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CONSPECTUS: 

The energy density of the ubiquitous lithium-ion batteries is rapidly approaching its theoretical limit. To go 

beyond, a promising strategy is the replacement of conventional intercalation-type materials with conversion-

type materials possessing substantially higher capacities. Among the conversion-type cathode materials, 

sulfur constitutes a cost-effective and earth-abundant element with a high theoretical capacity that has a 

potential to be game-changing, especially within an emerging solid-state battery configuration. Employment 

of non-flammable solid electrolytes that improves battery safety and boosts the energy density, as lithium 

metal anodes are also viable. The long-standing inherent problem of conventional lithium-sulfur batteries, 

arising from the reaction intermediates dissolved in liquid electrolytes, can be eliminated with inorganic solid 

ion conductors. In particular, the highly conducting and easily processible lithium-thiophosphates have 

successfully enabled the lab-scale solid-state lithium-sulfur cells to achieve close-to-theoretical capacities. 

For applications requiring safe, energy-dense, lightweight batteries, solid-state lithium-sulfur batteries are an 

ideal choice that could surpass conventional lithium-ion batteries. 

Nevertheless, there are challenges specific to practical solid-state lithium-sulfur batteries, beyond the typical 

challenges inherent to solid-state batteries in general. While the conversion reaction of sulfur realizes a large 

specific capacity, the associated significant total volume changes of the active material results in contact 

losses among the cathode components and, consequently, decreases reversible capacity. Additionally, the 

ionically and electronically insulating active material requires composite formation with solid electrolytes 

and electron-conductive additives to secure sufficient ion and electron supply at a triple phase boundary. 

However, the compositing process itself makes the carrier transport pathways very tortuous and requires the 

balancing of carrier transport and optimization of the attainable energy density. Lastly, the requirement of a 

high interfacial area to establish sufficient triple-phase boundaries promotes the degradation of the solid 

electrolytes, and the formation of less-conductive interphases further deteriorates the transport in the 

composites. 

This Account focuses on the challenges associated with developing practical solid-state lithium-sulfur 
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batteries and provides an overview over recently developed concepts to tackle these critical challenges: (1) 

Introduction of the conversion efficiency to enable quantitative assessments of the impact of chemo-

mechanical failure. (2) For long-term cycling, the electrolyte degradation at the interface and the 

electrochemical activity of the formed interphases come into play. Practical stability tests with increased 

interfacial areas and subsequently altered reversal potentials can quantify the magnitude of the electrolyte 

degradation and confirm influences of reversible redox activity of the interphases. (3) Monitoring the 

effective conductivity in the composites clarifies correlations between transport and cyclability, further 

highlighting the need of quantitative measurements to address the composite carrier transport. (4) Impedance 

spectroscopy combined with transmission-line model analysis as a function of applied potentials can 

visualize the stability window of good effective ion-transport to utilize both the capacity contributions from 

redox-active interphases and the high ionic conductivity. In the end, a roadmap toward the practical solid-

state lithium-sulfur batteries will be presented.  
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1. Introduction 

Lithium-sulfur (Li-S) batteries are a promising candidate for a lightweight, earth-abundant, and cost-

effective next-generation energy storage device. Owing to a substantially high specific capacity of sulfur 

(1672 mAh gS
-1), the energy density of Li-S batteries, especially gravimetric (Wh kg-1), can go far 

beyond that the conventional Li-ion batteries.1,2 Ever since Herbert and Ulam patented the first concept 

of Li-S batteries in the early 1960s,3 countless efforts have been devoted to developing rechargeable Li-

S batteries. However, developmental challenges exist. So far, the critical bottleneck has been the 

degradation caused by the dissolution of cathode reaction intermediates into the liquid electrolyte. 

Negatively charged polysulfides can travel from the cathode side to the anode side through the 

electrolyte (called “shuttle effect”) and precipitate on the anode surface, causing a loss of active 

materials and an increase in the cell resistance.4 Although the shuttle effect has been reduced by trapping 

sulfur in the vicinity of the cathode through nanostructuring carbon scaffold, and by introducing a 

separator that filters polysulfides or even more concentrated electrolyte solutions,5 implementing all-

solid-state battery architecture is a promising alternative strategy. Replacing liquid electrolytes to 

inorganic solid electrolytes physically prohibits the reaction intermediates from shuttling and is expected 

to improve battery safety. Together with utilizing the lithium metal anode, a boost in energy density 

occurs that will pave the way for commercial applications.6 

Naturally, the essential component enabling a solid-state battery technology is a solid electrolyte. Oxide- 

and sulfide-based inorganic ion conductors are the two heavily investigated classes of materials. While 

the oxides possess superior chemical and electrochemical stability, sulfide-based electrolytes typically 

outperform oxides in ion transport, owing to a more polarizable anionic framework.7 In addition, the 

mechanically soft sulfides allow room-temperature pressing to secure dense and intimate contacts 

between the components.8 For a more comprehensive overview of various solid electrolytes and their 

challenges, we refer the reader to recent reviews.9–12 Towards a Li-S battery application, the usage of 

easily processible sulfide-based electrolytes becomes imperative. The ionically and electronically 
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insulating nature of sulfur, and its discharged product Li2S, requires compositing the sulfur with solid 

electrolytes and electron-conducting additives to establish a triple-phase boundary, where both the ions 

and electrons can be provided.  

