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Abstract 

   All-solid-state Na/S cells with high safety, capacity and low material cost are 

desired for an application to smart grid systems. Sulfur composite electrodes are 

prepared by mechanically milling of sulfur, Ketjen black and P2S5 or Na3PS4 for 

realizing the cells with a high capacity. The cell using P2S5 without ion conductivity in 

the sulfur electrode exhibits a high reversible capacity of 340 mAh (g-sulfur electrode)−1 

under 0.04 C rate at 25oC, which is much larger than that of 37.3 mAh (g-sulfur 

electrode)−1 in a conventional cell using a Na3PS4 electrolyte with high ion conductivity. 

To investigate the reaction mechanism of the sulfur composite electrode using P2S5, 

XPS/XRD measurement and SEM/TEM observation of the electrodes are conducted. 

These results indicates that a crystalline Na3PS4 component is automatically produced 

by the electrochemical Na insertion in the amorphous S-P2S5 electrode and mixed with 

the sulfur redox parts at nano scale. The mixing degree is higher than that at micro scale 

in the conventional S-Na3PS4 electrode, which is a reason for the high capacity of the 

cells using the S-P2S5 electrode. Partial substitution of P2S5 for SiS2 in the sulfur 

electrode suppresses the nano-crystallization and further increases the reversible 

capacity up to 390 mAh (g-sulfur electrode)−1, which is the highest in reported 

all-solid-state Na batteries so far.  

 

Keywords all-solid-state battery, Na/S battery, sulfur electrode 
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1. Introduction 

Energy storage batteries with high capacity are a key device against energy 

problems. Sulfur active material has a high theoretical capacity of 1672 mAh g−1 and is 

expected as a high capacity electrode in lithium, sodium and magnesium batteries [1]. 

However, discharged intermediates of polysulfide ions (S8−x
2− (0 ≤ x ≤ 4)) dissolve into 

conventional organic electrolyte solutions such as tetraethylene glycol dimethyl ether. 

The dissolution of the active materials causes the decrease of the cell capacity and 

continuous reduction of the discharged products by their migration to the negative 

electrode (shuttle phenomenon) [2]. The shuttle phenomenon wastes the charging 

energy. In addition, these conventional organic electrolyte solutions have risks of the 

leakage and ignition [3]. Bulk-type all-solid-state batteries using solid electrolytes 

instead of those electrolyte solutions are expected to essentially solve the dissolution 

and safety problem [4,5]. Solid electrolytes with high ionic conductivity are needed for 

the batteries. Sulfide electrolytes such as Li10GeP2S12 crystal [6] and 70Li2S∙30P2S5 

glass-ceramic [7] show high ionic conductivity comparable to organic electrolyte 

solutions. These solid electrolytes are normally mixed as ionic conductive pathways to 

sulfur in the electrodes. Homogeneous dispersion is considerably important for their 

battery performances because sulfur active materials are insulators during 

discharge-charge processes [8][9]. We have reported that mechanical milling treatment 

increases the mixing degree and the capacity of the sulfur active material from 250 mAh 

(g-sulfur)−1 to 1220 mAh (g-sulfur)−1 in the all-solid-state Li/S batteries [10]. However, 

the content of the sulfur active material in the composite electrode is only 25 wt% and a 

current density of 0.064 mA cm−2 (0.01 C) is still low. The increase of the sulfur active 

material content in the composite electrode for higher capacity of the cell drastically 

decreases the utilization of sulfur and rate performance in the cells because of less 

conductivity of the electrode [11][12][13]. Recently, Nagata et al. have reported that an 

all-solid-state Li/S cell with a high sulfur content of 60 wt% in the sulfur composite 

electrode exhibited high a reversible capacity of about 1220 mAh (g-sulfur)−1 at a 

relatively high current density of 1.6 mA cm−2 (0.5 C) [14]. In the cells with high 

capacity and rate performance, P2S5 was added as a solid electrolyte component in the 

sulfur composite electrode. The reversible capacity per weight for the positive electrode 
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of 610 mAh (g-electrode)−1 was the highest in reported all-solid-state cells so far. The 

discharge-charge mechanism of the sulfur electrode using P2S5 seems to be different 

from that of sulfur electrodes using a solid electrolyte with ionic conductivity because 

