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A B S T R A C T   

All-solid-state batteries (ASSBs) using inorganic solid electrolytes (SEs) are in the spotlight for next-generation 
energy storage devices because of their potential for outstanding safety and high energy density. Recent prog
ress in this field has been primarily based on advances in materials, such as the discovery of SEs with high ionic 
conductivities and the improvement of interfacial stability in electrodes. However, the use of inelastic SEs causes 
severe electrochemo-mechanical failures, such as cathode active material (CAM) disintegration, CAM/SE contact 
loss, and stress build-up during cycling, deteriorating the Li+ and e− transport pathways. Although these con
cerns have been addressed previously, they have not been contextualized systematically in terms of the me
chanical interactions among the components and their impacts on electrochemical performance. Here, we 
categorize the electrochemo-mechanical effect in ASSBs and its ramifications in terms of stress sources, active 
materials, composite electrodes, and cell stacks.   

1. Overview 

The success of the current 4 V lithium-ion battery (LIB) technology is 
attributed to the development of organic liquid electrolytes (LEs). The 
use of carbonate-based solvents has enabled the accommodation of 
state-of-the-art Li salts, such as LiPF6 and lithium bis- 
trifluoromethanesulfonimide with a high molar concentration of 
approximately 1.0 M, which meet the requirements of high ionic con
ductivity and acceptable working temperature [1]. Importantly, organic 
LEs undergo a self-limiting electrochemical decomposition in the early 
stage of cell cycling to form unique passivating layers called solid 
electrolyte interphases (SEIs). This enables the reversible cycling of 4 V- 
class cathode active materials (CAMs) and a graphite anode with a 
working potential of approximately 0 V (vs. Li/Li+); thus a high energy 
density can be achieved. 

Nonetheless, using LEs incurs severe safety concerns, even under 
controlled operating conditions, as sporadic failure of a single cell could 
cause the explosion of the battery pack. Thus, much effort has been 
dedicated to solidifying electrolytes for LIBs [2–10]. In particular, a 
variety of solid electrolytes (SEs), such as oxides, sulfides, polymers, and 
their combinations, have been investigated intensively, which has led to 

noticeable achievements. For example, sulfide SEs with the ionic con
ductivities exceeding those of LEs have been developed: Li7P3S11 (1.2 ×
10− 2 S cm− 1 at 25 ◦C) [11], Li10GeP2S12 (1.2 × 10− 2 S cm− 1 at 25 ◦C) 
[12], Li9.54Si1.74P1.44S11.7Cl0.8 (2.5 × 10− 2 S cm− 1 at 25 ◦C) [13], and 
Li5.5PS4.5Cl1.5 (9.4 × 10− 3 S cm− 1 at 25 ◦C) [14–20]. Although these 
sulfide SEs possess limited electrochemical oxidative stability windows 
up to approximately 3 V (vs. Li/Li+)[21–23] this limitation has been 
addressed by introducing protective coatings on CAM surfaces, such as 
LiNbO3 [24], Li2ZrO3 [8,25], and Li3− xB1− xCxO3 [26]. Furthermore, 
recent studies have discovered that halide SEs exhibit exceptionally 
good electrochemical oxidative stabilities up to 4.3 V (vs. Li/Li+) with 
affordable ionic conductivities: Li3YCl6 (high crystallinity: 4.0 × 10− 5 S 
cm− 1; low crystallinity: 5.1 × 10− 4 S cm− 1 at 25 ◦C) [27], Li3InCl6 (1.49 
to 2.04 × 10− 3 S cm− 1 at 25 ◦C) [28], Li2Sc2/3Cl4 (1.5 × 10− 3 S cm− 1 at 
25 ◦C) [29], Li3Y1− xInxCl6 (1.22 × 10− 3 S cm− 1 at 25 ◦C) [30], 
Li3− xM1− xZrxCl6 (M = Er and Y, 1.4 × 10− 3 S cm− 1 at 25 ◦C) [31], 
Li3− xYb1− xMxCl6 (M = Hf and Zr, and 1.5 × 10− 3 S cm− 1 at 25 ◦C) [32], 
Li2+xZr1− xFexCl6 (9.8 × 10− 4 S cm− 1 at 25 ◦C) [33], and Na2ZrCl6 (1.8 ×
10− 5 S cm− 1 at 30 ◦C) [34]. Likewise, hydride SEs, such as 3LiBH4⋅LiI 
(~10− 4 S cm− 1 at 50 ◦C) [35] and 0.7Li (CB9H10)⋅0.3Li (CB11H12) (6.7 ×
10− 3 S cm− 1 at 25 ◦C) [36], and garnet-type Li7La3Zr2O12 (1.5 × 10− 4 S 
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cm− 1 at 25 ◦C) [37] with good interfacial stability toward Li metal have 
also been reported. Overall, in terms of the (electro)chemical properties, 
the current SE technologies could exceed the requirements of conven
tional LIB technologies using LEs. 

The mechanical properties of SEs are another critical factor in the 
development of practical all-solid-state batteries (ASSBs) because they 
affect the effective contact area between SEs and active materials, and in 
turn, the fabrication methods of electrodes. For example, the application 
of “brittle” oxide SEs has been highly complicated because they cannot 
make favorable ionic contacts with CAM without the aid of liquid or 
polymer electrolytes [6]. In contrast, thick composite electrodes with 
high mass loadings can be prepared by employing malleable SEs (i.e., 
sulfides and polymers) and thus deliver high initial areal capacities 
comparable to those of their LE counterparts [38–40]. However, the 
inherent characteristics of inorganic solids, that transfer and take up 
external stresses, have important electrochemo-mechanical effects on 
the performance of ASSBs [41–46]. 

Here, the electrochemo-mechanical effects in ASSBs are considered a 
multiscale subject. The relevant issues are categorized in Fig. 1. Obvi
ously, the practical behavior of ASSBs is more complicated than what we 
discuss herein because of the irregular distribution of SEs and pores in a 
cell. The major stress source of ASSBs is the volume change of the active 
materials upon cycling. Firstly, this creates internal micro-cracks within 
CAM particles. The accumulation of these micro-cracks eventually re
sults in the “disintegration” of the CAM particles [44,47]. The internal 
cracks are not taken up by the SEs even under a high external pressure of 
tens of megapascals (MPa) [44,47]. This is in stark contrast to LIBs, 
where LEs infiltrate the cracks, and the active contact area is increased 

upon cycling [44,47–49]. Secondly, the repeated volume expansion/ 
shrinkage of active materials cannot be readily accommodated by the 
deformation of SEs, which results in the “delamination” of SEs from 
active materials, thus the effective CAM/SE contact area is decreased 
[44,47,50]. Furthermore, careful observation at the initial charging 
stages in a recent study has revealed that a redox reaction of SEs induces 
localized stresses in composite electrodes [45,46]. These two stress 
sources, that is, active materials and SEs, collectively give rise to 
electrochemo-mechanical failures in composite electrodes. 

Li plating/stripping on the SE layer, the most prominent stress 
source, has been extensively studied for ASSB cells utilizing oxides 
[51–53], sulfides [54,55], and polymers [56–58]. In fact, the Li plating/ 
stripping process is a complex phenomenon in which multiple factors, 
including morphological aspects (planar vs. dendritic growth) [59], the 
mechanical robustness of SEs [60,61], and the characteristics of Li+ flux 
(magnitude and tortuosity) [62,63] are related. However, the extent of 
the volume expansion of Li metal and its impact on the stack stress 
evolution in the cells are the predominant factors for practical cell 
balancing. For example, the volume expansion ratio upon Li metal 
plating equivalent to 6 mA h cm− 2 on a 50-μm-thick Li foil corresponds 
to + 58%, even for ideal planar Li growth. This is much larger than the 
volume change ratio for LiNi0.8Co0.1Mn0.1O2 upon charging (− 8.1%). 
Understanding the more complicated micromechanics of Li growth at 
the Li|SE layer interfaces is vital for the utilization of Li metals, and it 
has been meticulously reviewed in other papers [64,157–159]. Thus, 
herein we discuss the Li plating/stripping process only in terms of its 
impact on macroscopic stack pressure changes in conjunction with the 
volume change of composite cathodes. This electrochemo-mechanical 

Fig. 1. Categorization of stress sources, possible chemo-mechanical failure modes, and challenges for ASSBs.  
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cross-talk across the SE layer, the corresponding internal pressure 
changes, and their counteraction to externally applied pressures are 
significantly important subjects considering that efficient cell integra
tion is an indispensable advantage of ASSBs. 