Despite the promising theoretical advantages, there are still various remaining challenges toward 

practical solid-state Li-S batteries. First, challenges for solid-state batteries remain at a lithium metal 

anode, and these are reviewed elsewhere.13,14 The most significant challenges at the solid-state sulfur 

cathode are illustrated in Figure 1. A large volume expansion and contraction of sulfur upon lithiation 

and delithiation can cause contact losses in the composite. The so-called chemo-mechanical failure can 

hinder reversible redox of active materials as contact losses lead to an insufficient transfer of ions and 

electrons and an effective reduction of triple-phase boundaries (Figure 1a). While a high interfacial 

contact area among components is vital to fully utilize insulating active materials, a substantial 

interfacial area between solid electrolytes and electron conductive additives can result in non-negligible 

electrolyte degradation.15 This electrolyte degradation leads to the formation of degradation products at 

the interface, referred to as interphases. The interphases are typically less conductive and deteriorate the 

cell cycling performance (Figure 1b). Sluggish ion transport in the composite is another critical 

challenge to solve. An increase in active material loading leads to more tortuous carrier transport 

pathways, which increases overpotential and may hinder battery performance (Figure 1c). A significant 

fraction of conducting phases secures sufficient ion and electron transport within the composite; 

however, the more non-active material there is the less achievable a high energy density becomes. 

Therefore, improving transport is essential to enhance energy density and cyclability, and underscores 

the need for quantitative measurements of the transport in the composite. Moreover, each challenge 

shown in Figure 1 can coincide and influence each other. An already sluggish ion transport can be further 

worsened by electrolyte degradation, formation of interphases, or cracks and contract losses. In this 

Account, we provide an overview to these challenges and suggest perspectives toward practical solid-

state Li-S batteries.  

 



 6 

 
Figure 1: Significant challenges to solve for solid-state Li-S batteries. (a) Chemo-mechanical failure: 

volume changes of active material induce contact loss among cathode components, where SE and C are 

solid electrolytes and carbon. (b) Electrolyte degradation: degradation of sulfide-based electrolytes 

results in interphases. (c) Tortuous carrier pathways: winding conduction pathways impede fast 

ion/electron transport in composites. 

 

2. Challenges 

2.1. Chemo-mechanical failure 

Volume changes associated with lithiation and delithiation of active materials can cause the formation 

of cracks and contact losses, deteriorating the cell cycling performance. This “chemo-mechanical failure” 

is a common challenge for developing solid-state batteries,16 and is further intensified when materials 

that undergo larger volume changes are used. Whereas the exact reaction pathway is still open to 

argument, Li-S battery chemistry relies on the following electrochemical reaction, 

 S8 + 16 Li+ + 16 e− ↔ 8 Li2S. Eq. 1 

The volume increase of S8 with a mole of lithiation amounts to 6.09 cm3 mol−1 and a full lithiation of 

one mole of S8 expands its volume by 79 % by forming 8 moles of Li2S. The expanded volume will 

contract by the same amount upon the following delithiation, causing the chemo-mechanical failure 

influencing both short- and long-term cycling.17 

When preparing two cathode composites through hand-grinding or ball-milling, with the same amount 

of sulfur, carbon and solid electrolyte (Li6PS5Cl), significant differences in the performance can be 
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observed, as shown in Figure 2a. Mechanically milling the composite delivers a larger overall capacity 

as better mixing leads to more triple-phase boundaries, and the following charging shows almost the 

same capacity as the initial discharge capacity. Conversely, in the hand-ground composite less than 50% 

of the initial discharge capacity is recharged. X-ray photoelectron spectroscopy (XPS) shows the reason 

for the underlying loss mechanism (Figure 2b). Ideally, the sulfur peaks (orange doublet, S(0)) should 

disappear and a doublet of Li2S (green doublet, S2−) should appear upon a discharge. A reverse reaction 

should occur upon charging for a well-running cell, as seen in the ball-milled cathode. However, in the 

hand-ground composite, a significant fraction of Li2S remains unconverted upon the first charging. This 

irreversible formation of Li2S after the initial discharge causes a 54 % loss of capacity and can be traced 

to the initial sulfur particle size. Mechanical milling reduces the sulfur particle size, ultimately mitigating 

strong detrimental volume effects. Although this initial loss is often overlooked, similar capacity losses 

in the literature indicate how common this failure mechanism is.18 Well-processed cathode composites 

with intimate contacts among the cathode components are needed to suppress the chemo-mechanical 

loss, highlighting the importance of cathode processing procedures. Naturally, a question of how 

significantly the chemo-mechanical failure impacts long-term cycling remains.19 To tackle the question, 

cycling efficiencies are usable as indicators of how much Li2S is remained unconverted due to the 

chemo-mechanical failure. 
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Figure 2: Impact of chemo-mechanical failure in Li-S batteries:17 (a) Initial discharge and the following 

1st charge with hand-ground and ball-milled cathode composites normalized to the initial discharge 

capacity. (b) S 2p spectra taken by post-mortem XPS on the hand-ground and ball-milled composite 

cathodes, before electrochemical treatment (As-prepared ○), after the initial discharge (Discharged □), 

and after the first charge (Charged △). Filled symbols are for the ball-milled composite. The significant 

capacity loss in the hand-ground composite is due to the irreversible formation of Li2S. An InLi alloy is 

employed as the anode to fix the anode potential to In/InLi (0 V vs. In/InLi is 0.62 V vs. Li+/Li). 

