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Novel discharge-charge mechanism of S-P2S5 composite electrode 
without electrolyte in all-solid-state Li/S batteries  

N. Tanibata,a H. Tsukasaki,b M. Deguchi,a S. Mori,b A. Hayashi, *a,c M. Tatsumisagoa 

All-solid-state Li/S cells with high safety and high capacity were fabricated using a sulfur composite electrode prepared by 

mechanically milling of S, P2S5 and a conductive additive (Ketjen black). The cells with the 50 wt% sulfur content in the 

composite electrode showed a high reversible capacity of 942 mAh (g-sulfur)−1 at a constant current density of 0.64 mA 

cm−2 (0.1 C). The discharge-charge mechanism of the high-capacity sulfur composite electrode without electrolytes was 

investigated. XRD and NMR measurements showed that amorphous P2S5+x species, where sulfur chains bridged phosphorus 

atoms, were produced in the as-milled composite electrode. Mixing of the amorphous P2S5+x and Ketjen black in submicron 

order was indicated from the FE-SEM observation and EDX mapping of the electrode. XRD and TEM measurements of the 

sulfur electrodes before and after the discharge-charge processes indicated that the compounds in the electrodes 

remained amorphous state during these processes. The XPS measurement showed that cleavages and associations of the 

disulfide bonds occurred in the amorphous compounds during the discharge-charge processes. A novel discharge-charge 

mechanism with an atomic-level dispersion of a sulfur redox part in an ion conductive part was proposed in a high-capacity 

sulfur electrode.

Introduction 

Lithium ion batteries with high energy densities are utilized in 

portable energy devices. Batteries with higher capacity will play an 

increasingly important role to meet the requirement of all-electric 

vehicles and grid energy storages. Sulfur reacts with two lithium 

atoms per a sulfur atom (S8 + 16Li ↔ 8Li2S) and has a much higher 

theoretical capacity (1672 mAh g−1) than that of conventional 

positive electrode active materials such as LiCoO2 (140 mAh g−1).1 

Li/S cells using conventional organic electrolyte solutions such as 

tetraethylene glycol dimethyl ether have been prepared. However, 

discharge products of polysulfides (Li2Sn, n = 4 − 8) dissolve into the 

liquid electrolytes, which intensely decreases the cell capacity.2 

Impregnation of sulfur into micro-pore or meso-pore of carbon 

materials suppresses the dissolution of sulfur active materials.3,4 

However, the use of a lot of carbon materials in a sulfur positive 

electrode leads to a small capacity per weight of the electrode. 

Conventional organic electrolyte solutions also have problems of 

leakage and flammability. Substitution of solid polymer electrolytes 

or inorganic solid electrolytes for the electrolyte solutions is 

expected to resolve the dissolution and safety problem essentially.5-

16 In general, solid electrolytes have a lower ionic conductivity than 

organic electrolyte solutions. Recently, sulfide solid electrolytes 

with high ionic conductivity comparable to the electrolyte solutions 

have been developed.17-22 All-solid-state cells using these sulfide 

electrolytes showed high utilization of sulfur active material and 

high cycle performance at room temperature.9-13,15,16 In general, 

sulfur active material was mixed with a solid electrolyte and a 

carbon material as an ionic and electronic conductive additive 

because solid sulfur active materials are insulators.23-25 We have 

reported that mechanical milling treatment increased the mixing 

degree of a S-C composite and a Li2S-P2S5 solid electrolyte and 

improved the reversible capacity from 100 to 1550 mAh (g-S)−1 in 

all-solid-state Li/S cells.9 It means that mixing degree of sulfur active 

materials with solid electrolytes is important for achieving a high 

capacity. The sulfur active material content in the electrode was 25 

wt% and the reversible capacity per weight of the electrodes was 

388 mAh (g-electrode)−1 at the current density of 0.064 mA cm−2 

(0.015 C) and 277 mAh (g-sulfur)−1 at 0.64 mA cm−2 (0.15 C). 

