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Abstract 

Rechargeable solid-state sodium batteries that utilize solid electrolytes (SEs) have garnered 

considerable attention due to their enhanced safety abundant sodium resources. Solid 

composite electrolytes (SCEs) that disperse the fine ceramic particles in a polymer matrix, 

provide a viable approach to address these challenges. Nevertheless, intensive efforts have been 

devoted on inorganic oxide-based conductors, while the studies on SCEs with sulfide-based 

Na-ion conductors are rarely reported. In this work, we report the preparation of ultra-thin, 

flexible, and stable SCE with adjustable thickness (20-65 µm) by embedding micro-sized 

Na3SbS3Se (NSSE) particles in a polymer (PVDF-HFP) matrix. The NSSE-SCE exhibits the 

highest ionic conductivity of 1.31 × 10-4 S cm-1 at room temperature, one order higher than that 

of polymer electrolyte. In addition, the critical current density (CCD) for 20 µm NSSE-SCE 

membrane is estimated to be 1.1 mA cm-2. The assembled Na|SCE|TiS2 solid-state batteries 

with the thinnest thickness demonstrates the best electrochemical performance, which delivers 

a discharge capacity of 182 mA h g-1 and shows stable cycling up to 300 cycles, as well as great 

rate performance. This work presents solid composite electrolyte with sulfide-based Na-ion 

conductors and contribute to the development of solid-state Na metal batteries.  
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1. Introduction 

Rechargeable batteries based on sodium (Na) electrochemistry have attracted considerable 

interest attentions for energy storage systems at the medium or grid scale, mainly due to the 

abundance of sodium resources and acceptable electrochemical voltage range.1, 2 Similar to 

their counterparts in lithium chemistry, conventional Na-ion batteries contain liquid organic 

electrolytes that are volatile and flammable, which could cause serious safety concerns.3, 4 

Instead, utilizing solid-state conductors as SEs is considered to effectively address such safety 

issues due to their feature of intrinsic non-flammability.5 Moreover, the use of SEs also enable 

to utilize anode materials with high energy density (i.e. Na metal, theoretical capacity of 1,166 

mA h g-1),6-8 leading to advanced solid-state sodium batteries (SSSBs) with high potential on 

both high energy density and enhanced safety.  

So far, popular ceramic SEs include oxides (e.g. Na3Zr2Si2PO12) 
9, sulfides (e.g. Na3PS4 

and Na3SbS4),
10-12 and halides (e.g., Na3YCl6),

13 etc. Among them, Na3SbS4-family SEs have 

attracted intense attention due to their advantages of high ionic conductivity (10-4 ~ 10-2 S cm-

1), densification via cold-pressing, and straightforward synthesis methods.14-16 Doping 

chemistry (e.g., W6+, Se2-, and Cl-)17-19 has been explored in Na3SbS4-family conductors. 

Nevertheless, they are still facing one main challenge of poor stability towards Na metal, which 

impedes the practical applications of Na3SbS4-family conductors in SSSBs.  

Solid composite electrolytes (SCEs) involve a homogeneous dispersion of ceramic 

particles into a polymeric matrix. Solid polymer electrolytes include poly(ethylene oxide) 

(PEO),20 poly(vinylidene fluoride) (PVDF),21 poly(methyl methacrylate) (PMMA),22 and 
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polyacrylonitrile (PAN),23 etc. They are highly flexible but show low ionic conductivity (10-5 

S cm-1).24, 25 SCEs are designed to combine the individual advantages of ceramic (e.g. fast ion-

transport, mechanically robust) and polymer (e.g. high stability and flexible).26, 27 We 

previously demonstrated Li7PS6-incorporated SCEs to display an ionic conductivity of 1.1 × 

10-4 S cm-1 and a stable battery cycling in LiFePO4||Li batteries.28 

The state-of-the-art research on SCEs in Na batteries mostly focused on oxide as inorganic 

component, for examples, Na3Zr2Si2PO12/PEO,29-31 Na3Zr2Si2PO12/PVDF,32 and Ga-doped 

Na2Zn2TeO6/PEO,33 and beta-Al2O3/PVDF–HFP,34 etc. Nevertheless, the SCEs that containing 

sulfides are rarely reported except few literatures, such as Na3PS4/PEO 35 and Na3SbS4/PEO 36 

composites. These discoveries strongly indicate the great promise of composites containing 

sulfides in SSSBs.  

