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Abstract: 

All-solid-state batteries that employ superionic solid conductor potentially enable the broadening 

of battery operation in harsh environments, such as under sub-zero temperatures and even lower. 

The solid electrolyte as the key component requires structural stability, high-efficiency of ion 

transportation channels, and low activation energy to maintain the fast-ionic conduction against 

temperature drop. Here in, we use 3D superionic conductor Na3SbS4 as a model to investigate 

the structure and conductive mechanism at extremely low temperature. Cryogenic in-situ neutron 

and X-ray diffractions reveal that Na3SbS4 maintains a stable tetragonal crystal structure and the 

anisotropic lattice contraction upon cooling. The dimensions of the S-gate (represented by S-S 

pair length) that Na ions hop through in the 3D transportation network, is found to maintain open 

sizes in the xy-plane, contributing to the low activation energy and impressive ionic 

conductivity. The Na-ion transportation network is demonstrated to be directionally accessible at 

the extremely low temperature, which reveals the ion conductive mechanism at broadened 

temperature range in the view of structure. These findings provide valuable guidance in the 

search for materials as promising solid electrolyte in solid-state batteries to fulfill harsh 

environmental needs. 
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Introduction 

Developing large-scale energy storage systems for electrical vehicles (EVs) and smart grids 

requires rechargeable batteries with high safety, high energy density and a wide operation 

temperature window. However, conventional Li-ion batteries (LIBs) show sharp energy and 

power capability loss when the operating temperature is below 0 C, especially under -40 C.1,2 

To avoid the cell damage at low temperature, one solution is to introduce external-heating 

accessories; nevertheless, it increases the battery weight and reduces the energy efficiency, thus 

not suitable for large-sized applications.3 Another option is to add additives to liquid organic 

electrolytes to decrease the freezing point, but also leads to some unfavorable side reactions in 

the electrochemical system.4 To avoid freezing out the liquid electrolyte, all-solid-state batteries 

provide a new perspective by using solid superionic conductors to replace liquid electrolytes in 

conventional battery structure. Furthermore, the use of solid electrolytes instead of organic 

liquids also provides the advantageous of high safety, durability and easy integration into large 

energy storage systems. 

Considering the abundant resource of metallic Na in compared with Li metal, all-solid-state 

Na batteries have invigorated strong research interests.5-8 Na-ion conductors play a critical role 

as solid electrolytes to achieve the high performance of such batteries. A lot of efforts have been 

devoted to exploring solid electrolyte candidates, such as  and ’-Al2O3,
9,10 NASICONs,11,12 

sodium hydroborate (e.g. Na2B12H12) 
13,14 and sulfide-based ionic conductors.15-18 Beta-alumina 

and NASICONs are widely used for Na-S batteries and Zebra batteries that operated close to 300 

ºC.19 Na2B12H12 shows great ionic conductivity of 0.01 S cm-1 at 110 ºC 13, but that value 

dramatically drops down to 10-7 Scm-1 at room temperature.20 In contrast, sulfide-based Na 

conductors offer impressive ionic conductivities at ambient temperature. For examples, cubic 
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Na3PS4 was reported to hold ionic conductivity of 210-4 S cm-1 at 25 ºC,7 and the cation (Si4+ or 

Sn4+) and anion doping (Cl-)  improved conductivity to 410-4~110-3 S cm-1.15,18 A new 

Na3SbS4 solid electrolyte was found to exhibit outstanding ionic conductivity of 1~3 10-3 S cm-1 

at room temperature 21-23 and has the advantage of solution processing.23b  

To achieve a satisfied battery performance at low temperature, the solid electrolyte in all-

solid-state Na batteries requires reliable structural stability and high-efficiency ion transportation 

channels at decreased temperatures. Compared to one-dimensional (1D) conductive chain, a 

three-dimensional (3D) framework of ion-conduction tunnel is more favorable structure for solid 

conductors to work at subzero temperature range. Tetragonal Na3SbS4 is a great example to 

possess 3D tunnel network by combining a planar pathway (-xy) and an interplane chain 

pathway (-z). Here in, we use Na3SbS4 as a model system to investigate the structure and 

conductive behaviors of 3D superionic conductor at low temperature range. Cryogenic neutron 

and X-ray diffractions results highlight the anisotropic thermal contraction in Na3SbS4 tetragonal 

structure, the size evolution of sulfur-gate (S-gate) that is open between two neighboring Na sites 

for Na-ion to hop through, and its correlations with Na vacancies and Na+ oscillation as well as 

ionic conductivity upon cooling. These findings not only reveal the conduction trend of 3D 

superionic conductors at the extremely low temperatures but also provide valuable guidance in 

the search for new solid-state conductors that are adequate for harsh environmental needs.  

