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Abstract 

Owing to a remarkably high theoretical energy density, the lithium-sulfur (Li-S) battery has 

attracted significant attention as a candidate for next-generation batteries. While employing solid 

electrolytes can provide a new avenue for high capacity Li-S cells, all-solid-state batteries have 

unique failure mechanisms such as chemo-mechanical failure due to the volume changes of active 

materials. In this study, we investigate all-solid-state Li-S model cells with differently processed 

cathode composites and elucidate a typical failure mechanism stemming from irreversible Li2S 

formation in the cathode composites. Reducing the particle size is key to minimizing the influence 

of volume changes and a capacity of over 1000 mAh gsulfur-1 is achieved by ball-milling of the 

cathode composites. In addition, the long-term stability of the ball-milled cathode is investigated 

by varying upper and lower cut-off potentials for cycling, which results in unveiling the 

significantly detrimental role of the lower cut-off potential. Preventing a deep-discharge leads to a 

reversible capacity of 800 mAh gsulfur-1 over 50 cycles in the optimized cell. This work highlights 



 

the importance of mitigating chemo-mechanical failure using microstructural engineering as well 

as the influence of the cut-off potentials in all-solid-state Li-S batteries.  

 

1. Introduction 

A high theoretical specific energy (2500 Wh kg-1) with elemental sulfur (1672 mAh g-1) and 

lithium metal (3860 mAh g-1) makes the Li-S battery concept a promising candidate for next-

generation energy storage devices.1–6 Despite its superior theoretical performance, several 

physicochemical issues remain unsolved, hindering conventional Li-S batteries from being 

commercially viable. The shuttle effect due to the formation of polysulfides during cycling is one 

of the major concerns in Li-S batteries using organic solvents.7,8 Higher-order polysulfides dissolve 

in liquid electrolytes, diffuse through the electrolytes, and precipitate on the anode side mostly as 

ionically and electronically insulating Li2S.9 The loss of active material and the formation of an 

insulating interface, as a consequence, lead to significant cell degradation.10–12 Although 

continuous progress has been made for mitigating the polysulfide shuttle through liquid electrolytes 

by, for example, engineering cathode design,8,10,11,13–17 employing inorganic Li-ion conductors as 

solid electrolytes can completely eliminate the shuttle effect.18 Recent efforts have led to a variety 

of materials such as Li6PS5X (� = Cl, Br, and I), Li10MP2S12 (� = Ge and Sn), Li7P3S11, the Li2S-

P2S5 glasses and many more fast ionic conductors, enabling the concept of all-solid-state battery 

(ASSB) to be realistic and comparable to the conventional Li-ion batteries.19–30 

The studies on all-solid-state Li-S batteries have become prominent after Hayashi et al. reported 

operational all-solid-state Li-S batteries, employing mechanically alloyed Li2S-P2S5 glass-ceramic 

electrolyte.31–35 In the early stage, a significant improvement in the performance has been achieved 

by processing the cathode composites via ball-milling, which was attributed to the intimate contact 

of the cathode components.36 More recent studies by Chen and Adams also achieved the maximum 

capacity of over 1000 mAh gsulfur-1 with a Li-argyrodite Li6PS5Br.37 In their work, sulfur was mixed 

with carbon and Li6PS5Br in a two-step milling approach. Suzuki et al. have combined gas-phase, 

liquid-phase, and mechanical ball-mill mixing to achieve over 2000 mAh gsulfur-1 in the first cycle, 

which remained at 1500 mAh gsulfur-1 after 10 cycles.38 Analogous improvement has also been 

achieved with Li2S as a starting active material.39–41 Using nuclear magnetic resonance, the 

importance of the intimate contact between Li2S and the solid electrolyte has been nicely shown 

by Yu et al. in a subsequent work.42,43 By distinguishing local Li-ion mobility from the long-range 



 

Li-ion motional process with a spin-lattice relaxation experiment, it was shown that limited Li-

transport over the Li2S-Li6PS5Cl interface is the bottleneck in all-solid-state Li-S batteries.42 Later, 

the correlation between the enhanced cycling performances of all-solid-state Li-S batteries with 

ball-milled cathode composites and an increase in the Li+ diffusion between the active material and 

the Li6PS5Br electrolyte was unraveled by the same technique.43 These recent studies show the 

importance of the processing procedure and the influence of the interfacial contact area between 

the cathode components on the performance of all-solid-state Li-S batteries. However, only 

recently the effect of the chemo-mechanical volume changes by layered oxides on the performance 

of ASSBs has been reported.44–46 On the other hand, when a mole of S8 is fully reduced with Li 

ions, it is converted into eight moles of Li2S (S8 + 16 Li+ + 16 e- → 8 Li2S), causing about 80 % of 

volume expansion (partial molar volume of Li46 for the conversion is 6.09 cm3 molLi-1). 

Considering this expected and significant volume change in the all-solid-state Li-S batteries, the 

influence of the breathing of the active material on the cycling performances needs to be 

investigated. 

