states for the Na-sublattice to occupy 

which is over 103 times more than the number of states (𝐶46
48 = 𝐶2

48 = 1128) that can be generated 

by 2 vacancies out of 48 Na sites in a structure. Such great difference, according to the ion transport 

model,[74] should be reflected in the prefactor “A” of the Arrhenius ionic conductivity formalism 

𝜎 = 𝐴 × exp( ― 𝐸𝑎/𝑅𝑇). This term could readily overpower the Boltzmann factor exp( ― 𝐸𝑎

/𝑅𝑇) if the activation energies of the two structures are not very different, leading to much higher 

ionic conductivity in the structure containing more vacancies. However, other factors out of this 

overly simplified picture may come with the presence of vacancies and work adversely to the ionic 

conduction. For example, it has been found in Na3-δPS3.8Cl0.2 systems that extra Na-vacancies 

reduce the size of diffusion channels and lower the ionic conductivity.[42] More vacancies can also 

lead to reduced ionic conductivity in grain boundaries due to the segregation of Na-vacancy,[75] 

which could be responsible for the large grain boundary resistance observed in the powder sample 

of Na2.7W0.3Sb0.7S4 (Figure S3 of SI). On the other hand, it has been found that a small amount of 

excess Li- or Na-ions in lithium and sodium sulfide conductors, e.g., lithium argyrodites and 

Na3PS4, can promote ionic diffusion.[76,77]  
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Bearing these in mind, a new set of materials Na3-δWxSb1-xS4 (x = 0.1, 0.2 and 0.3; 0 < δ < x) 

are synthesized (Experimental Method in SI). Among the series, Na2.895W0.3Sb0.7S4 with heavy W-

doping and excess Na-ions based on Na2.7W0.3Sb0.7S4 is found to have the best properties. Its 

structural model, as shown in Figure 3A, is obtained by first inserting three Na-ions back into the 

model of Na2.7W0.3Sb0.7S4 (Figure 1A) and then fully optimizing the structure using DFT. The 

ground-state structure of Na2.895W0.3Sb0.7S4 (a=14.1945, b=14.2463 and c=14.1948 Å; α=89.9964, 

=89.9971 and =90.0023˚) can be viewed as a pseudo-cubic structure, with a high-symmetric Na-

sublattice bearing high resemblance to that of the cubic phase of Na3SbS4, as shown by the 

calculated Na-Na RDFs in Figure 2E. The simulated XRD based on the structure model agrees 

well with the measured one and, therefore, a cubic phase is used to conduct the Rietveld refinement, 

as shown in Figure 3B. The refined lattice parameters (a=b=c=14.4184 Å; α===90˚) are in good 

agreement with the calculated ones with relative differences less than 1.5%. As shown in Figure 

1C, Na2.895W0.3Sb0.7S4 exhibits the same Raman signals at 370, 390, 410 and 470 cm−1 as in the 

case of Na2.7W0.3Sb0.7S4, suggesting the presence of SbS4
3− and WS4

2−. The measured electric 

conductivity of Na2.895W0.3Sb0.7S4 is more than one order of magnitude smaller than that of 

Na2.7W0.3Sb0.7S4, which is much desired. [78-79] 
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Fig. 3 Characterizations of Na2.895W0.3Sb0.7S4 and its implementation in an all-solid-state battery. (A) 

Theoretical obtained ground-state structure of Na2.895W0.3Sb0.7S4 featuring a pseudo-cubic structure (see 

Theoretical Method in SI), with SbS4
3- units in purple, WS4

2- units in red and Na in green. (B) Synchrotron 

XRD of Na2.895W0.3Sb0.7S4 and the Rietveld refinement based on a cubic model with fixed 3:7 W vs. Sb 

occupancy. The refined occupancy of Na is 0.965. (C) The measured AC impedances for the Na3-δWxSb1-

xS4 (x = 0.1, 0.2 and 0.3; 0 < δ < x) series. (D) The measured ionic conductivities of the Na3-δWxSb1-xS4 (x 

= 0.1, 0.2 and 0.3; 0 < δ < x) series at different temperatures. (E) Cycling performance of the assembled 

all-solid-state battery using Na2.895W0.3Sb0.7S4 as the solid electrolyte. The inset shows the schematics of the 

battery cell, where two buffer layers of Na3SbS4 (SSE2) are put between Na2.895W0.3Sb0.7S4 (SSE1) and the 

electrodes. (F) The measured charge-discharge profiles of the Na2S/SSE/Na3Sn ASSB at different cycles. 