Increase of sulfur active material in the composite electrodes 

drastically decreases the utilization of sulfur in the reported all-

solid-state cells.12,15 Recently, Nagata et al. have reported that all-

solid-state Li/S cells using the sulfur composite electrode with 60 

wt% sulfur showed a high capacity of 1433 mAh (g-sulfur)−1 at 0.64 

mA cm−2 (0.08 C).26 The composite included a P2S5 component 

instead of the sulfide electrolyte (Li2S-P2S5 glass). The capacity per 

weight of the electrode was 860 mAh (g-electrode)−1, which was 3.1 

times higher than that of the cells using a sulfur composite 

electrode with the Li2S-P2S5 electrolyte component. The cells 

showed a large capacity of 1217 mAh (g-S)−1 after 10 cycles at 1.6 

mA cm−2 (0.2 C) without large degradation. The all-solid-state Li/S 

cells using P2S5 in the sulfur composite electrode have much higher 
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capacity and rate performance than reported all-solid-state Li/S 

cells using solid electrolytes in the composite electrodes. The 

discharge-charge mechanism of the sulfur electrode using P2S5 

seems to be different from that of sulfur electrodes using Li+ ion 

conductors because P2S5 itself has no ionic conductivity. Nagata et 

al. have measured the cell resistances and proposed that a 

phosphorus component activates sulfur redox.26 However, detail 

structure of the sulfur composite electrode and its discharge-charge 

mechanism have not been clarified yet. 

In this study, we characterized the unique sulfur composite 

electrodes using P2S5 before and after discharge/charge processes 

in all-solid-state Li/S cells by structural analyses of XRD, NMR, SEM, 

TEM and XPS. Here, based on the structural changes, a new redox 

mechanism in the S-C-P2S5 composite electrode explaining for the 

high capacity and rate performance was proposed. 

Results and discussion 

Fig. 1 shows XRD pattern (a) and 31P MAS-NMR spectrum (b) of a 

composite electrode prepared by mechanical milling of S, Ketjen 

black (KB) and P2S5 (S-KB-P2S5). The XRD pattern showed a halo 

pattern, indicating that the compounds in the electrode have 

amorphous structures. The 31P MAS-NMR spectrum showed a large 

broad peak at around 113 ppm. The peak was similar to that of 

P2S5+x (3≤ x≤ 13) glasses prepared by melt quenching.27 In the P2S5+x 

glasses, sulfur chains bridges phosphorus atoms. According to the 

literature, broad peaks at about 113 ppm and 145 ppm are 

attributable to a PS4 tetrahedral unit (S=PS3/2) and a PS3 pyramidal 

unit (PS3/2) in the P2S5+x glasses, respectively. Although a peak at 

about 50 ppm attributable to a P4S10 unit was also detected, the 

area of the peak was quite small (2.3 %) against that of the P2S5+x 

units. The intensity of the peak at 145 ppm was much lower than 

that of the peak around 113 ppm. A main structure around 

phosphorus in the S-KB-P2S5 composite electrode was thus the P2S5+x 

units composed of PS4 tetrahedral with sulfur chains. 

Fig. 2 shows FE-SEM and EDX mapping images at the cross-

section for a pellet of the S-KB-P2S5 composite electrode. The EDX 

mapping images suggested that each element (C, S, P) was 

uniformly dispersed in the composite at least in submicron scale. 
31P-MAS NMR spectra shown in Fig. 1 indicated that the majority of 

phosphorus bonded with sulfur in an atomic scale. Distribution of 

carbon element was examined by detecting the back-scattering 

electron with a higher resolution than the characteristic X-ray in 

EDX mapping. Fig. 3 shows a secondary electron image and a back-

scattering electron image of the S-KB-P2S5 composite electrode at 

the same field. It is expected that carbon area shows dark contrast 

in the back-scattering electron image because carbon is relatively 

Fig. 1 XRD pattern (a) and 31P MAS-NMR spectrum (b) of the 

S-KB-P2S5 composite electrode. 

Fig. 2 FE-SEM and EDX mapping images at cross-section of 

the S-KB-P2S5 composite electrode pellet. 

