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ABSTRACT: Bulk-type all-solid-state Na/S cells, which are expected to have high capacity, high safety and low material cost, 
were fabricated using a Na3PS4 glass-ceramic as a solid electrolyte. The sulfur composite electrodes were prepared by mechanical 

milling of sulfur active material, conductive additive (acetylene black) and Na3PS4 glass-ceramic electrolyte. The all-solid-state 

Na/S cells used the reaction up to the final discharge product of sulfur active material, Na2S, and achieved a high capacity of ca. 
1100 mAh (g-S)-1 at room temperature. The utilization of sulfur active material was about twice higher than high-temperature-

operating NAS batteries (commercially available NAS batteries: Na / sintered β”-alumina / S) where Na2Sx melts with bridging 
sulfurs contribute to redox in the sulfur electrodes. The open circuit potential curve at the discharge process of the room-

temperature-operating Na/S batteries was similar to that of the high-temperature-operating NAS batteries; XRD and XPS measure-

ment indicated that amorphous Na2Sx with similar structure to these melts contributed to sulfur redox reaction in the all-solid-state 
Na/S cells. Galvanostatic intermittent titration technique and impedance measurement suggested that the over-potential during the 

discharge process in the all-solid-state Na/S cells was mainly derived from the sodium diffusion resistance in the solid sulfur active 

material. The finding would be an effective guide for achieving higher performance of all-solid-state Na/S cells. 

INTRODUCTION 

Low-cost storage batteries with high energy density are 

required for an application to smart grid systems because of 

increasingly serious energy problems.1 Sodium secondary 

batteries are one hopeful candidate because sodium is an 

abundant element and has high ionization tendency compa-

rable to lithium leading to high energy density of the 

cells.2–4 Sodium-sulfur batteries (NAS batteries, Na / sin-

tered β”-alumina / S) have already been used as a stationary 

storage device.5 Sulfur is also an abundant element and the 

batteries show high energy density (760 Wh kg-1). However, 

the operating temperature is so high (>300oC) to melt these 

active materials and contact them with the sintered solid 

electrolyte (β”-alumina). At these high temperatures, the 

batteries have several disadvantages in terms of safety, 

corrosion and power consumption to maintain the heat, 

which restrict their utilization environment only to large-

scale factories and transformer substations, and so on. Sul-

fur active material has a high theoretical capacity (1672 

mAh g-1, S + xNa+ + xe- → NaxS (0≤ x≤ 2)). However, the 

capacity in the NAS batteries is limited to 558 mAh (g-S)-1 

(0≤ x≤ 2/3) because the formation of solid state Na2S2 

(x=1) with a high melting point in the positive electrode on 

discharging increases the cell resistance significantly.6,7 

Na/S cells using liquid electrolytes such as tetraethylene 

glycol dimethyl ether have also been reported.8–13 These 

cells operated as rechargeable batteries at room temperature, 

but the capacities were still low (the first discharge capacity 

of 450 ~ 550 mAh g-1). The low utilization of sulfur active 

material is due to the dissolution of discharge products (so-

dium polysulfides) into the organic electrolyte solutions.12 

The dissolution causes not only capacity decrease but also 

continuous reduction of the discharge products by their 

migration to the negative electrode (shuttle phenomenon).9 

The shuttle phenomenon loses charging energy and de-

creases coulombic efficiency of the cells. In addition, the 

batteries using liquid electrolytes still have a risk of leakage 



 

and explosion. The safety issue would be more serious with 

increasing the size of batteries for large-scale energy stor-

ages. Substitution of solid electrolytes for such electrolyte 

solutions is an effective approach to resolve the dissolution 

and safety problems.13–16 Solid-solid interfaces between 

active materials and solid electrolytes in the bulk-type all-

solid-state batteries are achieved by using solid electrolytes 

with good formability. We have reported that Na3PS4 glass-

ceramic has high ionic conductivity and high formability; 

the powder-compressed pellet shows high sodium ion con-

ductivity over 10-4 S cm-1 at room temperature.16 β”-

alumina sintered at high temperature such as 1600oC used 

in NAS batteries shows higher sodium ion conductivity. 

However its powder-compressed pellet exhibited large 

grain-boundary resistance because of the low formability; 

the conductivity of the pellet was thus much lower (10-10 S 

cm-1 at 70oC).16 Sintering of β”-alumina with sulfur active 

materials is not favorable because sulfur will vaporize at 

the high temperature. 