In this work, we investigate the failure mechanism and volume effects of all-solid-state Li-S 

batteries by assembling model cells with differently processed cathode composites. Two types of 

cells are fabricated with cathode composites prepared by hand-grinding or ball-milling. The 

electrochemical characterization shows not only a poor initial capacity in a hand-ground cathode 

composite but also a significant capacity loss after the initial discharge. Although its low capacity 

can be explained by the insufficient contacts among the cathode components as previously 

observed,37 our main interest is the vast capacity loss after the initial discharge. X-ray photoelectron 

spectroscopy (XPS) reveals that irreversible Li2S formation is the critical reason for this capacity 

loss. The subsequent microstructure analysis conducted on the same cells reveals a significant 

change in the morphology of the fully-charged cathode composites. Stemming from a significant 

chemo-mechanical volume contraction, contact loss, and, with it, irreversible Li2S formation 

occurs. Conversely, the ball-mill processed cathode composites show an almost complete 

conversion of S to Li2S and vice versa during the initial discharge and first charging, as well as a 

higher capacity due to the intimate contact. In addition, the long-term cycling stability of these all-

solid-state Li-S batteries with ball-milled cathode composite and its dependency on the upper and 

lower cut-off potentials are investigated. With the introduction of the conversion efficiency that 

shows how much Li2S can be recovered to S during charging to distinctly distinguish it from the 

Coulombic efficiency, it is presented that deep discharge is critically harmful for the long-term 



 

performance. Our results highlight the detrimental influence of the chemo-mechanical volume 

expansion and contraction, and provide further evidence on the importance of microstructural 

engineering, processing, and operation parameters of all-solid-state Li-S batteries to optimize the 

cycling performance. 

 

2. Experimental Methods 

Synthesis and characterization of the solid electrolyte. The argyrodite solid electrolyte, 

Li6PS5Cl, was synthesized through solid-state synthesis. All preparations were carried out under 

argon atmosphere. Lithium sulfide (Li2S, Sigma Aldrich, 99.98 %), phosphorus pentasulfide (P2S5, 

Sigma Aldrich, 99 %), and anhydrous lithium chloride (LiCl, Alpha Aesar, 99 %) in stoichiometric 

ratios were hand ground in an agate mortar, pelletized with a manual screw press, and loaded into 

quartz ampoules, which were sealed under vacuum. All ampoules were carbon-coated and pre-

heated at 800 °C under a dynamic vacuum to avoid undesired reaction with a residual moisture. 

The reactions were performed at 550 °C for a week. The obtained mixture was subsequently ground 

to be powdered for characterization and battery testing. X-ray diffraction was carried out with a 

PANalytical Empyrean powder diffractometer in Bragg−Brentano geometry with CuKα radiation 

(λ1 = 1.5405980 Å, λ2 = 1.5444260 Å). Measurements were carried out in the 2θ range between 

10° and 85° with a step size of 0.026°. All powders were placed on silicon zero background holders 

with a polyimide (Kapton) film to avoid exposure to air and moisture. Rietveld refinements were 

carried out using the TOPAS-Academic V6 software package (Bruker), using Thompson-Cox-

Hastings pseudo-Voigt function for the profiles. To perform temperature dependent 

electrochemical impedance spectroscopy (EIS), the ground powder was pelletized with the isostatic 

press at 3 tons (380 MPa) followed by depositing gold on both sample surfaces as electrodes 

(diameter of 8.2 mm and thickness of approximately 200 nm) to establish contacts. The resulting 

sample was sealed in a pouch cell under Ar. The measurement was conducted with an EC-Lab® 

Electrochemistry SP300 (Biologic) impedance analyzer between -40 °C to 60 °C to evaluate the 

Li-ion conductivity and activation energy of the synthesized solid electrolyte. The employed 

frequency range was 7 MHz to 100 mHz and the signal amplitude was 10 mV. The analysis on the 

obtained impedance spectra was conducted by RelaxIS (rhd instruments). 



 

Cathode preparation. Sulfur-carbon (S-C) mixtures were prepared separately first before 

combined with the solid electrolyte. The elemental sulfur (Carl Roth, 99.5 %) and conductive 

carbon additives (C-Nergy Super C65, Imerys) were loaded to a planetary mixer (PMH 10, Netzsch 

Feinmahltechnik) with the weight ratio of 2:1 and blended with the rotation speed of 2000 rpm for 

30 minutes under ambient atmosphere. The S to C ratio in the S-C mixture was confirmed by 

measuring the weight loss during heating with thermal gravimetric analysis (TGA/DSC1, Mettler 

Toledo) under a nitrogen gas flow as shown in Fig. S1. The resulting S-C mixture was then mixed 

with the solid electrolyte (SE) under protective Ar atmosphere. Two types of cathode composites 

were prepared by (i) hand-grinding and (ii) ball-milling. The weight fractions of S, C65, and SE in 

cathode composites were fixed to 2:1:3 in this study. As for the approach (i), 50 mg of S-C mixture 

and 50 mg of SE were loaded into an agate mortar and hand ground for 15 minutes with the pestle 

to obtain a total of 100 mg of the hand-ground S-C-SE cathode composite. For (ii), the ball-milled 

cathode composites were prepared by milling 100 mg of S-C mixture and 100 mg of SE with 3 

ZrO2 milling media (diameter of 20 mm) in an 80 ml vessel. 24 milling cycles were conducted, 

each with 10 minutes of running at 500 rpm and 10 minutes rest. The milled composite was 

extracted from the vessel and used for the battery testing.  

