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Improving electrochemical performance of Li2S cathode based on 
point defect control with cation/anion dual doping 

Wenli Pan, a Kentaro Yamamoto,*a,b Nobuya Machida, c Toshiyuki Matsunaga, a Mukesh Kumar, a 
Neha Thakur, a Toshiki Watanabe, a Atsushi Sakuda, d Akitoshi Hayashi, d Masahiro Tatsumisago d 
and Yoshiharu Uchimoto a  

Li2S is a promising cathode candidate for all-solid-state batteries (ASSBs) because of its high theoretical capacity and 

availability of coupling with Li-free anode or anode less electrode. However, ionically insulating Li2S leads to excess 

conductive additives, low sulfur utilization and sluggish kinetics, which hinders for ASSBs to implement the high energy 

density potential. Improving  the intrinsic conductivity of Li2S is the key to solve this issue. In this study, PI3-doped Li2S 

cathodes were synthesized and the relationship between lithium vacancies and ionic conductivities was examined 

quantitatively by time-of-flight (TOF) neutron diffraction. By cation-anion-dual doping, ionic conductivities of Li2S-PI3 

materials were improved to 10-4 S cm-1, which is capable for cathode without solid electrolytes added. Simply mixed with 

carbon, the Li2S-PI3-C cathode shows a high overall cathode capacity of 541 mAh g-1 with high S utilization of 82% at 0.05 C 

and capacity of 207 mAh g-1 at 1 C at room temperature, realizing high energy density with  good rate performance.

Introduction 

All-solid-state batteries (ASSBs) with sulfide-based solid 

electrolytes (SEs) are expected to be the next generation of 

storage batteries, because they possess potential with high 

energy density due to the bipolar structure, good  power 

density due to the highly ion-conductive SE, and reliable safety 

due to the absence of organic solvents.1-3 Among the cathode 

materials for ASSBs with sulfide electrolytes, Li2S is a promising 

candidate due to its high theoretical capacity of 1167 mAh g-1 

and the availability of Li-free anode such as Si and anode-less 

electrodes.4, 5 However, because of extremely low ionic 

conductivity (10-9 S cm-1)6, 7 and much insulation during charging 

with S8 formation, it is necessary to mix Li2S with a large amount 

of sulfide SEs as composite cathodes8, 9. These excessive SEs in 

the cathodes without contributing to capacity reduce the 

energy density of the whole cathode composites, which 

impedes the practical application of Li2S-based cathodes for 

ASSBs with sulfide electrolytes. 

 In order to solve the issue, two types of methods have  been 

widely studied: (1) to develop sulfide SEs with high ionic 

conductivity,10, 11 and (2) to improve the apparent ionic 

conductivity of the cathode composites by increasing dispersion 

of sulfide SEs in cathode composites.1, 12 As for the former one, 

several SE with high ionic conductivity have been developed, 

such as Li6PS5Cl,13 Li7P3S11,14 Li10GeP2S12,15 

Li9.54Si1.74P1.44S11.7Cl0.3
16 and Li9.54[Si0.6Ge0.4]1.74P1.44S11.1Br0.3O0.6. 

17 As for the later, different techniques have been used to 

fabricate composite electrodes with a liquid phase to control 

the dispersion state of the sulfide solid electrolytes in the 

cathode composites.18-25 Although these approaches are 

effective in reducing the amount of sulfide SEs in cathode 

composites, the decomposition of SEs and the degradation at 

the cathode/SEs interface within the composite cathode during 

charging and discharging results in a continuous increase of 

impedance and poor cycling stability.26, 27 

 As a different approach from the methods mentioned 

above, several studies have been devoted to improve the ionic 

conductivity of Li2S itself by controlling point defects in the 

structure.28-31 It has been reported the insulting nature of Li2S 

has associated with its stable antifluorite structure, which is 

consists of strong bond energy.31 Therefore, point defect 

controlling by doping is probably capable of improving the ionic 

conductivity of Li2S. Among different possible doping materials, 

lithium halide is proven to be effective in improving the ionic 

conductivity because of the introduction of lithium vacancies in 

Li2S structure due to electrical neutrality. 28-31 In lithium halide 

doped Li2S, it has been reported that LiI doped Li2S (80Li2S-20LiI) 

showed the ionic conductivity of 2×10-6 S cm-1 at 25 °C.32-34 

Recently, it has been reported that AlI3 doped Li2S (95Li2S-5 AlI3) 
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showed a relatively higher ionic conductivity of  4.5×10-6     