In the first section, the requirements of SEs for ASSB applications are 
discussed, highlighting the different mechanical properties of oxide, 
sulfide, and polymer SEs, and their implications for design factors and 
fabrication methods for ASSBs. The stress sources causing electrochemo- 
mechanical effects in ASSBs employing inorganic SEs are summarized in 
the following section. In addition to the volume changes of active 

materials upon cycling, which have been extensively studied for LIB 
applications, the electrochemical SE decompositions are delineated as 
an important source of local stress. Subsequently, the electrochemo- 
mechanical failures and corresponding challenges are discussed in 
terms of active materials, composite electrodes, and full stacks. In the 
composite electrode scale, the challenges of disintegration of CAM 
particles and CAM/SE de-lamination upon cycling are described by 
introducing recent reports. In the last part, the stress cross-talk between 
the cathode and anode is discussed with the exemplary Li[Ni,Co,Mn]O2 
(NCM)|Li cells according to the extent of external pressurization. The 

Fig. 2. (a) Comparison of various SE compounds regarding the requirements for ASSB application. (b) Comparison of electrochemical stability windows of inorganic 
SEs. Reproduced with permission from Ref. [23]. Upper and lower potential limits were estimated by DFT calculations. (c) Typical stress–strain curves for brittle and 
ductile materials. 
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mild-pressure operation of ASSBs is a formidable challenge, and many 
studies have reported promising performance under unrealistically high 
external pressures (tens of MPa) using a pressure jig [44]. To address this 
issue, the stack pressure effects on Li plating/stripping are considered. 
Moreover, to verify the sensitivity of charge carrier conduction in 
composite electrodes to external pressurization, the tortuosity factors for 
Li+ and e─ conduction measured with respect to the various volume 
ratios of CAM and SE and applied pressures are discussed. 

2. Solid electrolytes and cell fabrication methods 

2.1. Requirements for solid electrolytes 

For advanced ASSB technology, SEs should satisfy multiple re
quirements, including high ionic conductivity, wide electrochemical 
stability window, chemical stability toward ambient air, thermal sta
bility, and mechanical properties. Fig. 2a compares the performance 
characteristics of the four major SEs: oxides, sulfides, chlorides, and 
polymer electrolytes. Among them, a high ionic conductivity compara
ble to that of LEs is a prerequisite for room-temperature-operable ASSBs. 
Oxide SEs exhibit moderate ionic conductivities of approximately 
10− 6–10− 3 S cm− 1 at room temperature [65]. Solid polymer electrolytes 
(SPEs), where Li salts are dissolved into polymeric matrices, show very 
low ionic conductivities (~10− 8–10− 7 S cm− 1 at room temperature) [6]. 
Incorporating oxide ceramics into SPEs to form composite polymer 
electrolytes (CPEs) significantly increases the ionic conductivity, which 
has been attributed to the decreased crystallinity of polymeric domains, 
interfacial conduction effect, and contribution of oxide SEs [6]. How
ever, their maximum ionic conductivities are two orders of magnitude 
lower than those of LEs (~10− 2 S cm− 1) [1]. In contrast, a recent search 
for sulfide and halide SEs has yielded high ionic conductivities, reaching 
maximums of approximately 10− 2 and 10− 3 S cm− 1, respectively 
[4,5,66]. 

The chemical stability of SEs under humid conditions is important for 
reliable and cost-effective cell production. Although oxide SEs do not 
suffer from complete hydrolysis, their surface degradation can severely 
impede interfacial Li+ transfer [67]. Sulfide SEs are highly sensitive to 
humidity and generate toxic H2S gases [5,68–75]. To alleviate this, the 
partial substitution of S2− with O2− [76], replacing P5+ with Sn4+, which 
is a softer acid [69,74,77], and adding H2S scavenging metal oxides [78] 
have been suggested. Comprehensive reviews on these issues are shown 
in references [55,79,80]. 

The viable working voltage of ASSBs is governed by the electro
chemical stability of SEs. Poly(ethylene oxide) (PEO)-based SPEs are 
oxidized starting at 4.0 V (vs. Li/Li+), which leads to a high interfacial 
resistance when combined with 4 V-class CAMs, such as LiCoO2 [81]. 
This interfacial degradation problem is addressed by introducing surface 
coating layers, such as Li3PO4 [81], Al2O3 [82], and poly(ethyl
cyanoacrlate) (PECA) [83]. Mo and co-workers estimated the intrinsic 
electrochemical stabilities of various inorganic compounds using den
sity functional theory (DFT) calculations [23]. It was predicted that the 
electrochemical oxidation stability of inorganic materials is determined 
by the anion species, indicating that the anions are the centers of the 
oxidative decomposition (Fig. 2b). The order of intrinsic electrochemical 
oxidation stability in terms of the upper voltage limit is in the order of 
fluorides > chlorides > bromides ≅ oxides > sulfides ≅ iodides. Sulfide 
SEs show a very narrow stability limit of approximately 2.5 V (vs. Li/ 
Li+), which was also confirmed by experimental observations 
[21,23,84]. The oxidation stability of oxides is largely affected by metal 
ions. Importantly, chloride SEs were predicted to be stable up to 4.3 V 
(vs. Li/Li+), which obviates the protective coatings on 4 V-class layered 
oxide CAMs. Notably, fluorides exhibit exceptionally high oxidation 
stabilities (>6 V vs. Li/Li+), which are offset by their low ionic con
ductivities. This is owing to the small ionic size and high electronega
tivity (thus the low polarizability) of F− [17,23,85]. Importantly, the 
electrochemical decomposition of SEs has been studied extensively in 

terms of the formation of resistive decomposition products at interfaces, 
which explains the practical electrochemical windows [21,23,86]. Their 
electrochemo-mechanical effect was also highlighted in recent reports 
[45,46] which will be discussed later. 

2.2. Mechanical properties of solid electrolytes 

In general, oxide and polymer SEs are considered to be brittle and 
ductile materials, respectively. Brittle materials tend to have a higher 
elastic modulus (E) while there are a few exceptions, such as a brittle-to- 
ductile transition of yttria-stabilized zirconia and a low elastic modulus 
of ceramic aerosols with yet-brittle properties [87,88]. Also, elastic 
modulus and ductility are largely affected by grain size, porosity, and 
dislocation distribution [89,90]. When identical mechanical stresses are 
applied, brittle materials experience smaller dimensional changes than 
ductile materials. Beyond the elastic strain limit, brittle materials un
dergo brief plastic deformation followed by fracturing. In contrast, the 
dimensions of ductile materials change through plastic deformation. 
Representative strain–stress curves of different materials are displayed 
in Fig. 2c. Although the measurement of complete stress–strain curves 
for inorganic SEs has been scarce, the elastic moduli of various SEs have 
been experimentally obtained by means of nano-indentation techniques 
and ultrasonic pulse echo techniques [41,91–93]. There are more 
quantitative factors that describe the mechanical properties of SE ma
terials. The shear modulus (G) and bulk modulus (K) indicate the 
resistance of the materials to shear deformation and hydrostatic 
compression, respectively. Poisson’s ratio (ν), which is the ratio of 
transverse and axial strain, is also an important parameter that describes 
the compressibility of materials (i.e., ν = 0 for fully compressible ma
terials and ν = 0.5 for incompressible materials). 

The mechanical parameters of the major inorganic SEs are listed in 
Table 1 [91,92,94–97]. Oxide SEs exhibit much higher elastic modulus 
values [e.g., LiTi2(PO4)3: 143.7 GPa, Li3PO4: 103.4 GPa, Li1/2La1/2TiO3: 
262.5 GPa, Li7La3Zr2O12: 149.8–175.1 GPa] [95] than other com
pounds, which reflects the brittleness of oxides. However, as an excep
tion, several glass oxide SEs can be deformed by cold pressing, forming 
two-dimensional (2D) contacts with CAMs (90Li3BO3⋅10Li2SO4: 1.0 ×
10− 5 S cm− 1 [98] and 42Li2SO4⋅28Li2CO3⋅30LiI: 5.9 × 10− 6 S cm− 1 at 
25 ◦C) [99]. Because of their low elastic modulus values, sulfide SEs are 
considered to be among the most ductile inorganic SEs (e.g., β-Li3PS4: 
29.5 GPa [95], 75Li2S⋅25P2S5: 23 GPa [92], Li7P3S11: 21.9 GPa [95], and 
Li6PS5Cl: 22.1 GPa [95]). In particular, it is known that sulfide SEs in 
glass form are more deformable than their crystalline counterparts 
[92,100–102]. Tatsumisago and co-workers measured the mechanical 
parameters of thiophosphate glasses by the ultrasonic pulse echo tech
nique and showed that 75Li2S⋅25P2S5 glass became softer as it accom
modated softer ions of I− and Br− [92]. This is rationalized by the 
reduced ion packing density and increased lattice polarizability by 
incorporating larger anions [69,92,103]. Newly emerging halide SEs are 
another class of ductile SEs. Recent DFT calculations have shown that 
the deformability of chloride SEs is not as good as that of sulfides, but 
bromide SEs show comparable deformability [97]. 