Cell assembly. An In-Li/ Li6PS5Cl /S-C-Li6PS5Cl combination was chosen as a model cell in this 

study to focus on the influence of the cathode composite processing on the battery performances. 

In-Li was employed as the anode active material to ensure a stable interface between the solid 

electrolyte and the negative electrode.47,48 8 mg of a cathode composite (10.2 mg cm-2) was loaded 

on top of 80 mg of Li6PS5Cl in a cell casing with a diameter of 10 mm, followed by densification 

by a uniaxial press under 380 MPa for 3 minutes. After compression, 100 μm thick indium foil 

(chemPUR, 99.995 %) cut with a diameter of 9 mm and 120 μm thick lithium foil (Sigma-Aldrich, 

99.9 %) cut with a diameter of 6 mm were placed on the opposite side of the Li6PS5Cl separator 

layer as anode active materials. The assembled cell was sandwiched between two current collecting 

stainless steel rods with a pressure of approximately 60 MPa for battery cycling. A detailed design 

of the cell casing can be found elsewhere.44,49,50  

Electrochemical characterization. Electrochemical impedance spectroscopy and cell cycling 

were performed with the EC-Lab® Electrochemistry VMP300 (Biologic). Assembled cells were 

charged and discharged galvanostatically with upper cut-off and lower cut-off voltages of 3 V vs. 



 

In/LiIn and 0 V vs. In/LiIn, respectively. The current density used in this study was 568 μA cm-2, 

which corresponds to a C/10 cycling rate.  

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) was employed to 

assess the reversibility of the active material in the cathode mixture of the disassembled cells. 

Measurements were carried out using a PHI5000 Versa Probe II with an Al anode. To avoid air 

exposure, the pelletized samples were transferred from a glovebox to the analysis chamber using a 

transfer vessel filled with argon gas. The samples were measured as obtained after disassembling. 

Secondary electron imaging was used in order to find a homogeneous spot on the sample surface. 

The probed surface area was 100 μm × 1400 μm (i.e., X-ray spot size), and an X-ray power of 

100 W was used. The pass energy of the analyzer was set to 23.5 eV for detailed spectra and to 

187.9 eV for survey scans. All spectra were charge corrected to a binding energy of 284.8 eV for 

the C 1s line corresponding to adventitious aliphatic carbon. Measurements were evaluated using 

the CasaXPS software. 

Scanning electron microscopy and energy dispersive X-ray spectroscopy. Cross-sectional 

images of the battery cells after disassembly were obtained using a Zeiss MERLIN scanning 

electron microscope (SEM, Carl Zeiss). A transfer vessel (Leica EM VC500) was used to transfer 

the disassembled battery cells, which were cut with an ultrasonic cutter (HP-2200, SONOTEC) to 

have a cross-section, to the SEM analysis chamber. For elemental analysis, energy dispersive X-

ray spectroscopy (EDS) was conducted with an XMAX EXTREME EDX detector (Oxford 

Instruments) and evaluated using the Aztec software package. This detector enables the detection 

and mapping of Li X-rays. Measurements were carried out by application of an acceleration voltage 

of 5 kV and a probing current of 100 pA for SEM and 1000 pA for EDS. 

 

3. Results and discussions.  

Solid electrolyte characterization. The chloride argyrodite Li6PS5Cl was synthesized by a solid-

state reaction as the Li-conducting solid electrolyte for both the separator and the cathode 

composite. X-ray diffraction was performed on the resulting powder as shown in Fig. 1a, 

confirming that cubic Li6PS5Cl (space group F4�3m) was obtained with a negligible amount of 

impurity phase. The obtained lattice parameter by Rietveld refinement (a = 9.8536(1) Å) is in good 

agreement with the values reported by Kraft et al. and Yu et al.19,51 Following X-ray diffraction, 



 

the Li-ion conductivity and activation energy were determined by temperature-dependent 

electrochemical impedance spectroscopy. Nyquist plots in Fig. 1b and c show the impedance 

spectra obtained between -40 °C and 60 °C with a temperature step of 10 °C as well as at 25 °C. 