S cm-1 at room temperature because both Al3+ and I- are 

dissolved into the Li2S structure.35 These results indicate that 

introducing lithium vacancies in the Li2S structure by dual 

doping cation as well as anion with metal iodide is useful to 

improve the ionic conductivity of Li2S. However, the relationship 

between the amount of the cation vacancy and ionic 

conductivity in metal-iodide-doped Li2S has not been clearly 

understood because quantitative evaluation of cation vacancies 

has not been performed. Considering that S2– is a soft Lewis 

base, it would be preferable to use a cation that is a soft Lewis 

acid to increase the amount of solid solution for the doped 

metal cation. 

 In this study, to address the above-mentioned issues, we 

prepared PI3-doped Li2S cathode materials and examined the 

relationship between the amount of the cation vacancy and 

ionic conductivity by using time-of-flight (TOF) neutron 

diffraction, which is sensitive to detect light element. It is found 

that the optimized Li2S-PI3 (93.5Li2S-6.25PI3) shows high ionic 

conductivity of 10-4 S cm-1. Simply mixed with carbon, its 

composite shows a high overall cathode capacity of 541          

mAh g-1 at 0.05 C and 207 mAh g-1 at 1 C under 25°C. 

Experimental 

Synthesis  

 The (100-x)Li2S-xPI3 samples (x=0, 2.5, 3, 4, 5, 6.25 and 7.5) 

in this study were prepared using ball milling. Stoichiometric 

amounts of Li2S (99% purity, Aldrich) and PI3 (99% purity, 

Aldrich) were hand-ground in a mortar for 0.5 h, followed by 

mechanical mixing with ZrO2 balls at 530 rpm for 40 h. The Li2S-

PI3-C cathode composites were prepared Li2S-PI3 samples and 

Cnovel MJ(4)030 (Toyo Tanso) with a 90:10 weight ratio by ball 

milling at 500 rpm for 10 h. The Li3PS4 glass powder used to 

fabricate the solid electrolyte layer with the ionic conductivity 

Fig. 1 Phase characterization of Li2S-PI3. (a) Synchrotron XRD patterns of (100-x) Li2S-xPI3 (x = 0, 2.5, 5, 6.25 and 7.5), with PI3 and LiI for 

comparison. (b)  The lattice constants of (100-x) Li2S-xPI3 (x = 0, 2.5, 5, 6.25 and 7.5) by Rietveld refinement of TOF neutron diffraction. 

(c) The relationship between PI3 content of (100-x) Li2S-xPI3 (x = 0, 2.5, 5, 6.25 and 7.5) and Li vacancy. (d) The relationship between Li 

vacancy and ionic conductivities of (100-x) Li2S-xPI3 (x= 0, 2.5, 5, 6.25, 7.5). The ionic conductivity of Li2S marked as triangle is cited as 

reported previously.38 
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of 5 × 10-4 S cm-1 was prepared via ball milling using a previously 

reported procedure.36 Li2S (99% purity, Aldrich) and P2S5 (99% 

purity, Aldrich) powders with a 3:1 molar ratio were 

mechanically mixed using ZrO2 balls at 600 rpm for 16 h. All 

experiments were performed in a dry Ar-filled glovebox.  