 

For a quantitative discussion, the definition of cycle efficiencies needs to be revisited: Cell cycling 

performance is generally presented as the delivered capacity and its corresponding Coulombic efficiency 

ΦQ, representing the ratio of charge released during the discharge to the charge necessary for charging 

the battery in the nth cycle,20 

 𝛷! ≡ 𝑄",$/𝑄%,$ Eq. 2 

where Qd,n and Qc,n are the discharged and charged capacity, respectively. This is illustrated in Figure 3a. 

While the operation of Li-S cells with sulfur as the active materials starts with a discharge, a “cycle” is 

defined to consist of a charging followed by a discharging, which in turn defines the capacity delivered 
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before the first charging as an initial discharge capacity. The Coulombic efficiency is useful to assess a 

fraction of usable charged capacity in the following discharging. However, the amount of recoverable 

capacity upon charging concerning previous discharging is equally valuable for secondary batteries. 

Therefore, it is helpful introduce a conversion efficiency ΦC, with 

 𝛷& ≡ 𝑄%,$/𝑄",$'(. Eq. 3 

In other words, the Coulombic efficiency describes how much S is converted to Li2S during a discharge, 

whereas the conversion efficiency describes how much Li2S is converted back to sulfur upon charging. 

Using this definition, the ball-milled cathode exhibits a conversion efficiency of almost 100 %. In 

contrast, the conversion efficiency of the hand-ground composite shown in Figure 2a is about 46 %, 

indicating that 54 % of capacity is lost by the irreversible formation of Li2S. 

In order to extend the discussion to long-term cycling and irreversible losses during cycling, Figure 3b 

shows the observed capacity and ΦC of a ball-milled cathode over 50 cycles. While ΦQ is almost 100 %, 

meaning that the reaction from S to Li2S is complete, the ΦC is lower and responsible for the low-

capacity retention.17 Post-mortem analyses on the charged cathode after long-term cycling between 0 – 

3 V vs In/InLi revealed that the capacity loss is, again, due to the irreversibly formed Li2S.17 Increasing 

the lower cutoff potential leads to improvements of ΦC and, with it, enhanced capacity retention. The 

shallow discharge leads to a lower amount of irreversible formation of Li2S, as less intense volume 

changes upon cycling occur, as illustrated in Figure 3c. However, whereas a reduction of the electro-

chemomechanical volume changes is needed, an incomplete usage of active material through shallow 

discharge reduces the achievable capacity. An alternative strategy is needed to mitigate the detrimental 

influence of volume expansions in solid-state Li-S batteries.  
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Figure 3: (a) Exemplary potential profiles of solid-state Li-S batteries at the n-th cycle. (b) Shallow 

discharge improves long-term capacity retention mainly with enhanced conversion efficiency.17 (c) 

Sacrificing the total capacity with shallow discharge may help to mitigate the chemo-mechanical failure 

by reducing the detrimental volume changes.  

 

2.2. Electrolyte degradation 

Whereas volume changes can be detrimental for long-term cycling, additional electrolyte degradation 

also plays a critical role, especially once the electrolytes are composited with electron conductive 

additives.21 Although solid electrolytes are often considered stable, sulfide-based solid electrolytes can 

degrade at the composite interfaces and form interphases.15,22 These degradation products are, in contrast 

to liquid electrolytes, always sticking to the vicinity of the active materials and electron-conducting 

phases, which ultimately impacts cyclability and transport in the composite itself.23 This is problematic 

as solid-state Li-S batteries require a high interfacial area among the components, all of which demand 

practical assessments of the stability of the employed electrolytes and the influence of interphases upon 

decomposition. 

An approach to measure the electrochemical stability of materials is conventional cyclic voltammetry 

(CV) tests, in which the electrolytes are sandwiched between planar electrodes such as stainless-steel 

rods. However, the planar electrode setup exhibits minute reaction current in solids as shown in Figure 

4a (blue curve). By using this setup, a sulfide solid electrolyte is seemingly stable within a wide range 

of electrode potentials. In stark contrast, a thermodynamic calculation indicates minimal stability 
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windows of Li-thiophosphates, e.g., 1.71 – 2.14 V and 1.71 – 2.01 V vs. Li/Li+ for Li10GeP2S12 and 

Li6PS5Cl, respectively.24 The discrepancy between experiment and theory can be attributed to the 

restricted volume of the electrolyte that can undergo electrochemical degradation as illustrated in Figure 

4b.25,26 By compositing with carbon (C), the interfacial area between electrolytes and electrodes is 

increased and results in significantly more electrochemical activity (orange curve in Figure 4a). Positive 

and negative current peaks appear, indicating the occurrence of electrochemical reactions. However, it 

is unclear if the appearing peaks (e.g., ★ and ☆ in Figure 4a) arise from the oxidation and reduction of 

electrolytes, or represent a redox activity of the decomposition products. 

