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Abstract

All-solid-state lithium metal batteries (ASSLMBs) promise enhanced safety and high energy
density, yet their solid–solid interfaces create mechanical constraints absent from con-
ventional liquid-electrolyte cells. Electrochemical reactions, ion transport, and interfacial
reactions generate lattice strain, volume change, and heterogeneous stress; in turn, stress
redistributes ionic and electronic transport, reaction kinetics, and local current density.
This bidirectional electro-chemo-mechanical coupling drives particle cracking, interfacial
debonding, contact loss, void formation, lithium-filament penetration, and ultimately capac-
ity decay or short circuiting. In this review, we establish a multiscale framework connecting
the origins of stress to electrochemical consequences and failure across the crystal, particle,
electrode, interface, and cell levels. We critically examine cathode deformation, lithium
plating and stripping, stack-pressure evolution, thermal mismatch, and defect-assisted
fracture, together with operando imaging, stress sensing, and multiphysics modeling ap-
proaches used to resolve these processes. We further assess mitigation strategies based
on low-strain electrodes, mechanically compatible composite cathodes, defect-tolerant
solid electrolytes, adaptive interphases, regulated stack pressure, and cell architecture.
Finally, we identify the need for quantitative failure criteria, multimodal operando char-
acterization, and standardized testing under practical conditions to accelerate durable,
high-energy ASSLMBs.

Keywords: all-solid-state lithium metal batteries; electro-chemo-mechanical coupling; solid
electrolytes; interfacial degradation; mechanical failure; lithium dendrites; stack pressure

1. Introduction
The growing demand for electric vehicles, portable electronics, and large-scale energy

storage has driven the development of rechargeable batteries with higher energy density,
improved safety, and longer service life [1]. Conventional lithium-ion (Li-ion) batteries
based on flammable liquid electrolytes have achieved remarkable commercial success,
but their further development is increasingly constrained by safety concerns, limited
electrochemical stability, and the difficulty of incorporating high-capacity electrodes such
as Li metal [2]. All-solid-state lithium metal batteries (ASSLMBs) have therefore attracted
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considerable attention as a promising next-generation energy-storage technology. By
replacing liquid electrolytes with nonflammable solid electrolytes (SEs), ASSLMBs offer the
potential for improved safety and higher energy density, particularly when combined with
Li-metal anodes and high-capacity cathodes [3–6].

Despite these advantages, the replacement of a liquid electrolyte with a SE funda-
mentally changes the mechanical environment inside the battery [7]. In liquid-electrolyte
systems, the electrolyte can wet newly formed surfaces and fill interfacial gaps, thereby
helping to maintain ionic contact between the electrodes and electrolyte. In contrast, SEs
in ASSLMBs cannot readily accommodate the dimensional and morphological changes
of electrodes during cycling [8]. Once particle cracking, interfacial debonding, or void
formation occurs, local solid–solid contact is difficult to restore [9]. Consequently, stress
and deformation arising from electrode volume changes, Li plating and stripping, me-
chanical mismatch between constituent materials, and external mechanical constraints can
continuously alter interfacial contact and transport networks within the cell, becoming
critical factors that limit the long-term stability of ASSLMBs [3,10].

More importantly, mechanical behavior in ASSLMBs does not occur independently
of electrochemical processes but is dynamically coupled with electrochemical reactions
and mass transport [11,12], as shown in Figure 1. On the one hand, ion insertion and
extraction, Li plating and stripping, and interfacial reactions induce lattice strain, volume
changes, and local stress evolution [13]. On the other hand, the resulting stress, deformation,
and fracture can, in turn, redistribute interfacial contact, ionic and electronic transport,
local current density, and reaction kinetics, thereby affecting subsequent electrochemical
processes [14,15]. This bidirectional feedback spans multiple length scales, from lattice
distortion and defect evolution at the atomic scale, through fracture and contact evolution
at the particle scale, to structural deformation and pressure evolution at the electrode and
cell scales. Understanding such coupled behavior is therefore essential for elucidating
performance degradation and failure in ASSLMBs.

Accordingly, the study of ASSLMBs must extend beyond conventional perspectives
centered primarily on ionic conductivity, electrochemical stability, and interfacial chemistry
by incorporating mechanical properties, interfacial contact, and their evolution during
cycling into a unified electrochemical–mechanical framework [16,17]. Recent advances in
operando and in situ characterization, three-dimensional (3D) imaging, stress monitoring,
and multiscale modeling have provided new opportunities to directly probe structural and
stress evolution across multiple length scales [18–20]. Meanwhile, materials modification,
interface engineering, electrode microstructure optimization, and cell-level mechanical
design have emerged as promising approaches to mitigating electro-chemo–mechanical
degradation [21,22]. A systematic understanding of the origin and evolution of stress and
its interactions with electrochemical processes is therefore crucial for elucidating failure
mechanisms and developing effective strategies to improve the performance and durability
of ASSLMBs.

This review focuses on electro-chemo-mechanical coupling in ASSLMBs, with partic-
ular emphasis on its mechanical origins and its role in structural degradation, interfacial
evolution, and cell failure. Section 2 discusses the major origins of stress, including cath-
ode volume changes, chemo-mechanical mismatch within composite cathodes, Li plating
and stripping, external stack pressure, and thermally induced stress. Section 3 examines
how stress affects electrochemical behavior at the cathode and anode sides, together with
the effects of external loading and coupled interfacial evolution. Section 4 summarizes
the principal electro-chemo-mechanical failure mechanisms, including composite-cathode
degradation, Li-dendrite growth and penetration through SEs, and contact loss at buried
interfaces. Section 5 reviews advanced characterization techniques for resolving structural
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evolution, Li deposition, and internal stress across multiple length scales, while Section 6
critically assesses mitigation strategies at the material, interface, electrode, and cell levels,
emphasizing both their benefits and the associated trade-offs in ionic transport, mechanical
stability, energy density, processing complexity, and practical cell operation. Section 7
discusses emerging AI-assisted approaches for failure prediction, interface optimization,
multimodal characterization, and closed-loop electro-chemo-mechanical design. By con-
necting the origins of stress with their electrochemical consequences, failure mechanisms,
characterization approaches, and mitigation strategies, this review aims to provide a uni-
fied and critical framework for understanding and mitigating electro-chemo-mechanical
failure in ASSLMBs and to guide the rational design of high-performance and durable
solid-state batteries.

 

Figure 1. Electro-chemo-mechanical coupling and interfacial failure in ASSLMBs.

2. Origin of Electro-Chemo-Mechanical Coupling in ASSLMBs
Replacing liquid electrolytes with SEs substantially improves the safety of ASSLMBs

and offers the potential for higher energy density. However, the relatively high stiffness
of SEs restricts the free deformation of electrode materials during cycling. As a result,
electrochemically induced volume changes and interfacial evolution are more readily
converted into internal stresses. Differences in mechanical properties, microstructure, and
thermal expansion among the electrodes, SE, and interfacial phases further contribute to
stress generation and accumulation over multiple length scales [23].