P2S5 itself has no ionic conductivity. We have characterized the structure of the sulfur 

composite electrode (S-P2S5-C) and proposed the reaction mechanism [15]. The 

mechanical milling treatment produces amorphous P2S5+x species with phosphorus 

atoms bridged by sulfur chains. Cleavages and associations of disulfide bonds in the 

amorphous compound are brought about by the discharge and charge process, 

respectively. Both sulfur redox parts and ionic conductive parts derived from P2S5 

compound were formed and mixed at atomic level during the discharge-charge 

processes. We suggested that the favorable dispersion would be one reason of the high 

capacity in the all-solid-state Li/S batteries using P2S5 in the sulfur composite electrode. 

Nagata et al. have reported that all-solid-state Na/S batteries with the sulfur composite 

electrodes using P2S5 also show higher capacity than those using a Na3PS4 

glass-ceramic electrolyte [13,16] with high ionic conductivity [17]. Although the initial 

discharge capacity is 1450 mAh (g-sulfur)−1, the reversible capacity is 670 mAh 

(g-sulfur)−1, which is lower than that of the all-solid-state Li/S batteries. However, usage 

of sodium is better than that of lithium in terms of element strategy [18]. It is also 

interesting to clarify the difference of electrochemical reaction of the sulfur composite 

electrode in Na/S batteries from that in Li/S ones. 

In this study, structures of the sulfur composite electrodes using P2S5 in the 

all-solid-state Na/S batteries are analyzed by structural analyses. The differences with 

lithium system and strategies for improvement of the reversible capacity in the 

all-solid-state Na/S batteries are investigated. 

    

2. Experimental  

2.1. Sample preparation 

Ketjen black powder (KB, Lion Co.) was used as an electronic conductive additive 

in sulfur electrodes [19]. Sulfur composite electrodes with Ketjen black and P2S5 

(Aldrich, 99%)[17] or Na3PS4 glass-ceramic [13] were prepared by mechanical milling 

[20]. The sulfur composite electrode with P2S5 or Na3PS4 glass-ceramic respectively 
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donates as “S-KB-P2S5” or “S-KB-Na3PS4” in the literature. The rotation speed of disk 

and milling duration were 370 rpm and 4 hours. The weight ratio of S8 (Aldrich, 99.5%), 

KB and P2S5 or Na3PS4 glass-ceramic was 50 : 10 : 40 [21]. 

 

2.2. Cell fabrication 

Bulk-type all-solid-state Na/S cells with the working electrode of the S-KB-P2S5 or 

S-KB-Na3PS4 composite (3 mg) were fabricated. The Na3PS4 glass-ceramic electrolyte 

and a Na15Sn4-Acetylene black (AB) [22] composite were respectively used as a 

separator and counter/reference electrodes. These three powders were set in a 

polycarbonate tube and uniaxially pressed together under 360 MPa.  

 

2.3. Electrochemical measurement 

Electrochemical performances of the cells were examined at the constant current 

density of 0.13 mA cm−2 at room temperature using a charge-discharge measuring 

device (VMP3, Bio-Logic Co.).  

 

2.4. Structural analysis 

Electronic structures of the S-KB-P2S5 composite electrodes before and after the 

discharge-charge tests were analyzed by X-ray photoelectron spectroscopy (XPS, 

K-Alpha, Thermo Fisher Scientific) with a Monochromatic AlKα source (1486.6 eV). 

