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Abstract 

Sulfide-type sodium (Na) solid electrolytes (SEs) with halide doping have attracted serious interest 

due to their high ionic conductivity and great potential in solid-state Na batteries. While other 

halogens such as Cl, Br, I have been studied to enhance Na-ion transport in sulfide-type SEs, the 

introduction of fluorine (F) is rarely investigated. Moreover, synthetic parameters such as heating 

treatment temperatures strongly influence the structure and conductive properties of halide-doped 

sulfide SEs. Here in, we prepared xNaF·(1-x)Na3SbS4 nanocomposites with varying concentration 

of F using a low-temperature (150 °C) heating method, and studied the effects of post-heating 

treatment on structure and conductivity.  In situ neutron diffraction was employed to investigate 

the structural evolution of X-doped Na3SbS4 (X=F, Cl) during the post-heating treatment and 

cooling process. In addition, the post-heating treatment at 300 °C leads to increased ionic 

conductivity of xNaF·(1-x)Na3SbS4 nanocomposites with various different F contents. After 300 

°C post-heating treatment, 0.2NaF·0.8Na3SbS4 exhibited the highest conductivity of 0.48 mS cm-

1 at room temperature. Moreover, improved electrochemical stability was also observed in Na-Sn 

symmetric cells, specially, with prolonged stable cycling for 300 hours and much lower 

polarization voltage (<0.35 V). This work highlights the importance of post-heating treatment on 

the structural evolution and its role in exploring new halide-incorporated sulfide-type SEs, 

promoting the development of inorganic solid-state ionic conductors.  
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1. Introduction 

Solid-state electrolytes (SEs) exhibit several advantages over conventional organic liquid 

electrolytes, such as the improved thermal safety and excellent potential to pairing with high-

energy-dense electrode materials.[1] Furthermore, rechargeable sodium (Na) batteries show 

enhanced rate performance and lifespan, [2-5]  and are economic options for medium- or large-

scale energy storage systems compared to lithium (Li)-based counterparts. [6-8] In a solid-state 

battery structure, inorganic Na-ion conductors (e.g., oxides, sulfides, and halides, etc.) play a 

critical role to achieve high performance of solid-state sodium batteries.[9-11] Among them, 

sulfide-type SEs such as Na3PS4 (NPS) and Na3SbS4 (NSS) have become attractive candidates due 

to their impressive ionic conductivity and feasible cold-press densification.[12,13] Compared to 

NPS, NSS-family conductors show higher ionic conductivity and better chemical stability in air, 

albeit with a slightly lower electrochemical stability toward sodium metal.[14,15]  

Different types of cation or anion dopants have been investigated to enhance the ionic 

conductivity and electrochemical stability of NSS family conductors. The popular cations include 

tungsten (W), molybdenum (Mo), zinc (Zn) and germanium (Ge), etc. For instance, 

Na2.88Sb0.88Mo0.12S4 was reported to show an ionic conductivity of 3.9 mS cm-1 (with an activation 

energy of 21 kJ mol−1);[16] Na3.3Zn0.1Sb0.9S4 achieved an ionic conductivity of 1.48  mS cm-1 with 

an activation energy of 0.128 eV (12.35 kJ mol−1);[17] Na3.1Ge0.1Sb0.9S4 was found to achieve a 

higher ionic conductivity of 5.1 mS cm-1 with an activation energy of 0.156 eV (15.05 kJ mol-

1);[18] while Na2.88Sb0.88W0.12S4 (with the partial W doping) displayed the highest ionic 

conductivity of 32 mS cm-1 with an activation energy of 17 kJ mol−1.[19] In addition to cations, 

halogen anions such as Cl-, Br-, I- have also been explored for sulfide-type Na-ion conductors to 

improve their electrochemical stability.[20-22] For example, through a liquid synthesis method, 
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introducing 1.25 mol% Cl to substitute S in the NSS resulted in an ionic conductivity of 0.9 mS 

cm-1;[23] the introduction of Br- was found to contribute to an ionic conductivity of 0.31 mS cm-1 

at room temperature from 0.13 mS cm-1 for pristine NSS;[24] I-doping via a solid-state synthesis 

method was reported to obtain 1NaI·9NSS, which achieved an ionic conductivity of 0.74 mS cm-

1.[25] Despite these promising findings, studies on introducing fluorine into NSS and its effects 

on ion conduction and electrochemical stability remain limited.  