To further assess the nature of interphases, stepwise cyclic voltammetry is helpful with subsequently 

increasing/decreasing the higher/lower reversal potential after each cycle. This approach can provide 

information on the redox activity and its reversibility at different potentials. For instance, a stepwise CV 

with a Li6PS5Cl-C composite (Figure 4c) reveals that the peaks at ★ and ☆ are due to reversible redox 

activity of degradation products, not the electrolyte itself. The early cycles (green to light green curves) 

suggest kinetic electrolyte stability until a growing reaction current due to SE oxidation can be seen. 

The distinct peak at around 2.0 V vs. In/InLi (★) only becomes prominent after intense oxidation at a 

potential of around 2.3 V vs. In/InLi. Once the peaks (★ and ☆) appear, their magnitude increases with 

further SE oxidation (orange to red curves). The oxidative degradation of Li-thiophosphates leads to 

amorphous phases with complex P-[S]n-P-type polyanions, e.g. (P2Sn), Li2Sn, Li3PS4(μ-Sn)S4PLi3 

((Li3PS4)2Sn), and -[S]n- containing polysulfides.15,25–30 The more comprehensive descriptions on 

oxidative and reductive electrolyte degradation are summarized in references 25 and 26. In short, a 

kinetic electrochemical stability window for these electrolytes exists, and once the solid electrolytes are 

decomposed, their decomposition products become redox-active. Ideally, CV measurements require a 

three-electrode configuration as the CV of the working electrode depend on the counter electrode within 

a two-electrode configuration unless the potential of the counter electrode is fixed.  

The cyclability of these redox-active interphases can then be tested by galvanostatically cycling the solid 

electrolyte – carbon (SE-C) composite cathode with various cutoff potentials, as shown in Figure 4d.26 
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It should be noted again that the reversible redox activity is caused by the degradation products and not 

by the solid electrolyte itself. Therefore, we will use the term “apparent capacity” or “apparent redox 

activity” hereafter to highlight the fact that observed capacity and redox activity are not from the solid 

electrolyte itself. Cycling between 1 – 1.8 V vs. In/InLi delivers only minimal capacity, indicating that 

no significant electrolyte degradation occurs. By increasing the upper-cutoff potentials to 2.4 V, 2.7 V, 

and 3.0 V vs. In/InLi, apparent capacities were delivered, corroborating the formation of redox-active 

degradation products. The observed capacity increases with increasing upper-cutoff potential, 

suggesting a more pronounced formation of interphases. Meanwhile, with a deep discharge down to 0 

V vs. In/InLi, although a substantially high apparent capacity can be observed, it is irreversible and 

rapidly fades (Figure 4d). The formation of partially electron-conducting interphases, e.g. Li3P and LiP 

(or more generally LixP) likely cause progressive degradation at the interface.26  

Overall, all Li-thiophosphates seem to exhibit similar electrochemical behavior as their sulfur and 

phosphorous composition generally govern the oxidative and reductive stability.28,29,31–33 While the 

reductive electrolyte degradation occurs at relatively low potentials, the potential range causing 

oxidative electrolyte degradation largely overlaps with the voltage window of a solid-state Li-S battery 

operation making interphase formation is unavoidable. The reversible redox activity of interphases may 

help boost the attainable capacity, but the degradation also influences the overall transport within the 

composite and the cell cyclability. These influences will be discussed in the following section.26,34 
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Figure 4: (a) Cyclic voltammetry with (orange) and without (blue) compositing solid electrolyte with 

carbon (SE-C), as well as illustrations of the cell configurations.25 The orange bar represents the 

theoretical stability window.24 The enlarged schematics in (b) visualize the degree of degradation of 

electrolytes with and without carbon. (c) The oxidative stepwise CV with a SE-C composite displays that 

the peaks at ★ and ☆ are due to the redox activity of interphases. (d) The apparent redox behavior of 

SE-C composites is reversible with a sufficiently high lower-cutoff potential. The apparent capacities 

are normalized to the SE loading in the composite. Open and close symbols are charge and discharge 

capacity, respectively. Figures (c) and (d) are adapted with permission from reference 26. Copyright 

2021 John Wiley and Sons. 
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2.3. Tortuous and sluggish charge carrier transport and the transport-cyclability relationship 

As the electrochemical reaction requires a sufficient supply of ion and electron, fast carrier transport in 

the composite is paramount for better cycling performance. While increasing the conducting media in 

the composite can facilitate the ion and electron supply, it sacrifices attainable energy density due to 

more inactive mass. Therefore, an optimization of the mixing ratio for the solid electrolyte and the 

conductive additive that enables the highest possible active material loading is needed. Figures 5a-b 

show a correlation between the cell cycling performance and volume fractions of ion- and electron-

conducting phases with a model cathode composite. In this composite, Li6PS5Cl and carbon were mixed 

with volume fractions of ε(SE) and ε(C), respectively, while the active material and total cathode loading 

were kept constant. There is a clear optimum in terms of cell cyclability, as too small fraction of ion- or 

electron-conducting media in the composite is detrimental for battery performance. However, predicting 

the optimum mixing ratio is not trivial as it must correlate to the ion and electron transport in the 

composite. Systematic studies to better understand the charge carrier transport in the composite are 

inevitable. 