Results and Discussion 

The Na3SbS4 solid electrolyte was synthesized by a simple approach from its hydrated 

compound (Na3SbS4·9H2O, Schlippe’s salt) following the previous report.21 The solid electrolyte 

was cold-pressed with Al/C as blocking electrodes to evaluate its ionic conductivities through 
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electrochemical impedance spectroscopy (EIS) measurement. According to Arrhenius Equation 

𝜎𝑇 = 𝜎0exp⁡(
−𝐸𝑎

𝑅𝑇
), the activation energy (Ea), correlates to the slope of Arrhenius plot and 

reflects the temperature-dependence of total ionic conductivity. A lower value of Ea signifies a 

minor fluctuation of ionic conductivity over the specified temperature range. Figure 1a shows the 

Arrhenius plot of Na3SbS4 solid electrolyte in our experiment together with polycrystalline β-

alumina (one of the most popular Na-ion conductors). The activation energy of Na3SbS4 is 

estimated to be 0.205 eV, about 25% less than the value of polycrystalline -alumina (0.27 

eV).24 In fact, to the best of our knowledge, Na3SbS4 holds the lowest value of activation energy 

among those have been reported Na-ion solid conductors, including hydrides,20,25 sulfides 

7,15,18,26-30 and oxides31-35 (Figure 1b). This low activation energy allows Na3SbS4 solid 

electrolyte to remain decent ionic conductivity at the low temperature region. Figure 1c 

compares the ionic conductivities of different types of solid electrolytes under -20C (253K), 

where Na3SbS4 shows the conductivity of 2 10-4 S cm-1 and is the best one among these well-

known solid electrolytes. The Nyquist plots of Na3SbS4 solid electrolyte under cold temperatures 

are shown in Figure 1d, where the typical impedance spectra consist of one semicircle at high 

frequency regions and a straight spike at low frequency regions. The intersection on the x-axis 

represents total resistance of the cell (Rt), including bulk resistance (RB) and grain boundary 

resistance (RGB).33 The values of Rt are observed to increase as temperature drops (Figure 1d 

insert). Furthermore, the variation of RB and RGB as a function of temperature (Figure S1) was 

determined by fitting the Nyquist plots. In contrast to the bulk resistance, the grain boundary 

resistance rises dramatically as the temperature drops, indicating that the decreased conductivity 

of Na3SbS4 at low temperature is mainly due to the grain boundary resistance instead of bulk 

resistance. The surface and cross-sectional morphologies of cold-pressed Na3SbS4 pellets are 
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shown in Figure S2, in which Na3SbS4 exhibits fine particle size, continuous and dense 

morphologies without any cracks observed. Na/Na3SbS4/Na symmetric cells were assembled to 

evaluate the compatibility with Na electrode under cold temperature (Figure S3). Good cycling 

stability profiles were observed for the symmetric cells, and the polarization voltage increases 

when the temperature cools down (the temperature range is limited to -20 °C due to the 

equipment).   

In-situ XRD was employed to detect the structural evolution of 3D Na3SbS4 conductor at 

even lower temperature (Figure 2a). At room temperature, the synthesized Na3SbS4 powder 

showed a tetragonal phase (⁡𝑃4̅21𝑐 structure) and then kept this structure over a wide 

temperature range to extremely low temperatures (-253 ºC/ 20 K). Unlike other solid electrolytes 

that experience phase transitions in a narrower temperature window,36,37 the structure stability of 

Na3SbS4 would prevent dramatic changes in ionic conductivity and lattice volume associated 

with the phase change, greatly beneficial for its practical applications. Beside the phase stability, 

the thermal contraction of Na3SbS4 lattice was observed since the diffraction peaks gradually 

shifted toward larger 2θ as temperature decreasing (insert in Figure 2b). The underlying lattice 

evolution in the tetragonal Na3SbS4 contributes to an anisotropic lattice thermal contraction 

versus temperature (Figure 2c). Apparently, a shows a larger coefficient of thermal expansion 