Herein, we report the synthesis of Na3SbS3Se (NSSE)/PVDF-HFP SCE membranes by 

embedding micro-sized NSSE particles into a matrix of PVDF-HFP/NaPF6 to obtain ultra-thin 

SCE membranes with adjustable thickness (20~65 µm). The prepared SCEs with 10 wt% NSSE 

exhibits the highest ionic conductivity of 1.31 × 10-4 S cm-1 at room temperature, twelve times 

higher than that of polymer electrolyte (PVDF-HFP/NaPF6). The critical current density (CCD) 

value for the thinnest NSSE-SCE (20 μm) is estimated to 1.1 mA cm-2 from Na symmetric cells. 

Moreover, ultra-thin NSSE-SCE also yields to the best electrochemical performance than 

thicker thickness of SCEs. The fabricated Na|SCE|TiS2 SSBs display an initial discharge 

capacity of 182 mAh g-1 at a current density of 200 mA g-1 and a good capacity retention up to 

300 cycles, as well as great rate performance for current density up to 200 mA g-1. This works 

demonstrates novel sulfide SCEs and their feasibility in Na batteries, paving the pathway for 
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the development next generation low cost and efficient batteries.  

2. Experimental Section 

2.1 Synthesis of Na3SbS3Se and preparation of composite Electrolyte  

The Na3SbS3Se (NSSE) powder was synthesized by a solvent-free and low temperature 

heating method.37 The produced NSSE power was further ball milled to obtain fine powder. 

The process to prepare a solid composite electrolyte (SCE) membrane includes three steps. 

First, PVDF-HFP (Mw: 400,000, Sigma-Aldrich) and NaPF6 (Sigma) (2:1 weight ratio) were 

dissolved in a THF solvent to form a transparent solution. Second, a certain amount of inorganic 

NSSE powder (0, 5, 10, 15, 20 wt%) was added in above solution and followed by vigorous 

stirring to form a homogeneous mixture. Third, the mixture was casting onto a Teflon dish and 

then dried at 40˚C for 12 h to evaporate the solvent to obtain the final freestanding SCE 

membranes (NSSE/PVDF-HFP/NaPF6). During the preparation process, the volume of mixture 

solution can be controlled to produce SCE membranes with different thickness (20-65 µm).  

2.2 Materials Characterization 

The phase structures of NSSE powder, PVDF-HFP polymer, and NSSE/PVDF-HFP as 

well as NSSE/PVDF-HFP/NaPF6 samples were characterized by X-ray diffraction instrument 

(Bruker D8 Discover) equipped with Cu Kα radiation (λ= 1.5418 Å) within the range of 2θ= 

10º~ 70º. Raman spectra of these samples were obtained by a Renishaw inVia Raman/PL 

Microscopy with 632.8 nm laser. For the SCE membrane (10 wt%NSSE/PVDF-HFP/NaPF6), 

its surface and cross-sectional morphology was examined by TESCAN scanning electron 

microscopy coupled with energy dispersive spectroscopy (EDS) for elemental mapping. After 

electrochemical cycling, the cells were disassembled, and X-ray photoelectron spectroscopy 
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(XPS, Thermo VG Scientific) was performed to analyze the interface between SE and Na metal. 