 

Figure 5: (a) Cyclability of In/InLi|Li6PS5Cl|Li6PS5Cl-C-S cells with various Li6PS5Cl to C volume 

ratios ε(SE)·ε(C)−1 with fixed active material and total cathode loading (3.8 mg cm−2 and 12.7 mg cm−2). 

(b) Bar plots of capacities at initial discharge, first cycle, and 10th cycle. Data digitized from reference 

34. There is a clear optimum at around ε(SE)·ε(C)−1 = 4.0.  
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2.3.1 Tortuous ionic conductivity 

For a qualitative discussion of transport in solid-state battery composites, it is pivotal to introduce the 

effective ionic and electronic conductivities (𝜎)*+,--  and 𝜎,,--). These parameters are defined as 𝜎.,-- =

(
/!

0
1
, where Rk, d, and A are total ionic or electronic resistance (k is either ion or electron), total thickness 

of the composite and electrode area. Figure 6a summarizes the different configurations generally 

employed to assess the composite’s effective conductivities. With the direct current (DC), Ri and Re 

within the composite are measurable with the cell configurations (I) and (II), respectively. Under a small 

bias-voltage, the cell configuration (I) can block electrons, and only ions flow once the electrons are 

sufficiently polarized. By knowing interfacial resistances such as the resistance between the InLi anode 

and the solid electrolyte (SE), Ri can be obtained. As for cell configuration (II), ions are blocked at the 

steel electrodes, enabling the measurement of Re.26,34 In addition, cell configuration (III) can measure 

effective transport through impedance spectroscopy (with an alternating current, AC). These symmetric 

configurations help to eliminate unnecessary resistance contributions, other than the ones of interest.35 

In solid-state Li-S batteries, the ion conduction in the composite is substantially tortuous and sluggish, 

as illustrated in Figure 6b, due to the ionically insulating components: carbon (C) and sulfur (S). Figure 

6c shows the	𝜎)*+,--  of SE-C-S and SE-C composites as a function of a volume fraction of the solid 

electrolyte ε(SE). Here, 𝜎)*+,--  of SE-C-S composites (orange data) were measured by DC with the cell 

configuration (I), and that of SE-C composites (blue data) were by AC with cell configuration (III). The 

orange data are from the Li6PS5Cl-C-S composites identical to the ones in Figure 5. The blue data are 

from Li6PS5Cl-C composites to compare the additional influence of S on ionic transport. As for the SE-

C composites, the spectra measured with impedance spectroscopy require a non-Faradaic transmission-

line model (TLM) analysis, an approach to evaluate the effective conductivity in these porous electrodes 

(See Section 2.3.2 for details). In both composites, the 𝜎)*+,--  decreases over orders of magnitude when 

increasing contents of non-ion-conducting phases (S or C), i.e. a decreasing ε(SE). In other words, while 

the pure solid electrolyte exhibits fast ionic transport, this is no longer the case once it has been 
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implemented in a composite electrode.  

The concept of tortuosity enables a quantitative description of the impact of insulating inclusions on 

transport in a complex microstructure.36 In general, the 𝜎)*+,--  is related to the ionic conductivity in the 

undisturbed ion-conducting medium 𝜎)*+23  by ε(SE) and tortuosity factor τ2: 

 𝜎)*+,-- =	
𝜀(SE)
τ4

𝜎)*+23 . 
Eq. 4 

The tortuosity factor represents the effect of a microstructure of the composite on macroscopic transport. 

With the measured 𝜎)*+,--  and 𝜎)*+23 , as well as given ε(SE), the tortuosity factor τ2 can be obtained as 

shown in Figure 6d. A robust approach to quantifying transport within a composite is effective medium 

theory, especially with the Bruggeman relation.37 Although the original model was developed for 

homogeneously-dispersed spherical insulating inclusions in a conducting medium, the modified 

theorem with additional fitting parameters extends the model to more complex microstructures.37 Within 

the model, the tortuosity factor to conducting volume relationship is given by 

 τ4 = 𝛾 ∙ 𝜀(SE)'5 . Eq. 5 

The original Bruggeman relation holds when 𝛾 = 1 and 𝛼 = 0.5. However, compared to the cathode 

composites data, a fit with these ideal values is far from the experimental data, shown with dashed curves 

in Figure 6c and d. Instead, the tortuosity factors from measurement results are well-fitted with 𝛾 =