NSS-family conductors mainly have three distinct synthetic approaches,[13] (i) solid-state 

reaction;[26,27] (ii) solvent-based methods,[28,29] and (iii) solvent-free technique,[30,31] etc. In 

a typical solid-state synthesis method, the chemical precursors with stoichiometry ratio are ball-

milled and then loaded in quartz tubes and sealed, followed by a heating treatment at temperature 

above 450 °C for 12-48 hour.[28,29] For a solvent-based synthesis, the precursors are mixed and 

stirred in a solvent medium (e.g., ethanol, acetonitrile, water), followed by the separation and 

drying/heating at low temperature (<250 °C) for a couple hours to remove solvent.[32,33] 

Additionally, hybrid (liquid+solid) method also has been reported to mix the precursors in solvent 

medium, followed by two step heating treatment.[29,34] Recently, our group demonstrated to use 

a solvent-free and low temperature synthesis at 150 °C for Se-doped NSS conductors.[30] 

Compared with solid-state synthesis, the other approaches require low heating temperatures (less 

than 200 ºC), which is more economic but usually results in low crystallinity and relatively lower 

ionic conductivities. To improve crystallinity and conductive properties, post-heating treatment at 

an elevated temperature can be an efficient approach for low-temperature synthesized NSS family 

conductors. Nevertheless, for halide doped NSS conductors specially, the effects of post-heating 

treatment on structure and conductivity are rarely studied. 
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In this work, we synthesized xNaF·(1-x) NSS (0≤x≤0.5) nanocomposite conductors with 

varying fluorine contents using a low temperature solvent-free method and studied the influence 

of post-heating treatment on F-doped NSS conductors. In situ neutron diffraction was employed 

as a powerful tool to closely monitor the structural evolution of 0.1NaX·0.9NSS (X=F, Cl) during 

the post-heating treatment and cooling down process. Moreover, XRD Rietveld refinement and 

EIS measurements were performed to investigate the effects of post-heating treatment at 300 °C 

on crystal structure and ionic conductivity of xNaF·(1-x)NSS conductors. After a low-temperature 

(150 °C) synthesis, 0.1NaF·0.9NSS showed an ionic conductivity of 0.28 mS cm-1 and 300 °C 

post-heating treatment increased it to 0.38 mS cm-1, meanwhile 0.2NaF·0.8NSS after post-heated 

at 300 °C exhibited the highest conductivity of 0.48 mS cm-1. The electrochemical stability of 

0.2NaF·0.8NSS conductors was evaluated in Na-Sn symmetric cells, and its critical current density 

value was determined. This work presents an in-depth investigation on the structural changes 

during the post-heating treatment for low-temperature synthesized sulfide-type ionic conductors 

and explores new compositions of NSS family conductors. 

 

2. EXPERIMENTAL SECTIONS 

2.1 Materials synthesis 

The xNaF·(1-x)NSS nanocomposite conductors were synthesized through a solvent-free and low-

temp processing method, similar to our previous work.[30] Briefly, the precursors including 

sodium sulfide hydrate, antimony sulfide, sulfur, and sodium fluoride were first mixed in a 

stoichiometric ratio, thereafter the mixture was heated at 70◦C and 150 °C separately to obtain the 

final products. Depending on the ratio of NaF in precursor, these samples were xNaF·(1-x) NSS 

with x=0, 0.1, 0.2, 0.3, 0.5, which are named as xF-NSS (0≤x≤0.5). In addition to fluorine, other 
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halide-NSS samples (0.1NaX·0.9NSS, X=Cl, Br, I) were also synthesized following the same 

procedure, except for the initial precursor changed to NaCl, NaBr, and NaI, respectively. The 

chemical reaction can be written down as: 

1.5(1 − 𝑥)𝑁𝑎2𝑆 · 𝑦𝐻2𝑂 + 0.5(1 − 𝑥)𝑆𝑏2𝑆3 + (1 − 𝑥)𝑆 + 𝑥𝑁𝑎𝑋 → 𝑥𝑁𝑎𝑋 ∙ (1 − 𝑥)𝑁𝑎3𝑆𝑏𝑆4 + 𝑦𝐻2𝑂  

The post-heating treatment was carried out inside an Ar-filled glove box (with the contents of H2O, 

O2 <1 ppm). The as-synthesized xF-NSS samples were heated to 300 °C with 5 °C/min and dwell 

for 2 hours, and the obtained samples were referred as xF-NSS (300 °C), x=0.1, 0.2, 0.3, 

respectively.  