2.3 Electrochemical Measurements 

For the prepared SCE membranes with different contents of NSSE, their ionic 

conductivities were evaluated by electrochemical impedance spectroscopy (EIS) on a 

potentiostat (Biologic VSP300) in the frequency range from 5 MHz to 0.1 Hz. The sodium-ion 

conductivity of the solid-state electrolyte was calculated by σ =  
L

A ×R
, where σ refers to the 

ionic conductivity, L is the thickness of the electrolyte, A is the area of the membrane, R is the 

impedance of the membrane from Nyquist plots. The temperature dependence of ionic 

conductivity was collected by the combination with a temperature controller chamber to obtain 

the Arrhenius plots from 30 to 80 °C at an interval of 10 °C. The Na||Na symmetric cells were 

assembled by sandwiching the SCE membrane between two Na foil (area: 1.266 cm2, thickness: 

~150 μm) in 2032-coin cells, and then cycled using a potentiostat under a certain current 

density of 0.1 mA cm-2 (0.05 mAh cm-2). The Na||Na symmetric cells were also used to measure 

the transference number of the membrane by a direct-current (DC) polarization and alternate-

current (AC) impedance method. The polarization voltage was controlled to be 10 mV. The 

CCD tests were carried out under the initial current density of 0.01 mA cm-2 for 3 cycles and 

then one cycle under each current density from 0.02, 0.03, 0.05, 0.1, 0.2 to 1.2 mA cm-2 with 

an interval of 0.1 mA cm-2. The linear sweeping voltammetry (LSV) measurement was 

conducted with the structure of solid electrolytes sandwiched with Na metal and stainless steel 

(SS) at a scanning rate of 1 mV/s. 

For the TiS2||Na cells assembly, Na foil was used as the anode, and TiS2 as the active 

material in the composite cathode. The TiS2 composite cathodes were prepared by mixing the 
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commercial TiS2 powder (99.8%, Strem Chemicals), acetylene black and PVDF binder 

(dissolved in N-methyl-2-pyrrolidone) in the weight ratio of 60:30:10 to form a homogeneous 

slurry, which was coated on aluminum foil and dry at 80 ˚C for overnight. The mass loading of 

active materials was about 1 mg/cm2. In addition, 10 μL NaPF6/EC-DMC electrolyte was added 

at interface to reduce the solid/solid contact resistance. The TiS2|SCE|Na batteries were 

assembled in 2032-coin cell and cycled within the electrochemical voltage window of 1.4-3.0 

V (vs. Na+/Na) using NEWARE battery testing system. The cyclic voltammograms (CV) 

scanning of TiS2||Na solid state batteries were carried out a scan rate of 0.1 mV s-1 within the 

potential range of 1.4-3.0 V. All the symmetric cell and battery assembly were carried out in 

the Argon-filled glovebox (low H2O and O2).  

3. Results and Discussion 

3.1. Structure and Morphology of NSSE-SCE membranes  

To prepare thin SCE membranes, inorganic NSSE sample was ball milled to obtain fine 

particles. The particles size of NSSE is within range of 2-5 μm (Figure S1), and the EDS 

mapping shows a homogeneous distribution of sodium (Na), antimony (Sb), sulfur (S) and 

Selenium (Se). Figure 1 presents the XRD patterns and Raman spectra of the synthesized SCE 

(NSSE/PVDF-HFP/NaPF6), PVDF-HFP/NaPF6, PVDF-HFP and NSSE. Unlike the tetragonal 

structure of Na3SbS4, the as-synthesized NSSE shows strong XRD diffraction patterns of 2θ = 

17.5, 30.5 and 35°, corresponding to (110), (211), and (220) planes in cubic structure, which is 

consistent with the data reported by Xiong et al.38 Pure PVDF-HFP sample shows two main 

peaks on 2θ = 19.6° and 21.2°, and one broad peak on about 40°. Adding sodium salt (NaPF6) 

causes the left-shift of the main peaks of PVDF-HFP. For the SCE with both NSSE and Na salt, 
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the pattern shows the characteristic peaks of NSSE as indicated in the Figure 1a. It implies 

good compatibility among NSSE, PVDF-HFP and Na salt. As shown in Figure 1b, both PVDF-