0.88 and 𝛼 = 4.77 (solid curves in Figure 6c and d). This high value for 𝛼 is very characteristic for 

well-mixed solid-state composites, as values less than three are typically obtained for cases of liquid 

electrolytes in the composite with LiCoO2 or graphite.38–40 
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Figure 6: (a) Cell configurations for various measurements. (I) and (II) are electron- and ion-blocking 

configurations for DC measurements. (III) Symmetric configuration for impedance spectroscopy and 

(IV) is for the potential-dependent impedance measurements with a In/InLi anode. The detail of (IV) will 

be discussed in Section 2.3.2. (b) Impact of increasing a fraction of non-ion-conducting phases. (c) The 

𝜎67$
899 in various composites as a function of ε(SE). (d) Tortuosity factor from the measured effective 

conductivities and the conductivity of the pristine SE. The dashed and solid curves are with ideal and 

modified Bruggeman models. The data in (c) and (d) are digitized from ref 26 and 34. The error bars 

represent 20 % of error in conductivities41 and 5 % in volume fractions.  

 

 



 18 

Clearly, ionic transport in composites consisting of sulfur, carbon and solid electrolytes is significantly 

tortuous. The slow conduction with a high tortuosity may simply arise from the microstructure, and two 

possible approaches of either using much faster solid ionic conductors or microstructural engineering 

can increase the effective transport. However, under operation conditions, there are other possible 

underlying influences. With a substantial interfacial area density, interfacial effects such as space-charge, 

defect accumulation, reaction with surface termination of carbon additives, and low percolation with 

disconnected conduction pathways, may become significant.  

 

2.3.2 Linking ion transport in a composite to the electrolyte degradation and Li-S cell cycling 

performance 

As shown above, the ionic transport in cathode composites is very sluggish and hampered, even before 

cycling. The cycling of composites leads to electrochemical degradation, further influencing transport. 

As discussed in Section 2.2, oxidative electrolyte degradation is unavoidable upon cycling solid-state 

Li-S batteries. Therefore, further investigation on the impact of degradation on the ionic conduction and 

cell cycling performance is required. However, the cell configuration (I) for the measurement of 𝜎)*+,--  

through DC and the symmetric cell configuration (III) via AC impedance are not applicable for a 

potential-dependent measurement. Therefore, the cell configuration (IV) with an anode as a reference 

of the potential is needed to evaluate 𝜎)*+,--  as a function of the applied potential. We highlight that the 

cell configuration (IV) is not the only way for potential dependent measurement, and three- or four-

electrode configurations with additional reference electrodes help for further developments, but it is 

technically challenging.42 Since we employed InLi alloy as the anode for the following investigations, 

unless otherwise specified, the potentials hereafter are relative to the In/InLi (0 V vs. In/InLi is 0.62 V 

vs. Li+/Li).43 As briefly mentioned in the previous section, the obtained spectra were analyzed with a 

non-Faradaic TLM, which has been typically employed to study ion transport in the liquid electrolyte 

immersed in the electrode porous microstructure, and its application has recently been expanded to the 

solid-state battery researches.39,44–46 We emphasize that the non-Faradaic TLM assumes no charge 
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transfer and, despite the very similar resulting mathematical expression, it is fundamentally different 

from the model based on the charge transfer and diffusion in the active materials. Although the 

impedance spectra from the cells with sulfur cathodes typically possess Nyquist plot with a straight line 

at a 45° angle for low frequencies that often fit with the Randles equivalent circuit, the physically 

meaningful equivalent circuit may be different in some cases. Recent solid-state Li-S battery studies 

have mainly focused on improving the charge-transfer and charge-carrier diffusion in the active material. 

While there is no doubt about its importance, a substantial cell resistance may also arise from the ion 

transport through the tortuous solid electrolyte in composites with a substantial interfacial area, which 

tends to be overlooked but is equally important, as discussed in Section 2.3.1. Here we want to refer the 

readers to our recent work, which entails the detailed confirmation of the validity and applicability of 

the TLMs, the applied equivalent circuit, and mathematical formulations.26 As a side note, the 

widespread semi-circle approach overestimates 𝜎)*+,--  by at least a factor of three in theory. This leads 

to misunderstanding the transport limitations in composites when substantial interfacial capacitances are 

at play, as is the case in the cathode composites for solid-state Li-S batteries.47 

In order to link the solid electrolyte degradation to the resulting effective ion transport in these 

composites, the potential-dependent ion-transport measurement has been demonstrated with a model 

Li6PS5Cl-C composite, same as the one in Figure 4d.26 Identical cells with cell configuration (IV) were 

employed for oxidative and reductive tests in Figure 7a. The potential on the cathode side was slowly 

swept from OCV (~1.55 V vs. In/InLi) to the target potential (1.6 V and 1.4 V for the oxidative and 

reductive tests, respectively) and kept for 12 h to let the degradation proceed, followed by one hour of 

relaxation before the impedance measurement. As an indicator of the onset and degree of degradation, 

the consumed or delivered apparent capacities during the sweep, and hold, of the potential were 

measured as the cumulative charge shown in Figure 7a. While the thermodynamic calculation predicts 

the stability window of Li6PS5Cl to be between 1.1 – 1.4 V (orange bar in the bottom panel), a wider 

experimental electrochemical stability window of 0.7 – 1.7 V can be observed (green-shaded region). 