Stress in ASSLMBs can arise from several sources—as detailed in Table 1—including
the volume changes of cathode materials during lithiation and delithiation, chemo-
mechanical mismatch between the cathode material and SE within composite electrodes,
local stress evolution during Li plating and stripping, changes in solid–solid contact under
external stack pressure, and thermally induced stresses caused by temperature gradients.
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These stresses affect interfacial contact, ion transport, and electrochemical reaction kinetics,
and may therefore promote defect formation and interfacial failure. Understanding how
stresses of different origins develop and evolve is essential for clarifying electro-chemo-
mechanical coupling in ASSLMBs and improving their cycling stability.

Table 1. Origins of stress generation in ASSLMBs.

Stress Source Driving Mechanism Dominant Scale Representative Consequences

Cathode volume change Li insertion/extraction–induced
lattice expansion/contraction Particle Particle cracking, structural

degradation

Composite cathode mismatch
Mechanical-property mismatch
among active materials, SE, and

additives
Electrode Interfacial debonding, stress

concentration, contact loss

Li plating/stripping Heterogeneous Li deposition and
stripping Interface Li filament growth, void

formation

Stack pressure External compressive loading and
stress redistribution Cell Interfacial contact evolution, creep

deformation

Thermally induced stress Thermal expansion mismatch and
temperature gradients Cell Thermal cracking, delamination

2.1. Volume Changes of Cathode Materials

During cycling, reversible Li insertion and extraction in cathode materials are accom-
panied by redox reactions of the transition-metal (TM) ions. These reactions alter the crystal
structure and cause the cathode to expand or contract. In comparison, the volume change
of a SE caused by Li-ion migration is generally negligible because of its rigid ceramic frame-
work [24,25]. In liquid-electrolyte batteries, electrode deformation can be accommodated
to some extent by the fluid electrolyte. In ASSLMBs, however, the rigid constraint imposed
by the SE prevents the volume change of the cathode material from being readily released.
Instead, it is converted into interfacial stress and localized strain, making cathode volume
change one of the most direct mechanical driving forces in the electrode–electrolyte system.

Table 2 summarizes the phase transitions, volume changes, primary sources of stress,
and mechanical degradation issues associated with common commercial cathode materials
during electrochemical processes. These data highlight the significant differences in electro-
chemo-mechanical responses among cathode materials with varying crystal structures.
The crystal structure of a cathode material largely determines how its volume evolves
during electrochemical cycling [26]. The following section discusses the volume-change
mechanisms of several representative intercalation cathodes.

Table 2. Representative cathode materials and their electro-chemo-mechanical characteristics.

Cathode Structure Phase Transition Volume Change
by Charging

Dominant Stress
Origin

Mechanical
Degradation Ref.

LCO Layered H1-H2-H3 +2% CoO2 layer
contraction Cracking [27,28]

NCM111 Layered H1-M-H2-H3 −3.4% Moderate
anisotropic strain Cracking [29,30]

NCM811 Layered Strong H2-H3 −6% c-axis contraction Intergranular fracture [31,32]

LNO Layered Strong H2-H3 −9%
(non-monotonic) Ni-O contraction Collapse/Cracking [33,34]

LMO Spinel Cubic/Tetragonal −1.5% Mn3+ distortion
Fracture/Mn
dissolution [35,36]

o-LNMO
(ordered) Spinel Two-phase/Solid-

solution transition −3% High-voltage
strain Interface degradation [37,38]

LFP Olivine LFP/FP −6.8% Coherency stress Phase-boundary stress [39,40]
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2.1.1. Layered Structures

LiNixCoyMnzO2 (NCM) materials are typical layered oxide cathodes with an α-
NaFeO2-type O3 structure and the space group (R-3m). They belong to the LiMO2 family of
layered TM oxides. At a given upper cutoff voltage, Ni-rich NCM generally enables greater
Li utilization and therefore reaches a more deeply delithiated state than lower-Ni compo-
sitions. Consequently, LiNi0.8Mn0.1Co0.1O2 (NCM811) undergoes a substantially larger
state-of-charge (SOC)-dependent lattice change than LiNi0.33Mn0.33Co0.33O2 (NCM111)
under otherwise comparable cycling conditions, which contributes to its more pronounced
chemo-mechanical instability [41,42]. Kondrakov et al. [30] systematically compared the
structural evolution and mechanical degradation of low-Ni NCM111 and Ni-rich NCM811.
In situ X-ray diffraction (XRD) measurements showed that, over the voltage range of
3.0–4.3 V (vs. Li/Li+), NCM811 exhibited a unit-cell volume change of up to 5.1%, com-
pared with only 1.2% for NCM111 (Figure 2a). The main difference appeared at Li contents
below x(Li) < 0.5. In NCM811, the c-axis parameter decreased sharply from 14.467 Å to
14.030 Å. This non-monotonic contraction was mainly attributed to a reduction in the
effective negative charge of the oxygen anions, which weakened electrostatic repulsion
between adjacent oxygen layers. At the same time, continuous contraction of the a-axis
and the TM–O bonds produced a strongly anisotropic lattice response. By contrast, the
c-axis parameter of NCM111 reached a maximum near x(Li) = 0.5 and decreased only
slightly thereafter. The anisotropic microstrain parameters further showed that NCM811
underwent substantial cyclic strain accumulation during delithiation. Within secondary
particles, anisotropic lattice strain, together with spatially heterogeneous delithiation aris-
ing from finite Li-ion transport kinetics, can generate heterogeneous internal stress fields.
The resulting stress concentrations promote intragranular and intergranular cracking, while
the newly exposed surfaces facilitate electrolyte penetration and interfacial side reactions,
thereby accelerating structural degradation and capacity fading [43].

Trevisanello et al. [44] used focused ion beam combined with scanning electron mi-
croscopy (FIB-SEM) to examine the morphological evolution of polycrystalline NCM
particles during the first charge. Once the charging voltage exceeded 3.8 V, serrated microc-
racks gradually formed along the grain boundaries, indicating pronounced intergranular
fracture (Figure 2b). The cracks originated inside the particles and were mainly associated
with tensile stresses generated by Li-concentration gradients, together with local stress
concentrations caused by the anisotropic lattice changes of differently oriented primary
grains. At an early stage, cracking may increase the electrochemically active surface area
and shorten Li-diffusion paths, which can improve rate performance. Over prolonged
cycling, however, progressive cracking of polycrystalline particles severely compromises
structural integrity and cycling stability.