The fabrication protocol of ASSB cells is highly dependent on the 
mechanical properties of SEs. Layered NCM or Li[Ni,Co,Al]O2 (NCA) are 
indispensable CAMs for ASSBs. Because they are brittle oxides, oxide SEs 
cannot form 2D contacts with them by a simple pressing method [104]. 
Moreover, the hot-sintering process is problematic because it causes 
unwanted interfacial side reactions [99]. The most conventional 
approach to integrating oxide SEs is the fabrication of thin-film ASSBs, 
which are difficult for mass production targeting large-scale applications 
such as electric vehicles [105]. Another common practice for tailoring 
ASSBs using oxide SEs has been hybridization using LEs and/or polymer 
electrolytes [6,58,106,107]. Recently, several strategies have been 
suggested to bypass hybridization with organic species. Hu and co- 
workers suggested a protocol for infiltrating three-dimensional (3D) 
oxide SE hosts with Li metal [108]. Infiltration methods for cathodes, 
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using LiCoO2 (LCO) gel, LCO precursor solutions, and NCM slurries with 
or without additives have been suggested [109–111]. Nevertheless, the 
resulting performances have been highly unsatisfactory owing to the low 
mass loadings of active materials, low C-rate operation, the high thick
ness of 3D frameworks, and poor cycling retention when operating at 
more than 4 V [22,104,112–115]. Moreover, proper CAM candidates are 
limited, which is related to the high sintering temperatures. Eichel and 
co-workers reported all-phosphate ASSBs that were fabricated by cold 
isostatic pressing (CIP), thus minimizing the detrimental interfacial re
actions [116]. However, the resulting performance was also far from the 
practical level. In contrast, the deformable mechanical properties of 
sulfide SEs (5 < E < 12 GPa) allowed them to be easily integrated for the 
assembly of ASSBs by the cold pressing method, which has also been the 
case for halide and hydride SEs [36,66]. 

The mechanical properties also affect the size controllability of ce
ramics. Ceder and co-workers proposed a quantitative model to deter
mine the effective particle-size ratio of CAM to SE [117]. They suggested 
that the particle size of SE should be small enough for full capacity 
utilization. For example, the particle-size ratio of CAM to SE for 98% 
CAM utilization was estimated to be 2.1 when the weight ratio of CAM to 
SE was 75:25. Nonetheless, a smaller particle size of CAM is also 
required to construct the electron pathways and reduce the diffusion 
length inside the CAM particles [118]. Janek and co-workers reported 
that LiNi0.6Co0.2Mn0.2 particles with a mean particle size (D50) of 4.0 μm 
outperformed those with larger D50 (15.6 and 8.3 μm) [118], which 
indicates an optimal SE particle size of less than 1.9 μm. It would 
decrease further as a higher weight ratio of CAM is required for higher 
energy density. The particle size of “brittle” oxides could be reduced to 
less than 100 nm by simple mechanical pulverization, such as ball 
milling and jet milling [119,120]. However, to the best of our knowl
edge, pulverized sulfide SEs with D50 < 1 μm have been scarce thus far. 
This large difference in particle sizes between oxide and sulfide SEs is 
related to their different responses to the mechanical collisions that 
occur during the pulverization process and reflects the fact that oxides 
and sulfides undergo brittle fracture and ductile fracture, respectively. It 
should be noted that most sulfide SEs with high ionic conductivities (e. 
g., >1 mS cm− 1 at 25 ◦C) can be synthesized at a temperature high 
enough to cause particle growth (>450 ◦C). Thus, the development of a 

scalable particle-size reduction method considering the ductile proper
ties of SEs is imperative. 

Recently, Janek and co-workers demonstrated that the ductility of 
sulfide SEs (β-Li3PS4 and Li6PS5Cl) are affected by crystallinity, causing 
different cycling performances [43]. Similarly, Li2S⋅P2S5⋅LiI glasses with 
improved formability exhibited better cycle retention than Li2S⋅P2S5 
glasses when used for silicon composite electrodes [92]. The increased 
brittleness of SEs with increasing crystallinity accounted for each failure 
mode. Detailed results are introduced in Section 4.2. Monroe and 
Newman proposed that dendritic Li growth owing to SE|Li interfacial 
roughening can be suppressed when the shear modulus of the SE layer is 
higher than 8.5 GPa [60]. Overall, the mechanical properties of inor
ganic SEs affect the ASSB fabrication method, the particle-size control
lability of SEs, and the electrochemo-mechanical behavior of ASSBs 
during cycling. 

3. Sources of electrochemo-mechanical effects 

3.1. Volume change of active materials 

The volume change and spatial strain distribution of active materials 
during cycling is a significant issue for conventional LIBs [121,122]. The 
volume change values during electrochemical cycling for various active 
materials are summarized in Table 2. 

Layered LiMO2 (M = Ni, Co, Mn, Al, etc.) with an α-NaFeO2 structure 
with a space group R 3 m has been the major CAM for both advanced 
LIBs and ASSBs [123–125]. Although first-generation LiCoO2 has a 
theoretical capacity of 270 mA h g− 1, the structural irreversibility 
(hexagonal to monoclinic) and the interfacial instability upon extrac
ting>0.5 mol of Li has limited its practical capacity to approximately 
145 mA h g− 1 [124,125]. Upon charging Li0.5CoO2, the unit cell volume 
of LiCoO2 increases by +2% [126]. 

Layered NCM and NCA with higher theoretical capacities than 
LiCoO2 show distinctive electrochemo-mechanical behavior depends on 
Ni-contents [127,128]. As the Ni-content increases for NCM, the amount 
of volume change tends to increase [129]. In fact, LiNi1/3Co1/3Mn1/3O2 
show a volume change of only 1–2% [130,131] which is in contrast to a 
maximum of 10% for Ni-rich NCMs or NCAs [125,127,128,132,133]. It 

Table 1 
Mechanical properties [elastic modulus (E), Poisson ratios (ν), shear modulus (G), and bulk modulus (K)] of inorganic SEs.   

Solid electrolytes Elastic modulus (E, GPa) Poisson ratio (ν) Shear modulus (G, GPa) Bulk modulus (K, GPa) Method Ref. 

Oxides LiTi2(PO4)3 143.7  0.25 57.6 95.0 Calculation [95]  
Li3PO4 103.4  0.26 40.9 72.5 Calculation [95]  
Li1/2La1/2TiO3 262.5  0.26 104.0 183.5 Calculation [95]  
Li7La3Zr2O12 175.1  0.27 68.9 127.4 Calculation [95]  
Li7La3Zr2O12 149.8  0.257 59.6 102.8 Indentation [94]  
Al-Li7La3Zr2O12 150.3  – 59.8 – Indentation [96]  
Ta-Li7La3Zr2O12 153.8  – 61.2 – Indentation [96] 

Sulfides β-Li3PS4 29.5  0.29 11.4 23.3 Calculation [95]  
β-Li3PS4 –  – 5–6 10–12 Indentation [91]  
75Li2S-25P2S5 23  0.32 8.7 21 Ultrasonic pulse echo [92]  
80(0.75Li2S-0.25P2S5)-20LiI 20  0.32 7.7 18 Ultrasonic pulse echo [92]  
80(0.75Li2S-0.25P2S5)- 
20LiBr 

22  0.33 8.2 22 Ultrasonic pulse echo [92]  

80(0.75Li2S-0.25P2S5)- 
20LiCl 

21  0.33 7.8 20 Ultrasonic pulse echo [92]  

γ-Li3PS4 33.4  0.33 12.6 32.9 Calculation [95]  
Li7P3S11 21.9  0.35 8.1 23.9 Calculation [95]  
Li10GeP2S12 21.7  0.37 7.9 27.3 Calculation [95]  
Li6PS5Cl 22.1  0.37 8.1 28.7 Calculation [95]  
Li6PS5Br 25.3  0.35 9.3 29.0 Calculation [95]  
Li6PS5I 30.3  0.33 11.3 29.9 Calculation [95] 

Chlorides Li3ScCl6 46.92  0.265 18.53 33.41 Calculation [97]  
Li3YCl6 38.11  0.274 14.95 28.19 Calculation [97]  
Li3ErCl6 38.64  0.258 15.36 26.63 Calculation [97] 

Bromides Li3ScBr6 27.71  0.240 11.17 11.17 Calculation [97]  
Li3YBr6 23.49  0.194 9.84 9.84 Calculation [97]  
Li3ErBr6 24.08  0.255 9.59 9.59 Calculation [97]  
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is also noted that LiCoO2 and Ni-rich NCMs (or NCAs) show the volume 
change in the opposite direction upon cycling, which is explained by the 
repulsion forces between the oxygen layers that vary with the transition 
metal ions [42,134]. 