2.2 In-situ neutron diffraction 

In situ neutron diffraction (ND) experiments were carried out at the VULCAN diffractometer,[35] 

Spallation Neutron Source at Oak Ridge National Laboratory. For the neutron measurements, the 

low-temperature synthesized 0.1X-NSS powders with X=F, Cl were cold pressed into dense pellets 

under argon environment, and then loaded into a furnace with inert environment for the heat 

treatment from room temperature to 450 °C with dwell at 150, 250, 350, and 450 °C for 1 hour, 

respectively. After heating treatment, the samples were cooled down naturally. Meanwhile, the 

ND patterns were continuously collected with 30 Hz chopper configuration (d-spacing range of 

1.0–3.1 Å at the 90° detector banks) during the heating and cooling process. The ND data were 

hopped, and the single peak fit was conducted using VDRIVE software.[36] Rietveld refinement 

on the diffraction patterns was performed using GSAS and EXPGUI software.[37,38] 

2.3 Structural characterizations 

X-ray diffraction (XRD) measurements of all powder samples were performed using a Bruker D8 

Discover diffractometer (nickel-filtered Cu Kα radiation, λ = 1.5418 Å) in a 2θ range of 10-60◦. 

During the measurement, the powder samples were covered by Kapton films to avoid oxygen and 

moisture from the air. XRD Rietveld refinements were performed using GSAS-II crystallography 
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data analysis software. Renishaw inVia Raman/PL Microscope with 632.8 nm laser has been used 

for Raman scattering measurements. The surface morphologies of the samples were characterized 

by a scanning electron microscope (SEM, TESCAN Vega3) with an energy dispersive 

spectrometry (EDS). The transmission electron microscopy (TEM) images and selected area 

diffraction (SAED) patterns of 0.2F-NSS before and after 300 °C heating treatment were obtained 

using a 200kV FEI Tecnai F20 transmission electron microscope.  

2.4 Electrochemical measurements 

The low-temperature synthesized xF-NSS samples (x=0, 0.1, 0.2, 0.3, 0.5) were cold-pressed 

inside an Ar-filled glovebox under 360 MPa to form thick pellets (1/2” diameter, ~600 µm 

thickness). Electrochemical impedance spectroscopy (EIS) measurements were conducted to 

examine ionic conductivities using a multichannel potentiostat (Bio-logic VSP300) at a frequency 

range from 1M Hz to 1 Hz under a 10-mV voltage amplitude. The equation of σ = L/(R×A) was 

used to calculate the ionic conductivity of each sample, where L (cm) and A (cm2) represent the 

thickness and the area of the SE pellet, respectively, and R (Ω) refers its resistance from Nyquist 

plots. Similarly, the ionic conductivity of xF-NSS samples after post-heating (300 °C) treatment 

was also measured. The EIS measurement under various temperatures were carried out to obtain 

Arrhenius plot, and the equation of σT = Aexp (- Ea/kT) was used to calculate activation energy, 

in which σ is the ionic conductivity, T is the temperature in Kelvin, A is the pre-exponential factor, 

k is Boltzmann constant, and Ea is the activation energy. 

Symmetric cells with structure of Na|SE|Na and Na2Sn|SE|Na2Sn were assembled to 

evaluate the electrochemical stability, respectively. Na2Sn alloy was prepared by mixing Na and 

Sn foils with a fixed ratio. The symmetric cells were cycled under a current density of 0.1 mA cm-

2 (with an area capacity of 0.05 mAh cm-2). The critical current density (CCD) testing was 
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performed in symmetric cell to charge/discharge for 0.5 h from 0.02mA cm-2 to 0.1mA cm-2 and 

then every 0.1 mA cm-2 interval. All the cell cycling was performed at room temperature.  