The observed binding energies were calibrated with the adventitious C1s peak to 284.7 

eV or KB peak to 284.2 eV. X-ray diffraction (XRD) measurements of the S-KB-P2S5 

composite electrodes before and after the discharge-charge tests were conducted using a 

diffractometer (SmartLab, Rigaku) with CuKα radiation (40 kV, 200 mA). The scan rate 

and step were 1o min−1 and 0.02o, respectively.  To observe the morphology and each 

element distribution of the sulfur electrodes, field-emission scanning electron 

microscopic (FE-SEM) observation and energy dispersive X-ray spectroscopic (EDX) 

mapping were conducted using a field-emission scanning electron microscopy 

(SU-8220, HITACHI) at the acceleration voltage of 3 kV and 15 kV, respectively. The 

S-KB-P2S5 composite electrode after the initial discharge process was observed by a 

transmission electron microscope (TEM, JEM- 2100F, JEOL) at an acceleration voltage 
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of 200 kV. 

 

3. Results and discussions 

3.1. Structural Analysis of Sulfur Electrodes 

Fig. 1 shows the discharge-charge curves of the all-solid-state Na/S cell using the 

sulfur composite electrode milled with Na3PS4 glass-ceramic powder (S-KB-Na3PS4; a) 

or P2S5 powder (S-KB-P2S5; b). These discharge-charge curves were almost the same as 

those of previous report using activated carbon as a conductive additive [17]. The cell 

using the P2S5 composite electrode exhibited a higher capacity than that using the 

Na3PS4 composite electrode. A reversible capacity of the cell using the S-KB-P2S5 

composite electrode was 680 mAh g−1, which was lower than that of the all-solid-state 

Li/S cells using the same composite electrode [15]. Structures of the S-KB-P2S5 

composite electrodes after the discharge and charge process in the all-solid-state Na/S 

cells were characterized.  

Fig. 2a shows the initial discharge-charge curves of the Na/S cells using S-KB-P2S5 

composite electrodes with the sulfur content of 45 wt% in the composite electrode. The 

discharge-charge curves were similar to that of the Na/S cells with the 50 wt% sulfur 

content. Fig. 2b exhibited the SEM images and EDX mapping results of P and Na 

elements at the cross-section for a pellet of the composite electrodes. The EDX mapping 

images of the composite electrode at the 25% discharge point of the theoretical capacity 

(1672 mAh g−1) indicated that Na element was only observed at the side of the 

electrolyte separator layer. It means that the Na insertion to the S-KB-P2S5 electrode 

gradually proceeded from the separator to the current collector. After the full discharge 

process (c), Na element was detected from the entire electrode, indicating that the Na 

insertion reached the current collector side. Na element remained after the charge 

process (d), which is responsible for an irreversible capacity of the Na/S cells using the 

S-KB-P2S5 composite electrode. From the next paragraph, structures of the composite 

electrodes with 50 wt% sulfur active material after the full discharge and charge 

processes were characterized. The origin of the irreversible capacity and a clue for 

obtaining higher reversible capacity were explored. 

 



7 

 

 

 

Fig. 1. The 1st discharge-charge curves of the all-solid-state Na/S cells with a sulfur 

composite electrode of S-KB-Na3PS4 (a) or S-KB-P2S5 (b) at 25oC under the current 

density of 0.13 mA cm-2. 
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Fig. 2. (a) The 1st discharge-charge curves of the all-solid-state Na/S cells with a sulfur 

composite electrode of S-KB-P2S5 with a weight content of S : KB : P2S5 = 45 : 19 : 36 

at 25oC under the current density of 0.13 mA cm-2.  SEM and EDX mapping images of 

a cross-section of the S-KB-Na3PS4 composite electrode after 25% (b) and full (c) 

discharge and charge (d) processes.  
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Fig. 3 shows the P2p (a) and S2p (b) XPS spectra of the S-KB-P2S5 composite 

electrodes before and after the discharge-charge processes. The S2p XPS spectra showed 

large changes compared with the P2p XPS spectra by the discharge and charge processes. 