Here, by using the Na3PS4 glass-ceramic solid electro-

lyte, we show a room-temperature-operating all-solid-state 

Na/S cell with a reversible capacity over 1000 mAh (g-

sulfur)-1 utilizing the full redox reaction of S→Na2S. In the 

previously reported NAS batteries6,7 or Na/S cells using 

electrolyte solutions8–13, sulfur active materials react in 

melting or dissolving states. The full redox mechanism of 

solid sulfur active material in all-solid-state Na/S cells was 

firstly investigated by electrochemical measurements and 

structural analyses. 

EXPERIMENTAL 

Acetylene black (AB, Denka Black) and Na3PS4 glass-

ceramic17 as electronic and ionic conductive pathways were 

added to the sulfur electrode because sulfur active material 

is an insulator.18,19 If close contacts of sulfur active materi-

als with AB and Na3PS4 solid electrolytes are prepared, 

utilization of the full discharge reaction of sulfur active 

material, unlike the NAS batteries with capacity restriction, 

is also expected in the all-solid-state Na/S batteries. Me-

chanical milling treatment on the sulfur mixture was done 

to prepare ionic and electronic conducting pathways and 

increase these contact area where redox reactions occur. 

Thus, two kinds of sulfur composite electrodes were pre-

pared using sulfur (Aldrich, 99.98 %), acetylene black and 

Na3PS4 glass-ceramic powders with the weight ratio of S : 

AB : Na3PS4 = 25 : 25 : 50. One was prepared by hand 

mixing of these three powders (S + AB + Na3PS4). The 

other one was prepared by mechanical milling using a 

planetary ball mill apparatus (Fritsch, Pulverisette 7). Sul-

fur and AB were put into a 45 ml ZrO2 pot with 250 ZrO2 

balls (4 mm in diameter) and milled at the revolution speed 

of 510 rpm for 10 h. The milled mixture was mixed with 

Na3PS4 glass-ceramic powder and milled at the revolution 

speed of 300 rpm for 15 minutes (S-AB-Na3PS4). XRD 

measurements of the sulfur electrodes were conducted us-

ing a diffractometer (SmartLab, Rigaku) with CuKα radia-

tion (1.54 nm, 40 kV, 200 mA). Structural units in the elec-

trodes were investigated by Raman microscopy (LabRAM 

HR-800; Horiba-Jobin Yvon) with 532 nm laser. The laser 

power and spot size were ca. 1 mW and ca. 2 μm, respec-

tively. Element distribution in the sulfur electrodes was 

investigated using scanning electron microscopy (SEM; 

JSM-6610A; JEOL) coupled with an energy dispersive X-

ray spectrometer (EDX; JED-2300; JEOL) at the accelera-

tion voltage of 15 kV. In the all-solid state cells, the sulfur 

composite electrodes and Na3PS4 glass-ceramics were used 

for a working electrode and a solid electrolyte separator, 

respectively. A mixture of Na15Sn4 alloy and AB was used 

for a counter electrode.20 Bulk-type all-solid-state cells 

were fabricated by stacking these powders and pressed at 

360 MPa with stainless-steel disks as a current collector. 

Electrochemical performance of the cells was examined at 

constant current densities from 0.013 to 0.38 mA cm-2 at 

room temperature using a charge-discharge measuring de-

vice (VMP3, Bio-Logic Co.). Electronic structures in the S-

AB-Na3PS4 composite electrodes after the discharge tests 

were analyzed by X-ray photoelectron spectroscopy (XPS, 

K-Alpha, Thermo Fisher Scientific) with a monochromatic 

AlKα source (1486.6 eV). XPS spectra of Na2S (> 99.1%; 



 

Nagao Co.), Na2S2 (> 90.0%; DOJINDO), Na2S3 (> 90.0%; 

DOJINDO), Na2S4 (> 90.0%; DOJINDO) and Na3PS4 

glass-ceramic electrode were also measured as reference 

materials. The observed binding energies were calibrated 

with the adventitious C1s peak to 284.7 eV or AB peak to 

283.8 eV.  