HFP/NaPF6 and PVDF-HFP don’t have obvious Raman peaks. In contrast, the Raman spectrum 

of NSSE displays three successive peaks ranging from 360 to 400 cm-1 that attributed to the 

symmetric and asymmetric stretching vibration of SbS3Se group, which are similar to those in 

Na3SbS4 
10, 39. In the SCE sample, the main characteristic peak at 360 cm-1 that from the SbS3Se 

group in NSSE can be clearly observed. Therefore, the XRD and Raman results indicate that 

the crystalline and bonding structure of NSSE are well remained in the prepared SCEs.  

The digital images of PVDF-HFP/NaPF6 and NSSE/PVDF-HFP/NaPF6 SCE are shown in 

Figure 2a and b, respectively. Although the polymer electrolyte membrane is clear and 

transparent (Figure S2), the SCE membrane has brown color due to the dark color of NSSE 

particles. The SEM images (Figure 2c and d) of the SCE membrane display a smooth and 

homogeneous surface morphology, although minor pores appear due to the evaporation of THF 

solvent during the preparation. The cross-sectional SEM image (Figure 2e) clearly shows that 

the thickness of SCE membrane is only ~20 μm, which is consistent with the measurement 

using caliper (Figure S4). This thickness of NSSE/PVDF-HFP/NaPF6 SCE is comparable or 

even thinner than many other oxide-based composites (e.g. PI-LLZTO/PVDF (~20 μm) 40, 

LLZTO/PEO (~40 μm) 41). Besides, the EDS mapping images (Figure 2f) show the elemental 

distribution of fluorine (F), sodium (Na), phosphorous (P), antimony (Sb), selenium (Se), and 

sulfur (S), which confirm the homogeneous distribution of fine NSSE particles in the SCE 

membrane. Additionally, Figure S5 and S6 show the cross-sectional SEM images of thicker 

SCE membranes (40 μm, 65 μm), both membranes display dense morphology.  
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3.2. Na-ion conductivity of NSSE-SCE membranes  

A series of SCE membranes were prepared to contain different contents of NSSE (0, 5, 10, 

15, 20 wt%), and EIS measurements were employed on these samples to examine their ionic 

conductivities. Figure 3a presents the Nyquist plots of the SCE samples with different NSSE 

content at room temperature and the enlarged figure at high frequency part is shown in Figure 

S7. The Nyquist plots show a typical semi-circle at high frequency from the bulk resistance 

(Rb) of electrolytes and a spike at low frequency due to the blocking electrode. The resistance 

values clearly decrease after adding NSSE particles, suggesting the increased ionic 

conductivity of SCEs than polymer electrolyte (0 wt%). Figure 3b shows the composition 

dependence of ionic conductivity for the SCE membranes that contain different weight percents 

of NSSE. The PVDF-HFP/NaPF6 sample (with 0 wt% NSSE) exhibits an ionic conductivity of 

1.07 × 10-5 S cm-1. After adding the inorganic NSSE particles, the SCE membranes show 

improved ionic conductivity and achieve the highest value of 1.31 × 10-4 S cm-1 at 10 wt.% 

NSSE. The enhanced ionic conductivity is because the presence of NSSE particles decrease 

the crystallinity of polymer and potentially provide additional conductive channels.42 Beyond 

10 wt% NSSE in SCEs, further increasing the ceramic content decreases the ionic conductivity, 

which is probably due to the aggregation of NSSE particles and the blocking of Na-ion 

transport.43 Notley, all NSSE-SCE samples show higher ionic conductivity than that of polymer 

electrolyte although lower than that of pure NSSE.37   

Figure 3c compares the temperature dependence of the SCE membrane with 10 wt% 

NSSE and polymer electrolyte (PVDF-HFP/NaPF6) in the range of 30 to 80 °C. For both 

samples, it is observed linear behavior of Arrhenius plots according to the equation: σ =
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 σ0exp (−
Ea

kT
), where σ is the ionic conductivity, σ0 is the pre-exponential factor, Ea is the 

activation energy, k is the Boltzmann constant, T is the Kelvin temperature. However, the SCE 

membrane shows an activation energy (Ea) of 0.31 eV, much lower than that of PVDF-