The impedance spectra (Nyquist plots) below 25 °C were fitted with a parallel circuit of a constant 

phase element (CPE) and a resistor (R) in series with one CPE representing the blocking behavior 

at low frequencies. The ideality factor of the CPE is higher than 0.85, indicating a reliable fit,52 

and the obtained capacitance of ~ 40 pF cm-2 suggests bulk transport without significant grain 

boundary contributions.53 All spectra above 25 °C are fitted with a single R in series with a CPE 

instead of using a CPE/R parallel circuit because the semi-circle disappears at high temperatures 

due to the high ionic conductivity. An activation energy of 0.38 eV and a room temperature Li-ion 

conductivity of 1.8 mS cm-1 were obtained (Fig. 1d), which are in good agreement with previous 

studies.19,54 Using XPS, the S 2p spectra of the as-synthesized Li6PS5Cl was measured to obtain a 

reference spectrum for further investigations in the following sections. Due to the spin-orbit 

coupling, an S 2p spectrum from the S under the same chemical environment consists of two peaks 

(a doublet) with an intensity ratio of 1:2 and separation in binding energy (BE) of 1.21 eV. As the 

pristine Li6PS5Cl is a crystalline solid consisting of PS43− tetrahedral units (S on Wyckoff 16e) and 

free sulfur anions S2- (Wyckoff 4d), two doublets were observed (see Fig.1e). The  blue and green 

doublets are attributed to sulfur on the Wyckoff 16e sites (S 2p3/2 BE of 161.3 eV) and S2- sitting 

on the Wyckoff 4d sites (S 2p3/2 BE of 160.1 eV), which are similar to the values reported 

recently.45,54 Some reports suggest the P-S-P bonding in Li6PS5Cl54 but, as including this doublet 

does not improve the fit significantly (See Fig. S2), it is not included in the following analysis for 

the sake of simplicity. Overall, the as-synthesized solid electrolyte shows a high ionic conductivity 

at room temperature and sufficient phase purity for the assembly of ASSBs and their analysis. 

 



 

   

 

Fig. 1: Chemical and electrochemical characterizations of the synthesized electrolyte Li6PS5Cl. (a) 

X-ray diffraction pattern indicates no major impurities (< 2 wt%). (b) Nyquist plot of spectra 

obtained between 60 °C and 10 °C and (c) between 0 °C and -40 °C, with the temperature steps of 

10 °C as well as data at room temperature (RT, 25 °C) in (b). Spectra obtained at and below RT 

are fit to an equivalent circuit consisting of a parallel circuit of constant phase element (CPE) / 

resistor (R) for a semi-circle in series with a CPE, which representing the blocking behavior. A 

single resistor instead of a CPE/R parallel circuit is used to fit spectra obtained above RT. (d) 

Arrhenius plot showing a temperature dependency in the conductivity and activation energy. The 
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synthesized Li6PS5Cl provides a RT conductivity of 1.8 mS cm-1 and activation energy of 0.38 eV. 

(e) XPS peak deconvolution of the S 2p spectrum of the as-synthesized Li6PS5Cl. The blue and 

green doublets are attributed to S 2p signals from P
+-S 
- bonds and free sulfur S2-, and a solid 

black line and dashed gray line are an experimental data and total fitting envelope, respectively.  

 

Capacity loss after the initial discharge. In order to understand the influence of the differently 

processed cathode composites on the battery performance, all-solid-state Li-S batteries were 

assembled with the synthesized Li6PS5Cl. Due to the electronically and ionically insulating nature 

of the charged and discharged products in Li-S batteries, it is essential to incorporate conductive 

additives and Li+-conducting solid electrolytes with the active material to realize functional Li-S 

batteries. Two types of sulfur-carbon-Li6PS5Cl (S-C-SE) cathode composites were prepared by (i) 

simple hand grinding with mortar and pestle for 15 minutes and (ii) intensive ball milling with 500 

rpm for 4 hours to for an intense pulverization. The approach (i) is a typical procedure to prepare 

the cathode composites for ASSB with intercalation type active materials.44,55 The assembled cells 

were first cycled with a LiIn anode between 0.0 V and 3.0 V vs. In/LiIn (0.0 V vs. In/LiIn 

corresponds to 0.62 V vs. Li+/Li)56 by applying a constant current of 568 μA cm-2 (C/10). All cells 

in this study employ elemental sulfur as a starting active material. In other words, the composite 

cathode in the as-prepared cell is in the charged state. Fig. 2 shows the voltage profiles of the initial 

discharge and the following charge obtained from cells with the aforementioned cathode 

composites. The initial discharge capacity of a cell with a hand-ground cathode composite is 

220 mAh gsulfur-1, which is only one-eighth of the theoretical capacity of sulfur (1672 mAh gsulfur-