Despite the limited potential range for TLM analysis due to the appearance of an additional process 
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overlapping with the frequency region of interest, there is a clear voltage window maintaining the 𝜎)*+,--  

at a constant value (blue-shaded in Figure 7a). This range can be referred to as a “stability window of 

good effective ion-transport” for a given condition summarized in the bottom panel in Figure 7a. It is 

evident that a small gap between the onset potential of the oxidative solid electrolyte degradation and 

the upper-threshold potential for high 𝜎)*+,--  exists (1.7 V and 2.0 V, respectively). This gap may indicate 

the formation of ionically conductive interphases, e.g. amorphous Li-thiophosphates, and opens the 

possibility to utilize the reversible apparent redox capacity of solid electrolytes to boost the attainable 

capacity of solid-state Li-S batteries without detrimentally affecting the overall ionic transport. 

Indeed, the so-called “activation behavior” in which the capacity increases upon cycling is seen in the 

initial cycles when the SE-C-S composite is cycled with various cutoff potentials (Figure 7b). The 

activation behavior is most likely due to the formation and the redox activity of the interphases and a 

clear correlation between the highest observed capacity, the magnitude of activation, the overpotential 

after long-term cycling, and the capacity retention, is seen in Figure 7b-d. The highest capacity of over 

2100 mAh gS
−1 is delivered with the cell discharged down to 0 V, which is higher than the theoretical 

capacity of sulfur (1672 mAh gS
−1). Hence it is evident that there is a substantial contribution from the 

solid electrolyte degradation and redox activity of formed interphases. However, the capacity retention 

is very poor with such a substantial reductive degradation, as also seen with the SE-C composite (Figure 

4d). In contrast, the cells cycled with a fixed lower-cutoff potential of 1.0 V exhibit much better capacity 

retention with a little activation. Cycling up to 2.7 V shows a superior cyclability to the one cycled up 

to 3.0 V, leading to the areal capacity of about 4.6 mAh cm-2 at the 50th cycle. The critical difference is 

seen in the overpotential at the 50th cycle, where the cell cycled with the upper cutoff of 3.0 V has an 

overpotential significantly higher than the one cycled with 2.7 V. The cycling data corroborate that even 

more sluggish transport results from more intense oxidative degradation, which deteriorates the cell 

cyclability (Figure 7c). Overall, these findings highlight the importance to carefully explore the 

relationship between practical electrolyte stability, the impact of electrolyte degradation on effective 

transport, and the resulting cell cycling performance. 
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Figure 7: The cumulative charge, the total cell resistance Rtotal, and the extracted 𝜎)*+,--  in the Li6PS5Cl-

C composite cathode are shown in (a) as a function of applied potential. The green shade shows the 

experimental electrochemical stability window, and the blue shade shows the stability window of good 

effective ion transport. The bottom panel summarizes the three different types of stability windows: the 

theoretically-predicted electrochemical stability window (orange), the electrochemical stability 

windows based on the monitored cumulative charge (green), and the stability window determined by the 

effective ion-transport in the composite (blue). (b) The cycling performances of solid-state Li-S cells 

with the Li6PS5Cl-C-S composite. The panel (c) shows the potential profiles of cells cycled between 1 – 

2.7 V and 1 – 3.0 V at 5th and 50th cycles, revealing a more significant evolution in the overpotential in 

the cell with the upper-cutoff potential of 3.0 V. Figures are adapted with permission from reference 26. 

Copyright 2021 John Wiley and Sons. 
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3. Summary and perspectives   

To visualize the road from the current cell performance to the practical solid-state Li-S batteries, the 

gravimetric energy densities of hypothetical cells achievable after overcoming specific challenges are 

summarized in Figure 8. The details of energy density calculations and utilized parameters are described 

and tabulated in Figure S1 and Table S1 (Supporting Information). The gravimetric energy density of 

the In/InLi|Li6PS5Cl|Li6PS5Cl-C-S cell shown in Figure 7b achieves about 36 Wh kg−1. The here-

estimated specific energy includes the mass of current collectors, but the mass of the cell packings, tabs, 

and binders are excluded. The employment of a lithium-metal anode and a thin layer of a solid separator 

will significantly enhance the solid-state battery performance,13,14,48 reaching the specific energy of 417 

Wh kg−1. Notably, this value is attainable without any modification on the cathode side, highlighting a 

promising performance of a high-capacity conversion-type cathode. The possibility of employing a thin 

separator layer (~30 µm) and a lithium-metal anode has successfully been demonstrated with Li6PS5Cl 

and the intercalation-type cathode active materials very recently.49 Another scenario with a different 

layer thickness (100 µm) is also showcased in Table S2 (Supporting Information). 