Li1−xCoO2 (LCO) and Li1−xNiO2 (LNO) also show markedly different volume-
evolution behavior [33,45,46]. For x < 0.75, the volume of LCO changes almost monotoni-
cally during delithiation, whereas LNO undergoes pronounced non-monotonic contraction.
Both materials initially show slight expansion along the c-axis because of increased elec-
trostatic repulsion between adjacent layers. Their overall volume responses differ mainly
because of the different changes in the in-plane a/b lattice parameters: LCO undergoes only
a small in-plane change, whereas LNO contracts substantially. This difference is mainly
associated with the Jahn–Teller activity of Ni3+. The orbitally degenerate electronic con-
figuration of Ni3+ gives rise to local Jahn–Teller distortions during delithiation. Coupling
between these distortions and Li vacancies can gradually produce long-range ordered
distortions, resulting in pronounced anisotropic contraction within the NiO2 layers. This in-
plane contraction can exceed the expansion along the c-axis, leading to an overall decrease
in cell volume. Co3+, in contrast, does not exhibit a strong Jahn–Teller distortion, and the
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structural evolution of LCO is therefore more uniform and stable. In layered cathodes, the
mechanical response may also originate from local changes in the stacking sequence rather
than solely from changes in the lattice parameters. Slab gliding and stacking transitions
can introduce local shear deformation, stacking faults, and lattice incompatibility, which
may generate additional stress concentrations and contribute to particle-level mechanical
degradation [47,48].

 

Figure 2. Chemo-mechanical origins of stress evolution in ASSLMBs. (a–c) Structural evolution
and stress generation in cathode materials during lithiation/delithiation, including composition-
dependent lattice changes, particle cracking induced by anisotropic deformation, and different
stress-evolution pathways associated with cathode volume changes. (a) Reproduced with permission
from Ref. [30]. Copyright 2017 American Chemical Society. (b) Reproduced from Ref. [44] under the
terms of the CC BY-NC-ND 4.0 license. Copyright 2021, Wiley-VCH GmbH. (c) Adapted from Ref. [49].
Copyright 2023 ASME. (d,e) Chemo-mechanical interactions within composite cathodes, showing
stress development at the cathode/SE interface and the effect of cathode loading on local stress
distribution and stress concentration. (d) Reproduced with permission from Ref. [50]. Copyright
2023 American Chemical Society. (e) Reproduced with permission from Ref. [51]. Copyright 2025
American Chemical Society. (f,g) Stress evolution associated with Li plating and stripping, including
heterogeneous Li deposition, stripping-induced interfacial void formation, and the accumulation
of residual strain during repeated cycling. (g) Reproduced from Ref. [52] under the CC BY-NC 3.0
license. Copyright 2025, the authors. Published by the Royal Society of Chemistry. (h–k) Effects of
external stack pressure and solid–solid contact mechanics, illustrating pressure-dependent interfacial
behavior, the evolution of microscopic contact regions, and Li creep-mediated redistribution of
interfacial contact stress. (h) Reproduced with permission from Ref. [53]. Copyright 2024 Wiley-VCH
GmbH. (i) Reproduced with permission from Ref. [54]. Copyright 2025 Elsevier B.V. (j) Reproduced
from Ref. [55] under the CC BY-NC 4.0 license. Copyright 2025 ASME. (k) Reproduced from Ref. [56]
under the CC BY-NC-ND license. Copyright 2020, the authors. Published by Elsevier Inc.

2.1.2. Spinel Structures

Spinel cathode materials, such as LiMn2O4 (LMO) and LiNi0.5Mn1.5O4 (LNMO), ex-
hibit different volume responses during delithiation [57,58]. The volume of LMO changes
approximately linearly, whereas Ni-substituted spinels show a more complex nonlinear
response because Mn and Ni undergo redox reactions in several successive steps. The ionic
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radii therefore change differently at different states of charge, causing the overall lattice
response to deviate from simple linear contraction. The volume change is also strongly
influenced by the Jahn–Teller distortion associated with Mn3+, rather than being governed
solely by changes in ionic radius [59,60]. Ni substitution can suppress the cooperative
Jahn–Teller distortion of Mn3+, thereby reducing lattice anisotropy and structural distortion
and, consequently, the overall volume change. TM substitution therefore provides an
effective means of controlling electronic distortions in spinel structures and limiting the
accumulation of volumetric strain. It should also be noted that a relatively modest bulk vol-
ume change does not necessarily imply limited mechanical degradation in spinel cathodes.
In LMO, Mn dissolution and the accompanying surface reconstruction and irreversible
phase evolution can progressively alter the particle morphology and local mechanical
environment, thereby coupling chemical degradation with mechanical damage during
prolonged cycling [61].

2.1.3. Olivine Structures

Olivine-type phosphate cathodes, such as LiFePO4 (LFP) and related multicomponent
compounds, generally undergo relatively gradual and stable volume changes during
cycling [62]. The rigid PO4 tetrahedral framework acts as a structural backbone and remains
intact even after complete delithiation. Their volume change therefore arises mainly from
contraction of the TM–O bonds upon oxidation of the TM ions. In multi-metal compounds
such as LiFe0.5Mn0.5PO4, the stepwise oxidation of Fe and Mn produces stage-dependent
lattice contraction [63]. In Mn-containing olivine cathodes, however, oxidation of Mn2+ to
Jahn–Teller-active Mn3+ can introduce pronounced local distortion of the MnO6 octahedra,
producing an additional anisotropic component of the chemical strain beyond the average
lattice contraction associated with TM oxidation [64]. The changes in TM–O bond length
closely follow the macroscopic volume contraction, indicating that bond contraction is the
dominant structural response in these rigid-framework materials.

Overall, the partial molar volume of Li in an intercalation cathode may change contin-
uously during lithiation and delithiation, resulting in different stress-evolution pathways
and spatial stress distributions, as illustrated in Figure 2c [49]. The volume response of
a cathode material cannot therefore be attributed to a single factor, and changes in ionic
radius alone are insufficient to explain its lattice evolution. Instead, the macroscopic volume
change is jointly controlled by changes in Coulombic interactions, contraction of TM–O
bonds, Jahn–Teller distortions, and the rigidity of the crystal framework. Coulombic inter-
actions are particularly important in flexible-framework materials, whereas TM–O bond
contraction dominates the volume response of rigid-framework materials. In compounds
containing TM ions with suitable electronic configurations, Jahn–Teller distortions intro-
duce additional anisotropic lattice strain and further modify the local stress distribution.
Elemental substitution or doping can modify the electronic structure and suppress coopera-
tive distortions, thereby controlling the volume response, reducing stress concentrations,
and improving structural stability.

