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ABSTRACT: To develop all-solid-state lithium batteries, high-capacity positive electrode 

materials are necessary. An antifluorite-type material, Li2S, exhibits a high theoretical capacity. 

However, Li2S cannot be used as a positive electrode for the all-solid-state cell because of the 

insulating behavior. To provide electronic and ionic conduction, recently, antifluorite-type 
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Li3CuS2 has been developed by activation of Li2S by Cu substitution. Li3CuS2 is a favorable 

candidate for positive electrodes as sulfide-based all-solid-state cells with Li3CuS2 exhibit high 

charge–discharge performance. However, structural changes and redox species during charge–

discharge cycle have not been understood yet. To clarify the charge–discharge mechanism of 

Li3CuS2, in this study, we examined the microstructural changes in a Li3CuS2–Li3PS4 positive 

electrode composite during charge and discharge by transmission electron microscopy (TEM). 

Hollow-corn dark-field imaging technique was employed to evaluate the crystallite size 

distribution. The result shows that the crystallite size of Li3CuS2 reversibly decreases and increases 

in the charging and discharging state, respectively. The electron diffraction pattern shows that 

LiCuS2 was formed during charging, which is attributed to Li⁺ extraction from Li3CuS2. In the 

discharging state, the crystallite size increased and Li3CuS2 was reproduced. The TEM results 

suggest that the reversible structural changes (Li3CuS2 ⇆ LiCuS2 + 2Li+ + 2e−) would contribute to 

high charge-discharge characteristics. 

 

1. Introduction 

Owing to their high charge–discharge properties and energy density, lithium-ion batteries are 

widely applied to electronic devices as an energy storage [1]. However, flammable organic 

electrolytes are commonly used in such batteries, which pose a safety concern. To resolve the 

safety concerns, all-solid-state batteries, which use incombustible inorganic solid electrolytes, 

have recently become the focus of attention [2–4]. 

The main advantage of all-solid-state cells is that several active materials can be introduced into 

the electrode layer, which leads to a further increase in energy density. Hence, to fabricate all-
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solid-state cells, electrode active materials with high capacity are indispensable. For example, 

metal sulfides such as Li2TiS3, Li3NbS4, and Li2FeS2 have been employed as a positive electrode 

active material for all-solid-state cells [5–7]. Among many electrode active materials, in particular, 

Li2S with an antifluorite-type structure exhibits high theoretical capacity (1167 mAh g−1). 

However, Li2S is an insulator; hence, there is a need to construct an electronic and ionic conduction 

path. Kawasaki et al. synthesized a new antifluorite-type positive electrode material, Li3CuS2, by 

partially substituting Cu+ in the Li2S with Li+ [8]. Since Li2S is activated by Cu substitution, 

electronic and ionic conduction can be achieved. Theoretical capacity of Li3CuS2 is approximately 

540 mAh g−1. They demonstrated that all-solid-state cells with electrode composites comprising 

of Li3CuS2 and Li3PS4 (LPS) glass exhibits high charge–discharge cycle performance and can 

operate without a conductive additive. In addition, their X-ray diffraction (XRD) measurements 

and ex-situ transmission electron microscopy (TEM) observations indicated that an antifluorite-

type Li3CuS2 is regenerated after the initial discharge cycle [8]. However, reaction products during 

charging and redox species during charge–discharge cycles have not been clarified yet. 

To reveal the charge–discharge mechanisms of Li3CuS2, in this study, the microstructural and 

morphological changes during long-term charge–discharge cycles of Li3CuS2–LPS positive 

electrode composites were investigated mainly by TEM. To quantitatively evaluate the structural 

changes during charge–discharge cycles, the crystallite size distribution was also analyzed using 

the hollow-corn dark-field (HCDF) imaging technique. Reaction products and redox species were 

examined by electron diffraction (ED) patterns and X-ray photoelectron spectroscopy. Based on 

the experimental results obtained, the charge–discharge mechanism of Li3CuS2 is discussed. 