 

Characterization 

 The synchrotron X-ray diffraction (XRD) for the as-prepared 

(100-x)Li2S-xPI3 samples (x = 0, 2.5, 5, 6.25 and 7.5) was 

measured at the BL02B2 beamline at SPring-8, Japan. Time-of-

flight (TOF) neutron diffraction was conducted on (100-x)Li2S-

xPI3 samples (x=0, 2.5, 5, 6.25, 7.5) at BL20 (iMATERIA) beamline 

in J-PARK, Japan. The Rietveld refinement was performed with 

Jana.37 And these Li2S-PI3 samples were also measured by 

photoelectron spectroscope (XPS, VersaProbe Ⅲ ). Scanning 

electron microscope (SEM, Hitachi SU-8220) and energy 

dispersive X-ray spectroscopy (EDS, Horiba X-maxN) mapping 

were used for (100-x)Li2S-xPI3 samples (x = 0, 2.5, 5, 6.25, 7.5) 

and the cross section of the 93.75Li2S-6.25PI3-C/Li3PS4 pellet. 

The X-ray absorption spectroscopy (XAS) of S K-edge for the 

cathode materials after galvanostatic measurements was 

measured without air exposure at the BL6N1 beamline of the 

Aichi Synchrotron Radiation Center, Japan.  

 

Electrochemistry measurements 

 The electrochemical performance of the Li2S-PI3-C cathode 

materials was analyzed using a two-electrode cell. The Li2S-PI3-

C composites were used as cathode materials without adding 

solid electrolyte to them, and the prepared Li3PS4 was used as 

the solid electrolyte layer of the cell. The Li2S-PI3-C cathode 

materials (4 mg) and the Li3PS4 (80 mg) for solid electrolyte layer 

were placed in a polycarbonate tube with a diameter of 10 mm 

and were pressed under a pressure of 360 MPa. The cross-

section SEM and EDS mapping for Li2S-PI3-C/Li3PS4 pellet shown 

in Fig. S1, † that the Li3PS4 layer, with a thickness of about 550 

µm, is uniformly covered by Li2S-PI3-C, which has the thickness 

of 28 µm” and “All the calculations for specific capacities are 

based on the mass of cathode composites. 1 C is the weight 

proportion of Li2S in Li2S-PI3-C cathode times theoretical 

capacity of Li2S (1167 mAh g-1). A Li−In alloy layer was placed on 

the solid electrolyte at the opposite side to the cathode layer 

and served as the anode38. Two stainless-steel rods, which were 

added to the cathode and anode sides by applying a pressure of 

120 MPa, were used as current collectors. The cell assembly was 

performed in a dry Ar-filled glovebox. Electrochemical tests for 

the cells were performed with discharge and charge cutoff 

voltages of 0 (0.62 V vs. Li) and 3.0 V (3.62 V vs. Li), respectively, 

at 25 °C. All the calculations for specific capacities are based on 

the mass of cathode composites. 1 C is the weight proportion of 

Li2S in Li2S-PI3-C cathode times theoretical capacity of Li2S (1167 

mAh g-1). Alternating current (AC) impedance was conducted to 

measure the ionic conductivities of the (100-x)Li2S-xPI3 by using 

Modulab XM ECS (Solartron Analytical). The materials were 

loaded into a polycarbonate tube with a diameter of 10 mm and 

pressed into pellets under a pressure of 360 MPa and set 

between two stainless-steel current collector plates. The AC 

amplitude was 10 mV, and the applied frequency ranged 

between 1 MHz and 0.1 Hz. 

Results and discussion 

 The crystal structures of (100-x)Li2S-xPI3 (x = 0, 2.5, 5, 6.25, 

and 7.5) were examined by synchrotron XRD and TOF neutron 

diffraction. In the synchrotron XRD (Fig. 1a), all sharp peaks of 

(100-x)Li2S-xPI3 (x = 0, 2.5, 5, 6.25) were assigned to Li2S (space 

group: Fm 3̅m) while a broad peak appeared around 7.1° in 

addition to the sharp peaks might attributed to PI3 or LiI in the 

92.5Li2S-7.5PI3 (x = 7.5). The lattice constants and site 

occupancy of each element in the (100-x)Li2S-xPI3 (x = 0, 2.5, 5, 

6.25 and 7.5) were calculated by Rietveld analysis for the 

neutron diffraction patterns because the neutron beam is more 

sensitive to light element such as lithium than X-ray (Fig. 1b-c, 

Fig. S2†, Table S1†). In order to obtain more accurate results, 

refinement conducted on the series of Li2S-PI3 samples was 

based on all of QA, BS and LA bank data. As shown in Fig. 1b and 

1c, both lattice constant and lithium site vacancy of (100-x)Li2S-

xPI3 increased linearly with the increment of PI3 content up to x 

= 6.25, and increased slightly from x = 6.25 to x = 7.5. The linear 

lattice expansion with PI3 content is because PI3 was doped into 

the Li2S structure with the substitution of larger I- (ionic radii: 