 

RESULTS AND DISCUSSION 

Figure 1 shows XRD patterns of the hand-mixed elec-

trode (S + AB + Na3PS4) and the mechanically milled elec-

trode (S-AB-Na3PS4). Although mechanical milling treat-

ment decreased the peak intensities of orthorhombic S and 

cubic Na3PS4
16,21, there were no other peaks of byproducts. 

Sulfur active material was almost amorphous. Raman spec-

trum of the mechanically milled electrode is shown in Fig-

ure 2. Peaks attributable to S8 and PS4
3− units were main-

tained after the mechanical milling treatment.  

Figure 3 shows SEM and EDX mapping images of the 

sulfur electrodes: (a) hand-mixed electrode, and (b) me-

chanically milled electrode. In the hand-mixed electrode, 

the size of secondary particles of sulfur and Na3PS4 were 

about several micrometers. These particles were pulverized 

and uniformly dispersed by the mechanical milling treat-

ment as shown in Figure 3 (b). These results indicated that 

the contact area of sulfur with AB and Na3PS4 was in-

creased by the mechanical milling treatment. 

Figure 1. XRD patterns of the sulfur composite electrodes 

prepared by hand-mixing (S + AB + Na3PS4) or mechani-

cally milling (S-AB-Na3PS4). 

 

 

 

 

Figure 2. Raman spectra of the mechanically milled S-

AB-Na3PS4 composite electrode, Na3PS4 glass-ceramic 

and S8. 

Figure 3. SEM and EDX mapping images of the sulfur 

composite electrodes prepared by hand-mixing (a: S + AB 

+ Na3PS4) or mechanically milling (b: S-AB-Na3PS4). 

 



 

Figure 4 shows the initial discharge-charge curves of 

the all-solid-state sodium cells using the sulfur electrodes. 

The cell using the hand-mixed electrode showed a low dis-

charge capacity of 51 mAh per gram of sulfur active mate-

rial. It would be due to the low contact area of sulfur with 

AB and Na3PS4 in the electrode. On the other hand, the cell 

using the mechanically milled electrode showed a high 

reversible capacity of 1112 mAh (g-sulfur)-1. It was larger 

than an available capacity in the sodium-sulfur (NAS) bat-

tery. The capacity of the conventional NAS batteries is 

limited to 558 mAh g-1 because only liquid-state sodium 

polysulfides at around 300oC are used to maintain the con-

tact of these sulfur active materials with the sintered solid 

electrolyte.6 It is noteworthy that the all-solid-state cells 

with the mechanically milled sulfur composite electrode 

operate at room temperature and have a higher utilization 

of sulfur than that of the commercially available NAS bat-

teries. The use of the Na3PS4 solid electrolyte and mechan-

ical milling treatment has achieved favorable electrode-

electrolyte solid-solid interfaces in the bulk-type all-solid-

state batteries. The coulombic efficiency of the all-solid-

state cells was about 100%, which means that a shuttle 

phenomenon was not observed in the all-solid-state cell 

unlike the Na/S cells using conventional liquid electrolytes. 

Figure 5 showed the cycle performance of the all-solid-

state sodium cells using the S-AB-Na3PS4 electrode at the 

various current densities. Decrease of capacity with an in-

crease of current densities is a next issue to be solved, but 

discharge capacity remained over 1000 mAh g-1 at 0.013 

mA cm-2 after 25 cycles at the various current densities. On 

the other hand, conventional Na/S cells using liquid organic 

electrolytes showed a reversible capacity between about 

110 mAh g-1 and 600 mAh g-1 at the 10th cycle.8–11,13 Our 

all-solid-state Na/S cell without shuttle phenomenon 

showed much better cycle performance than those cells. 

Open circuit potential (OCP) of the all-slid-state cells 

(Na-Sn / S-AB-Na3PS4) was measured by the galvanostatic 

intermittent titration technique (GITT) to investigate the 

redox mechanism of solid sulfur active material showing 

high capacity. The GITT was employed at a pulse of 10 μA 

for 2 h with interruption until the potential change per hour 

was below 1 mV between each pulse. Figure 6 shows the 

GITT curve (a) and an example of relaxation process at the 

25th step (b). The relaxation process at the 25th step exhib-

ited that the cell potential thoroughly relaxed with a relaxa-

tion time of about 15 h. Total 66 steps GITT was done and 

the capacity reached 1320 mAh g-1. The OCP curve 

showed two plateaus around about 2.1 V and 1.5 V vs. 