 

2. Materials and Methods 
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2.1. Preparation of all-solid-state cell 

Li3CuS2 and LPS glasses were synthesized using the mechanochemical technique. These 

preparation procedures and mechanochemical conditions are described in our previous paper [8]. 

The positive electrode composite was prepared from Li3CuS2 and LPS glasses at a weight ratio of 

70:30. Li-In alloy and LPS glasses were used as a negative electrode and an electrolyte layer, 

respectively. The detailed fabrication process and electrochemical measurement condition of all-

solid-state cells (Li–In/LPS/Li3CuS2–LPS) have already been provided in our previous study [8]. 

 

2.2. Characterization 

XRD measurements were conducted utilizing Cu Kα radiation and an X-ray diffractometer 

(SmartLab, Rigaku). XRD profiles were obtained in steps of 0.02° over the 2θ range of 10–80°.  

Scanning rate was 10 min−1. To prevent air exposure, an airtight container was used during the 

XRD measurements. The electronic structure was analyzed by X-ray photoelectron spectroscopy 

(XPS, K-Alpha, Thermo Fisher Scientific) with a monochromatic Al Kα source (1486.6 eV).  

 

2.3. TEM observation 

Ex-situ TEM observations were performed utilizing a JEM-2100F field-emission TEM with a 14-

bit CCD camera. Since Li3CuS2 and LPS are not stable in air, a double-tilt vacuum transfer TEM 

holder (Gatan model 648) was used. After charge−discharge tests, the cells were disassembled and 

the Li3CuS2–LPS positive electrode composites were removed. The composite powder was then 

mounted on a Cu grid for the TEM observation under an inert Ar atmosphere in a glove box. The 

morphology and microstructure of the composites were investigated by ED patterns and HCDF 

imaging. HCDF images are taken using the electron beam, which is tilted at a fixed angle and 
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automatically rotated with respect to the optical axis of the objective lens [9, 10]. Thus, diffraction 

spots and Debye–Scherrer rings in the ED pattern can be properly reflected onto the image as a 

bright contrast [11–16]. Taking advantage of this merit of HCDF imaging, we further analyzed the 

crystallite size distribution. As shown in Fig. 1(a), HCDF imaging could visualize the crystallites 

and spatial distribution as bright. Based on several HCDF images, each bright region is segmented 

as a crystallite by machine learning [17, 18], as indicated in red (Fig. 1(b)). Then, the crystallite 

size distribution could be represented in a histogram and the average crystallite diameters (d) were 

calculated. The crystalline phase was examined using the “ProcessDiffraction” software for the 

analysis of ED patterns [19, 20]. 

 

 

Figure 1. Crystallite size distribution analysis by HCDF imaging. (a) Original HCDF image. (b) 

HCDF image with the crystallites marked in red. (c) Histogram of the crystallite size distribution. 

 

3. Results and discussion 

The charge–discharge performance of the fabricated all-solid-state cells (Li–In/LPS/Li3CuS2–

LPS) during long-term cycling was reported in our previous study [8]. The Li3CuS2 active material 

exhibited an initial charge and discharge capacity of 389 and 376 mAh g−1, respectively. The 
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reversible capacity of 376 mAh g−1 is approximately equivalent to a two-electron reaction. In 

addition, the discharge capacity retention after the 40th cycle was approximately 88.2%. These 

results suggest high reversibility of Li3CuS2 and high cycle performance of the fabricated cells. 