Ni-rich NCMs (LiNi1− x− yCoxMnyO2, x  + y ≤ 0.2) undergo a series of 
phase transitions during charging: hexagonal to monoclinic (H1 → M), 
monoclinic to hexagonal (M → H2), and hexagonal to hexagonal (H2 → 
H3), which can be identified in differential capacity (dQ dV− 1) profiles 
and in situ X-ray diffraction (XRD) studies [133,135,136]. In particular, 
the volume contraction during charge/volume expansion during 
discharge by the H2 ↔ H3 phase transition near the charge end (~4.2 V) 
causes severe anisotropic strain and microcracks. Sun and co-workers 
reported changes in the lattice parameters for Ni-rich NCM from in 
situ XRD studies. The change in Δa was limited to approximately 2.0%, 
regardless of the Ni content, whereas Δc increased from − 3.7% to −
7.9% with increasing Ni content during charging [129,133,137]. 
Regarding microcrack evolution associated with anisotropic strain, the 
microcracking-induced failure mode for ASSBs is distinctly different 
from that of LIBs [44]. Owing to the nonflowing nature of SEs, any side 
reactions at the evolved microcracks are ruled out. However, the effect 
of microcracking on ASSBs should be more significant in terms of ionic 
disconnection. Moreover, the anisotropic volume changes in CAMs 
cause the delamination of SEs. The relevant design strategies for Ni-rich 
NCM for ASSBs are discussed in Section 4.1. 

Graphite, with a theoretical capacity of 372 mA h g− 1, has a layered 
hexagonal arrangement of carbon atoms with a space group of P63/mmc 
(no. 194) [138,139]. In contrast to the quasilinear changes of the unit 
cell volume for Ni-rich layered oxide CAMs upon charging and dis
charging, graphite shows nonlinear volume changes, reflecting multi- 
step two-phase reactions through various stages (i.e., 1L, 4L, 3L, 2L, 2, 
and 1) [42,139–141]. The overall volume expansion of fully lithiated 
graphite is 13.2% (LiC6). 

LiFePO4 and Li4Ti5O12 are intercalation-type cathode and anode 
materials with theoretical capacities of 170 and 175 mA h g− 1, respec
tively, that show flat voltage profiles owing to the two-phase reaction 
[142–144]. The volume change of LiFePO4 during cycling is approxi
mately 7% [142]. Li4Ti5O12 is referred to as a zero-strain anode because 
marginal volume changes occur upon cycling [42,143], which can offer 
stable cycling performance. Moreover, the zero-strain feature for 

Li4Ti5O12 allows them to be used as stable counter electrodes for the 
pressiometry analysis of working electrodes [42,44–46,145]. 

Alloying-type materials such as Si and Sn are high-capacity anode 
materials whose volume change features are decisive for reversibility 
[146,147]. Si has an extremely high theoretical capacity of 4200 mA h 
g− 1, which corresponds to Li22Si5. However, the fully lithiated phase of 
Si at room temperature in practice is known as Li15Si4, corresponding to 
3579 mA h g− 1 [146,148–150]. Crystalline Si undergoes amorphization 
during the first lithiation, and a two-phase reaction to form amorphous 
Si (LixSi) appears near 170 mV vs. Li/Li+. Further lithiation leads to the 
crystallization of amorphous Si into Li15S4 below approximately 60 mV 
vs. Li/Li+ [147]. The volume expansion of Si in the first lithiation/ 
alloying process is approximately 300% and is anisotropic [146]. 
Studies on the electrochemo-mechanical behavior of Si for ASSBs are 
scarce, but several studies have shown its feasibility under high oper
ating pressures [92,145,151–153]. Sn is another attractive alloying-type 
anode material because of its high theoretical capacity of 993 mA h g− 1. 
Moreover, its volumetric capacity of more than 2000 mA h cm− 3 is even 
higher than that of Si and Li metal [147,154]. However, the volume 
expansion of Sn is also high at approximately 260% [121]. 

Li metal with a body-centered cubic structure has been regarded as 
the ultimate anode material owing to its high theoretical capacity of 
3860 mA h g− 1 and the lowest redox potential of − 3.04 V vs. standard 
hydrogen electrode (SHE) [155]. However, its poor reversibility and 
safety issues stemming from dendritic growth have been formidable 
obstacles for practical applications [156,157]. The volume change of 
lithium metal electrodes is governed by the amount of deposited Li. 
Theoretically, an areal capacity of 5 mA h cm− 2 corresponds to a Li 
thickness of 24 μm, assuming conformal and planar deposition. How
ever, the change in the Li thickness in practice is even higher because 
there are various morphological features, such as whiskers, dendrites, 
and voids [158,159], which are related to the mechanical properties of 
the electrolyte, Li diffusivity, defects (e.g., pores, dislocations, grain 
boundaries, etc.), the electronic conductivity of the SEI layer, and sur
face impurities [159,160]. This anisotropic Li deposition also affects the 
electrochemical stability and safety [157]. The detailed mechanism and 
perspectives of the Li plating/stripping process have been extensively 
discussed in previous reviews [157–159]. Furthermore, the volume 
change and morphological features of the Li metal are controlled by 
external pressure for ASSBs [51,158,160,161] which is not surprising 
considering the ductility of Li metal. A detailed discussion regarding the 
effects of stack/operating pressure is introduced in Section 5. 

3.2. Solid electrolyte decomposition 

Electrochemical degradation of SE and its impacts on the perfor
mance of ASSB has been intensively studied in terms of the formation of 
resistive layers and inter-diffusion of metal ions.[86,104,162] Recently, 
it has also been revealed that the electrochemical degradation of SEs is 
also an important source of the electrochemo-mechanical effects 
[45,46]. Although its impact on the total stack pressure can often be 
marginal compared to the volume changes of active materials, it should 
be noted that the resulting stresses arise in a highly localized manner 
[45,46]. Jung and co-workers carried out operando differential electro
chemical pressiometry (DEP) studies comparing the electrochemical and 
mechanical effects of employing LiI⋅Li3PS4 and Li10GeP2S12 in graphite 
electrodes [45]. Li10GeP2S12 is unstable at potentials below approxi
mately 0.6 V (vs. Li/Li+), and its decomposition reaction is easily 
propagated to bulk SE particle owing to the electronically conductive 
feature of its reduction products (e.g. Li3P, LixGe) [21,84,86]. This 
interfacial stress was translated into a significant increase in the internal 
cell pressure, which is comparable to that originating from Li+ inter
calation into graphite (Fig. 3b). Li and co-workers proposed that the 
electrochemical stability of SEs is affected by mechanical constriction 
[163–165]. Computational simulations showed that the electrochemical 
window of Li10GeP2S12 widened from 1.75 to 2.2 V to approximately 

Table 2 
Reaction equations of active materials for lithium batteries and corresponding 
theoretical capacities and volume changes.  

Reaction Capacity 
(mAh/g) 

Volume 
change (%) 

Ref. 

LiCoO2 = 0.5Li + Li0.5CoO2 135 1.9 [121,122,126] 
LiFePO4 = Li + FePO4 170 − 6.5 [121] 
LiFePO4 = Li + FePO4 170 − 7.2 [122] 
LiMn2O4 = Li + 2MnO2 120 − 7.3 [121], 
LiMn2O4 = 1.85Li + Li0.15Mn2O4 120 − 6.8 [122] 
Li[Ni1/3Co1/3Mn1/3]O2 = xLi +

Li1-x[Ni1/3Co1/3Mn1/3]O2 

145–157 − 3.4 [131] 

Li[Ni1/3Co1/3Mn1/3]O2 = xLi +
Li1-x[Ni1/3Co1/3Mn1/3]O2 

150 − 2.8 [132] 

Li[Ni0.6Co0.2Mn0.2]O2 = xLi +
Li1-x[Ni0.6Co0.2Mn0.2]O2 

170 − 5.2 [132] 

Li[Ni0.8Co0.1Mn0.1]O2 = xLi +
Li1-x[Ni0.8Co0.1Mn0.1]O2 

193 − 7.8 [132] 

Li[Ni0.8Co0.15Al0.05]O2 = xLi +
Li1-x[Ni0.8Co0.1Mn0.1]O2 

200 − 5.9 [197] 

Li + C6 = LiC6 372 13.1 [121] 
3Li + Li4Ti5O12 = Li7Ti5O12 175 0 [121] 
4.4Li + Si = Li4.4Si 4212 310 [121], 
15Li + 4Si = Li15Si4 3590 290 [122] 
4.4Li + Sn = Li4.4Sn 993 260 [121] 
22Li + 5Sn = Li22Sn5 993 273.4 [122] 
xLi + Li (50 μm) = Li1+x 2247* 58.2* – 

* Calculated assuming Li plating equivalent to 6 mAh cm− 2 on 50-μm-thick Li 
foil 
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0.5–2.5 V with increasing pressure from 0 to 20 GPa. They explained 
these metastable phenomena with the restricted expansion tendency of 
ceramic sulfides during decomposition under mechanical constraints. 