1). The retrieved capacity in the following charging is only a half (99 mAh gsulfur-1), representing a 

significant loss that had been observed before.36 In contrast, a cell with the ball-milled cathode 

composite delivers over 1000 mAh gsulfur-1 and the same amount of charge is restored in the 

following charging (Fig. 2b). The major differences are found in the absolute capacities in the 

initial discharges (220 mAh gsulfur-1 vs. 1081 mAh gsulfur-1) and the capacity retention in the 

following charges (46 % vs. 100 %). In general, the improvement in the absolute capacities after 

mixing processes (ball-milling, liquid-phase mixing, gas-phase mixing, etc) is commonly attributed 

to more intimate contacts between cathode components.31–41,57,58 The lack of mixing explains the 

lower capacity obtained from the hand-ground cells due to a coarser particle size of sulfur. A lower 

crystallinity after milling of the electrolyte may also contribute to the better cycling performance 

of the ball-milled cells with an improved Li+ transport.39,41 However, the drastic capacity loss after 



 

the initial discharge cannot be explained by lack of interfacial contact or changing crystallinity 

alone, making it necessary to probe the underlying reasons of this loss for a better understanding 

of the degradation processes in all-solid-state Li-S batteries. 

 

Fig. 2: Influence of different processing approaches on the initial discharge and following charge 

capacity of all-soli-state Li-S batteries, using (a) hand-ground and (b) ball-milled cathode 

composites. The initial discharge and following charge profiles of the cell with a cathode mixture 

prepared via hand-grinding show a low attainable capacity and even lower first cycle efficiency. 

The variation in the processing of the cathode mixture by ball-milling does not only improve the 

maximum capacity but also mitigates the capacity loss after the initial discharge. 

 

Capacity loss after the initial discharge. In order to study the underlying degradation mechanisms 

after the initial discharge, three identical cells were prepared for each cathode composite in 

different states of charge. “Pristine” cells were extracted from the casing with no electrochemical 

treatment as a reference. “Discharged” cells were fully discharged and “Charged” cells were fully 

charged after the initial discharge, respectively, before extraction. All cells were extracted and 

transferred to the analysis chamber of XPS under inert atmosphere. The S 2p spectra obtained from 

the cathode surfaces are shown in Fig. 3. Although the XP spectrum of sulfur in Li2S and a small 

S2- peak in Li6PS5Cl overlap, the product after charge S8 or possible polysulfides as well as  

differently sized sulfur allotropes (S 2p3/2; BE = 163.3 eV), the product Li2S after discharge (S 

2p3/2; BE of 160.1 eV), and the PS43- in Li6PS5Cl (S 2p3/2; BE of 161.3 eV) are well distinguishable 

0 50 100 150 200 250

0.0

0.5

1.0

1.5

2.0

2.5

3.0

V
ol

ta
ge

 / 
V

 v
s. 

In
/L

i

Capacity mAh/g

0.5

1.0

1.5

2.0

2.5

3.0

3.5

V
oltage / V

 vs. Li/Li +

46%

Hand-ground

Initial discharge

1st charge

(a)

Capacity / mAh gsulfur
-1

Vo
lta

ge
 / 

V 
vs

. L
i+ /

Li 

Vo
lta

ge
 / 

V 
vs

. I
n/

LiI
n 

0 50 100 150 200 250

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

~100%

0 200 400 600 800 1000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

V
ol

ta
ge

 / 
V

 v
s. 

In
/L

i

Capacity mAh/g

0.5

1.0

1.5

2.0

2.5

3.0

3.5

V
oltage / V

 vs. Li/Li +

Ball-milled

Initial discharge

1st charge

(b)

Capacity / mAh gsulfur
-1

Vo
lta

ge
 / 

V 
vs

. L
i+ /

Li

Vo
lta

ge
 / 

V 
vs

. I
n/

LiI
n

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5
0 200 400 600 800 1000



 

by probing S 2p spectra due to the difference in binding energies (XP spectrum of as-synthesized 

Li6PS5Cl is in Fig. 1e). As Li-S cells can be discharged by the conversion reaction of S8, S8 should, 

in theory, be converted to Li2S during discharge (S8 + 16 Li+ + 16 e- → 8 Li2S), and the resulting 

Li2S should be converted back to S8 during charging (8 Li2S → S8 + 16 Li+ + 16 e-). Consequently, 

the sulfur redox activity can be monitored with XP spectra. 

As expected, an additional doublet from elemental S8 is observed in both pristine cells besides the 

two doublets from Li6PS5Cl (Fig. 3a, d). In the hand-ground cells, an increase in the Li2S fraction 

can be found upon discharging, however, a significant amount of S8 remains after discharging (Fig. 