For further enhancement, two strategies, both requiring faster transport in the composite cathode, can 

be considered: (1) to enlarge a layer thickness of the cathode and (2) to increase the weight fraction of 

sulfur in the composite. The gravimetric energy density of the hypothetical cell can achieve over 800 

Wh kg−1 if one assumes unchanged average discharge potentials. To meet this requirement, it is clear 

that further improvement of ion transport in the cathode composite is mandatory. The resistance of the 

cathode layer will increase by a factor of three through loading three times the amount of cathode 

composite. Furthermore, increasing the weight fraction of sulfur in the composite from 33 % to 45 % 

reduces the 𝜎)*+,--  from 0.006 mS cm−1 to 0.002 mS cm−1 based on the data in Figure 6c. Thus, the total 

resistance increase becomes close to an order of magnitude. The required current density for 0.1 C also 

increases by about a factor of four, and hence, to maintain the average discharge potentials, faster 

effective ion transport is required. Overall, the following conclusions and perspectives can be drawn. 

1) To secure the fast ion transport within a thick composite cathode layer, the exploration of fast-
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conduction solid electrolytes is inevitable. The here-proposed roadmap demands almost 40 times 

higher effective ionic conductivity, meaning a generally accepted metric of 1 mS cm−1 being 

practical, needs to be reconsidered for solid-state Li-S batteries. In fact, recent theoretical work 

suggests that for solid state batteries with intercalation-type cathode active materials ionic 

conductivities of at least 10 mS cm−1 are needed.50 Considering that solid-state Li-S batteries contain 

even more ionically insulating materials, even higher needed ionic conductivities seem likely. 

Despite the other difficulties, e.g., stability, processibility, and chemical compatibility, some sodium 

ion conducting solids possess substantially high conductivities,51,52 which may allow the use of 

sulfur composite cathodes. Nevertheless, the fact that only a few solid electrolytes achieve the ionic 

conductivity of higher than 10 mS cm−1 greatly motivates further exploration.  

2) While the chemo-mechanical failure becomes less intense by well-compositing the cathode 

components, the enhanced interfacial area magnifies the impact of electrolyte degradation. This 

dilemma calls for the exploration of electrolytes that do not drastically lose ionic conductivity upon 

processing and cycling. Mechanically soft and electrochemically stable electrolytes within the 

potential window of the sulfur redox activity need to be developed. Among the various emerging 

lithium-conducting solids, halide-based materials and variants of closo-borates are the two new 

classes of promising solid electrolytes besides the sulfide-based materials.53–56 

3) Despite the low effective ionic conductivity in the current composite, the ion supply may become 

faster by reducing “traveling distances” through nano- and micro-structural designs of the cathode 

composite. Establishing the highly conductive “highways” for lithium ions facilitates fast ion 

transport within composites. Unlike liquids, no separator is needed to combine different solid 

electrolytes, enabling the employment of the right electrolyte at the right place. Although the 

chemical compatibility needs to be examined, utilizing the highly-conducting solid electrolytes as 

“highways” and the highly stable solid electrolytes as “driveways” to secure the local ion supply 

may reduce the impact of interfacial degradation. The species of employed carbons, the 

microstructure of conductive additives and their loading fractions expand the options for further 
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interface engineering. 

4) Battery operation at elevated temperature may be an apparent strategy to overcome the transport 

limitation in the cathode composite. Operation at elevated temperature further paves the way for 

achieving the high current density required for charging and discharging high-capacity sulfur 

cathodes with lithium metal.57 In contrast, the behavior of the kinetically stabilized interface with 

substantially high interfacial area density inside the cathode composite during battery operation at 

high temperatures is still not well understood. Further investigation of the temperature effect is 

inevitable for practical applications. 

There are additional approaches, as well as challenges, towards practical solid-state Li-S batteries. For 

instance, halogens or selenium incorporation into the active materials can improve the ion or electron 

conduction and enhance cyclability.58,59 Employing metal sulfides instead of pure sulfur may help to 

reduce the loading of electron conductive additives.60,61 Various mixing processing, e.g. liquid-phase 

and gas-phase mixing techniques in addition to mechanical milling, may help to establish intimate 

contact among the cathode components.62 The cost effectiveness, scalability of materials, processing 

procedures, and the weight of the cell containers are also vital factors for commercial applications.63 

Additionally, binder inclusion and modification, as well as the decrease of the necessary applied 

pressures, may further complicate the charge transfer and carrier conduction. Nevertheless, monitoring 

the transport in the composite and analyses through effective conductivities is paramount for a 

quantitative discussion to further improve solid-state Li-S batteries. A steady improvement of the 

cathode composite will pave the way for the practical solid-state Li-S batteries in the coming years. 
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Figure 8: Roadmap toward the practical solid-state Li-S batteries from the currently reported cell 

performance. The start-line corresponds to the cell shown in Figure 7b with the specific capacity of 

1450 mAh gS-1, the average discharge voltage of 1.29 V vs In/InLi, the mass ratio of SE, C and S of 3:1:2, 

the total cathode loading of 10.2 mg cm-2, and the total cell weight of 178.0 mg cm-2. Through 

overcoming specific challenges, the predicted performance of the hypothetical solid-state Li-S batteries 

with parameters goes beyond 800 Wh kg-1. Note that all calculations include current collectors. 

Projected commercial cell data are from 64. 
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