2.2. Chemo-Mechanical Mismatch Between the Cathode Material and SE in Composite Cathodes

In practical ASSLMBs, the cathode material is usually mixed with approximately
20–50 wt% SE and a certain amount of conductive additive to form continuous ionic and
electronic transport pathways. Cathode particles are therefore surrounded by SE particles,
conductive carbon, binder, and pores. However, different types of inorganic SEs—including
oxides, sulfides, and halides—exhibit markedly different mechanical properties, such as
Young’s modulus (E) and fracture toughness (KIc), as summarized in Table 3 [65]. These
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intrinsic differences play a critical role in governing stress evolution within the composite
cathode as well as the pressure distribution throughout the battery.

Table 3. RT ionic conductivity and mechanical properties of typical inorganic SEs.

Electrolyte Structure Type σ-RT
(S·cm−1) E (GPa) G (GPa) Poisson’s

Ratio ν
H (GPa) KIc

(MPa·m1/2) Ref.

Li7La3Zr2O12 Garnet 3 × 10−4 150 60 0.26 6.3 1.25 [66–68]
Li6.4La3Zr1.4Ta0.6O12 Garnet 4.5 × 10−4 159 63 0.26 11.3 1.51 [69]

Li0.35La0.57TiO3 Perovskite 1 × 10−3 200 80 0.26 9.2 1 [70–72]
Li1.3Al0.3Ti1.7(PO4)3 NASICON 1.8 × 10−4 131 53 0.24 11 1.4 [73]
Li1.5Al0.5Ge1.5(PO4)3 NASICON 5.0 × 10−4 141 56 0.25 10.6 0.52 [74]

75Li2S–25P2S5 Glass 2.8 × 10−4 18 7.1 0.30 1.9 0.23 [75–77]
Li7P3S11 Glass-ceramic 1.7 × 10−2 21.9 8.1 0.35 – – [78,79]
Li6PS5Cl Argyrodite 1.1 × 10−3 4.7 1.7 0.37 0.9 0.17 [80–82]

Li10GeP2S12 LGPS-type 1.2 × 10−2 37.2 14.4 0.30 0.5 0.34 [83–86]
Li3YCl6 Layered halide 5.1 × 10−4 38 15 0.27 1.7 – [87–89]

Li3InCl6
Distorted
rock-salt 2 × 10−3 10.5 3.8 0.39 – – [90,91]

Note: σ-RT represents the room-temperature (RT) ionic conductivity; E represents the Young’s
modulus; G represents the shear modulus; H represents the Vickers hardness; KIc represents the
fracture toughness; ‘–’ indicates that it was not specified in the original text.

Within this multiphase microstructure, chemo-mechanical mismatch between the cathode
material and SE produces a highly nonuniform stress distribution. This stress distribution
can strongly affect stress-dependent reaction kinetics as well as ionic and electronic transport.
During cycling, expansion and contraction of the cathode lattice generate substantial mechanical
deformation within the composite cathode. This deformation drives pore evolution, loss of
interfacial contact, crack formation, and the progressive accumulation of structural defects,
eventually leading to electrochemical performance degradation.

Farzanian et al. [50] developed a symmetric two-dimensional (2D) continuum model
of a composite cathode at the mesoscale (Figure 2d) and systematically examined how
different mechanical properties affect defect evolution. SEs with a low elastic modulus,
such as sulfide electrolytes with E < 20 GPa, were able to accommodate the volume change
of the cathode material and substantially suppress the formation of mechanical defects. In
contrast, high-modulus oxide electrolytes, such as Li7La3Zr2O12 (LLZO) with E~150 GPa,
were more likely to produce severe structural damage.

For a high-modulus electrolyte, however, a relatively low yield strength or ultimate
strength may allow plastic flow, which partially accommodates cathode expansion and
reduces defect accumulation. The cathode loading and electrochemical state also strongly
affect the mechanical evolution of the composite electrode. State of discharge is defined as
100% when the primary NMC particles are discharged to the lithiated state. As the depth
of discharge increases, the cathode expands more strongly, leading to greater interfacial
contact loss and higher porosity. These defects increase sharply when the depth of discharge
exceeds 100%. A high cathode loading above 50 vol% may reduce some forms of contact
loss in absolute terms, but it also substantially reduces the ability of the electrolyte phase to
accommodate cathode expansion. As a result, the overall electrode expansion can exceed
5%, while the porosity can rise above 1%, further degrading the structural integrity of the
composite cathode.

Park et al. [51] investigated the long-term chemo-mechanical behavior of composite
cathodes by varying the ratio of NCM811 to Li6PS5Cl (LPSC). Although increasing the NCM
fraction improves the theoretical energy density, it also restricts ion-transport pathways and
lowers cathode utilization, thereby accelerating capacity fading. During prolonged cycling,
cathodes with high NCM contents, particularly the 80:20 and 85:15 compositions, exhibited
much more severe performance degradation. Synchrotron X-ray tomography (XCT) further
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showed that mechanical interactions among cathode particles became stronger at high
cathode loadings. At the same time, the lower electrolyte content reduced the ability of
the composite electrode to accommodate the volume change of NCM. Microstructure-
based mechanical simulations indicated that NCM could undergo a volume change of
approximately 10% during discharge, generating substantial internal stresses. Cathodes
with higher NCM contents showed both larger stress magnitudes and more pronounced
stress concentrations (Figure 2e). For example, the fraction of the 85:15 cathode subjected
to stresses above 2 GPa was much larger than that of the 70:30 cathode. This increase was
attributed to the greater volume expansion of the cathode material, the lower fraction of
the mechanically compliant electrolyte phase, and stronger mechanical constraint between
neighboring cathode particles.

Overall, chemo-mechanical interactions between the cathode material and SE are a
major factor governing the long-term stability of composite cathodes. Increasing cathode
loading is beneficial for energy density, but it also promotes stress accumulation and
structural degradation. The resulting cracking, debonding, and reaction heterogeneity
contribute directly to capacity fading. To achieve both high energy density and long-term
stability, the composite cathode must provide efficient ionic and electronic transport while
also incorporating compliant phases or mechanically supportive structures that can relieve
local stress concentrations and preserve structural integrity.

2.3. Stress Accumulation During Li Plating and Stripping

Unlike intercalation electrodes, where electrochemical strain originates primarily from
lattice expansion and contraction, Li-metal anodes undergo direct mass addition and re-
moval at a mechanically constrained solid–solid interface. Spatial variations in current
density, ionic transport, surface morphology, and interfacial contact therefore cause Li plat-
ing and stripping to proceed nonuniformly. During plating, preferential Li accumulation at
localized active sites produces heterogeneous interfacial displacement and compressive
stress. During stripping, insufficient Li replenishment and vacancy accumulation promote
void formation, contact loss, and stress redistribution at the remaining contact regions. Re-
peated plating and stripping can consequently generate irreversible interfacial deformation
and residual stress, making the Li/SE interface an important source of localized mechanical
loading in ASSLMBs.