It indicated that the sulfur redox mainly related to the high capacity of the Na/S cells 

using the S-KB-P2S5 composite electrode. In the XPS spectra of the S-KB-P2S5 

composite electrode before the discharge process, which were reported in the previous 

report [15], the S2p3/2 peaks of 163.3 eV and 161.7 eV were already attributed to sulfurs 

of [S-“S”-S, P-“S”-S] and [P=“S”] in the amorphous P2S5+x. In the P2p XPS spectrum of 

the composite electrode before the discharge process, at least three phosphorus 

components were observed at the P2p3/2 peaks of 133.6 eV, 132.1 eV and 130.7 eV. The 

31P MAS-NMR spectrum of the composite has indicated that the amorphous P2S5+x has 

peaks of PS4 tetrahedral units [S=“P”-S3] and PS3 pyramidal units [“P”-S3] [15]. The 

peak position at 132.1 eV was a little lower than that of [S=“P”-S3] in a P2S5 crystal 

(133.1 eV). The peak at 132.1 eV was attributed to [S=“P”-S3] in the amorphous P2S5+x 

because amorphization often shifts binding energies in XPS spectra to the lower binding 

energy side [23,24]. Based on the lower oxidation number of phosphorus in the [“P”-S3] 

than that in the [S=“P”-S3], the peak at the low binding energy of 130.7 eV was 

attributed to [“P”-S3] in the amorphous P2S5+x. The P2p3/2 peak at the high binding 

energy of 133.6 eV seems to be attributable to the phosphorus compounds oxidized by 

contamination of oxygen gas, but the amount was a little. 

In the S2p XPS spectrum of the S-KB-P2S5 composite electrode after the initial 

discharge process, at least two S2p3/2 peaks at 160.9 eV and 159.0 eV were observed. 

The S2p3/2 peak at 160.9 eV was identical with that of sulfur in the Na3PS4 

glass-ceramics [15]. The binding energy of 159.0 eV was lower than that of 159.4 eV 

for Na2S crystal [15], which is a full-reduced compound of sulfur. By considering that 

amorphization often shifts binding energies to the lower binding energy side, the peak at 

159.0 eV was attributed to low-crystalline Na2S. In the P2p spectrum of the S-KB-P2S5 

composite electrode after the initial discharge process, a P2p3/2 peak at 131.6 eV was 

mainly observed. The peak agreed with the phosphorus in the Na3PS4 glass-ceramics. A 

peak around 130 eV was also observed and it seems to be attributable to a 

phosphorus-reduced compound because elemental phosphorus has a P2p3/2 peak at 130 
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eV [25]. However, the peak intensity was small. The capacity derived from the 

phosphorus redox would be low and the sulfur redox mainly contributed to the high 

capacity of the Na/S cells using the S-KB-P2S5 composite electrodes. As reported in the 

Li/S cells, PS4
3− and S2− ions were formed by the cleavage of S-S bonds in the 

amorphous P2S5+x during the discharge process in the Na/S cells. 

In the XPS spectra of the S-KB-P2S5 composite electrode after the initial charge 

process, the S2p3/2 peak at 131.4 eV and the P2p3/2 peak of 160.9 eV were observed. 

These peaks were observed also in the spectra after the initial discharge process, which 

indicated that the Na3PS4 component remained even after the charge process. In the Li/S 

cells, the Li3PS4 component was not observed after the charge process. The S2p3/2 peak 

at 162.8 eV was attributable to insufficiently oxidized polysulfide compounds because 

the binding energy was the same as that of the bridged sulfur in Na2S4 crystal [15]. In 

the Li/S cells after the initial charge process, the S2p3/2 peak at 163.3 eV was observed, 

which corresponded with sufficiently oxidized compound of sulfur like before 

discharging. Structure reversibility in the Li/S cells and the Na/S cells was different, and 

the less reversibility on the structure in the Na/S cells leaded to the less reversible 

capacity. 
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Fig. 3. XPS spectra of the S-KB-P2S5 composite electrodes before and after the 1st 

discharge and charge processes; (a): S2p scan, (b): P2p scan. 
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XRD patterns of the S-KB-P2S5 composite electrodes before and after the initial 

discharge-charge processes are shown in Fig. 4. The composite electrode before the 

discharge process showed a halo pattern as reported previously [15]. In the XRD pattern 

of the S-KB-P2S5 composite electrode after the initial discharge process, a weak peak at 

2θ=31.2o was observed. The peak corresponded to cubic Na3PS4 and remained after the 

charge process, which agreed with the XPS results shown in Fig. 3. The S-KB-P2S5 

composite electrode in the Li/S cells showed a halo pattern even after the discharge 

process. The XRD measurement indicated that the Na3PS4 compound, which related to 

the irreversible capacity of the Na/S cells, existed as a crystal. The phosphorus sulfide 

compound Na3PS4 is the ionic conductive pathway in the composite electrode. The 

spatial distribution of the crystallite was investigated.  