2.2 Å) than S2- (ionic radii: 1.84 Å).39 The P3+ and I- occupied the 

lithium site and sulfur site in the Li2S structure, respectively, 

leading to the linearly increased lithium site vacancy for 

compensation to keep the electrical neutrality (Fig. 1c and Table 

S1† ). The minor change of lattice constant and lithium site 

vacancy from x = 6.25 to x = 7.5 indicates that a solid solution 

limit exists between x = 6.25 and x = 7.5, which is in agreement 

with the observation of the broad peak in the sample with x = 

7.5 in XRD. Besides, XPS S 2p, P 2p and I 3d measurements have 

been conducted for (100-x)Li2S-xPI3 (x = 0, 2.5, 5, 6.25 and 7.5) 

samples to confirm the formation of solid solution further, 

which shown in Fig. S4†. In the P 2p and I 3d regions, no peak 

was observed in the sample with x = 0 but a peak was observed 

at 132.4 eV and 619.1 eV, respectively, with addition of PI3 (x 

=2.5, 5, 6.25 and 7.5). The peak intensity in the P 2p and I 3d 

regions increased from x = 4 to x = 6.25 and slightly increase 

from x = 6.25 to x = 7.5. In the S 2p region, two peaks attributed 

to S2p1/2 and S2p3/2 were observed around 160.0 eV and 161.2 

eV 40, 41 in the sample with x = 0. The binding energy of the two 

peaks shifted to higher energy with increase of x value. These 

results indicate the change of electronic structure of S in Li2S 

with doping,35 which supports the formation of solid solution 

further. 

 To examine the effect of the crystal structure of (100-x)Li2S-

xPI3 on its ionic conductivity, AC impedance spectroscopy at 

25°C was performed for (100-x)Li2S-xPI3 (x = 2.5, 3, 4, 5, 6.25 and 

7) (Fig. S5 † ). Fig. 1d shows a plot between the ionic 

conductivities and lithium site vacancy of the (100-x)Li2S-xPI3 (x 

= 0, 2.5, 5, 6.25 and 7.5). The ionic conductivity of (100-x)Li2S-

xPI3 was largely increased from 10-9 S cm-1 with increase of 

lithium site vacancy to 6.8 × 10-5 S cm-1 (x = 6.25) and increased 
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slightly to 8.5 × 10-5 S cm-1 (x = 7.5) (Fig. 1d). The particle sizes 

shown in Fig. S2† of (100-x)Li2S-xPI3 (x = 2.5, 5, 6.25 and 7.5) 

were similar with a few micrometers, indicating that they did 

not influence the ionic conductivity.The ionic conductivity of 

~10-4 S cm-1 has the same order of magnitude as that of Li3PS4, 

which is a typical solid electrolyte for all-solid-state batteries.42, 

43 Therefore, it is possible to take advantage of high-

conductivity Li2S-PI3 for cathode materials without SE.  

 To evaluate the electrochemical performance, the (100-

x)Li2S-xPI3 (x = 2.5, 3, 4, 5, 6.25 and 7.5) samples were mixed 

with CNovel as electron additive to prepare cathode 

composites, in which the ratio of (100-x)Li2S-xPI3 : CNovel = 9:1 

wt%. The galvanostatic charge-discharge curves at 0.05 C under 

25°C are shown in Fig. 2a. The (100-x)Li2S-xPI3-C cathode x=2.5 

did not deliver any capacity probably because of the insufficient 

ionic conductivity shown in Fig. 1d. The (100-x)Li2S-xPI3-C 

cathode with higher PI3 content than x = 2.5 exhibited reversible 

charge/discharge curves with a single plateau for each process. 