From this stress-generation perspective, protruding Li deposits and stripping-induced
voids should be regarded as mechanically coupled consequences of nonuniform interfacial
mass transfer. Their subsequent effects on local current density and electrochemical kinetics
are discussed in Section 3.2, whereas the evolution of these instabilities into Li-filament
penetration and short-circuit failure is examined in detail in Section 4.2.

This coupled plating–stripping instability is schematically summarized in Figure 2f.
During plating, localized Li accumulation generates interfacial deformation and compres-
sive stress, whereas stripping-induced void formation redistributes the applied load and
concentrates current at the remaining contact points [10]. During charging, current focus-
ing can promote the growth of Li dendrites or filaments, which may eventually penetrate
the SE and cause an internal short circuit. During discharge, the formation of pores and
interfacial voids reduces the contact area and increases the interfacial resistance (Rint). The
remaining contact regions then carry a higher local current density during subsequent plat-
ing, which can further promote dendrite growth. Dendrite formation during plating and
void formation during stripping therefore represent two closely related sources of stress
accumulation and interfacial instability. Together, they provide the basis for understanding
the progressive degradation of the Li–SE interface during repeated cycling.
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Zhang et al. [52] used embedded strain sensors to monitor the micromechanical evolu-
tion of Li plating and stripping in ASSLMBs in real time. This approach also enabled cell
failure to be predicted and mitigated. By comparing the voltage, Coulombic efficiency, and
strain responses, they identified three characteristic stages of strain evolution: an initial
linear-growth stage, an intermediate steady stage, and an exponential-growth stage imme-
diately before failure. The scanning electron microscopy (SEM) morphology of the Cu foil
after 30 Li plating/stripping cycles is shown in Figure 2g. Li plating produced substantial
microstrain, whereas stripping released only part of the accumulated stress. Residual strain
therefore built up progressively over repeated cycles. Increasing the initial stack pressure
from 200 to 3500 kPa shortened the initial strain-growth stage by approximately 50%, re-
duced the average strain during the steady stage by 47.4%, and substantially extended the
cycling life. By contrast, increasing the current density from 0.1 to 0.2 mA·cm−2 extended
the initial linear-growth stage by approximately a factor of ten and increased the strain in
the steady stage by about fourfold, thereby accelerating cell failure.

In addition to Li-metal anodes, high-capacity anode materials such as Si may be used to
further increase the energy density of ASSLMBs [92,93]. However, these materials undergo
much larger volume expansion and contraction during cycling. Their use may therefore
introduce even greater stress accumulation and intensify the mechanical degradation
already associated with the anode side of solid-state cells.

Overall, Li plating and stripping generate a dynamically evolving stress field through
localized mass accumulation, void formation, contact loss, and incomplete stress relaxation.
These mechanically heterogeneous conditions do not merely result from electrochemical op-
eration; they subsequently redistribute current and reaction kinetics at the Li/SE interface.
This reverse influence of stress on anode electrochemistry is discussed in Section 3.2.

2.4. External Stack Pressure and Nonuniform Solid–Solid Contact

In ASSLMBs, stack pressure is not only required to maintain the integrity of the multi-
layer cell structure but also serves as an important mechanical parameter controlling ion
transport and interfacial stability. Its 2D and 3D representations are shown in Figure 2h [53]
and Figure 2i [54], respectively. An appropriate stack pressure increases the effective solid–
solid contact area and reduces interfacial contact resistance [94]. Excessive or spatially
nonuniform pressure, however, can cause substantial elastic–plastic deformation and local
stress concentration. These effects may promote nonuniform Li deposition, increase the
likelihood of dendrite penetration, and ultimately lead to internal short circuiting. The
pressure distribution also changes continuously during cycling because of electrode vol-
ume changes and material creep. The initially applied pressure therefore does not remain
uniform, and solid–solid contact should be regarded as a dynamically evolving condition
rather than a fixed interfacial state.

Ahmad et al. [55] emphasized that the performance and stability of ASSLMBs depend
strongly on the mechanical contact state of the solid–solid interface. The evolution of
interacting asperities at a rough interface is illustrated in Figure 2j. Contact-mechanics
models showed that the real contact area during Li stripping depends on both the current
density and the applied stack pressure. A higher stack pressure promotes material creep
and helps maintain continuous interfacial contact, thereby suppressing the nucleation and
growth of voids. Loss of interfacial contact can also appear in electrochemical impedance
spectroscopy (EIS) as an additional constriction-related semicircle. The diameter of this
semicircle increases as the real contact area decreases and can therefore serve as a diagnostic
signature of interfacial degradation. Poor contact between the electrode and SE reduces
the effective area available for charge transfer, increases the interfacial impedance, and
eventually degrades cell performance.
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Zhang et al. [56] further showed that Li metal undergoes substantial creep even at
RT. Creep gradually improves the conformal contact between Li and the SE and makes
the interfacial contact stress more uniform, thereby reducing the Rint. The evolution of
the Li–SE interface under creep is illustrated in Figure 2k. Comparison of contact and
non-contact regions under different pressures showed that a higher stack pressure strongly
enhances Li creep and stabilizes the interface. During stripping, particularly at high current
densities, the vacancies left behind by Li removal can accumulate and develop into voids.
These voids progressively reduce the effective contact area and destabilize the interface.
An appropriate stack pressure can partially suppress void formation and growth and
help preserve interfacial continuity. During plating, Li deposits preferentially at existing
contact points. At low current densities, creep dominates the interfacial evolution. Newly
deposited Li can be rapidly redistributed and flattened, increasing the real contact area. At
current densities above 0.005 mA·cm−2, however, the deposition rate exceeds the rate of
creep relaxation. Li then tends to grow into columnar or otherwise nonuniform structures,
increasing interfacial gaps and potentially promoting dendrite formation.

Liu et al. [95] systematically investigated the relationships among external pressure
of 0.1, 1, and 10 MPa, SEI structure, and Li deposition morphology. At a low pressure of
0.1 MPa, an organic-rich solid electrolyte interphase (SEI) formed, and Li deposited as
highly nonuniform filaments with considerable porosity, resulting in poor electrochemical
stability. At an intermediate pressure of 1 MPa, the SEI became more uniform and was
enriched in inorganic fluorine-containing species such as LiF. Li deposition was correspond-
ingly denser and more uniform, although local inhomogeneity still appeared at high current
densities. At 10 MPa, the Li deposits were the densest and most uniform, and the SEI
contained a high fraction of inorganic LiF. However, the excessive pressure mechanically
damaged the polyolefin separator and caused internal short circuiting, limiting the practical
value of such a high pressure.