As shown in Figure 3C, Na2.895W0.3Sb0.7S4 has the lowest bulk resistance of 23.7 Ω in the 

series. Similar to the case of Na2.7W0.3Sb0.7S4 and unlike the others in the series, Na2.895W0.3Sb0.7S4 

shows no discontinuity in its measured ionic conductivities as shown in Figure 3D, suggesting 

that there is no phase transition. Na2.895W0.3Sb0.7S4 exhibits a record low activation energy of 0.09 

eV and a RT ionic conductivity of 24.2 mS/cm. The calculated activation energy of 0.088 eV (Fig. 

2B) is in excellent agreement with the experimental value. The calculated RT ionic conductivity 

of 56 mS/cm, which is much closer to the measured value than the case of Na2.7W0.3Sb0.7S4, 

suggests good sample quality of Na2.895W0.3Sb0.7S4. Indeed, measurements show that there is no 

significant grain boundary resistance in the sample (Figure S3 of SI). This is consistent with the 

previous simple analysis. While more Na-vacancies can lead to higher ionic conductivities as 

shown by the calculated values of Na2.7W0.3Sb0.7S4 vs. Na2.895W0.3Sb0.7S4 in Figure 2B, it can also 

bring unfavorable factors as the large grain-boundary resistance in Na2.7W0.3Sb0.7S4, which greatly 

lowers the ionic conductivity in practice.   

The record low activation energy of Na2.895W0.3Sb0.7S4 among all the known sulfide sodium 

solid electrolytes at RT (see Table 1) is due to the weak local Na-S interactions and enhanced Na-

Na repulsion with excess Na-ions added in Na2.7W0.3Sb0.7S4. According to the RDF analysis in 

Figure 2E, Na2.895W0.3Sb0.7S4 is characterized by almost the same local Na-S interactions as in the 

cubic phase of Na3SbS4, having each Na-ion interacting with 1.33 S and an averaged Na-S bond 
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length of 3.17 Å. Such weak Na-S interaction in Na2.895W0.3Sb0.7S4 is enabled by two factors. One 

is the strong W-S interaction due to the heavy W-doping, pulling, especially, the S atoms close to 

the W-containing fourth-type cationic rows with all Sb substituted by W, as indicated by the W-S 

RDF in Figure 2E. The other is the high-symmetry Na-sublattice, which resembles that of the 

cubic phase of Na3SbS4,[71] as shown by the Na-Na RDFs in Figure 2E. In addition, the Na-Na 

correlation is enhanced due to the excess Na-ions in Na2.895W0.3Sb0.7S4 compared to that in 

Na2.7W0.3Sb0.7S4. This is shown by the Na-Na RDFs in Figure 2E, where the distances between a 

Na-ion and its first- and second-nearest neighbors (around 3.5 and 5.0 Å, respectively) become 

significantly shorter in Na2.895W0.3Sb0.7S4 compared to those of Na2.7W0.3Sb0.7S4 and cubic 

Na3SbS4. The enhanced Na-ion correlations in Na2.895W0.3Sb0.7S4 increases the Na-Na repulsion 

and, therefore, further lowers the energy barrier and the activation energy for the Na-ion diffusion.

Table 1. Comparison of key properties of the known sulfide sodium solid electrolytes, showing that the 

heavily W-doped systems in this study exhibit the highest RT ionic conductivities and the lowest 

activation energies.

Solid state 
electrolyte SSE preparation Crystal 

system
σ at RT 
(mS/cm)

Ea 
(eV) Ref.