For the cathode, SE oxidation hardly propagates to bulk SE particles, 
and the corresponding stack pressure change (ΔP) is typically marginal 
compared with the volume changes of CAMs [46]. Recently, Jung and 
co-workers designed an operando pressiometry experiment using RuO2/ 
Li6PS5Cl0.5Br0.5 electrodes [46]. RuO2 powders with a particle size and 
electronic conductivity comparable to that of a typical NCM served as a 
model CAM as these powders do not experience volume change upon 
charging; only the interfacial side reaction takes place. Fig. 3c shows the 
charge voltage profile and corresponding stack pressure change of 
(RuO2/Li6PS5Cl0.5Br0.5)|Li6PS5Cl0.5Br0.5|Li0.5In cells. The small areal 
capacity was attributed to the oxidation of sulfide SEs on the RuO2 
surfaces. More importantly, a notable decrease in ΔP was detected, 
implying that the volumetric loss of SE was accompanied by SE oxida
tion, which was further confirmed by the presence of void spaces at the 
CAM/SE interface (Fig. 3e). Similar electrochemo-mechanical behaviors 
have also been detected in NCM|Li0.5In cells by means of operando DEP. 

Janek and co-workers proposed that crystalline SEs are oxidized more 
significantly than their less-crystalline counterparts because the oxida
tion reaction is kinetically promoted by the higher electronic conduc
tivities of crystalline SEs [43]. Accordingly, a larger stack pressure drop 
for crystalline SE oxidation was observed compared with the less- 
crystalline SE. In practical composite electrodes, even severe SE oxida
tion takes place on carbon additives [166,167], which also generates 
local stresses. Although the contribution of SE decomposition to the 
overall stack pressure is insignificant compared to the volume change of 
CAM, their dynamic and localized evolution becomes much more sig
nificant under a mild external operating pressure, which is discussed in 
Section 5.2. 

4. Challenges for electrodes 

4.1. Disintegration of CAMs 

Utilizing Ni-rich CAMs for ASSBs is indispensable because they 
contain lesser amounts of expensive Co and exhibit higher reversible 

Fig. 3. (a) Stress sources during ASSB cycling. (b) The operando DEP results of NCM|graphite cells using only LiI-Li3PS4 (LiI-LPS) or both LiI-LPS and Li10GeP2S12 
(LGPS) as SEs for graphite electrode. The lithiation voltage profiles, ΔPGr, and dPGr/dQ are shown. Reproduced with permission from Ref. [45]. (c) DEP result of 
RuO2|LTO cells. Reproduced with permission from Ref. [46]. Cross-sectional SEM image of RuO2/LPSX composite electrodes (d) before cycling and (e) after charge. 
Reproduced with permission from Ref. [46]. 
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capacities than LiCoO2. Although LiCoO2 is easily prepared as single- 
crystalline (monolithic) particles, most commercially available NCM 
particles show polycrystalline morphology, where randomly oriented 
primary particles are in tight contact with each other (Fig. 4a) [47,168]. 
This morphological feature provokes significant electrochemo- 
mechanical failure of intergranular microcracking [133,169]. This is 
primarily caused by the anisotropic volume change of the CAM crys
tallites (i.e., expansion along the c-axis and contraction in the a–b-plane 
upon delithiation). As the Ni content in NCM or NCA is increased, this 
anisotropic cell parameter change becomes more significant because Ni 
ions experience the largest change in ionic size [132]. In addition, the 
absolute volume change upon charge also increases (e.g., − 2.8 % for 
NCM111, − 5.2 % for NCM622, and − 7.8 % for NCM811) (Table 2) 
[132]. 

For LIBs, LEs infiltrate into NCM particles through intergranular 
micro- or nano-cracks [48,49]. In addition to this liquid flood, the 
electrochemical reaction of LEs at disclosed granular surfaces 

accelerates the disintegration of CAM particles [48,49]. As a result, large 
cracks are generated across the CAM particles (Fig. 4b) [47,49]. None
theless, LEs can wet any exposed granular surface to generate an elec
trochemically active interface as long as sufficient amounts of LEs are 
provided. This increases the active surface area for Li+ transfer, as 
detected by the increased capacitance in electrochemical impedance 
spectroscopy (EIS) measurements [48] and by a galvanostatic inter
mittent titration technique (GITT) study [47]. For an ASSB, SEs cannot 
flow into the cracks; the cracks remain as void spaces that block inter
granular Li+ diffusion (Fig. 4c) [47]. Eventually, repeated internal 
cracking leads to the isolation of CAM crystallites (Fig. 4d), which is 
responsible for the poor initial Coulombic efficiencies and fast capacity 
fading [44,46]. 

The quantification of internal cracking was conducted by cross- 
sectional image analysis [46], the estimation of apparent chemical 
diffusion coefficients [47,170], and operando acoustic emission mea
surements [171]. Fig. 4d and e display exemplary image analysis 

Fig. 4. Cross-sectional images of poly
crystalline NCM particles at (a) pristine state, 
(b) after charging with LE, and (c) after 
charging with the SE. Reproduced with 
permission from Ref. [47]. (d) Exemplary 
image processing for quantification of CAM 
cracking and (e) its results comparing CAM 
using the sulfide SE and chloride SE. Repro
duced with permission from Ref. [46]. (f) 
Apparent Li+ diffusion coefficients measured 
by GITT in a semi-infinite boundary condi
tion. Reproduced with permission from 
Ref. [47]. (g) Plot of the discharge time (td) 
and the galvanostatic discharge current 
comparing LIB and ASSB. Reproduced with 
permission from Ref. [47]. (h) Accumulated 
acoustic emission (AE) activity measured 
during the first five cycle of LIB. Reproduced 
with permission from Ref. [171]. (i) Cell 
voltage and corresponding cumulated hits 
for different frequency bands. Reproduced 
with permission from Ref. [171].   
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estimating the areal fraction of internal voids evolved by crack accu
mulation [46]. In this ex situ analysis, the areal fraction of cracks for 
charged Li0.88Co0.11Al0.01O2 for electrodes using Li6PS5X (LPSX) was 
estimated to be 3.69%. The crack fraction decreased to 0.90% as the 
grains expanded at the subsequent full discharge. However, after the 
100th cycle, the crack fraction was as high as 6.14%, even in the dis
charged state, which implied the accumulation of internal cracking upon 
cycling (Fig. 4e). Janek and co-workers investigated the influence of 
microcracking on the kinetics of LIBs and ASSBs using an electro
chemical method [47]. The apparent chemical diffusion coefficients of 
cells using sulfide SE and organic LE were measured to be in the same 
range when both cells were charged up to 3.75 V (vs. Li/Li+) (Fig. 4f). 
However, at higher voltages, the cell using organic LE showed a drastic 
increase in the chemical diffusion coefficient compared to that using 
sulfide SE. Because the chemical diffusion coefficient is an inherent 
property of a material, this difference was accounted for by the 
increased contact area of CAM and LE by internal cracking. It also in
dicates that the microcracking of the Ni-rich layered oxide was severe 

when it was charged to more than approximately 4.0 V (vs. Li/Li+), 
where the H2–H3 transformation occurs [171,172]. They also measured 
the relationship between the discharge time (td) and discharge current to 
estimate the kinetic boundary of each system (Fig. 4g). In a double 
logarithmic plot of td vs. current, a slope of − 1 was expected for finite 
diffusion and − 2 for semi-infinite diffusion [173]. In contrast to the cell 
using organic LE, the solid-state cell exhibited semi-infinite diffusion 
behavior at an increased current range, which implies that full utiliza
tion of CAM was not possible in this kinetic environment. In contrast, 
operando detection of CAM cracking is very useful in terms of cell 
diagnosis under realistic operating conditions and during long-term 
cycling, which has been very scarce for ASSBs. One applicable tech
nique is acoustic emission measurement, which is often used for LIB 
diagnosis [171]. For example, Janek and co-workers recently conducted 
an operando acoustic emission study of LiNiO2∣Li liquid cells [171]. 
Three sound bands (AE1, AE2, and AE3) with different peak frequencies 
were observed (Fig. 4h). Although AE1 and AE2 were attributed to the 
formation of a cathode SEI and gas evolution, respectively, AE3 with the 

Fig. 5. (a) Schematics of microstruc
tural morphologies showing the gener
ated local stress direction and Li+

diffusion pathways for polycrystalline 
CAM particles with randomly oriented 
grains, textured (radially oriented rod- 
shaped) grains, and single-crystalline 
CAM particle. Cross-sectional SEM im
ages of cathodes in ASSBs for (b, f, j) 
pristine, (c, g, k) after the first charge, 
(d, h, l) after the first discharge, and (e, 
i, m) after 100 cycles for polycrystalline 
CAM particles with (b–d) the randomly 
oriented grains and (f–h) the textured 
grains, and (j–l) for single-crystalline 
CAM particles. Reproduced with 
permission from Refs. [44,46].   
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highest peak frequency was assigned to the LiNiO2 cracking as this band 
accumulated at a high voltage and did not decay upon cycling (Fig. 4i). 