 

Fig. 3 A secondary electron image (a) and back-scattering 

electron image (b) at cross-section of the S-KB-P2S5 

composite electrode pellet.   
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light in the atoms constituting the S-KB-P2S5 composite. Dark 

contrast area in the scale of several tens nanometer was observed 

in the back-scattering electron image of the composite. These 

results showed that KB was also mixed well with the P2S5+x 

compound in the S-KB-P2S5 composite electrode. 

Fig. 4 shows the 1st discharge-charge curves of an all-solid-state 

cell (Li-In / S-KB-P2S5) at 25oC under the current density of 0.64 mA 

cm−2 (0.1 C). The cell showed a large discharge capacity of 1288 

mAh (g-sulfur)−1 and charge capacity of 942 mAh g−1. Although 

Nagata et al. conducted constant current–constant voltage (CC-CV) 

measurements on the all-solid-state Li/S cell,26 discharge curve of 

our cell was almost consistent with the CC region of the reported 

curve. Our cell with high sulfur content of 50 wt% in the sulfur 

composite electrode also showed higher capacity based on the 

weight of the sulfur electrode (471 mAh g-1) than the previously 

reported all-solid-state Li/S batteries using solid electrolytes in the 

sulfur electrodes.12,15 To investigate the reaction mechanism, the 

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

the discharge-charge processes were analyzed. In the cell after the 

discharge-charge processes, the cell potential relaxed to stable OCP 

in several hours. Based on the time-constant (10-4 Hz), it seems to 

indicate that there is a gradient of Li concentration in the S-KB-P2S5 

electrode just after the discharge-charge processes. The following 

structural measurement were conducted at the stable OCP. 

XRD patterns of the S-KB-P2S5 composite electrodes after the 1st 

discharge and charge processes are shown in Fig. 5 (a). Both 

samples after the discharge and charge processes showed a halo 

pattern. An electron diffraction of the S-KB-P2S5 composite 

Fig. 4 The 1st discharge-charge curves of the all-solid-state 

cells Li-In / S-KB-P2S5 at 25oC under the current density of 

0.64 mA cm-2.  

 

Fig. 5 (a) XRD patterns of the S-KB-P2S5 composite electrodes 

after the 1st discharge and charge processes. (b) Electron-

diffraction pattern of the S-KB-P2S5 composite electrode after 

the 1st discharge process.   

    

 

Fig. 6 S2p (a) and P2p (b) XPS spectra of the S-KB-P2S5 

composite electrodes before and after the 1st discharge and 

charge processes.   
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electrode after the 1st discharge process also showed a halo pattern 

(Fig. 5 (b)). These results suggested that S-KB-P2S5 composite 

electrodes remained amorphous during the discharge-charge 

processes. 

Fig. 6 shows S2p (a) and P2p (b) XPS spectra of the S-KB-P2S5 

composite electrodes before and after the discharge-charge 

processes. S2p spectra significantly changed during the initial 

discharge and charge processes, although P2p spectra showed no 

significant change. This means that sulfur element mainly related to 

the redox reaction. In the sample before discharging, at least two 

sulfur components were observed at the S2p3/2 peak of 163.3 and 

161.7 eV. XRD and NMR measurements (Fig. 1) showed that the 

units of amorphous P2S5+x mainly existed in the composite electrode. 

Staring materials of S8 crystal and P2S5 crystal have the S2p3/2 peak at 

164 eV (S8 ring), 163.5 eV (bridging sulfur in P2S5: P-“S”-P) and 162.2 

eV (non-bridging sulfur in P2S5: P=“S”), respectively. Amorphization 

often shifts binding energies in XPS spectra to the lower binding 

energy side.28,29 Therefore, S2p3/2 peaks with binding energy of 163.3 

eV and 161.7 eV in S-KB-P2S5 composite electrode before 

discharging were attributed to sulfurs of [S-“S”-S, P-“S”-S] and 

[P=“S”] in amorphous P2S5+x, respectively. 

In the S2p spectrum after the discharge process, main S2p3/2 

peaks with the binding energy of 161.4 eV and 160.0 eV and a 

minor S2p3/2 peak with binding energy of 162.9 eV were observed. 