The dQ/dV plot obtained from Fig. 2a (Fig. S6†) shows one peak 

during the charge process around 2.6 V in each sample. The 

voltage corresponds to the typical transformation of Li2S to S8 

via polysulfides,44 meaning that the PI3 doping does not provide 

an additional reaction in the cathode composites. The discharge 

capacities for cathodes with x = 3, 4, 5, 6.25 and 7.5 were 30, 

319, 560, 541 and 459 mAh g-1. The rate capability of the (100-

x)Li2S-xPI3-C cathodes was measured at 0.05, 0.1, 0.2, 0.5 and 1 

C (Fig. 2b). Although the (100-x)Li2S-xPI3-C cathode with x = 5 

showed the highest capacity at the low rate of 0.05 C, the 

capacity retention at higher rates increased with the amount of 

PI3 contents. It is because the Li2S content in the electrode 

decreases with increasing PI3 content despite the improved 

ionic conductivity (Fig. 1d). Among them, the (100-x)Li2S-xPI3-C 

cathode with x = 6.25 achieved both high capacity and good rate 

performance The charge-discharge capacity remains stable at 

various current densities. The (100-x)Li2S-xPI3-C with x = 6.25 

provided a discharge capacity of 541 mAh g-1 at 0.05 C and 207 

mAh g-1 1 C (1 C = 657 mAh g-1), respectively. As evident from 

Fig. 2b, the capacity values are significantly higher than those of 

Fig. 2 The electrochemical performance of (100-x)Li2S-xPI3-C (x = 2.5, 3, 4, 5, 6.25, 7.5) cathode composites. Specific capacities were 

calculated based on the overall mass of cathode. (a) Galvanostatic charge-discharge curves at 0.05 C. (b) The specific capacities at 

different C-rates. (c) Cycling stability at 0.2 C. (d) The apparent ionic conductivity for first full charge. All the calculations for specific 

capacities are based on the mass of cathode composites. 1 C is the weight proportion of Li2S in Li2S-PI3-C cathode times theoretical 

capacity of Li2S (1167 mAh g-1). 
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other cathode materials. After the C-rate is dropped back to 

0.05 C, the capacity increased to 528 mAh g-1, showing good 

reversibility after charge-discharge process at high C-rates. 

Meanwhile, the (100-x)Li2S-xPI3-C with x = 6.25 maintained 

satisfied cycling stability of 95% after 50 cycles, with an average 

Columbic efficiency of 99.8% from 31st cycle to 50th cycle, while 

96Li2S-4PI3-C maintained only 39 % of its initial capacity after 50 

cycles, which supports the improved performance with PI3 

doping and the effectiveness of creating point defect in Li2S. To 

better understand the improved rate performance on the 

battery level, the EIS measurements were conducted for those 

batteries with (100-x)Li2S-xPI3-C cathode (x = 4, 5, 6.25 and 7.5) 

at pristine state. The proper equivalent circuit model has been 

fitted for EIS data (shown in Fig. S7†, S8† and Table S2†). A 

semicircle was observed in each battery and the resistance of 

semicircle is attributed to charge transfer resistance (Rct) It is 

because capacitances of those samples were 10-6 to 10-5 F,45,46 

which were assigned to be interface between the Li2S-PI3-C 

cathodes and Li3PS4 SE layer. The values of Rct decreased with  
PI3 content, demonstrating faster ion transport through the 

interface, which benefits rate performance. Moreover, the 

apparent ionic conductivities for (100-x)Li2S-xPI3 (x = 2.5, 3, 4, 5, 

6.25 and 7.5) at first full-charge state were measured based on 

Cottrell and Nernst−Einstein equations (Fig. 2d, Fig.S9†). The 

apparent ionic conductivity was significantly increased with 

increase of PI3 content up to x = 6.25 and increased slightly from 

x = 6.25 to x = 7.5. The apparent ionic conductivities of (100-

x)Li2S-xPI3 (x = 6.25 and 7.5) were relatively high (4.1 × 10-5 S 

cm-1 for the cathode with x = 6.25). This means that these 

cathodes kept high effective ionic conductivity at charging state, 

leading to the good rate performance. Based on the discussion 

above, the capacities on the cathode level, rate performance, 

cycling stability, and effective ionic conductivities at full-charge 

state are all improved with introducing point defects in Li2S 

structure, which proves our strategy is feasible. 