For LIBs employing LEs, the electrochemo-mechanical failure of 
CAMs is mitigated by the use of composition-gradient CAM particles 
[169,174,175], refining particle sizes [176,177], and designing me
chanically compliant morphologies [168,178–180]. Notably, the latter 
includes CAMs with single-crystalline (monolithic) particles [179] and 
radially oriented grains [168]. Dahn and co-workers demonstrated that 
single-crystalline NCM∣graphite cells could deliver an excellent cycle life 
(approximately 4% capacity loss after 4000 cycles) [179]. This excep
tional cyclability was attributed to the mechanical robustness of single- 
crystalline NCM, which led to less microcracking and thereby reduced 
LE decomposition at the newly exposed internal interfaces [179]. Sun 
and co-workers synthesized NCM with radially oriented primary parti
cles in which the (003) plane was energetically stabilized and thus 
circumferentially aligned [168]. This crystallographic texturing con
verted a random strain distribution into a uniform circumferential strain 
distribution that effectively suppressed the local stress concentration 
and thus the microcracking during cycling [169,174]. These morpho
logical solutions for electrochemo-mechanical failure were also effective 
for ASSBs [44,181]. Fig. 5a illustrates three CAM particle morphologies: 
polycrystalline with i) randomly oriented primary particles, ii) radially 
oriented rod-shaped primary particles, and iii) void-free monolithic 
particles (single-crystalline). Polycrystalline CAMs with randomly ori
ented grains showed severe intergranular microcracking, even after the 
initial charging (Fig. 5c) [44]. The volume fraction of internal cracks 
decreased after subsequent discharging, but the intergranular contacts 
were not fully recovered (Fig. 5d). After 100 cycles, the original CAM 
particle structure was destroyed, and microcracking of the primary 

particle was also observed (Fig. 5e), which was responsible for the se
vere capacity loss upon cycling (Fig. 6a) [44]. In contrast, the crystal
lographically textured CAMs showed marginal internal cracking 
(Fig. 5f–i). The single-crystalline CAMs were also mechanically robust 
against the build-up of internal stresses upon cycling (Fig. 5j–m) 
[44,46]. 

In addition to the mechanical properties of CAMs, other factors can 
affect the extent of CAM disintegration. At a given externally applied 
stack pressure at which internally arising stresses are accumulated, the 
degree of stress relaxation and resulting stress distribution largely af
fects the CAM cracking behavior. Jung and co-workers showed that the 
cycling performance of ASSBs was critically affected by the volumetric 
fraction of SEs, even when electrochemically stable Li3YCl6 and me
chanically compliant single-crystalline CAM were used [46]. After 200 
cycles, a composite electrode with 29.1 wt% SE (Fig. 6b) showed much 
more internal microcracks than that with 40.7 wt% SE (Fig. 6c). This 
severe CAM cracking for the lower SE fraction was rationalized by the 
increased CAM/CAM (brittle/brittle) contact points at which the stress 
build-up would be much more significant, compare to CAM/SE (brittle/ 
ductile) contact areas [46]. Accordingly, the composite electrode with 
40.7 wt% SE exhibited much better capacity retention than that with 
29.1 wt% SE (Fig. 6d). 

The Li+ diffusion behavior in CAM particles is also affected by their 
morphological features, especially for ASSB applications. For LIBs using 
LEs, LEs could infiltrate through cracks and wet internal grains, causing 
Li+ to diffuse out. In contrast, for ASSBs, Li+ diffuses only through 
selected grain boundaries connecting the active planes for Li+ transfer 
[cf. (003) plane]. Consequently, the Li+ diffusion pathway in poly
crystalline CAMs with random orientation is highly tortuous, impeding 

Fig. 6. (a) Cycling performances of ASSBs using 
polycrystalline CAM particles with randomly 
oriented and the textured grains. Reproduced 
with permission from Ref. [44]. Cross-sectional 
SEM images of composite electrodes using 
Li3YCl6 as an SE with weight fractions of (b) 
29.1% and (c) 40.7% and (d) their corresponding 
cycling performance compared with that for LE 
cells. Reproduced with permission from Ref. [46]. 
(e) Comparison of apparent Li+ diffusion co
efficients of composite electrodes using single- 
crystalline and polycrystalline CAMs. Repro
duced with permission from Ref. [170].   
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fast Li+ (de-)intercalation (Fig. 5a). The crystallographically textured 
CAMs possessed highly aligned Li+ diffusion pathways (Fig. 5a). The 
void-free feature of the single-crystalline CAM is also beneficial for 
minimizing the tortuosity for internal Li+ diffusion (Fig. 5a), as 
demonstrated by the improved apparent Li+ chemical diffusion co
efficients for the single-crystalline CAM compared to those of the poly
crystalline CAM (Fig. 6e) [170]. 

4.2. Delamination of active materials/solid electrolytes 

LE flow can keep up with the volume change of the CAMs, thus 
maintaining the CAM/electrolyte contact. In contrast, CAM/SE contacts 
are severely damaged upon cycling because of the inelastic features of 
SEs. In particular, there is substantial CAM/SE detachment during 
charge, during which the lattice volume of CAMs contracts. Fig. 7a and b 
show the cross-sectional scanning electron microscopy (SEM) images of 
the NCM composite electrodes before and after initial charging (deli
thiation) [44]. In addition to the internal cracking of CAM, severe 
delamination of CAM and SE is observed. This disconnection reduces the 
ionic contact area and eventually results in ionically isolated CAM 
particles, which significantly exacerbates the rate capabilities and cycle 
retention of ASSBs. 

The extent of CAM/SE detachment upon cycling is affected by not 
only the volume fraction of SE and the particle morphology of CAM but 
also by the mechanical properties of the SE [43]. Janek and co-workers 
suggested that less-crystalline SEs outperformed their crystalline coun
terparts because the better plasticity could mitigate the CAM/SE contact 
loss [43]. For example, a composite electrode using glass–ceramic 
Li6PS5Cl showed better cycle retention than that using crystalline 
Li6PS5Cl, despite the inferior ionic conductivity (glass–ceramic Li6PS5Cl: 
1.01 × 10− 3 S cm− 1, and crystalline Li6PS5Cl: 1.86 × 10− 3 S cm− 1 at 
25 ◦C, Fig. 7c). The EIS analysis for both electrodes showed that the 
interfacial resistances, which are a function of the contact area and 
thickness of the cathode electrolyte interface (CEI), remained similar 
(Fig. 7d). In contrast, the Warburg coefficient (Dw), which is inversely 
proportional to the contact area, exhibited a much more drastic increase 
for the electrodes using crystalline Li6PS5Cl (Fig. 7e). This result in
dicates that the composite electrode underwent more severe CAM/SE 
contact loss when crystalline Li6PS5Cl was used. 

In addition to the volume shrinkage of CAMs, the oxidative decom
position of sulfide SEs accelerates the CAM/SE delamination [46]. As 
shown in Fig. 3e, sulfide SE oxidation and the corresponding volume 
contraction generate void spaces between CAM and SE [46]. This 
overlooked source for parasitic CAM/SE detachment could be 

eliminated by using chloride SEs that are known to be electrochemically 
stable up to 4.3 V (vs. Li/Li+) [23,33,46]. Fig. 8a shows the initial charge 
voltage profiles of the composite electrodes using Li6PS5Cl0.5Br0.5 and 
Li3YCl6 and the corresponding DEP results. The composite electrode 
using Li6PS5Cl0.5Br0.5 experienced notable pressure release at the initial 
charging, which was further clarified in the DEP (dP/dQ) plot (Fig. 8a). 
This sudden stack pressure drop is attributed to the oxidative decom
position of Li6PS5Cl0.5Br0.5. In stark contrast, the electrode using Li3YCl6 
did not show an initial pressure drop, indicating the absence of an 
electrochemo-mechanical effect originating from the SE oxidation. 

In summary, the volume change of CAMs upon cycling induces 
electrochemo-mechanical failures, internal cracking of CAM particles, 
and CAM/SE delamination. In addition, SE oxidation at the CAM/SE 
interfaces generates voids and localized stress changes, which accelerate 
CAM/SE delamination (Fig. 8b). Thus, there is a need for rational 
electrode design to alleviate those mechanical failures. Recently, Jung 
and co-workers systematically compared composite electrodes comprise 
of single-crystalline/polycrystalline CAM and sulfide/chloride SE.[46] 
As shown in Fig. 8c, the best capacity retention was achieved when 
single-crystalline CAM and chloride SE were used. However, it was 
noted that a higher SE weight fraction was required for the chloride SE 
(Li3YCl6: 2.43 g cm− 3) owing to its relatively larger gravimetric density 
compare to the sulfide SE (Li6PS5Cl0.5Br0.5: 1.96 g cm− 3) [46]. Hence, 
the discovery of chloride SEs using lighter elements and better distri
bution of chloride SEs via downsizing and/or coating on CAMs will 
significantly promote their practical use in ASSBs. A detailed perfor
mance comparison of the combinations is shown in Fig. 8d [46]. 