(CTE) than c does in tetragonal Na3SbS4 (Figure 2d). Similar with the fast Li+ conductive 

sulfide,38 the direction of high thermal expansion is believed to align to the preferential direction 

of the ionic conduction. This correlation will be discussed more later in this work. The 

anisotropic CTE also changes the tetragonality with temperature (insert in Figure 2d). The c/a 

trends to be frozen at 1.02 near the absolute zero temperature, which is possibly the maximum of 

the tetragonal distortion in Na3SbS4. The anisotropic CTE, tetragonality evolution, and the 
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correlation with the Na+ transport would raise important considerations of the mechanical 

compatibility for future all-solid-state battery designs.   

Na3SbS4 tetragonal framework shows 3D tunnel network by combining a planar pathway (-

Na(1)-Na(2)-Na(1)-Na(2)-) and an inter-plane chain pathway (-Na(1)-Na(1)-) at room 

temperature (Na(1) in a NaS6 distorted octahedron, and Na(2) in a NaS8 dodecahedron). 

Cryogenic Neutron diffraction (Figure S4) reveals the evolution of Na-ion conduction 

mechanism in 3D tunnel network of Na3SbS4 as the temperature decreases. In the Na3SbS4 

framework, the potential barrier for Na-ion transportation is dominated by the size of the S-gate 

that a Na ion must go through in order to hop to the neighboring sites. The larger S-gate indicates 

the smaller barrier for ion transportation, corresponding to higher Na-ion conductivity. Figure 3a 

shows the S-gates of Na(1)-Na(1) and Na(1)-Na(2), and the gate sizes are characterized by the 

two diagonal S-S pairs (d1 and d2 for Na(1)-Na(2); d3 and d4 for Na(1)-Na(1)). In each gate, S 

atoms in one diagonal (such as d1 and d3) belong to the SbS4 tetrahedra while S atoms in the 

other diagonal (such as d2 and d4) are not shared to SbS4. The diagonal S-S pair shrinks upon 

cooling (as shown in Figure 3b), in which d1 and d3 are the least reduced but d2 and d4 largely 

contact as the temperature went down. The difference is caused by the adjacent SbS4 tetrahedron. 

Since the Sb-S covalent bonds are stiffer than Na-containing bonds, SbS4 tetrahedron is 

relatively rigid to show less thermal contraction, which behaves like the PS4 tetrahedron in the β-

Li3PS4 framework.38 With the constraint of SbS4, d1 and d3 changed significantly less in 

comparison to the freestanding d2 and d4. Therefore, the shrinkage of the gate opening in terms 

of d2 and d4 diagonals increases the potential barrier of the Na ion hopping between the sites. The 

magnified region in Figure 3b is correlated with the Arrhenius plot in Figure 1a. The conduction 

along the z-axis through the Na(1)-Na(1) path could be adversely affected when d4 decreases 
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upon cooling. In contrast, d2 shrinks less, and it thus could maintain the conductivity through 

Na(1)-Na(2) path in the xy-plane. Therefore, although the thermal contraction gradually 

squeezes the 3D conduction path at room temperature toward an in-plane conduction path at 

lower temperature, the accessible planar path results in a weak temperature dependence on the 

conductivity and thus a low value of activation energy of Na3SbS4 is obtained. In addition, the 

gate opening tends to keep constant at even lower temperatures, based on which it is predicted 

that the conductivity would not linearly drop at T<100 K.  

On the other hand, the changes in the S-gates at low temperatures are unlikely to influence 

the intrinsic Na vacancies in Na3SbS4. According to neutron diffraction analysis, these vacancies 

are distributed at the Na(2) site with a concentration of ~5% while the Na(1) site is almost fully 

occupied (Figure 4a). These vacancies are beneficial for Na+ hopping at room temperature, 

similar to the role of vacancies in Na3PS4 and Na3PSe4 solid conductors.27,39 However, as shown 

in Figure 4a, the thermal contraction during cooling does not alter the Na vacancy in terms of 

quantity and distribution, thus the Na vacancy density is not a dominant factor of the ionic 

conductivity changes. In other words, at low temperature, Na vacancies still contribute to the Na-

ion conduction in the Na3SbS4 framework. In addition, it is notable that the refinement of XRD 

patterns yields with different values of the Na(2) vacancies (~15%), which are close to those 

reported in the literature using the same technique.22 But neutrons that interact with nucleus are 

more sensitive with light elements to measure their site occupancies,40 thus neutron diffraction 

provides more accurate values of occupancies, in comparison to X-ray that interacts with the 

electron cloud.  