Figure 4. Discharge-charge curves at the 1st cycle of the 

all-solid-state sodium cells using the sulfur composite 

electrodes prepared by hand-mixing (S + AB + Na3PS4) 

or mechanically milling (S-AB-Na3PS4) 

 

Figure 5. Cycle performance of the all-solid-state sodi-

um cells using the sulfur composite electrodes prepared 

by mechanically milling (S-AB-Na3PS4). 

 



 

Na+/Na, and a slope between these plateaus. Recently, 

Momida et al. have calculated OCP curve of solid Na/S 

cells by the density functional theory (DFT) considering 

the Van der Waals forces.19 The OCP curve was calculated 

by assuming two-phase reaction based on the phase dia-

gram of sodium and sulfur22 at room temperature. It sug-

gests that solid Na/S cells show mainly three plateaus at the 

voltage from 1.68 V to 2.11. The OCP curve of the all-

solid-state cell using S-AB-Na3PS4 electrode was different 

from the calculated OCP curve, but similar to that of high-

temperature-operating NAS batteries with two plateaus and 

one slope between them. An electrochemical reaction in the 

high-temperature-operating NAS batteries is understood on 

the basis of the Na-S phase diagram at around 300oC.7 

Two-phase reaction of sulfur melt and Na2Sx (x = 5+α) 

melt occurs at the first plateau, and single-phase of Na2Sx 

(3+α< x< 5+α) melt reacts with electrochemically inserted 

sodium at the following slope region. Amorphous com-

pounds have frozen structures of their melts.23 We have 

expected that the all-solid-state Na-Sn / S-AB-Na3PS4 cell 

shows a similar OCP curve to the conventional NAS batter-

ies because sulfur active materials in the S-AB-Na3PS4 

electrode have amorphous structure similar to their melts of 

sulfur active materials in conventional NAS batteries. 

Structures of the discharged S-AB-Na3PS4 electrode will be 

discussed in the next section. 

Figure 6. GITT curves of the all-solid-state sodium 

cells using the sulfur composite electrodes prepared by 

mechanically milling (S-AB-Na3PS4); all (a) and the 

25th (b) relaxation steps. 

 

Figure 7. XRD patterns of the S-AB-Na3PS4 compo-

site electrode after 500 mAh g-1 and full discharge at 

the 1st process in the all-solid-state sodium cells. 

 



 

    Figure 7 and Figure 8 respectively show XRD patterns 

and XPS spectra of the S-AB-Na3PS4 electrode at the slope 

region (after 500 mAh g-1 discharge) and after full dis-

charge of the 1st discharge process shown in Figure 4. In 

XRD pattern of the sulfur electrode after 500 mAh g-1 dis-

charge process shown in Figure 7, only peaks of the Na3PS4 

solid electrolyte (cubic Na3PS4) were observed. It indicated 

that sulfur active materials were in amorphous state in the 

electrode at the discharge capacity of 500 mAh g-1. The 

XPS spectra shown in Figure 8 are S2p (a) and P2p (b) spec-

tra, and composed of two sets of doublet peaks (S2p3/2 and 

S2p1/2, P2p3/2 and P2p1/2). The peak energy separation of 1.2 

eV in each doublet was set during peak fitting. In XPS 

spectrum of the sulfur electrode after 500 mAh g-1 dis-

charge process, P2p3/2 peak at 131.6 eV and S2p3/2 peaks at 

162.9 eV and 161.1 eV were observed. In the XPS spectra 

of Na2Sx (2≤ x≤ 4) crystals shown in Figure 9, bridging 

sulfur and non-bridging sulfur have a S2p3/2 peak at about 

162.8 eV and 161.2 eV, respectively. Because these S2p3/2 

peak positions were close to 162.9 eV and 161.1 eV, the 

Figure 8. S2p XPS spectra (a) and P2p XPS spectra (b) of 

the S-AB-Na3PS4 composite electrodes after 500 mAh g-1 

and full discharge processes at the 1st process in the all-

solid-state sodium cells.   

 

Figure 9. S2p XPS spectra of Na2Sx (x = 1, 2, 3, 4) crystals. 

Figure 10. A S2p XPS spectrum (a) and a P2p XPS spec-

trum (b) of the Na3PS4 glass-ceramic. 