HFP/NaPF6 (0.6 eV). The lower activation energy in SCE sample is related to its conduction 

mechanisms, where Na-ions can be possibly transported through two approaches of polymer-

polymer and ceramic-polymer.44  The Nyquist plots of SCE tested at 30, 50 and 70 °C (Figure 

S8) show that the impedance decreases continuously as the temperature increases . In addition, 

the transference number (𝑡𝑁𝑎+) of the SCE is calculated by the Bruce-Vincent equation: 𝑡𝑁𝑎+ =

 
𝐼𝑠𝑠(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑠𝑠𝑅𝑠𝑠)
, where 𝐼0 and 𝐼𝑠𝑠 are the initial and steady currents, ∆𝑉 is a polarization voltage 

at 10 mV, 𝑅0 and 𝑅𝑠𝑠 are the charge-transfer resistance of the symmetric cell before and after 

polarization, respectively.45 The polarization profile and EIS before and after polarization are 

shown in Figure S9. After calculation, the 𝑡𝑁𝑎+ was calculated to be 0.52, which is obviously 

higher than typical liquid electrolyte (0.2-0.4).40 The increased transference number of SCE is 

related with the enhanced sodium ion transport by adding NSSE particles.  

Figure S10 shows the linear sweep voltammetry curve of 10 wt% NSSE-SCE in 

comparison to that of polymer electrolyte (PVDF-HFP/NaPF6). The electrochemical window 

of SCE is stable up to 4.9 V towards Na metal, which is higher than that of 4.3V for PVDF-

HFP/NaPF6. Na||Na symmetric cells were assembled to test the electrochemical compatibility 

of SCE toward Na metal in plating and stripping process. Figure S11 compares the voltage 

profiles of the Na||Na symmetric cells with SCE and a polymer electrolyte under the same 

current density (0.1 mA cm-2). Although the initial overpotential values of two cells are close, 

the cell with polymer electrolyte shows a larger polarization as the cycling precedes and finally 
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gets short after 50 cycles. In contrast, the Na|SCE|Na symmetric cell exhibits stable voltage 

profiles during the repeated Na plating/stripping process up to 100 hours with minor increase 

on the impedance during repeated cycling process. These results indicate that the NSSE-SCE 

shows an improved interfacial stability towards Na metal. Figure 3d shows the critical current 

density (CCD) test results of thin SCE membrane in comparison with the polymer electrolyte 

(PVDF-HFP/NaPF6). The CCD value of thin SCE is estimated to 1.1 mA cm-2, which is one 

order of magnitude than that of polymer electrolyte (0.1 mA cm-2). Meanwhile, the 

overpotential values of SCE are obviously smaller than that of PVDF-HFP/NaPF6 due to the 

higher ionic conductivity of SCE and good interface stability. The XPS spectra of C1s and F1s 

for 10 wt% NSSE-SCE exhibit much stronger NaF peak than that of polymer electrolyte 

(PVDF-HFP/NaPF6), as shown in Figure S12. The presence of NaF at the interface is 

considered to contribute to the enhanced interfacial stability between NSSE-SCE and Na metal.  

3.3 Electrochemical stability characterization of NSSE-SCE with different thickness 

TiS2||Na batteries were assembled to demonstrate the feasibility of SCEs in solid-state Na 

metal batteries. The composite cathode consists of TiS2 as active material, PVDF (binder) and 

carbon black (conductive additive). Figure 4a compares the cycling performance of TiS2||Na 

batteries with three different thickness of SCEs (20, 40, and 65 μm) up to 180 cycles. The cells 

with thinner SCEs (20, 40 μm) display higher cycling capacity and better capacity retention 

than that of cell with thicker SCE (65 μm). As shown in Figure 4b, the batteries with different 

thickness of SCEs show close capacities around 176~182 mA h g-1 at the initial cycles. 