3. Results and Discussion 

3.1 Structure and conductivity of F-doped NSS conductors from low temperature synthesis.  

A series of xF-NSS (0.1≤ 𝑥 ≤ 0.5) samples were prepared using the low-temperature synthesis 

method (T=150 °C)[30]  and varying the NaF content. Figure 1a shows the XRD results of low-

temperature synthesized xF-NSS (x=0.1, 0.2, 0.3, 0.5) samples as compared with pristine NSS and 

NaF. The dominant diffraction peaks at 17.3°, 30.2°, 35.1°, and 47.18° correspond to the (110), 

(211), (220), and (321) planes of a tetragonal structure (space group P-421c) for NSS.[39] The 

XRD diffraction patterns of NaF shows characteristic diffraction peaks for 2θ=38.7 and 56.1°,[40] 

which don’t appear in the sample of 0.1F-NSS. However, as shown in enlarged area for XRD 

results, a minor peak at 2θ= 38.7° from NaF appears in samples with higher F-contents (x=0.2, 

0.3, 0.5). The XRD refinement results (Fig. S1) indicate that the xF-NSS (x=0.1, 0.2, 0.3) samples 

contain 0.93 wt%, 2.9 wt% and 3.3 wt% of NaF, respectively. Besides fluorine, other halides 

(X=Cl, Br, I) doped NSS were synthesized following the same process and their crystalline 

structures were characterized. The XRD results (Fig. S2) show characteristic diffraction peaks of 

tetragonal structure in 0.1X-NSS (X=Cl, Br, I) samples without obvious halide phase (e.g., NaCl, 

NaBr, NaI). This observation is due to the low amount (x=0.1) of halide content in these samples, 

compared to the previous reports on halide-contained NSS.[22,24,25]  

Figure 1b displays the Raman spectra of xF-NSS (x=0.1, 0.2, 0.3) samples from low-

temperature synthesis as compared with pristine NSS. Notably, strong peaks at 358-360, 380-382 

and 400-402 cm-1 are observed in all samples, corresponding the characteristic asymmetric (Va) 

and symmetric (Vs) stretching vibration of the SbS4
-3 group.[12] Nevertheless, a new peak at 
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around 475 cm-1 appears and becomes stronger with increasing F- content, suggesting that this 

peak originated from the introduction of fluorine. Similar trend is observed in the case of NaI-

Na3SbS4 conductors.[25] Figure 1c displays the SEM image of the 0.1F-NSS powder with 

granular morphology and particle size of 4~10 μm (secondary particle size at sub-micrometer). 

Similar granular morphologies appear in the SEM images (Fig.S3) of other samples with higher 

F-contents (x=0.2, 0.3, 0.5). The EDS mapping of 0.1F-NSS (Figure 1d) for Na, Sb, and S show 

homogeneous distribution while the weaker intensity of F is attributed to its lower concentration 

and its nature as a light element.  

Electrochemical impedance spectroscopy (EIS) measurements were conducted to evaluate 

the ionic conductivities of xF-NSS (0.1≤ x ≤ 0.5) samples from low-temperature synthesis. The 

corresponding Nyquist plots are shown in Fig.S4. At room temperature, 0.1F-NSS sample displays 

the highest ionic conductivity of 0.28 mS cm-1 among different compositions (Figure 1e), marking 

around 10% increase compared to pristine NSS (0.25 mS cm-1). After increasing F-content, the 

ionic conductivity of 0.2F-NSS sample slightly decreases to 0.23 mS cm-1, and continuously drops 

for other F-doped NSS conductors (x=0.3, 0.5). The 0.5F-NSS sample displays the lowest ionic 

conductivity of 0.16 mS cm-1 at room temperature, which is possibly due to the increased amount 

of secondary NaF phase. In addition, the ionic conductivity of other halides (X=Cl, Br, I) doped 

NSS from low-temperature synthesis were also examined (Fig.S5). In comparison, 0.1Cl-NSS and 

0.1Br-NSS show very similar ionic conductivity of 0.15 and 0.14 mS cm-1, while that of 0.1I-NSS 

has the lowest value of 0.11 mS cm-1 at room temperature. 

Figure 2a and b display the TEM images of 0.1F-NSS powder sample, which shows the 

particle size between hundred nanometers to sub-micrometer. A high-angle annual dark-field 

(HAADF) scanning TEM image (STEM) and corresponding elemental maps from EDS are shown 
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in Figure 2c. The elemental distribution of sulfur (S) and antimony (Sb) are homogeneous, in 

contrast, fluorine (F) exhibit partial aggregation in local areas due to the secondary phase of NaF. 