3b), and the Li2S converted from S8 is not fully recovered back to S8 during charging (Fig. 3c). In 

other words, the low initial discharge capacity for the hand-ground cathode composites is clearly 

correlated with an incomplete reaction of S8 to Li2S. The subsequently decreased charging capacity 

is further caused by an incomplete reaction back to S8. In comparison, using a ball-milled cathode 

composite (Fig. 3d-f), the relative intensities of the spectra show that during discharge a 

significantly higher fraction of S8 is transformed to Li2S (cf. Fig. 3d and e), which can be almost 

fully converted back to S8 during the following charge. While sulfur reacts in the first cycle, not 

all sulfur is electrochemically addressed, explaining the observed capacity that is lower than the 

theoretical capacity. However, all formed Li2S reacts back to sulfur, which explains the highly 

reversible 1st charge when ball-milling is used as the processing for the cathode composites. The 

XPS results suggest that the processing does indeed affect the degree of completion of the occurring 

chemical reactions, and that processing parameters need to be optimized to address all active 

material equally.  



 

 

Fig. 3: Peak deconvolution of the S 2p spectra obtained from the hand-ground (left column) and 

ball-milled (right column) cathode composites without treatment (a,d), after the initial discharge 

(b,e), and (c,f) after charging following the initial discharge. Theoretically, the elemental sulfur in 

a pristine cell should be converted to Li2S after discharge and the reaction is reversed during 

charging to deliver a capacity. While the ball-milling procedure leads to good reversibility of the 

reaction, the hand-ground cells already show unreacted S after the first discharge and Li2S that 

does not react back to S during the first charge. 
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To elucidate the reason for the irreversible formation of Li2S in the hand-ground cell, the 

morphology and microstructure, as well as the elemental distribution, were investigated by SEM 

and EDS. Fig. 4 shows the SEM cross-sections of the hand-ground cathode composite and solid-

state separator. Despite the pre-pressing under 380 MPa, the cross-section of the pristine cell shows 

a rough, not-fully dense nature of the pristine cell (Fig. 4b), which becomes much denser upon 

discharging due to volume expansion of the cathode composite (Fig. 4c). After the following charge, 

this dense microstructure can no longer be maintained (Fig. 4d). Fig. 4e shows an enlarged SEM 

image of the section indicated by a white rectangle in Fig. 4d. In this selected area the elemental 

distributions of C, P, Li, and S were assessed by EDS. Li-containing S-rich phases are detected 

with a foam-like structure, corresponding to the active materials, which are surrounded by the 

matrix consisted of C and P containing materials (mixture of carbon additives and Li6PS5Cl). The 

observed significant morphological changes can be explained by the volume change associated 

with the conversion reaction of the active materials. Upon one mole of S8 converted into eight 

moles of Li2S, about 80 % of additional volume needs to be accommodated in the cathode upon 

discharging. The volume increase squeezes and stresses the surrounding matrix of carbon additives 

and the solid electrolyte in the discharged state, which results in a lack of pores and voids in Fig. 4b. 

However, upon charging the volume of the active material contracts leading to the appearance of 

the gap between active materials and dense surrounding matrix. It is particularly surprising that the 

applied pressure during cycling does not fully compensate the volume changes. The particle sizes 

of the here-observed active material range from several µm to several tens of µm, which is in good 

agreement with the sulfur particle size observed before mixing with the solid electrolyte shown in 

Fig. S3. Although this is in the same range as the state-of-the-art intercalation-type cathode active 

materials (e.g.LiCoO2 or LiNi1-x-yCoxMnyO2 particles),44,55,59 the electrically and ionically 

insulating character of both the charged and discharged products will prevent the reaction of S8 to 

Li2S inside a particle during the initial discharge, leading to the low attainable capacity. In addition, 

the mechanically induced contact loss between the active materials and conductive surrounding 

matrix results in a lack of Li2S conversion as observed in XPS that causes the loss of the capacity 

after the initial discharge. On the other hand, no significant morphological change was observed in 

the ball-milled cathode cells, corroborating that the ball-milling leads to smaller particle sizes and 

less chemo-mechanical failure after the initial discharge and following charge (Fig. S4). 

 



 

 

Fig. 4: SEM cross-section images and EDS mapping of the cathode parts of extracted cells with 

hand-ground cathode composites. (a) A schematic of the cathode cross-section, in which yellow 

spheres indicate the solid electrolyte Li6PS5Cl, the gray ones represent carbon, and blue ones are 

sulfur. (b) - (d) are SEM cross-section images of the pristine, discharged, and charged cells, 

respectively. (e) is a magnified image obtained for the rectangle area indicated in (d). EDS 

mapping images of carbon (C), phosphorous (P), lithium (Li), and sulfur (S) observed in the same 

area as (e) are shown in the bottom right with red, green, blue, and yellow signals, respectively. 

While there are no voids visible in the discharged cells, a significant number of “foams” of sulfur 

embedded in the surrounding matrix (mixture of carbon and solid electrolytes) with clear gaps 

appear in the charged cell. 
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Comparison of long-term cycling performances. The long-term cycling stabilities are investigated 

to further understand the impact of the processing on the cell performance. The first charge and the 

following discharge are shown as the 1st cycle in the voltage profiles to distinguish from the initial 

discharge. Hence, the Coulombic efficiencies ΦQ shown in Fig. 5a and b are calculated by dividing 

the discharge capacity by the capacity delivered in the following charging (	� ≡ ��,� �,�⁄ , 

defined in the following Section). 