Different from Na vacancies, the anisotropic Na oscillation correlates with the S-gate 

opening and responses to the temperature change, thus impacting the ionic conductivity. Figure 
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4b shows the variation of anisotropic atomic displacement parameters (Uij) with temperature. At 

room temperature, the notable anisotropic atomic displacement parameters of U11 and U33 for 

Na(1) and U11 for Na(2) indicate the 3D network of the conduction path in the Na3SbS4 

framework.21,22 When the temperature drops, the U33 of Na(1) drops correlates with the “gate 

closing” of Na(1)-Na(1) path along z-axis. As the gate is still open for Na(1)-Na(2) path in the 

xy-plane, the conduction is majorly contributed by the Na(2) site, in which there are abundant 

vacancies and the ion still shows great tendency to hop in the xy-plane as indicated by the largest 

U11 values. In addition, the temperature dependence of U11,Na(1), U33,Na(1) and U11,Na(2) exhibit 

correlation with those of the S-gate sizes (d2 and d4), which hold nearly constant values when 

temperature is below 100 K.  

Conclusions 

In summary, we use Na3SbS4 as a model system to study the structure and conductive properties 

of 3D superionic conductors at low temperature range. Na3SbS4 solid electrolyte shows a lowest 

activation energy (0.205 eV) and highest ionic conductivity among popular Na-ion conductors. 

Upon cooling to extreme low temperature, Na3SbS4 solid electrolyte shows great structural 

stability (𝑃4̅21𝑐 tetragonal framework), but with anisotropic thermal contraction and increased 

tetragonality (c/a ratio). The S-S gate opening in Na3SbS4 tends to keep constant at T<100K, 

suggesting the ionic conductivity would only slightly drop below this temperature. For the 3D 

conductive tunnel network, the x-y planar conduction paths maintain accessibility for Na+ 

hopping, combined with the unchanged vacancies to contribute to the fast Na-ion transportation 

at low temperatures. These findings not only reveal the conduction mechanism of Na3SbS4 solid 

electrolyte with 3D conduction channels, but also provide the guidance for searching for 
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superionic conductors that are applicable for harsh environments, especially at extremely cold 

temperatures.  

Experimental Section 

Material Synthesis. Tetragonal Na3SbS4 was synthesized following the previous report.21 

Briefly, 2 grams of sodium nonahydrate tetrathioantimonate (Na3SbS4•9H2O, Pfatz Bauer, 

>99%) was ground with a mortar and pestle to get fine powder. The powder was heated at 150 

ºC for 1 hour under vacuum to remove water from the hydrate to obtain pure Na3SbS4.  

Structural Characterizations. X-ray diffraction (XRD) pattern of as-synthesized Na3SbS4 was 

collected using an X’pert Pro Powder Diffractometer (PANalytical) with Cu Kα radiation in the 

range of 2θ=10-70 ̊. For the in-situ (XRD) experiment, Na3SbS4 powder was placed in an Oxford 

low-temperature stage, which was cooled down from 25 ºC to -250 ºC (or 20K) at a rate of 5 

ºC/min. The temperature was maintained for 30 min prior to collecting crystallographic data.  In-

situ cryo-neutron diffraction of Na3SbS4 powder was carried out at the Engineering Materials 

Diffractometer, Vulcan 40-42 at the Spallation Neutron Source, Oak Ridge National Laboratory 

(SNS, ORNL). The samples were cooled to ~79 K assisted by liquid N2, and after a dwell it was 

warmed up with a rate of 20~30 K/hr. The time-of-flight neutron diffraction pattern was 

continuously collected and chopped in a 1.5-hour time bin using the VDRIVE software 43 to 

synchronize the temperature. Rietveld refinement of the neutron and X-ray diffraction patterns 

was performed using the GSAS software 44 and EXPGUI interface. 45 

Electrochemical Characterizations. Electrochemical impedance spectra (EIS) measurements 

were conducted using a Bio-logic VSP multi-channel potentiostat between 1 MHz and 1 Hz at 

the amplitude of 100 mV. Swagelok cells were used for EIS measurement with the Na3SbS4 solid 
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electrolyte pellets, which were pre-pressed at 360 MPa with Al/C as blocking electrodes. The 

Nyquist plot shows a typical semicircle at a higher-frequency region, which corresponds to the 

bulk and grain boundary resistance of the electrolyte, and a spike at the lower-frequency region, 

which represents the ion diffusion due to the blocking electrode. The intercept of the semicircle 

on the Z’ (Ω) axis was employed to determine the total ionic conductivities of solid electrolyte. 