The selected area electron diffraction (SAED) pattern in Figure 2d shows multiple diffraction 

spots together with ring patterns (e.g., planes of (110), (112), (220)), indicating the co-existence 

of NaF phase and NSS structure. This observation is consistent with the EDS and XRD refinement 

results. Another STEM image and corresponding EDS maps are provided in Fig.S6.  

 

3.2 Effects of post-heating treatment (T=300 °C) on the structure and conductive properties 

The low-temperature synthesized xF-NSS (x=0.1, 0.2, and 0.3) samples were subjected to post-

heating treatment at 300 °C for 2 hour in Ar environment. Figure 3a compares the XRD patterns 

of xF-NSS (x=0.1, 0.2, and 0.3) samples before and after 300 °C post-heating treatment. As shown 

in the enlarged I area, all samples display a left shift of the strongest (110) plane after post-heating 

treatment at 300 °C, reflecting the increased lattice parameters. For 0.2F-NSS sample, its lattice 

parameters change from a=b=7.159 Å, c=7.284 Å (before) to a=b=7.164 Å, c=7.287 Å (after 300 

°C), respectively. Moreover, the post-heating treatment also results in the decrease of diffraction 

peaks for NaF phase, as shown in enlarged II area. Figure 3b displays the STEM image and 

corresponding EDS maps for S, Sb, and F elements for 0.1F-NSS after post-heating treatment at 

300 °C. The homogeneous distribution for F element suggests that the reduced content of NaF 

phase and the incorporation of F into crystal structure during the post-heating treatment. Moreover, 

the XRD refinement results (Figure 3c) further confirm this observation, the content of NaF phase 

reduces from 2.9 wt% for the as-synthesized sample to 2.58 wt% for 0.2F-NSS after 300 °C post-

heating treatment. This observation indicates that the post-heating treatment contributes to the 

incorporation of fluorine into NSS crystal structure.  
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Figure 3d displays the ionic conductivity comparison of xF-NSS (x=0.1, 0.2, and 0.3) 

before and after 300 °C post-heating treatment. Among them, 0.2F-NSS (300 °C) sample exhibits 

the highest ionic conductivity of 0.48 mS cm-1 at room temperature. Notably, all compositions 

show dramatic increase on their ionic conductivity after higher temperature post-treatment. Taking 

0.5F-NSS sample as example, the Nyquist plots in Fig. S7 clearly show the decrease of impedance 

from 302 to 210 ohm after 300 °C post-heating treatment. Previous ab initio molecular dynamics 

simulations elucidate that halogen dopants enhance conductivity of sulfide SEs due to the 

formation of charge-compensating Na-vacancies.[20,41,42] Indeed, the post-heating treatment 

after synthesis facilities more fluorine incorporation into the NSS lattice (XRD and EDS), 

increasing the concentration of Na vacancies and consequently enhancing ionic conductivity. The 

Nyquist plots for 0.2F-NSS (300 °C) sample are shown in Fig. S8. The resistance continuously 

decreases as increasing temperatures, and the activation energy (Ea) is estimated to be about 0.19 

eV, as shown in the Arrhenius plot (Fig.S9). This activation energy value is in good agreement 

with the halide doped NSS with tetragonal structure.[21] In addition, the electronic conductivity 

of 0.2F-NSS (300 °C) sample was measured at room temperature. As shown in Fig.S10, its 

electronic conductivity is estimated to be 6.28×10-8 S cm-1. 

 

3.3 Electrochemical stability of 0.2F-NSS conductor after post-heating treatment 

For the electrochemical stability, 0.2F-NSS after 300 °C post-heating treatment sample was 

selected to assemble symmetric cells for testing. Figure 4a presents the voltage profiles for 

symmetric cells when using Na metal or Na2Sn alloy as the electrode. Pure NSS was reported to 

show interfacial reaction towards Na metal, causing a fast decay after repeated Na 

stripping/platting for several hours.[43,44] For 0.2F-NSS (300 °C) sample, the voltage rises 
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quickly in the initial few cycles (enlarged Figure 4a-I), due to the interfacial reactions between F-

doped NSS and Na metal. Nevertheless, as the cycling proceeds, the cell displays a stable cycling 

performance with a polarization voltage stabilized at around 2 V up to 280 hours under a current 

density of 0.1 mA cm-2, suggesting the increased stability for F-doped NSS sample. When using 

Na2Sn as the electrode (enlarged I and II), the polarization voltage is stable at the beginning 

without increasing as the cycling proceeds, suggesting the decreased interfacial reactions. 