When a nearly defect-free pristine graphene seed layer was introduced onto the Cu
current collector (CC), deposition behavior similar to that obtained at high pressure could be
achieved at only 1 MPa. The pristine graphene was proposed to preferentially adsorb and
decompose PF6

- anions, promoting the formation of an inorganic-rich, particularly LiF-rich,
SEI while suppressing side reactions involving organic solvents such as ethylene carbonate
(EC) and diethyl carbonate (DEC). Although this study was conducted in an anode-free
liquid-electrolyte cell, it illustrates how external pressure can alter interfacial chemistry
and deposition morphology. These findings may therefore provide useful guidance for the
design of interfaces in ASSLMBs, although their direct applicability to solid–solid interfaces
should be interpreted with caution.

2.5. Thermally Induced Stress

In addition to electrochemically induced volume change and external stack pres-
sure, heat generation during battery operation represents another important source of
mechanical stress in ASSLMBs [96]. Owing to the relatively low ionic conductivity of
SEs, imperfect solid-solid interfacial contact, and interfacial polarization, Joule heating
inevitably occurs during charge and discharge [97]. Furthermore, parasitic reactions at the
electrode/SE interfaces, lithium plating and stripping, as well as electrolyte decomposition
under high-voltage operation continuously release heat, resulting in local temperature gra-
dients throughout the cell [98]. Since most of these electrochemical and chemical reactions
follow Arrhenius kinetics, elevated temperatures further accelerate reaction rates, giving
rise to additional heat generation and localized thermal accumulation [99].

The generated heat is readily converted into mechanical stress because different
battery components possess distinct coefficients of thermal expansion (CTEs) [100,101]. In
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composite cathodes, active materials, SSE particles, conductive additives, and polymeric
binders exhibit substantially different thermal expansion behaviors. Similarly, large CTE
mismatches exist among lithium metal, inorganic SSEs, and CCs. When the temperature
changes during cycling or local heat accumulation, these components undergo incompatible
thermal deformation, resulting in interfacial stress concentration. For two constrained
materials with CTE mismatches, the thermal stress evolving as a consequence can be
approximately expressed as

σth =
E·∆α·∆T

1 − ν
(1)

where E is the Young’s modulus, ∆α is the CTE-mismatch, ∆T is the temperature variation,
and ν is Poisson’s ratio. This relationship indicates that thermal stress increases with
both the elastic modulus and thermal expansion mismatch. Consequently, high-modulus
inorganic SSEs, such as oxide electrolytes, are generally more susceptible to thermal stress
accumulation than compliant polymer electrolytes because their limited deformability
restricts stress relaxation [102].

Thermally induced stress can significantly influence the mechanical integrity of
ASSLMBs. The accumulation of thermal stress promotes particle fracture, electrolyte
cracking, and interfacial debonding, thereby reducing the effective contact area and in-
creasing interfacial resistance [103,104]. The resulting increase in cell impedance further
enhances Joule heating, establishing a positive feedback loop of heat generation–thermal
stress–interfacial degradation–impedance growth–additional heat generation. Under se-
vere conditions, lithium dendrite-induced internal short circuits or exothermic reactions
between charged cathodes and SEs can rapidly elevate the local temperature, producing
transient thermal stresses that accelerate crack propagation and catastrophic mechanical
failure [105–107]. Therefore, thermal stress not only constitutes an important source of
mechanical loading in ASSLMBs but also provides a critical link between thermal effects
and electro-chemo-mechanical degradation.

From a mechanical perspective, thermally induced stress is expected to become increas-
ingly important as ASSLMBs evolve toward higher energy density and thicker electrodes.
The combination of large temperature gradients, high-modulus inorganic electrolytes, and
mechanically constrained solid-solid interfaces makes thermal stress an unavoidable factor
governing interfacial stability and long-term structural reliability.

3. Effects of Stress on Electrochemical Behavior in ASSLMBs
Having discussed the major sources of stress in ASSLMBs, this section focuses on

how stress affects electrochemical processes within the cell. Because SEs impose strong
mechanical constraints, stresses generated during cycling cannot be readily released. In-
stead, they alter the structural stability of the electrodes, the state of interfacial contact, and
ion-transport behavior. The mutual interaction between mechanical stress and electrochem-
ical reactions gives rise to pronounced electro-chemo-mechanical coupling, which plays a
central role in determining the cycling stability and failure behavior of ASSLMBs.

3.1. Effects of Cathode-Side Stress on Electrochemical Behavior

On the cathode side, stress affects electrochemical behavior not only by altering
interfacial contact but also by changing the structural integrity of cathode particles and
the available Li-ion transport pathways. Particle size, morphology, and the mechanical
evolution of the cathode during cycling can therefore have a major influence on Li-ion
diffusion and electrode reaction kinetics.
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The size and geometry of cathode particles strongly influence Li-ion diffusion and
the corresponding impedance response. According to the finite-space diffusion model, the
characteristic time constant of lithium diffusion is determined by

τLi =
LLi

2

∼
DLi

(2)

where LLi is the characteristic Li-ion diffusion length and
∼
DLi is the chemical diffusion

coefficient of Li. This relationship indicates that the diffusion time increases quadratically
with the diffusion length. Consequently, chemo-mechanical degradation, including particle
cracking and loss of contact with the SE, has the potential to drastically increase the Li-ion
diffusion pathway and thus slow lithiation/delithiation kinetics.

Conforto et al. [108] showed that the development of Li-concentration gradients in
NCM particles depends on the particle boundary conditions and the available diffusion
paths, leading to distinct diffusion-impedance characteristics, as illustrated in Figure 3a.
Within the finite-space diffusion framework, the overall low-frequency impedance can be
modeled as the parallel contribution of particle populations with different diffusion lengths,

Zdiff =

(︄
∑

i

Ni
Z f s,i

)︄−1

(3)

where Zdiff is the overall finite-space diffusion impedance of the composite cathode, Z f s,i is
the finite-space diffusion impedance associated with the i-th particle population having the
same particle size and geometry, and Ni is the corresponding number of particles in that
population. The summation accounts for the parallel contributions of particle populations
with different characteristic diffusion lengths and geometries. Within this model, variations
in particle size, geometry, and diffusion length can lead to distinct low-frequency impedance
responses, with broader particle-size distributions generally giving rise to more complex
diffusion features. Therefore, when interpreted using an appropriate finite-space diffusion
model and suitable assumptions regarding particle geometry and boundary conditions, the
low-frequency impedance response may provide indirect information about the distribution
of characteristic Li-ion diffusion lengths and finite-length diffusion effects in the cathode.
However, the particle-size distribution cannot generally be determined directly from the
impedance spectrum alone and requires model-based analysis, preferably supported by
independent structural or morphological characterization.