FE-SEM images and EDX mapping results of the each element (Na, S, P, C) at the 

surface of S-KB-P2S5 (a) and S-KB-Na3PS4 (b) composite electrodes after the initial 

discharge process are compared in Fig. 5. These FE-SEM images indicated that both 

pellets were dense. Cracks leading to capacity degradation were not observed. The EDX 

mapping results of the S-KB-P2S5 composite electrode showed that each element evenly 

dispersed at least in a smaller scale than micrometers. On the other hand, several micron 

scale area of phosphorus element was observed in the EDX mapping images of the 

S-KB-Na3PS4 composite electrode. The phosphorus area corresponds to the Na3PS4 

solid electrolyte in the S-KB-Na3PS4 composite electrode. The S-KB-P2S5 composite 

electrode showed a higher mixing degree of the ionic conductive pathway than the 

S-KB-Na3PS4 composite electrode, which would be a reason of the higher reversible 

capacity. But the dispersed size of the Na3PS4 crystallite in the S-KB-P2S5 composite 

electrode after the discharge process was not detected by the EDX mapping. TEM 

observation with higher resolution for crystallites was conducted. 
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Fig. 4. XRD patterns of the S-KB-P2S5 composite electrodes before and after the 1st 

discharge and charge processes. 
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Fig. 5. FE-SEM and EDX mapping images of a surface of the S-KB-P2S5 (a) and 

S-KB-Na3PS4 (b) composite electrodes after the discharge process. 
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The electron diffraction pattern of the S-KB-P2S5 composite electrode after the 

initial discharge process is shown in Fig. 6a. Some diffraction spots and rings were 

observed. Fig. 6b shows the intensity profile of a line X in the Fig. 6a. Each d-value of 

these diffractions was identical with cubic Na3PS4 and cubic Na2S, which agreed with 

the XPS results. To investigate the distributions of these crystallites, dark-field images 

using these diffractions were observed. The dark-field images shown in Fig. 6c 

indicated that the Na2S and Na3PS4 crystallites existed in the size of several nanometers 

and dispersed in a nano-scale. The nano-scale dispersion of the active material part of 

Na2S and the ionic conductive part of Na3PS4 was a reason that the Na/S cells using 

S-KB-P2S5 composite electrodes showed a higher capacity than that using S-KB-Na3PS4 

composite electrode with the micro-scale dispersion. On the other hand, the 

crystallization in the Na/S cells decreased the dispersed degree, which would be one 

reason that the Na/S cell showed a lower reversible capacity than the Li/S cell where 

amorphous state remained in the composite electrode. The mechanism difference 

whether the compounds after the discharge process crystallized or not would be derived 

from the difference of the glass stability against crystallization. In general, the lower 

ionic bonding properties, the easier the compounds form glasses [26]. Substitution of 

sodium for lithium in the compounds increases the ionic bonding properties with sulfur 

atoms, which decreases the glass stability against crystallization. It means that glass 

stability of sodium compounds is intrinsically lower than that of lithium compounds. 