 



 

S2p3/2 peaks observed in the sulfur electrode after 500 mAh 

g-1 discharge process were attributed to sulfur in sodium 

polysulfides with bridging sulfurs. In the XPS spectra of 

the Na3PS4 glass-ceramic electrolyte shown in Figure 10, a 

S2p3/2 peak at 161.0 eV and a P2p3/2 peak at 131.4 eV were 

mainly observed. The S2p3/2 peak at 161.1 eV and P2p3/2 peak 

at 131.6 eV observed in the sulfur electrode after 500 mAh 

g-1 discharge process were thus attributed to the peaks of 

sulfur and phosphorus in the Na3PS4 solid electrolyte, re-

spectively. These results indicate that the S-AB-Na3PS4 

electrode in room-temperature-operating all-solid-state 

Na/S cells produces amorphous sodium polysulfides with 

bridging sulfurs at the slope region of the OCP curve. Be-

cause these sodium polysulfide intermediates have amor-

phous structure similar to their melts in high-temperature-

operating NAS batteries, the all-solid-state cell using S-

AB-Na3PS4 electrode would show a similar OCP curve to 

the NAS batteries at room temperature. Amorphous materi-

als have attracted much attention in various areas because 

of the structural specificity.24–30 The structural similarity to 

the melt has been also investigated in the fundamental re-

searches.23,31 To our best knowledge, it is firstly demon-

strated that amorphous compounds shows similar reaction 

mechanism to their melts in electrochemical cells. The 

findings would be of basic interest for amorphous materials. 

In the XRD pattern of the S-AB-Na3PS4 electrode after 

full discharge shown in Figure 7, diffraction peaks attribut-

able to Na2S were detected in addition to peaks of the 

Na3PS4 solid electrolyte. Na2S is the full-discharge product 

of sulfur redox reaction (S + 2Na ↔ Na2S). As far as we 

know, this is the first example confirming Na2S by XRD 

measurement in room-temperature-operating Na/S cells. In 

the XPS spectrum of the sulfur electrode after full dis-

charge process, the S2p3/2 peak at 159.4 eV attributable to 

sulfur in Na2S was also observed in addition to the S2p3/2 

peak at 161.1 eV attributable to sulfur in Na3PS4 solid elec-

trolyte. The P2p3/2 peak at 131 eV was also attributed to 

phosphorus in Na3PS4 solid electrolyte. These XRD and 

XPS results indicated utilization of full sulfur redox reac-

tion to Na2S in the all-solid-state cell; the all-solid-state cell 

thus showed a higher capacity than the NAS batteries and 

Na/S cells using organic electrolyte solutions and polymer 

electrolytes.6,8,9,13 A P2p3/2 peak at 129.9 eV in the spectrum 

after full discharge process is attributable to phosphorus32 

which seemed to be produced by reduction of Na3PS4 solid 

electrolyte at around 1.2 V vs. Na+/Na.33 However, intensi-

ty of the peak was small. This means that the high capacity 

was mainly derived from sulfur redox. There was also a 

small S2p3/2 peak at 162.5 eV in the spectrum after full dis-

charge process. The small peak was attributable to the 

bridging sulfurs in sodium polysulfides, suggesting that the 

redox reaction of sulfur active material was insufficient.  

In the high-temperature-operating NAS batteries, dis-

charging to x=3 in Na2Sx solidifies the sulfur-based active 

materials and increases the cell resistance. Our all-solid-

state Na/S cells operating at room temperature showed no 

large increase of over-potential at the GITT measurement 

until Na2S was produced. To decrease the cell resistance 

producing the over-potential for further utilization of sulfur 

active material, the resistance components were investigat-

ed by the AC impedance method. Nyquist plot of the Na-Sn 

Figure 11. Nyquist plots of the all-solid-state cell 

Na-Sn / S-AB-Na3PS4 after 500 mAh g-1 discharge 

process (a) and the all-solid-state symmetric cell Na-

Sn / Na-Sn (b).  