 

Fig. 5: Cycling performances of the cells with (a) hand-ground and (b) ball-milled cathode 

composites. (c) and (d) are the corresponding voltage profiles of (a) and (b), respectively. A ball-

milled cathode composite delivers almost 10 times higher maximum capacity, whereas the cell with 

hand-ground composite show better capacity retention. This may be related to the increase in the 

contact by intensive ball-milling. Impact of the interfacial degradation becomes greater with the 
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larger contact area. To explicitly distinguish the unique behavior of the initial discharge, the cycle 

numbers are counted from the first charge and the following discharge in (a) and (b) after the 

initial discharge. 

 

As discussed in the previous sections, the maximum capacity delivered from a ball-milled cathode 

is higher than that from a hand-ground cathode. However, it is clear that the capacity retention of 

the hand-ground cell is significantly better than the ball-milled cell. In addition, the charge and 

discharge capacities increase with cycle number for the hand-ground composites. The better 

capacity retention is most likely due to the vastly different contact areas between solid electrolytes 

and carbons. Our previous studies showed that an increasing contact accelerates the decomposition 

of the solid electrolyte.55 Decomposition of the solid electrolyte forming non-conducting interfaces 

increases the interfacial resistance, leading to higher overpotentials deteriorating performance over 

time. By comparing Fig. 5c and 5d, while the ball-milled cell shows a substantial increase in the 

overpotential upon cycling, the voltage profile of a hand-ground cell indeed shows no significant 

increase in the operating voltages. This causes a dilemma of increasing the contact area in all-solid-

state Li-S batteries: the larger the contact area is, the higher the maximum capacity that can be 

attained but it comes with a cost as it also leads to a greater impact from the interfacial degradation 

as long as no protective coatings have been developed as in the case of oxide based cathode 

materials.26,60,61 

Besides the achieved capacities, the Coulombic efficiencies depend on the cathode processing as 

well. The cells with hand-ground cathodes deliver capacities that exhibit Coulombic efficiencies 

higher than 100 %. In other words, the discharged capacity is larger than the capacity stored in the 

previous charging. This may be attributable to the decomposition of the electrolyte but might also 

be related to the volume changes, which is analogous to the studies in, for instance, a silicon anode. 

As seen in the past studies, it is common to have size-dependent chemo-mechanical failure when 

the material largely expands and shrinks.62 While the active materials expand during discharging 

(lithiation in the cathode side), the stress due to the expansion of the outer layer of the particle may 

cause cracking on the surface, resulting in an exposure of the fresh sulfur to add to the capacity. 

Indeed, this may explain the increasing capacity with the cycle number as well, as these are 

convoluted. In the case of a cell with ball-milled cathode composites in Fig. 5(b), the cell possesses 

a very well retained Coulombic efficiency after the first five cycles higher than 100 %. However, 



 

the capacity starts dropping drastically once it reaches its maximum at the 5th cycle. This clearly 

indicates that the Coulombic efficiency is not describing a bottleneck of the here-presented all-

solid-state Li-S battery. 

 

Fig. 6: A schematic of the voltage profiles of all-solid-state Li-S batteries around the nth cycle. The 

charge capacity and discharge capacity in the nth cycle are denoted as �,� and ��,�, respectively. 

The Coulombic efficiency 	�  is defined as ��,� �,�⁄ , which indicates how much of Sn formed 

during charging can be converted to Li2S in the following discharge in the context of Li-S batteries. 

In the same manner, the efficiency that describes the fraction of S retrieved during charging can 

be defined as �,� ��,���⁄ , which we call conversion efficiency 	. 

 

Bottleneck process in all-solid-state Li-S batteries. To elucidate the bottleneck in this cell chemistry, 

we revisit the descriptors for cycling performance and investigate the influence of the voltage 

window. The Coulombic efficiency 	�  is defined by IUPAC63 as the discharge capacity Qd,n 

divided by the charge capacity Qc,n in the same cycle, when one cycle is defined as charging 

followed by discharging (Li2S turns into sulfur during charging; 8 Li2S → S8 + 16 Li+ + 16 e-, which 

is converted back to Li2S during discharging; S8 + 16 Li+ + 16 e- → 8 Li2S), 
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	� ≡ ��,� �,�⁄ , 

where ��,�  and �,�  are the discharge and charge capacity in the nth cycle (See Fig. 6). This 

indicates how much of the stored charge can be taken out from the cell in the following discharge. 

In the Li-S battery context, the Coulombic efficiency can also be interpreted as a descriptor of how 

much sulfur can be used during discharge to Li2S in the nth cycle.  