Na2.7W0.3Sb0.7S4 Cold pressed with 350 MPa Orthorhombic 14.5 0.12 This 
work

Na2.895W0.3Sb0.7S4 Cold pressed with 350 MPa Cubic 24.2 0.09 This 
work

Na3PS4
Cold pressed and heated at 

270 ℃ Cubic 0.2 0.28 [52]

Na2.9375PS3.9375Cl0.0625
Spark plasma sintering, 100 

MPa, 300 ℃ for 5 min Tetragonal 1.14 0.25 [54]

Na3-δPS3.8Cl0.2

Cold pressed, heated at 
420 ℃ and then natural 

cooling to RT
Tetragonal 2 0.19 [42]

Na2.73Ca0.135PS4 Cold pressed at 370 MPa Cubic 1 0.49 [39]

Na3PSe4 Cold pressed at 400 MPa Cubic 1.16 0.21 [41]

Na3P0.62As0.38S4 Cold pressed at 400 MPa Tetragonal 1.46 0.256 [44]

Na3SbS4 Cold pressed with 480 MPa Tetragonal 0.5 0.224 [53]
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Na3SbS4 Cold pressed Tetragonal 3 0.25 [45]

Na2.88W0.12Sb0.88S4
Cold pressed with 1080 MPa 

and sintered at 275 ℃ Cubic 32 0.21 [37]

Na2.9W0.1Sb0.9S4

Cold pressed with 380 MPa, 
heated at 550 ℃ and then 

quenched to RT
Cubic 41 0.18 [36]

Na10SnP2S12
Cold pressed and sintered at 

700 ℃ for 12 h Tetragonal 0.4 0.356 [80]

Na11Sn2PS12

Cold pressed and sintered at 
700 ℃ for 2 h, slow cooling 
for 99 h from 700 to 250 ℃

Tetragonal 1.4 0.25 [81]

Na11Sn2PS12
Cold pressed and sintered at 

600 ℃ Tetragonal 3.7 0.383 [82]

Owing to the record-low activation energy, Na2.895W0.3Sb0.7S4 remains a good ionic conductor, 

well below the freezing temperature. At 15 ℃, its measured bulk ionic conductivity is 23 mS/cm 

and, even with increased grain-boundary resistance at such a low temperature, its total ionic 

conductivity is still a good operative value of 5.5 mS/cm (Figure S4 of SI). A stable all-solid-state 

battery (ASSB), as shown schematically in Figure 3E (inset), is successfully assembled using 

Na2.895W0.3Sb0.7S4 as solid electrolyte, Na3Sn as anode and Na2S as cathode. With direct contact 

to the electrodes, Na2.895W0.3Sb0.7S4 will turn into a mixed conductor after being partially reduced 

to Na3.3W0.3Sb0.7S4 (Figure S5 of SI). This makes the electrode-electrolyte interfaces (EEI) 

become unstable and the battery capacity decays fast (Figure S6 of SI). It is found that using two 

buffer layers of Na3SbS4 to sandwich the solid electrolyte can greatly improve the EEI stability 

and the resulting ASSB shows good cycle performance with a high capacity maintained around 

400 mAh/g, as shown in Figure 3E and 3F. Application of artificially stable EEI layer (such as 

the case here of Na2.895W0.3Sb0.7S4) is quite common in high performance ASSBs. For example, 

sodiated alucone on the surface of Na metal anode may help to stabilize the EEI.[43]

Conclusion
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Two sodium solid electrolytes, Na2.895W0.3Sb0.7S4 and Na2.7W0.3Sb0.7S4, have been fabricated 

with activation energies of 0.09 and 0.12 eV, which are among the lowest values reported in the 

literature. The solid electrolytes also exhibit very high RT ionic conductivities of 24.2 and 14.5 

mS/cm, respectively. Especially, Na2.895W0.3Sb0.7S4 exhibits very low grain-boundary resistance 

and electric conductivity, and can support a stable all-solid-state battery operating at high capacity. 

It is found that the superior properties of these solid electrolytes, especially the record low 

activation energy, originate from multiple mechanistic principles that support fast-ion diffusion. 

The uniquely heavy W-doping (with 30% W vs. Sb in the system) creates special structural 

configurations (e.g., the •••Na-W-Na-W••• rows) that lower the local Na-S interactions by pulling 

the S away from Na-ions through the strong W-S interaction. Introducing additional Na-ions in 

the stoichiometric Na2.7W0.3Sb0.7S4 creates slight Na-excess in the non-stoichiometric 

Na2.895W0.3Sb0.7S4, which in turn enhances the Na-Na correlations. This further lowers the Na-ion 

migration barrier, and simultaneously optimizes the vacancy content of the system to avoid large 

grain-boundary resistance. 
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