Moreover, the dramatically reduced polarization (<0.35 V) and stable cycling performance to 300 

hours both indicate more stable interface between 0.2F-NSS (300 °C) sample and Na2Sn alloy than 

towards Na metal. This electrochemical cycling behavior is comparable with other halide-doped 

NSS, such as Na2.95SbS3.95Cl0.05,[20,23] and Na3–xSbS4–xBrx.[24] Additionally, the EIS 

measurements of Na||Na and Na2Sn|| Na2Sn symmetric cells (Fig.S11) reveal the mild increase of 

impedance for the Na2Sn-based cell from 500 ohms to 920 ohms, confirming the less polarization 

and interfacial reactions. Moreover, the critical current density (CCD) testing was performed for 

0.2F-NSS (300 °C) conductor in Na2Sn symmetric cell with 0.5 h under each current density. The 

polarization voltage values are very small at lower current densities (0.02 to 0.2 mA cm-2), and 

they continuously increase as increasing the current densities. The CCD value is estimated to be 

1.1 mA cm-2 for 0.2F-NSS (300 °C) sample towards Na2Sn anode, which is close to 

Na2.85SbS3.85Br0.15 (1.4 mA cm-2) synthesized from solid-state reaction (20 h of ball milling and 

600 °C).[20] 

 

3.4 In situ neutron diffraction to study heating treatment on halide doped NSS samples.  

To deeply understand the structural evolution during the post-heating treatment, in-situ neutron 

diffraction experiments were performed on 0.1F-NSS and 0.1Cl-NSS pellet samples (after cold-
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pressing). Figure 5a-d displays neutron diffraction contour plots of d-spacing for 0.1F-NSS 

sample during the heating and cooling process. The heating treatment profiles are shown in Figure 

5e, whereas the pellets were heated in an inert environment from room temperature (RT) to 450 

°C with dwell at 100 °C, 200 °C, 300 °C, and 450 °C, respectively, and then cooled down. As 

shown in Figure 5a, the peaks become sharper and more intense with increasing temperatures, 

indicating an enhancement in crystallinity of 0.1F-NSS sample. This trend is clearly observed in 

the strongest diffraction peak of (220) with d=2.52 Å in an enlarged view in Figure 5b. Moreover, 

the stronger and narrower peak at higher temperatures is further evidenced by the continuous 

decrease in the ratio of full width at half maximum to d value (FWHM/d), as shown in Figure 5f.  

Figure 5c and d show the 2D neutron diffraction contour plots of d-spacing for 0.1F-NSS 

sample at different d-spacing ranges during the post-heating and cooling process. The neutron 

diffraction patterns at the representative temperatures (100, 250, 300, 450 °C) are displayed in 

Fig.S12. At room temperature, 0.1F-NSS sample shows main diffraction patterns for tetragonal-

structure NSS, which is consistent with other halide-doped NSS materials.[20,23,25] Moreover, 

the broad diffraction peaks indicate low crystallinity, attributed to the low synthesis temperature 

(150 °C). Besides, the peak at d=1.64 Å is indexed to NaF, which is consistent with the TEM and 

XRD results. Moreover, there is also one minor peak at d= 2.82 Å corresponding to impurity phase 

of Na3SbS2 (NSS2), attributed to the loss of S during the synthesis process. The standard patterns 

of these phases from previous reports are replotted in Fig. S13.[45-49] As the post-heating 

temperature increases, the diffraction peaks shift to higher d-spacing upon heating (Fig.S14) due 

to lattice expansion at elevated temperatures. Figure 5g presents the variation of NaF peak 

intensity with heating treatment time. The trend shows a slight decrease in intensity with increasing 

temperature, followed by a sudden drop when the temperature exceeds 300 °C. After dwell at 450 
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°C and subsequently colling down, the diffraction peaks shift to the left, corresponding to a 

decrease of in d spacing. Additionally, a phase transition (cubic to tetragonal) is observed for the 

0.1F-NSS sample around 140 °C (marked as dash line). This temperature is lower than that of 

pristine NSS (160 °C) but higher than Na3SbS3Se (110 °C).[50]   

For 0.1Cl-NSS sample, 2D plots of in-situ neutron diffraction during the post-heating and 

cooling process along with the temperature profile, are presented in Fig.S15. It shows a similar 

structural variation trend with 0.1F-NSS sample. As the temperature increases, the diffraction 

patterns shift to the right and become sharper, suggesting improved crystallinity with the post-

heating treatment. Moreover, when cooling down, the cubic-to-tetragonal phase transition at 140-

150 °C is observed, indicating that the 0.1Cl-NSS sample restores to a tetragonal phase at RT. 