Therefore, other ideas are needed for the amorphous stabilization of the sulfur 

composite electrode in the Na/S batteries for achieving the higher reversible capacity. In 

this study, amorphous stabilization by multicomponent with a similar glass-former to 

P2S5 was focused.  
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Fig. 6. Electron-diffraction pattern (a), intensity profile along line X (b) and dark-field 

images (c) of the S-KB-P2S5 composite electrodes after the 1st discharge process. 
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3.2. Modification of Sulfur Electrodes 

Multicomponent generally stabilizes the amorphous state [27] and thus a 

multicomponent composite where a part of P2S5 is replaced by SiS2 was applied. Sulfur 

composite electrodes at the weight ratio of S : KB : P2S5 : SiS2 = 50 : 10 : 20 : 20 were 

prepared by mechanical milling at the same condition. Fig. 7a showed the 

discharge-charge curves of the all-solid-state Na/S cells using the S-KB-P2S5-SiS2 

composite electrode. The cells exhibited similar discharge-charge curves with the cells 

using the S-KB-P2S5 electrode. Fig. 7b shows the relationship between the reversible 

capacity at the initial cycle and the SiS2 content in the S-KB-P2S5-SiS2 composite 

electrodes. The cells using both P2S5 and SiS2 showed a higher reversible capacity than 

those using only P2S5 or SiS2. Fig. 7c exhibits cycle performance of the Na/S cell using 

the S-KB-P2S5-SiS2 composite electrode under various current densities. The cell 

showed relatively stable cycle performance and worked as a secondary battery under the 

higher current densities up to 0.64 mA cm−2 (0.2 C). High reversible capacity of about 

1250 mAh (g-S)−1 was achieved under the current density of 0.013 mA cm−2. 

An electron diffraction pattern of the S-KB-P2S5-SiS2 composite electrode after the 

initial discharge process was shown in Fig. 8a. The diffraction of the crystallites 

disappeared in the multicomponent composite. Fig. 8b exhibits the bright-field and the 

EDX mapping images of the S-KB-P2S5-SiS2 composite electrode after the initial 

discharge process. The EDX mapping results showed that each element including 

phosphorus and silicon was evenly dispersed, suggesting that the additional of SiS2 

suppressed the crystallization in the sulfur composite electrode after the initial discharge 

process. The suppression of the crystallization is effective in maintaining atomic-level 

dispersion of the sulfur redox parts and the ionic conductive part and thus the reversible 

capacity in the Na/S cells using the sulfur composite electrodes was increased. 
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Fig. 7. (a) Discharge-charge curves of the all-solid-state Na/S cells using the 

S-KB-P2S5-SiS2 composite electrode at 25oC under the current density of 0.13 mA cm-2. 

(b) Reversible capacity at the 1st cycle against weight % of SiS2 / (P2S5+SiS2). (c) 

Cycle performance of reversible capacities of the all-solid-state sodium Na/S cells using 

the S-KB-P2S5-SiS2 composite electrode under various current densities. 
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Fig. 8. Electron-diffraction pattern (a), TEM bright field (b) and EDX mapping images 

of the powder of S-KB-P2S5-SiS2 composite electrode after the 1st discharge process. 
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4. Conclusions 

All-solid-state Na/S cells using the S-KB-P2S5 composite electrode, which was a 

mixture of amorphous P2S5+x and KB, exhibited a higher capacity than the cells using 

the S-KB-Na3PS4 composite electrode. In the S-KB-P2S5 electrode during the discharge 

process, the S-S bonds in the amorphous P2S5+x were dissociated by the electrochemical 

Na insertion, and the crystals of Na2S and Na3PS4 in the size of several tens nanometers 

were precipitated. The mixing degree of the Na2S and Na3PS4 crystallites in the 

S-KB-P2S5 electrode was much higher than that in the S-KB-Na3PS4 electrode, which 

would be one reason for high capacity of the cells using P2S5 in the sulfur composite 

electrode. On the other hand, the crystallization of the Na2S and Na3PS4 associated with 

losing the atomic-level dispersion of the sulfur redox part and the ionic conductive part 

derived from P2S5. The crystallization was suppressed by the partial substitution of P2S5 

for SiS2 in the sulfur composite electrode. The all-solid-state Na/S cells using the 

S-KB-P2S5-SiS2 composite electrode showed the highest reversible capacity of 390 

mAh (g-sulfur electrode)−1 in the reported all-solid-state Na batteries so far. 
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