In ASSLMBs, single-crystalline NCM (SC-NCM) also shows a higher initial capacity
and better cycling stability than polycrystalline NCM (PC-NCM), retaining approximately
91% of its capacity after 100 cycles, as shown in Figure 3b. Since only regions satisfying
tcharge ≥ τi can be fully lithiated or delithiated during a finite charging/discharging time,
the increase in diffusion length caused by chemo-mechanical degradation progressively
reduces the electrochemically accessible active material. In PC-NCM, stress generated by
repeated volume changes can progressively weaken contact between the particles and the
electronic-conduction network, contributing directly to capacity loss. After cycling, the
median Li-ion diffusion-path length in PC-NCM increases to three to four times its initial
value, whereas the increase in SC-NCM remains below a factor of two. This difference
indicates that cracking within polycrystalline particles, together with the loss of contact
with the SE, substantially lengthens Li-ion transport pathways and limits the overall
electrode kinetics.
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Figure 3. Effects of stress on electrochemical behavior in ASSLMBs. (a–c) Cathode-side electro-
chemo-mechanical effects, including particle-size-dependent Li-ion diffusion and impedance response,
differences in cycling stability and Li-ion diffusion pathways between single-crystalline and poly-
crystalline NCM, and the coupling among particle cracking, reaction heterogeneity, and loss of
ionic contact in composite cathodes. (a,b) Reproduced from Ref. [108] under the CC BY 4.0 license.
Copyright 2021, the authors. Published by IOP Publishing on behalf of The Electrochemical So-
ciety. (c) Reproduced from Ref. [109] under the CC BY 4.0 license. Copyright 2025, the authors.
(d–g) Stress-mediated Li plating and stripping at the Li/SE interface, showing stress concentration near
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Li-filled defects, the dependence of crack propagation on defect size and deposition overpotential,
vacancy accumulation and void formation during stripping, and the resulting current focusing at the
remaining contact regions. (d) Reproduced from Ref. [110] under the CC BY 4.0 license. Copyright
2024, the authors. Published by Elsevier B.V. (e) Reproduced with permission from Ref. [111].
Copyright 2017 Wiley-VCH GmbH. (f,g) Reproduced from Ref. [112] under the CC BY-NC-ND 4.0
license. Copyright 2020, the authors. Published by Elsevier Inc. (h,i) Effects of external mechanical
loading on Li/SE interfacial behavior, illustrating the pressure-dependent transition between unstable
and stable cycling and the reduction in interfacial resistance with increasing mechanical load through
improved solid–solid contact. (h) Reproduced with permission from Ref. [113]. Copyright 2019
Elsevier Inc. (i) Reproduced with permission from Ref. [114]. Copyright 2019 American Chemical
Society. (j,k) Interfacial evolution under electro-chemo-mechanical coupling, highlighting the roles
of mechanical properties, fracture resistance, and interfacial adhesion in governing contact stability,
together with the multistage evolution from relatively uniform Li deposition to stress accumulation,
void formation, localized Li growth, and eventual cell failure. (j) Adapted from Ref. [7]. Copyright
2019 Springer Nature Limited. (k) Reproduced with permission from Ref. [115]. Copyright 2024
Elsevier B.V.

To further clarify the coupling among electrochemical, chemical, and mechanical pro-
cesses during cathode degradation, Zheng et al. [109] systematically investigated NMC811
cathodes, as illustrated in Figure 3c. Because the SE contacts the cathode particles mainly
through discrete contact points, Li-ion transport pathways are limited and spatially nonuni-
form. During cycling, the anisotropic expansion and contraction of the cathode particles
generate mechanical stresses that can initiate cracks within the particles. This process dif-
fers fundamentally from that in liquid-electrolyte batteries. In a liquid cell, the electrolyte
can penetrate newly formed cracks and establish additional ionic pathways. SE, however,
cannot readily fill these new interfaces. As a result, parts of the cathode gradually become
isolated from the ionic network and no longer participate effectively in the electrochemical
reaction, leading to a loss of accessible capacity. Cracks and electrochemically isolated
regions also produce an increasingly nonuniform SOC distribution within the particles.
The resulting reaction heterogeneity intensifies local stress concentrations and promotes
further crack growth. This creates a positive feedback loop in which cracking impedes
Li-ion transport, transport limitations increase local stress, and the accumulated stress
drives additional cracking. Such electro-chemo-mechanical coupling ultimately accelerates
capacity fading and the growth of Rint in ASSLMBs.

3.2. Effects of Anode-Side Stress on Electrochemical Behavior

Section 2.3 identified nonuniform Li plating and stripping as an important source of
localized stress at the Li/SE interface. The resulting stress field, however, is not merely
a mechanical consequence of electrochemical cycling. It can modify the electrochemical
potential of Li and thereby affect several coupled processes at the anode interface, including
Li+ transport through the SE, interfacial charge transfer, and Li0 redistribution within the
metallic Li phase. Stress-induced changes in interfacial contact can further redistribute
the local current density and deposition/stripping overpotential. Anode-side stress there-
fore feeds back into Li-plating and stripping kinetics, determining whether the interface
remains morphologically stable or evolves toward localized deposition, Li penetration, and
void growth.

This section focuses on this reverse coupling from mechanics to electrochemistry.
Particular attention is given to three interconnected effects: stress-assisted transport and
accumulation of metallic Li within pre-existing defects, current focusing associated with
heterogeneous interfacial contact, and the competition between vacancy accumulation and
Li redistribution in the Li metal during stripping. In the following discussion, Li+ transport
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refers specifically to ionic transport through the SE, whereas Li0 transport or redistribution
refers to the motion of neutral Li atoms within the metallic phase.

A direct manifestation of this mechanical feedback is the stress-assisted redistribution
of Li0 near interfacial defects. Richman et al. [116] established a theoretical framework in
which the propagation of a Li-filled crack is governed by the total Li atomic flux arising from
capillary, electrochemical, and stress-driven contributions. High local stresses develop near
the tip of a Li filament and decrease gradually along its length, indicating that Li penetration
is strongly influenced by mechanical forces, as shown in Figure 3d [110]. Richman proposed
that the crack-propagation rate is related to the total Li atomic flux at the crack tip,

vcrack = −Ω·JT , JT = Jγ + JE + Jσ (4)

where vcrack is the crack-propagation velocity (m·s−1), Ω is the atomic volume of Li
(m3·atom−1), and JT is the total Li atomic number flux (atom·m−2·s−1). Jγ, JE, and Jσ

denote the contributions to the atomic flux driven by capillarity, the electrochemical driv-
ing force, and mechanical stress, respectively, and therefore have the same units as JT .
This formulation demonstrates that crack propagation is governed by the combined ef-
fects of electrochemical deposition, surface energy, and mechanical stress, rather than by
electrochemical kinetics alone.