 

4 Conclusion 

In summary, we reported the effects of post-heating treatment on structure, morphology, and 

conductive properties of low-temperature synthesized xNaF·(1-x)Na3SbS4 nanocomposites (xF-

NSS, 0.1≤ x ≤ 0.5). The XRD results of as-synthesized xF-NSS samples showed dominate 

tetragonal-NSS and minor NaF phase. In situ neutron diffraction for 0.1F-NSS and 0.1Cl-NSS 

both revealed that the crystallinity becomes stronger, and more halides are incorporated into crystal 

structure with increasing the post-heating temperature. Due to the increased crystallization, the 

post-heating treatment (300 °C) contributed to the enhancement in ionic conductivity for xF-NSS 

samples, and 0.2F-NSS (300°C) exhibited the highest ionic conductivity of 0.48 mS cm-1 at room 

temperature. In the Na symmetric cells, 0.2F-NSS (300°C) sample exhibited a stable cycling up to 

280 hours, and the polarization voltage raised quickly at initial cycles but stabilized later at 2V. 

When Na2Sn was used, a significantly lower polarization voltage (<0.35 V) was observed, 
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attributed to a more stable interface and reduced interfacial reactions. This works highlights the 

fluorine-incorporated sulfide-type Na-ion conductors and emphasizes the role of post-heating 

treatment on structural evolution and conductivity increase for low-temperature synthesized solid-

ion conductors.  
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Figure 1. (a) XRD patterns of xF-NSS (x=0, 0.1, 0.2, 0.3, 0.5) samples from low-temperature 

synthesis and NaF (enlarged area I for 2θ between 34-40°); (b) Raman spectra of xF-NSS (x=0, 

0.1, 0.2, 0.3) samples; (c) SEM image and (d) EDS mapping of Na, Sb, S, F in 0.1F-NSS sample; 

(e) room temperature ionic conductivity of xF-NSS (x=0, 0.1, 0.2, 0.3, 0.5) samples.  
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Figure 2. (a) and (b) TEM images of 0.1F-NSS powder sample from low-temperature synthesis at 

different magnifications; (c) STEM image and EDS maps of S, Sb, and F, and (d) the selected area 

electron diffraction (SAED) pattern for 0.1F-NSS sample.  
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Figure 3. (a) XRD patterns for 0.1F-NSS, 0.2F-NSS and 0.3F-NSS samples before and after 300 

°C post-heating treatment and enlarged areas of I and II; (b) STEM image and corresponding EDS 

maps of S, Sb, and F elements; (c) XRD refinement results for 0.2F-NSS (300 °C); (d) room 

temperature ionic conductivity of 0.1F-NSS, 0.2F-NSS and 0.3F-NSS samples before and after 

300 °C post-heating treatment.  
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Figure 4. (a) Electrochemical cycling of 0.2F-NSS (300 °C)-based symmetric cells with Na metal 

and Na-Sn alloy as electrode (enlarged areas of I and II), respectively; (b) critical current density 

testing results for Na-Sn symmetric cell with 0.2F-NSS (300 °C) as SE.  
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Figure 5. (a) In situ 3D neutron plots vs. d-spacing for 0.1F-NSS sample during the heating up 

and cooling down process; (b) magnified 3D neutron plots with d in the range of 2.20-2.70 Å; 2D 

neutron plots vs. d-spacing for 0.1F-NSS sample at different d ranges: (c) 1.50-2.15 Å; (d) 2.35-

3.10 Å during the heating and cooling process; the variation trend of (f) full width at half maximum 

(FWHM)/d-value for strongest peak (022) for 0.1F-NSS with heating treatment time; (g) the NaF 

peak intensity with heating treatment time (also marked with temperatures).  