Thus, to clarify the structural changes during long-term cycling, herein, we examined the 

morphology and microstructure of the Li3CuS2–LPS composites before and after the 1st and 15th 

charge–discharge cycles. Charge–discharge properties of the fabricated cell in the present study 

are shown in Fig. S1. Cycle stability of the present cell is almost the same as that reported in our 

previous study [8]. Fig. 2 shows the XRD pattern of the Li3CuS2–LPS composite before and after 

the 1st and 15th charge–discharge cycles. The pristine sample showed diffraction peaks ascribed 

to the antifluorite-type Li3CuS2 structure, as indicated by dotted lines. The intensities of these 

diffraction peaks significantly decreased in the charging state. Unknown diffraction peaks were 

also observed, as indicated by diamond shapes. In the discharging state, diffraction peaks for 

Li3CuS2 reappeared. That is, the antifluorite-type Li3CuS2 structure was reproduced. To further 

understand the charging state, the microstructure and morphology were investigated by ex situ 

TEM observations. 
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Figure 2. Ex situ XRD patterns of the Li3CuS2–LPS composite before and after the 1st and 15th 

charge–discharge process. 

 

 To clarify the morphological changes during long-term charge–discharge cycles, the crystallite 

size distribution was analyzed by HCDF imaging. Fig. 3 shows the HCDF images and histograms 

of the nanocrystallite size distribution before and after the 1st and 15th charge–discharge process. 

The histograms were derived from several areas of multiple HCDF images to increase the 

crystallite number. A difference in nanocrytallite size was observed between the charging and 

discharging states. The average Li3CuS2 crystallite size in the pristine and discharging state was 

approximately 15 nm, whereas it was less than 10 nm in the charging state. As indicated by the 

bright areas in the HCDF images, the particle size after discharging was larger than that after 
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charging. These indicate a decrease in the crystalline size of Li3CuS2 and the formation of reaction 

products different from Li3CuS2 during charging. 

 

Figure 3. HCDF images and histograms of the nanocrystallite size distribution before and after 

the 1st and 15th charge–discharge process. The average crystallite size d is shown in each 
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histogram. (a) Pristine. (b) After the 1st charge. (c) After the 1st discharge. (d) After the 15th 

charge. (e) After the 15th discharge. 

 

 To verify the microstructure of Li3CuS2–LPS composite in the charging state, we obtained the ED 

patterns before and after the 1st and 15th charge–discharge process (Fig. 4). After the 1st and 15th 

discharging cycles, high-intensity Debye–Scherrer rings and diffraction spots were clearly 

observable, as shown in Fig. 4(c) and (e). The ED patterns are similar to that of the pristine sample 

(Fig. 4(a)). In contrast, after the 1st and 15th charging cycles, the intensity of the diffraction spots 

and Debye–Scherrer rings decreased and the ED patterns appeared different from that obtained 

after discharging, as shown in Fig. 4(b) and (d). 

 

Figure 4. ED patterns of Li3CuS2 in the Li3CuS2–LPS composites before and after the 1st and 15th 

charge–discharge cycles. (a) Pristine. (b) After the 1st charge. (c) After the 1st discharge. (d) After 

the 15th charge. (e) After the 15th discharge. 
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Fig. 5 shows the intensity profiles obtained from each ED pattern in Fig. 4. Before and after the 

1st and 15th discharging cycles, each diffraction peak was consistent with that of the simulated 

XRD pattern of antifluorite-type Li3CuS2, as shown in Fig. 5(a), (c), and (e). In contrast, after the 

1st and 15th charging cycles, only peaks ascribed to LiCuS2 were observed, as shown in Fig. 5(b) 

and (d).  
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Figure 5. Intensity profiles corresponding to each ED pattern in Fig. 4. Blue triangles and red 

diamonds indicate the diffraction peaks of Li3CuS2 and LiCuS2, respectively. (a) Pristine. (b) After 

the 1st charge. (c) After the 1st discharge. (d) After the 15th charge. (e) After the 15th discharge. 

 

Fig. S2 of the Supplementary Information shows the crystal structure of LiCuS2, as obtained using 

VESTA [17]. LiCuS2 has the CuS structure (space group; P63/mmc), in which Cu occupies half of 

the cation site. Unknown peaks at 29.9°, 32.2°, 48°, and 59°, indicated by diamond shapes in Fig. 