The binding energies of the main peaks corresponded to non-

bridging sulfur in Li3PS4 glass30 and S2− in Li2S crystal31, indicating 

that the cleavage of almost sulfur-sulfur bonds in the amorphous 

P2S5+x was brought about by electrochemical lithium insertion. 

Because binding energies of bridging sulfur in reference materials 

such as Na2S4
32 and LiPS3 glass are about 162.8 eV, the minor peak 

at 162.9 eV corresponded to insufficiently reduced sulfur 

component in the S-KB-P2S5 composite electrode after discharging. 

The charging process made the S2p peak positions in the XPS spectra 

back to the position before the discharge process. The peaks of 

sulfurs in Li3PS4 and Li2S observed after the discharge process 

disappeared, suggesting the P-S-S bonds were restored. The 

difference in the spectrum from before discharging was the 

increase of the peak intensity at 161.8 eV. In addition to non-bridge 

sulfur in the amorphous P2S5+x (P=“S”), non-bridge sulfur in LiPS3 

glass (P-“S−”) also has a S2p3/2 peak at 161.8 eV. The peak at 161.8 

eV in the S-KB-P2S5 electrode after the charge process seemed to be 

attributable to insufficiently delithiated units with P-S− bonds like 

PS3
− ions, which relates to the irreversible capacity at the 1st cycle 

in the all-solid-state Li/S cells. 

Fig. 7 shows schematic drawing of discharge-charge mechanism 

of the S-KB-P2S5 composite electrode speculated from the structure 

analyses. Amorphous P2S5+x is formed in the S-KB-P2S5 composite 

electrode after mechanical milling. Sulfur element reacts with 

electrochemically inserted lithium, and almost bridging sulfurs in 

the amorphous P2S5+x change into non-bridging sulfurs in the 

discharge process. After the discharge process, amorphous Li3PS4 

and Li2S are finally formed. Consecutive charging process reforms S-

S bonds and almost restores the structure before discharging. In the 

discharge processes, ion conductive pathways derived from P2S5 

component are automatically produced because phosphorus 

sulfides with Li+ ions, for example Li2S-P2S5 materials18,32,33, conduct 

Li+ ions well. In this discharge-charge mechanism, the ionic 

conductive part and redox part of the (non-)bridging sulfurs are 

dispersed at atomic level. Increase of mixing degree of sulfur active 

material and solid electrolytes by mechanical milling was reported 

to improve the utilization of sulfur active material.9 We have also 

suggested that in all-solid-state Na/S cells using a sulfide solid 

electrolyte, smaller size of sulfur active material would be effective 

in achieving high utilization because diffusion resistance in solid 

sulfur active material is considerably large.34 It is noteworthy that a 

unique structure of amorphous P2S5+x was prepared by using P2S5 in 

the sulfur composite electrode and a favorable dispersion at atomic 

level of redox part and ionic conductive part was achieved during 

the discharge-charge process. It would be a reason of high 

discharge-charge performance of the all-solid-state Li/S cells using 

the S-KB-P2S5 composite electrode. 

Conclusions 

An all-solid-state Li/S cell with a sulfur composite electrode 

using a P2S5 component instead of Li+ ion conductive Li2S-P2S5 

Fig. 7 Schematic drawing of sulfur redox mechanism of the S-KB-P2S5 composite electrodes in the all-solid-state Li/S cells with 
high capacity. 
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solid electrolytes exhibited a high reversible capacity of 942 

mAh per gram of sulfur active material, corresponding to 471 mAh 

per gram of sulfur composite electrode. The unusual 

mechanism of the high capacity in the sulfur electrode with 

P2S5 was revealed by structural analyses on the electrode. The 

sulfur redox part and the ion conducting part derived from the P2S5 

component were formed and mixed at atomic level in the sulfur 

composite electrode. The high dispersed level would lead to the 

high capacity of the all-solid-state Li/S cells. The findings shed light 

on designing sulfur positive electrodes with high capacity. 
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