 To examine charge compensation mechanism of the (100-

x)Li2S-xPI3 with x = 6.25, which is optimized sample, XAS for S K-

edge was performed (Fig. 3). Before charge process, two 

characteristic peaks attributed to Li2S47 were observed at 

2472.6 and 2475.3 eV. When charging to 150 mAh g-1, the 

intensity of the peaks assigned to Li2S at 2472.6 and 2475.3 eV 

was decreased while two peaks appeared at 2470.2 and 2471.8 

eV. These two peaks at 2470.2 and 2471.8 eV were assigned to 

the S 1s to 𝜋* state transition associated with polysulfides48 and 

the S 1s to S-S 𝜋 * state transition of element sulfur43, 

respectively. For the further charge, the peaks assigned to Li2S 

and polysulfides showed decrease in intensity while the 

intensity of the peak assigned to S8 at 2471.8 eV was increased. 

These results indicate the charge compensation during charging 

results from the transformation from Li2S to S8 via polysulfide in 

the cathode. For the discharge process to 300 mAh g-1, the 

intensity of the peak assigned to S8 at 2471.8 eV was decreased 

while those of the peaks assigned to polysulfides and Li2S were 

increased, indicating S8 is under the lithiation process. For the 

further discharge, the intensity of the peaks assigned to 

polysulfides and S8 was decreased and the peaks assigned to 

Li2S remained increased. The spectrum of the cathode at the full 

charge state was in good agreement with that of the cathode at 

the before charge state. These results show that the 

transformation between Li2S and S8 with polysulfide occurred 

reversibly, corresponding to the good reversibility in the 

charge/discharge cycling. 

 Finally, the energy density and power density of the 

93.75Li2S-6.25PI3-C cathode based on overall cathode weight 

were compared with other conventional cathodes for all-solid-

state Li-S batteries (Fig. 4).28, 35, 49-54 Among them, the 93.75Li2S-

6.25PI3-C cathode shows highest energy density and power 

density. These results are due to the fact that controlling 

defects in Li2S through cation/anion dual doping dramatically 

increased the ionic conductivity of Li2S itself, and thereby 

reduced the amount of sulfide solid electrolyte in the cathode 

composite. 

Conclusions  

In this study, (100-x)Li2S-xPI3 cathodes were synthesized by ball-

milling method. TOF neutron diffraction and ionic conductivity 

Fig. 3 Reaction mechanism of 93.75Li2S-6.25PI3-C. (a) Charge-

discharge curves at different state during second cycle (b) 

Corresponding S K-edge XANES spectra during second cycle, 

with Li2S and S8 as standard materials.  

Fig. 4 Comparison among different cathode composites for all-

solid-state Li-S batteries for their energy densities and power 

densities of different cathode composites at cathode level.   
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measurement proves the ionic conductivity of the (100-x)Li2S-

xPI3 is improved by formation of lithium vacancies with the 

increase of PI3 content. The PI3 content-optimized 93.75Li2S-

6.25PI3 shows good ionic conductivity around 10-4 S cm-1, which 

is capable for cathode without SEs. Under 25 ℃, the the 

93.75Li2S-6.25PI3-C cathode composite shows a high overall 

cathode capacity of 541 mAh g-1 with high S utilization of 82% 

at 0.05 C. It delivers 207 mAh g-1 at 1 C and shows high 

reversibility after high current density. The XAS for S K-edge 

confirms that the charge compensation of the cathode is 

performed by the transformation between Li2S and S8 with 

polysulfide and the transformation is reversible. The lithium site 

vacancy in Li2S structure can be controlled precisely by PI3 

doping, improving the ionic conductivity drastically enough to 

use the Li2S-PI3 as cathode without SE. The developed high-

performance Li2S-PI3-C cathode shows the successful strategy of 

cation-anion dual doping, which paves the way for practical 

application of ASSBs at room temperature.  
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