 12 

2, correspond to the 102, 103, 21
_

0, and 21
_

6 main diffraction peaks of LiCuS2, respectively. After 

the 15th discharging cycle, the LiCuS2, formed after the 15th cycle charging was partially retained. 

Fig. S3 (a) shows the S 2p XPS spectra of the Li3CuS2–LPS composites before and after the initial 

charge–discharge process. After the initial charging, a specific peak appeared on the high energy 

side, as indicated by the arrow. This suggests that the sulfide ions in Li3CuS2 were oxidized during 

charging. After the initial discharging, however, a spectrum similar to that before charging was 

obtained. This implies that sulfur underwent a reversible redox reaction during the charge–

discharge process. Fig. S3(b) of the Supplementary Information shows the Cu 2p XPS spectra of 

the Li3CuS2–LPS composites before and after the initial charge–discharge process. There was no 

significant shift in peak during charging and discharging. To better understand the electronic state 

of Cu during charge–discharge cycles, there is a need for further investigation by other 

spectroscopic analysis techniques. LiCuS2 with a CuS-type structure has S–S bonds. Thus, the 

XPS results support the attribution of the ED patterns after charging to LiCuS2. It is inferred that 

LiCuS2 was formed by Li+ extraction from Li3CuS2 during charging. 

 Furthermore, the contribution of the LPS glass to the charge–discharge properties was examined. 

Fig. 6 shows the ED patterns of LPS before and after the 1st and 15th charge–discharge cycles. 

Since all the ED patterns exhibited a similar halo pattern, there were no significant structural 

changes in LPS during the charge–discharge. In addition, there was no shift in the main P 2p peak 

of LPS, as shown in Fig. S4. This suggests that the LPS glass was not mainly involved in the redox 

reaction. 
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Figure 6. ED patterns of the LPS glass in the Li3CuS2–LPS composites before and after the 1st 

and 15th charge–discharge cycles. (a) Pristine. (b) After the 1st charge. (c) After the 1st discharge. 

(d) After the 15th charge. (e) After the 15th discharge. 

 

 The Li3CuS2–LPS positive electrode composites were analyzed by ex situ TEM to reveal the 

charge–discharge mechanism of Li3CuS2. From the morphology, the crystallite size of Li3CuS2 

decreased during charging. The ED patterns revealed that the decrease in the crystallite size was a 

result of the formation of the LiCuS2 crystalline phase. In the discharging state, the crystallite size 

returned to that of the pristine sample and the antifluorite-type Li3CuS2 structure was reproduced. 

This implies that the following reversible structural changes occurred during the charge–discharge 

cycles, which likely contributed to the high charge–discharge characteristics. 

Li3CuS2 ⇆ LiCuS2 + 2Li+ + 2e−   
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After the 15th discharging cycle, the diffraction peaks attributed to the undischarged crystallites 

of LiCuS2 were partially retained, as shown in Fig. 5(e). This suggests that as the number of 

undischarged LiCuS2 nanocrystallites increases with an increase in cycle number, cycle 

performance deteriorates. To further improve the electron conduction path and charge–discharge 

cycle performance, it would be effective to include a conduction-promoting additive in the 

Li3CuS2–LPS composites. 

 

4. Conclusions 

To investigate the charge–discharge mechanism of Li3CuS2, we conducted ex situ TEM on a 

Li3CuS2–LPS positive electrode composite before and after long-term charge–discharge cycles. 

The crystallite size distribution was analyzed by HCDF imaging, which revealed that the Li3CuS2 

crystallite size decreased during charging and was restored during discharging. The ED patterns 

show that the LiCuS2 crystalline phase was formed in the charging state, whereas an antifluorite-

type Li3CuS2 structure was regenerated in the discharging states. This indicates that Li3CuS2 gives 

off Li⁺ during charging to form LiCuS2. In other words, the reversible structural changes (Li3CuS2 

⇆ LiCuS2 + 2Li+ + 2e−) occur during the charge–discharge cycles, which could contribute to high 

cycle performance. 
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