Since the chemo-mechanical failure and/or interface degradation can cause an asymmetric capacity 

loss (degradation can occur only upon charging or discharging), the efficiency describing how 

much formed Li2S can be converted back to S8 in the following charge can be defined as 

	 ≡ �,� ��,���⁄ , 

which here we will call the conversion efficiency 	. The Coulombic efficiency and the conversion 

efficiency of the ball-milled cell cycled between 0-3 V are shown in Fig. S5. While the Coulombic 

efficiency is almost 100 %, the conversion efficiency is as low as 98%. Apparently, the bottleneck 

is the low conversion efficiency and not the Coulombic efficiency, and with it the conversion 

reaction of Li2S back to S8. 

To address the potential reason for this low conversion efficiency, the correlation between the 

upper cut-off potential and the battery performance was investigated by cycling the cells with ball-

milled cathodes up to 2.8 V and 2.6 V vs. In/LiIn, instead of 3 V. However, as can be seen in Fig. 

S6 and S7, no apparent change was observed in capacity retention nor efficiencies, clearly showing 

that limiting the upper cutoff potential has a negligible influence on the cell performance. While it 

is not possible to rule out that decomposition reactions of the solid electrolyte may occur at higher 

potentials,45 the data here suggest that there is only a minor influence on the overall long-term cell 

performance.  On the other hand, altering the lower cut-off potential vastly influences the capacity 

retention as shown in Fig. 7.  Increasing the lower cut-off potential drastically enhances the 

conversion efficiency while the Coulombic efficiency remains high (Fig. 7c and c) and, 

consequently, it improves the capacity retention significantly. This improvement may be caused 

by a mitigation of the electrolyte decomposition at lower potentials but more likely by a 

suppression of the chemo-mechanical failure. In this interpretation, a deeper discharge causes an 

even larger volume change of the active material, which can severely densify the surrounding 

conductive additives, leading to contact loss over the longer cycles. After the cells are cycled 

between 0 – 3 V and 0.4 – 3 V, post-mortem XPS analysis was performed on the cathode 



 

composites in the charged states to investigate the S 2p spectrum as shown in Figure S9. Whereas 

a significant increase in the amount of irreversibly formed Li2S can be seen in the cell cycled 

between 0 - 3 V already after 100 cycles, the evolution of the S2- signal is much less prominent in 

the cell cycled with the increased lower cutoff potential even after 250 cycles. The deeper discharge 

seemingly leads to a larger fraction of leftover, irreversibly formed Li2S in the charged-state, which 

is in line with the enhancement in conversion efficiency shown in Fig 7. The impact of the depth-

of-cycling on the cycling stability has been studied in Si-anode materials, in which the deep-

discharge cycling causes severe volume changes and rapidly deteriorates the cell cycling 

performance.64 However, a direct evaluation of the chemo-mechanical failure in the ball-milled 

cathode for the Li-S batteries is extremely challenging, as the local structure is not easily observable. 

Thus, the quantitative evaluation through the descriptors such as Coulombic efficiency and 

conversion efficiency is essential. With increasing the lower cut-off potential, the current best cell 

delivers a reversible capacity of 800 mAh gsulfur-1 at the 50th cycle with a current density of 568 µA 

cm-2, which is five to ten times higher than often used.38,39,42 While preventing a deep discharge is 

clearly associated with less active material being electrochemically addressed, the increased cycle 

stability benefits greatly showing the importance of operation procedures in all-solid-state Li-S 

batteries. 

 

Fig. 7: Long-term cycling stabilities of cells with ball-milled cathode composites cycled with 

various lower cut-off potentials (0 V, 0.2 V, and 0.4 V vs. In/LiIn). (a), (b), and (c) compare capacity 

retention, Coulombic efficiency (	�), and conversion efficiency (	), respectively. Increasing the 
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lower cut-off potential drastically improves the conversion efficiency, enhancing the capacity 

retention. A deeper discharge may induce a more intense chemo-mechanical failure. 

 

Conclusion 

In this work the influence of cathode composite preparation as well as cut-off potentials on the 

performance of Li-S all-solid-state batteries was elucidated. A chemo-mechanical failure due to 

the severe volume changes of sulfur during conversion was observed in cells with the hand-ground 

cathode composite, leading to contact loss and irreversible Li2S formation. These severe volume 

changes can be minimized by obtaining small particle sizes of active materials through ball-mill 

processing, leading to a high attainable capacity and good overall capacity retention. Our results 

emphasize the importance of the processing procedure of the cathode composites.  

In addition, the investigation of the long-term stabilities with varying cycling potential window 

revealed that the reaction of Li2S to S seems to be the bottleneck for long-term cycling.  While the 

increasing lower cutoff potential leads to a lower capacity, it also directly leads to more stable 

cycling and increased long-term performance.  Introducing the conversion efficiency points out the 

detrimental influence of deep discharge, showing that Coulombic efficiencies should not be used 

as the only descriptor for the performance of all-solid-state Li-S batteries. We believe that our work 

highlights the importance of processing, microstructural engineering and cycling parameters on the 

long-term performance and further development of all-solid-state Li-S batteries. 
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