 

/ S-AB-Na3PS4 cell after 500 mAh g-1 discharge is shown 

in Figure 11 (a). Two distorted semicircle at the high fre-

quency region (0.3 MHz) and intermediate frequency re-

gion (4 kHz), and a slope at the low frequency region (be-

low 1 Hz) were observed. In order to separate the resistanc-

es, Nyquist plot of an all-solid-state symmetric cell of Na-

Sn alloy was also measured, which is shown in Figure 11 

(b). There are a part of semicircle at the high frequency 

region and a slope at the low frequency region. Because the 

slope at the low frequency region in the Nyquist plot of the 

symmetric cell was attributable to diffusion resistance in 

the Na-Sn alloy34, the resistances of solid electrolyte layer 

and negative electrode layer except for the diffusion re-

sistance appeared at the semicircle at the high frequency 

region (0.3 MHz, R1). Considering these characteristic 

frequency, the semicircle at the high frequency in the Na-

Sn / S-AB-Na3PS4 cell was attributable to R1 resistance. 

The rest semicircle at the intermediate frequency (4 kHz, 

R2) was attributable to positive electrode resistance except 

for the diffusion resistance. The sum of R1 and R2 (1830 

Ω) will give an over-potential of 0.0183 V at the current 

value of 10 μA on the basis of the proportional relation. 

However, the observed over-potential in Figure 6 was 

about 0.24 V, which was much larger than the predicted 

over-potential. Diffusion resistances in both negative and 

positive electrodes, which corresponded to the slope in the 

Nyquist plot, contributed to the residual large over-

potential. To compare these diffusion resistances in nega-

tive and positive electrodes, each Warburg coefficient (Aw) 

of the two cells was calculated from the relation of the real 

component resistance (Z’) and minus one half power of the 

angular frequency (Z’ = Aw ω
-1/2) at these slope region.34 

Figure 12 shows the relations in the all-solid-state cell Na-

Sn / S-AB-Na3PS4 after 500 mAh g-1 discharge process (a) 

and the symmetric cell Na-Sn / Na-Sn (b). Calculated Aw of 

34 Ω s1/2 in the symmetric cell of Na-Sn alloy was much 

smaller than the Aw of 807 Ω s1/2 in the Na-Sn / S-AB-

Na3PS4 cell, indicating that diffusion resistance in the sul-

fur electrode was mainly responsible for the large slope 

resistance at the low frequency. Although the all-solid-state 

Na/S cells has a sulfur reaction mechanism similar to high-

temperature-operating NAS batteries, diffusion resistance 

in the sulfur electrode of the NAS batteries was much 

smaller (Aw = ca. 3 Ω s1/2) 35 because sulfur active materials 

are melting in the electrodes. The high resistance of diffu-

sion in the sulfur electrode of room-temperature-operating 

Na/S cells seems to be derived from insulator character of 

solid sulfur active materials.19,36,37 In other active materials 

such as LiFePO4 with high resistance of diffusion, smaller 

particle size of the active material is effective for higher 

charge-discharge performance.38,39 Therefore decrease in 

particle size of sulfur active material would critically con-

tribute to higher utilization of sulfur and rate performance 

of the all-solid-state Na/S cells. 

  

Figure 12. Real component resistance (Z’) and minus 

one half power of the angular frequency of the all-solid-

state cell Na-Sn / S-AB-Na3PS4 after 500 mAh g-1 dis-

charge process (a) and the all-solid-state symmetric cell 

Na-Sn / Na-Sn (b).   

 



 

CONCLUSION  

Bulk-type all-solid-state Na/S cells with a Na3PS4 

glass-ceramic electrolyte, which do not suffer from leakage 

and active material dissolution problems, showed high uti-

lization of sulfur active material over 1100 mAh g-1 and no 

large capacity degradation at room temperature. The utili-

zation value was about twice of that of high-temperature-

operating NAS batteries. The room-temperature-operating 

Na/S cells showed a similar OCP curve to the high-

temperature-operating NAS batteries where Na2Sx melts 

with bridging sulfurs contribute to redox reaction. It would 

be because amorphous Na2Sx with similar structure to these 

melts in the NAS batteries existed in the room-temperature-

operating all-solid-state Na/S cells. The all-solid-state Na/S 

cells utilized the full discharge reaction of sulfur active 

material unlike the NAS batteries with capacity restriction. 

These results indicated that the all-solid-state Na/S cells 

have a possibility of higher performance than the conven-

tional NAS batteries in terms of safety and capacity. Gal-

vanostatic intermittent titration technique and impedance 

measurement of the all-solid-state Na/S cells suggested that 

decrease of the large diffusion resistance in the solid sulfur 

active material would be critically effective for achieving 

the higher discharge-charge performance.  
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