5. Challenges for cell stack 

5.1. Electrodes and stack volume change 

According to an externally applied pressure (Po), the stack pressure 
(Pstack = Po + ΔPstack), and cell components respond differently to 
internally evolved pressure. Fig. 9a shows a schematic illustrating the 
changes in cell dimensions at different applied pressures for NCM/Li 
cells in which the volume change of Li metal overwhelms that of the 
NCM electrode. For simplicity, many factors, such as void generation (e. 
g., CAM and SE cracking) and pore filling (e.g., Li deposition in porous 
SE layer), were neglected. When the applied pressure is too high, the 
volume expansion of the cathodes and Li metal is suppressed, and the 
cell volume tends to be constrained. In this case, the state-of-charge 
(SOC) change of the cell mostly turns into internal stress build-up that 
accelerates the cracking of CAM particles and the SE layer. In particular, 

Fig. 7. Cross-sectional SEM images of NCA 
electrodes in ASSBs (a) before cycling and 
(b) after the first charge. In (b), the internal 
cracking and NCA/SE detachment are shown 
with yellow arrows. Reproduced with 
permission from Ref. [44]. (c) Cycling per
formance of LCO/Li-In cells using glass- 
ceramic-Li6PS5Cl and crystalline Li6PS5Cl. 
Reproduced with permission from Ref. [43]. 
(d) Interfacial resistances between LiCoO2 
and solid electrolyte and (e) Warburg co
efficients of ASSBs. Crystalline Li6PS5Cl or 
glass–ceramic Li6PS5Cl was used as the 
cathode. Reproduced with permission from 
Ref. [43]. (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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the Li deposition process generates localized stresses that induce the 
cracking of dense SE pellets, although Li metal is far softer (E = 7.82 
GPa) than sulfide SEs (E = 23.3–29.0 GPa) [61,95,182]. Because the 
stresses generated in electrodes cannot be relieved by cell dimensional 
changes in a volume-constrained cell, the cells fracture easily at high 
external pressures. Villevielle and co-workers carried out operando X-ray 
tomographic microscopy for a Sn electrode at a pressure of 70 MPa 
[183]. Under uniaxial compression, cracks initiated from the Sn parti
cles and propagated horizontally, blocking vertical Li+ migration in the 
composite electrode [183]. McDowell and co-workers measured the X- 
ray tomography of Li|Li1+xAlxGe2− x(PO4)3|Li cells, which revealed that 
the cracks were initiated at the edges of the Li|SE contact area and 
propagated to the center, followed by the formation of circumferential 
cracks [184]. 

When no external pressure is applied, the cathode and Li metal are 
allowed to readily expand, and the total stack volume is free to increase 
upon charging (Fig. 9). Thus, only negligible internal stress will be built 
up. However, under this low operating pressure, CAM/CAM (for e−

transport) and CAM/SE (for Li+ transport) interparticle contacts in the 
cathode are easily loosened, which increases the electrode resistance. 
Moreover, the Li|SE interfacial area is significantly decreased because 
the rate of plastic deformation of Li metal decreases [51,161,185]. Bruce 
and co-workers observed Li plating/stripping behavior under low 
external pressure (3 MPa) using a Li/Li/Li three-electrode cell [161]. 
Under this mild pressure, the overpotential for Li stripping (current: 1 
mA cm− 2) gradually increased upon repeated cycling, especially at the 
end of the stripping, whereas the overpotential for the Li plating pro
cesses did not change (Fig. 10a). After a few more cycles, the cell 

underwent an internal short circuit. When a higher external pressure of 
7 MPa was applied, reversible Li plating/stripping was possible up to 
100 cycles (Fig. 10b), whereas a short-circuit was observed at a current 
density of 2 mA cm− 2 (Fig. 10c). This observation implies that the Li 
stripping behavior determines the critical current density for dendritic Li 
growth, and it is critically affected by the applied pressure. Fig. 10d il
lustrates the suggested failure mechanism of the Li metal anode under a 
low applied pressure [[161,186]. Because Li metal cannot be deformed 
under these conditions, the void resulting from Li stripping is not 
replenished, and the contact area of the Li|SE layer decreases. In sub
sequent plating, Li deposition is initiated at the triple point of the Li 
metal, SE layer, and void. Although the void is laterally filled by 
deposited Li and occluded, dendritic Li growth is expected owing to the 
concentrated Li flux to the remaining Li|SE interfaces. However, when 
excessively high external pressure was applied (e.g., >25 MPa), SE layer 
cracking was induced by Li metal deposition, and internal short cir
cuiting occurred either after applying the initial stack pressure (Pstack =

75 MPa) or within a relatively short cycling (Pstack = 25 MPa) [187]. 
Recently, McDowell and co-workers conducted the comprehensive study 
on the Li|SE|Li cell based on a real-time stack pressure measurement, 
demonstrating the extent of initial stack pressure critically affects 
morphological and electrochemical behaviors of Li|SE interfaces [188]. 
Likewise, the reversibility and rate capability of a Sn electrode are 
affected by the applied pressure, in which the transformation between 
Li7Sn3 and LiSn is particularly sensitive to pressure [189]. Therefore, it 
is crucial to search for an optimized stack pressure range for the stable 
cycling of ASSBs exploiting the Li plating/stripping process. 

The volume change of active materials and the corresponding local 

Fig. 8. (a) Initial charge voltage profile, corresponding pressure change, and DEP profiles for polycrystalline NCA electrodes using Li3YCl6 (LYC) or Li6PS5X (LPSX). 
Reproduced with permission from Ref. [46]. (b) Schematic illustrating the different microstructural and interfacial evolutions for cathodes in ASSBs, varied with the 
type of SE (LYC and LPSX). Reproduced with permission from Ref. [46]. (c) Comparison of cycling retention of ASSBs using different CAMs (poly- or single- 
crystalline) and SE (LYC or LPSX). Reproduced with permission from Ref. [46]. (d) Comparison of the cell performance using different CAMs (poly- and single- 
crystalline) and SEs (LYC and LPSX). Reproduced with permission from Ref. [46]. 

Y. Bae Song et al.                                                                                                                                                                                                                               



Current Opinion in Solid State & Materials Science 26 (2022) 100977

13

stress evolution during cycling is inevitable when exploiting state-of- 
the-art CAMs. Nonetheless, the stress change of the cathode (ΔPcathode) 
could be controlled by blending different CAMs. As shown in Fig. 10e, 
the stack pressure changes of LCO|LTO and NCM811/LTO cells during 
charging were positive and negative, respectively. By blending LCO and 
NCM811 in a weight ratio of 55:45, ΔPcat was adjusted to be flat [42]. In 
addition to electrode engineering to minimize stress evolution, cell 
design that considers the “pressure cross-talk” between the cathode and 
anode will be a very important subject, which has not been studied 
intensively thus far. To optimize ASSB cells in terms of stack pressure 
change, multiple parameters such as the type and combination of 
cathode and anode, n/p ratio (the areal capacity ratio of negative to 
positive electrodes), pressure cross-talk, and the corresponding stresses 
that the SE layer experiences should be considered. 

For the polymer-based SEs, the electrochemo-mechanical effects of 
Li|SE interfaces have been an important subject. After Monroe and 
Newman suggested the fiducial criterion that the dendritic growth is 
suppressed when the shear modulus of SE is greater than twice that of Li 
metal [60], many research works were dedicated to reinforce mechan
ical properties of SPEs [6]. While the resistance for cathode composites 
utilizing SPEs is largely affected by preparation conditions [190,191], 
the extent of stack pressure was critical to that for the Li|SPE interfaces 
in terms of micromechanics, contact area, and interfacial resistance 
[64,192,193]. 

The detection of ΔPstack upon cycling can be utilized to diagnose the 
SOC status of full cells. Jung and co-workers demonstrated that operando 
DEP could precisely estimate the SOCs of NCM|graphite full cells [45]. 
To validate the translation of the stack pressure change into SOC, the 
operando load-measuring system was combined with all-solid-state 

three-electrode cells. Fig. 11a–c show the voltage profiles and pressure 
changes (ΔPGr) of NCM|graphite cells with different n/p ratios. ΔPGr was 
estimated by subtracting the stack pressure change of the NCM|LTO cell 
from that of the NCM|Gr cell (ΔPGr = ΔPNCM|Gr – ΔPNCM|LTO). During 
charge, the local minimum point for the dPGr/dt vs. time curve is 
denoted by red markers in Fig. 11a–c for each n/p ratio. Singular points 
were also observed during discharge as local maxima in the DEP plot. It 
is noted that the local minimum points underwent a positive shift in the 
x-axis as the n/p ratio increased, reflecting larger initial irreversible 
capacities. In contrast, the local minima and maxima could be exploited 
as a milestone for tracking the SOC, which was verified by matching the 
actual SOC with these singular points (Fig. 11d–f). This non-destructive 
diagnostic technique may benefit the development of practical battery 
management systems for ASSBs. 