For the Arrhenius plot, the temperature was ramped from -40 to 80 ºC in a program-controlled 

environmental chamber. Na/Na3SbS4/Na symmetric cells were assembled using cold-pressed 

Na3SbS4 pellets in the middle where two thin Na foils (1 mm diameter and 100 µm in thickness) 

were carefully attached on each side of the Na3SbS4 pellets. The assembled Na/Na3SbS4/Na 

symmetric cells were cycled under a fixed current density (0.05 mA cm-2) with a 1.5 C rate at 

room temperature (25 ºC) and subzero temperature (-20 ºC), respectively.  
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Figure 1. (a) Arrhenius plots of Na3SbS4 (this work) and polycrystalline beta-alumina (replotted 

from ref 24); Comparison of (b) activation energy values and (c) ionic conductivity at -20 ºC for 

various Na-ion solid conductors (hydrides,20,25 sulfides,7,15,18,26-30 and oxides31-35). At -20 ºC, the 

ionic conductivities of these conductors are calculated based on their activation energy values. 

Na3SbS4 shows the lowest activation energy of 0.205 eV (19.91 kJ/mol) and highest ionic 

conductivity (0.2 mS cm-1 at -20 ºC). Na3AlH6, Na2S-P2S5, and NaZr3P3O12 are not included in 

(c) due to their conductivities lower than 0.01 mS cm-1; (d) Nyquist plots of Na3SbS4 at cold 

temperatures (0, -20, -40 °C). The total resistance increases as the temperature drops.  



 13 

 
Figure 2. (a) In situ XRD patterns of Na3SbS4 under different temperatures (298, 250, 200, 100 

and 20 K). Na3SbS4 maintains the tetragonal structure even at extremely low temperature. (b) 

XRD Rietveld refinement of Na3SbS4. The inset shows the peak right shifts of (002) and (200) 

due to the thermal contraction. (c) Lattice parameters of tetragonal Na3SbS4 as a function of 

temperature. Both of a and c values decrease against a drop of temperature. (d) Coefficient of 

thermal expansion (CTE) of the tetragonal Na3SbS4 lattice. The insert shows the temperature 

dependence of the tetragonality (ratio of c/a). 
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Figure 3. (a) Structure of tetragonal Na3SbS4 framework (note: the relative radii of spheres do 

not represent the real atom sizes) with conduction paths of Na(1)-Na(1) (along z-axis) and Na(1)-

Na(2) (in xy-plane). The right schematic display is magnified to show the S-gates (d1, d2, d3, d4) 

and the contractions. (b) The shrinkages of the diagonal lengths of the S-gates upon cooling, 

which are calculated by the refinement of cryo-XRD patterns. The region that is close to RT is 

magnified. 
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Figure 4. (a) Na site occupancies exported from the refinement of neutron diffraction (ND) and 

X-ray diffraction (XRD). (b) Anisotropic atomic displacement parameters of Na(1) and Na(2) as 

a function of temperature, refined from cryogenic neutron diffraction. 
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Figure S1. The variation of bulk resistance (RB) and grain boundary resistance (RGB) depending on 

temperature.  
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Figure S2. Morphologies of cold-pressed Na3SbS4pellets: (a) surface, and (b) cross-sectional. 
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Figure S3. Cycle performances of Na/Na3SbS4/Na symmetric cells (a) and the magnified image (b). 

Na3SbS4 still shows good cycle stability at subzero temperature. (The current density is 0.05 mA cm-2 and 

the C rate is 1.5.) 
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Figure S4. Neutron diffraction and Rietveld refinement of Na3SbS4 measured at 79 K. The Al phase is 

from the cryogenic sample environment. 
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