Nevertheless, as the cycling proceeds, larger polarization voltage and faster capacity in the cells 

with thicker SCE although they still show clear plateaus during the charge and discharge 
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process. At the 100th cycle (Figure 4c), the cells with 20 μm and 40 μm SCEs retains the 

discharge capacity of 128 and 120 mA h g-1, while the 65 μm-SCE based cell exhibits much 

lower capacity value of 85 mA h g-1. The capacity difference is getting more obvious at 180th 

cycle (Figure S13). This comparison suggests that thinner SEs benefits for better 

electrochemical performance due to the shorter ion diffusion and transport pathway.46  

Figure 4d depicts the CV curves of a TiS2||Na with 20 μm-SCE at a scan rate of 0.1 mV s-

1. During the first cathodic scanning process in CV, there are two sharp reduction peaks at 1.5 

and 1.98 V (vs. Na+/Na), corresponding to two flat plateaus in the galvanostatic charge and 

discharge curves (Figure 4b), respectively. These two plateaus reflect two distinct phases 

during a two-step Na insertion reaction:47-49 TiS2 → NaxTiS2 (0 < x < 0.4) → NayTiS2 (0.4 < y 

< 0.8), which is in highly agreement with previous report.50 For the 2nd to 5th CV curves, the 

presence of multiple peaks within two distinct regions are a characteristic of Na-

insertion/extraction process.47 As shown in Figure S14, the specific discharge and charge 

capacity of the 1st cycle is 225 mA h g-1 and 185 mA h g-1, respectively.  The low coulombic 

efficiency at 1st cycle also reflects interfacial side reactions and partial irreversible intercalation 

of Na+, which is consistent with the observation in CV curves. After that, the discharge/charge 

profiles of the 2nd cycles are almost identical with those at 5th and 10th cycles, except for the 

slightly difference on specific capacity.  

3.4 Rate performance and Long-term cycling stability of NSSE-SCE in Na//TiS2 batteries  

Figure 5a presents the rate capability and charge/discharge curves of TiS2|SCE|Na cell at 

different current densities. As expected, the specific discharge capacity decreases continuously 

as increasing the current density from 20 mA g-1 to 200 mA g-1. Under a higher current density 
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(150 and 200 mA g-1), the cell can still deliver a discharge capacity of 148 and 128 mA h g-1, 

respectively. More importantly, when the current density returns back to 20 mA g-1, the cell’s 

discharge capacity can resume back to 156 mA h g-1 and remain above 142 mA h g-1 at 80th 

cycle. The corresponding reversible charge/discharge profiles in Figure 5b at various current 

density exhibit obvious three plateaus and low-voltage polarizations, indicating great 

electrochemical reversibility of TiS2||Na battery.The long-term cyclic performances of the 

TiS2|SCE|Na and TiS2|PVDF-HFP/NaPF6|Na cells under a current density of 50 mA h g-1 are 

displayed in Figure 5c. Despite the cell with PVDF-HFP/NaPF6 shows an initial specific 

discharge capacity of 190 mA h g-1, its capacity quicky decays after 20 cycles and drops to 31 

mA h g-1 after 100 cycles (retention rate of 17%). In contrast, the TiS2|SCE|Na cell shows much 

better and more stable cycling performance. It delivers a discharge capacity of 182 mA h g-1 at 

the 2nd cycle with a columbic efficiency at 99%. Moreover, the columbic efficiency maintained 

over 99.2% during the whole cycling process (300 cycles). After the repeated charge/discharge, 

the TiS2||Na battery remains its specific discharge capacity of 160 mA h-1 and 100 mA h g-1 at 

the 100th cycle and 300th cycle, respectively.  