5.2. Mild-pressure operation: charge transport in electrodes 

In composite electrodes using LEs, Li+ transport behavior is not 
sensitive to external pressure because of the fluidity of the LEs. In 
addition, a substantial amount of carbon additives can be added (if 
necessary) without disturbing the Li+ pathways, removing the need for 
strong external pressurization. For composite electrodes for ASSBs, the 
effective charge transport (Li+ and e− ) is critically affected by the level 
of external pressure. The types of Li+ transport in composite electrodes 
include long-range ion conduction along the SE particles and charge 
transfer at the CAM/SE interfaces. The former is strongly affected by the 
initial electrode forming pressure, whereas the latter is in a dynamic 
situation upon cycling as the volume of active materials keeps changing. 
Because carbon additives block Li+ transport, the amounts used are 

Fig. 9. Schematics illustrating the dimensional changes for ASSB cells according to externally applied pressure.  
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limited. Thus, the e− conduction pathway significantly relies on the 
interconnection of CAM particles, which are expected to be sensitive to 
external pressure considering the brittle nature of CAMs. 

To quantify the charge transport behavior of composite electrodes, 
we measured the Li+ and e− conductivities of composite electrodes with 
different weight ratios (CAM:SE = 85:15, 70:30, and 50:50) under 
various external pressures (20, 7, and 3 MPa). The Li+ and e− conduc
tivities of composite electrodes were measured using electronically 
blocking (Ti|Li0.5In|SE|Composite|SE|Li0.5In|Ti) and ionically blocking 
cells (Ti|Composite|Ti) via the DC polarization method. For all prepa
rations, Li6PS5Cl (σLi+ = 1.9 × 10− 3 S cm− 1 at 25 ◦C, ρ = 1.87 g cm− 3, 
LPSCl) and Li[Ni0.88Co0.11Mn0.01]O2 (σe− = 4.1 × 10− 2 S cm− 1 at 25 ◦C, 
ρ = 4.80 g cm− 1, NCM88) were used as SE and CAM, respectively. For 
the measurements, 150-mg composite electrodes were pressed at 370 
MPa in a disc shape (diameter: 13 mm). The measurement results and 
calculated tortuosity factors (τi

2) are summarized in Table 3 (see the 
Supporting Information for details, Fig. S1-3). The tortuosity factor 

represents how the transport pathway of charge carriers deviates 
geometrically from the shortest travel pathway, and it is widely used for 
composite electrodes for both LIBs and ASSBs [194–196]. The tortuosity 
factor is calculated as 

τ2
i =

σi,0

σi,comp
ϕi  

where τi
2 is the tortuosity factor of species i, σi,0 is the conductivity of i in 

SE or AM, σi,comp is the conductivity of i in a composite electrode, and фi 
[=Vi/(VCAM + VSE + Vvoid)] is the volume fraction of i. Here, a higher τi

2 

value means that the pathway of species i is geometrically more tortuous 
or discontinuous under a given condition. It is reasonable to assume that 
Li+ and e− are transported only through SE and CAM, respectively. 

Fig. 12 shows the tortuosity factors for Li+ and e− in the NCM88/ 
LPSCl electrodes with different weight ratios under different applied 
pressures. As the volume ratios of CAM were increased, τLi+

2 increased 

Fig. 10. Voltage profiles of Li metal upon repeated Li plating/stripping measured using three-electrode cells at a current density and applied pressure of (a) 1 mA 
cm− 2 and 3 MPa, (b) 1 mA cm− 2 and 7 MPa, and (c) 2 mA cm− 2 and 7 MPa. Reproduced with permission from Ref. [161]. (d) Schematic of Li|Li6PS5Cl interface 
cycled at an overall current density above the critical current density. Reproduced with permission from Ref. [161]. (e) Comparison of stack pressure evolution of 
CAM|SE|Li4Ti5O12 cells using LiCoO2, Li[Ni0.8Co0.1Mn0.1]O2, and mixture of LiCoO2 and Li[Ni0.8Co0.1Mn0.1]O2. Reproduced with permission from Ref. [42]. 
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and τe−
2 decreased for all applied pressures (20, 7, and 3 MPa), which is 

explained by the increased transport volume for e− (i.e., CAM). At a 
volume ratio of CAM:SE = 48:52 (equivalent to CAM:SE = 70:30 in wt. 
%), τe−

2 (20 MPa: 121.3, 7 MPa: 62.8, and 3 MPa: 29.5) were much 

higher than τLi+
2 (20 MPa: 5.1, 7 MPa: 4.5, and 3 MPa: 4.3). In other 

words, τe−
2 was much higher than τLi+

2 for similar volume fractions of 
CAM and SE. This feature reflects the different mechanical properties of 
the oxide CAM and sulfide SE. Interestingly, τe−

2 was far more sensitive 
to external pressure than τLi+

2. For example, for the weight ratio of CAM: 
SE = 85:15, the τe−

2 values at 20, 7, and 3 MPa were 9.8, 20.3, and 28.8, 
respectively, whereas those of τLi+

2 at 20, 7, and 3 MPa were 14.4, 14.3, 
and 14.4, respectively, and thus very similar. This result implies that the 
CAM/CAM contacts loosened easily under mild pressurization. The 
brittle nature of the oxide CAM is responsible for this contact loosening. 
Considering that an increased volumetric ratio of CAM and a minimized 
amount of carbon additive are required for composite electrodes, this 
concern would be challenging, but it should be resolved for ASSBs 
working under realistic operating conditions (e.g., <1 MPa). 

6. Conclusions and outlook 

In summary, the mechanical properties of SEs, the sources of internal 
stress generation in ASSBs, and their electrochemo-mechanical impacts 
on each component of ASSBs were hierarchically reviewed with the 
focus on using inorganic SEs. Despite the ductility of sulfide or halide 
SEs, their inelasticity is not fully compliant with internal stress evolu
tion, causing several electrochemo-mechanical failures, such as CAM/SE 
detachment, isolation of CAM primary particles, and challenges for stack 
pressure, which are much more complex than those discussed herein. 
Because we ruled out the addition of liquids or elastic components as an 
ultimate solution to resolve the electrochemo-mechanical concerns in 

Fig. 11. DEP results of NCM/graphite full cells with n/p ratios of (a) 1.2, (b) 1.4, and (c) 1.7 at the second cycle. The cells were cycled at 0.1C and 30 ◦C. Reproduced 
with permission from Ref. [45]. The local minima and maxima are marked in red. Results of the SOC estimation by the DEP analysis for NCM|graphite full cells with 
n/p ratios of (d) 1.2, (e) 1.4, and (f) 1.7. Dashed vertical arrows indicate the estimated SOCs. Reproduced with permission from Ref. [45]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Measured Li+ and e− conductivities (σLi+ and σe− ) and corresponding tortuosity 
factors (τ2) of composite electrodes with different ratios of NCM88 and LPSCl. 
The conductivity measurements were carried out by DC polarization method.  

AM:SE 
(wt.) 

AM:SE 
(vol.) 

Pressure 
(MPa) 

σ(Li+) (S 
cm− 1) 

σ(e− ) (S 
cm− 1) 

τ2 

(Li+) 
τ2 (e− ) 

85:15 68.8:31.2 20 2.7 ×
10− 5 

1.9 ×
10− 3  

14.40  9.82 

85:15 68.8:31.2 7 2.7 ×
10− 5 

9.1 ×
10− 4  

14.32  20.30 

85:15 68.8:31.2 3 2.7 ×
10− 5 

6.4 ×
10− 4  

14.39  28.79 

70:30 47.6:52.4 20 1.8 ×
10− 4 

5.1 ×
10− 4  

4.26  29.54 

70:30 47.6:52.4 7 1.7 ×
10− 4 

2.4 ×
10− 4  

4.54  62.81 

70:30 47.6:52.4 3 1.5 ×
10− 4 

1.2 ×
10− 4  

5.13  121.27 

50:50 28.0:72.0 20 4.1 ×
10− 4 

1.5 ×
10− 5  

2.08  466.54 

50:50 28.0:72.0 7 3.9 ×
10− 4 

8.8 ×
10− 6  

2.18  816.04 

50:50 28.0:72.0 3 3.6 ×
10− 4 

3.6 ×
10− 6  

2.36  1975.79  
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this paper, the importance of CAM engineering and searching for new 
inorganic SEs with wide electrochemical stability windows were high
lighted. In addition to material engineering, the interaction between 
external pressure and internal stress and the challenges of mild-pressure 
operation were discussed. We suggest searching for novel CAMs with 
more mechanical compliance and electrode engineering, such as binder/ 
carbon optimization, as important subjects for future research. Such 
solutions can confer elastic mechanical properties to composite elec
trodes and mitigate electrochemo-mechanical failures. A plausible large- 
scale fabrication method for ASSBs using inorganic SEs, other than the 
isostatic press technique, is also indispensable for commercialization, in 
which the mechanical properties of the electrodes and separators are 
important parameters. Overall, despite the recent achievements of 
ASSBs, in terms of SE materials, protective coating layers, electrode 
optimization, understanding the electrochemo-mechanical behavior in 
ASSBs and enabling state-of-the-art ASSB performance under realistic 
operating conditions will be a formidable challenge. We hope that this 
paper spurs more intensive studies on this subject. 
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