4. Conclusion 

In summary, we reported the preparation of ultrathin (~20 µm) and flexible SCEs by the 

dispersion of micro-sized NSSE in PVDF-HFP polymer electrolyte. With the optimized NSSE 

content, the SCE achieves the highest ionic conductivity of 1.31 × 10-4 S cm-1 at room 

temperature (12 times higher than that of polymer electrolyte) and an activation energy of 0.31 

eV. Among different thickness (~20, 40, 65 µm), the thinnest SCE membrane results in the best 

battery cycling performance in solid-state Na||TiS2 batteries, with its specific discharge capacity 
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of 182 mAh g-1 at 2nd cycle and 128 mAh g-1 at 100th cycle. Also, Na|SCE|TiS2 batteries deliver 

a stable electrochemical cycling of up to 300 cycles at a current density of 50 mA h g-1 and 

great rate performance (up to 200 mA h g-1). The features of ultra-thin, high ionic conductivity, 

and good interfacial compatibility enable the developed SCE to be a promising electrolyte 

candidate for the future use in solid-state sodium batteries. 

 

Supporting Information.  

Supporting information is available. Includes SEM images of NSSE particles, SCE membranes 

with different thickness, Digital photos of SCE membrane, EIS plots, LSV curves, XPS spectra, 

voltage profiles of Na symmetric cells, and charge/discharge profiles of TiS2|SCE|Na batteries 

at different cycles.    
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Figure 1. (a) XRD patterns and (b) Raman spectra of solid composite electrolyte 

(NSSE/PVDF-HFP/NaPF6), polymer electrolyte (PVDF-HFP/NaPF6), PVDF-HFP, and NSSE 

powder.  
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Figure 2. Digital images of (a) PVDF-HFP/NaPF6 and (b) SCE membrane with 10 wt.% NSSE. 

SEM images (c) and (d) of top view of SCE membrane with different magnification. (e) and (f) 

Cross-sectional SEM image of an ultra-thin SCE membrane and its corresponding elemental 

mappings of F, Na, P, Sb, Se, S distribution in the SCE membrane. (Sb, Se, S elements come 

from Na3SbS3Se sulfide, F, P elements come from NaPF6 salt, Na element come from both).  
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Figure 3. (a) Nyquist plots, (b) room temperature ionic conductivity of the SCE membranes 

with different weight% of NSSE (x=0, 5%, 10%, 15%, 20%), 0% represents polymer 

electrolyte (PVDF-HFP/NaPF6), The equivalent circuit for fitting is inserted in (a); (c) 

Arrhenius plots of SCE membrane (10 wt% NSSE/PVDF-HFP/NaPF6) and polymer electrolyte 

(PVDF-HFP/NaPF6); (d) Critical current density (CCD) test results of NSSE-SCE and PVDF-

HFP/NaPF6. (The CCD values for NSSE-SCE and polymer electrolyte are 1.1 mA cm-2 and 0.1 

mA cm-2, respectively.) 
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Figure 4. (a) Cycling performance of TiS2||Na batteries using SCEs with different thickness 

(20 μm, 40 μm, and 65 μm); (b) and (c) Charge/discharge profiles of TiS2|SCE|Na batteries at 

2nd cycle and 100th cycle, respectively. (d) Cyclic voltammograms curves at scan rate of 0.1 

mV s-1 for the cell with 20 μm NSSE-SCE.  
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Figure 5. (a) Rate performance and (b) charge/discharge profiles of TiS2|SCE|Na cells at the 

current density of 20, 50, 100, 150, 200 mA g-1; (c) Long-term cycling performance of 

TiS2|SCE|Na and TiS2|PVDF-HFP/NaPF6|Na. The electrochemical cycling window range is 

between 1.4-3.0 V (vs. Na+/Na). 
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