Interfacial defects further increase the local resistance and raise the deposition over-
potential, promoting localized Li deposition and stress accumulation around the defect.
Importantly, crack growth does not necessarily require the Griffith criterion to be satisfied
from the outset. Stress-assisted Li transport and progressive Li accumulation within a pre-
existing defect can drive stable or subcritical defect growth under electrochemical cycling.
As the defect extends and the local stress intensity increases, the mechanical driving force
for fracture progressively approaches the critical condition. Once the energy release rate
(G) reaches the critical fracture energy (Gc) or equivalently the stress intensity factor (KI)
reaches the KIc under linear-elastic fracture mechanics, the crack can transition to unstable
propagation, potentially forming a continuous pathway for rapid Li penetration through
the SE. Thus, the Griffith criterion should be regarded as defining the critical condition
for unstable crack propagation rather than the onset of all crack growth. The influence of
external mechanical loading on crack propagation, together with experimental observations
that the critical current density depends on the mechanical properties of Li metal, further
supports the important role of fracture mechanics in Li penetration.

Building on this framework, Porz et al. [111] quantitatively related the electrochemical
deposition overpotential to the mechanical pressure generated inside a Li-filled defect.
Their analysis clarifies how an electrochemical driving force can be converted into a lo-
cal mechanical driving force for defect opening and propagation. Their results showed
that penetration generally depends on pre-existing defects, such as surface cracks, pores,
and grain boundaries, and occurs only above a critical current density. On a defect-free
glassy Li2S-P2S5 (LPS) surface, Li deposits predominantly along the surface, whereas at
pre-existing cracks it preferentially fills the defects and promotes their opening. In polycrys-
talline SEs, Li tends to propagate along pores and grain boundaries to form interconnected
penetration pathways. Repeated plating and stripping further accelerate the formation of
these Li networks, indicating that cyclic mechanical disturbance progressively damages the
interface and facilitates Li penetration.

To quantitatively relate electrochemical driving force to the local mechanical stress,
Porz et al. showed that the maximum hydrostatic stress generated within a Li-filled defect
is determined by the deposition overpotential,
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σ0,max ≈ − F∆Φ
VLi

m
(5)

where F is the Faraday constant, ∆Φ is the Li deposition overpotential, and VLi
m is the molar

volume of Li. Even a relatively small overpotential of approximately 10 mV can generate
stresses approaching 75 MPa, providing a substantial mechanical driving force for the
opening and growth of pre-existing defects in brittle SEs.

Whether a Li-filled defect subsequently undergoes unstable propagation depends not
only on the deposition-induced stress but also on the defect size and the fracture resistance
of the SE, as illustrated in Figure 3e [111]. Within a linear-elastic fracture-mechanics
description, unstable crack propagation becomes possible when the Mode-I stress intensity
factor reaches the KIc,

KI = γσ
√

πa ≥ KIc (6)

where a is the characteristic defect size, γ is a dimensionless geometric correction factor, σ is
the stress acting to open the defect, and KIc is the Mode-I fracture toughness of the SE. For
a given KIc, larger defects therefore require a lower critical stress, and consequently a lower
deposition overpotential, to reach the instability threshold. Compared with glassy LPS,
Li6La3ZrTaO12 (LLZTO) possesses a substantially higher KIc and therefore requires a greater
mechanical driving force to reach the critical condition for unstable crack propagation.
These results demonstrate that interfacial defects play a central role in Li penetration and
short-circuit failure. Progressive Li filling and defect growth can occur before the fracture
threshold is reached; once the critical fracture condition is attained, however, rapid unstable
propagation of a Li-filled crack can provide a pathway for Li penetration through the SE
and ultimately lead to internal short circuiting.

Whereas stress-assisted deposition dominates the charging process, stripping insta-
bility is governed primarily by the coupling among vacancy transport, contact loss, and
current redistribution. Kazyak et al. [112] investigated void formation at the Li-metal/SE
interface under deep-discharge conditions, as shown in Figure 3f. Operando optical images
of the coupled electrochemical and morphological evolution are presented in Figure 3g,
where the white regions correspond to Li-metal. At low current densities, diffusion of Li
vacancies within the Li metal can remain in dynamic balance with the transport of Li-ion
into the SE, allowing the interface to remain stable. During high-rate stripping, however,
the effective contact area gradually decreases while the total current remains constant. The
local current density at the remaining contact points therefore continues to increase. When
vacancy diffusion in the Li metal can no longer compensate for Li removal at the interface,
vacancies accumulate near the interface and coalesce into voids. These voids further reduce
the effective contact area and force the current to concentrate at the remaining contact
points, creating a positive feedback loop that accelerates void growth. This interfacial
degradation not only promotes failure of the Li-metal anode but also substantially increases
Rint, making it a major limitation on the high-rate performance of ASSLMBs.

Overall, anode-side stress alters electrochemical behavior through two complementary
pathways. During plating, stress and deposition overpotential promote Li transport into
defects and intensify localized deposition. During stripping, stress relaxation and void
formation reduce the real contact area, causing current focusing and increased polarization.
These feedback processes establish the electrochemical and mechanical conditions required
for progressive Li-filament growth. Section 4.2 examines how they develop into physically
observable crack propagation, electrolyte penetration, and short-circuit failure.
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3.3. Effects of External Stress on Electrochemical Behavior

Externally applied mechanical stress, particularly stack pressure, strongly affects inter-
facial contact, ion transport, and electrochemical performance in ASSLMBs.
Wang et al. [113] systematically investigated the effects of stack pressure and current
density on the dynamics of the Li-metal/LLZO interface. Their work identified a pressure-
dependent mechanism for stabilizing the interface and provided important guidance for
the mechanical design of ASSLMBs. To quantitatively describe the competition between Li
stripping and pressure-driven Li replenishment, the current-induced-strain rate of the Li
electrode

.
εj was expressed as

.
εj =

jM
ρFl0

(7)

where j is the applied current density, M is the molar mass of Li, ρ is the density of Li, F is
the Faraday constant, and l0 is the Li thickness. This relationship shows that increasing the
current density accelerates Li depletion at the stripping interface and therefore increases
the deformation rate that must be compensated by Li transport.

Under galvanostatic cycling, a critical stack pressure was found to exist for a given
current density. When the applied pressure was below this critical value, the battery showed
pronounced polarization and a rapid increase in voltage. Once the pressure exceeded the
critical value, polarization decreased substantially and stable cycling could be maintained,
as shown in Figure 3h. Using a three-electrode configuration with a Ni reference electrode,
the authors further confirmed that the polarization originated mainly from contact loss
caused by void formation on the Li-stripping side, rather than from morphological changes
on the plating side.

At low stack pressure, the rate of Li removal from the interface exceeded the rate at
which pressure-driven Li creep could restore contact. The creep deformation of Li can be
described by a power-law relation,

.
εcreep = Aσmexp

(︃
− Q

RT

)︃
(8)

where A is a material constant, σ is the applied stress, m is the creep exponent, Q is the
activation energy, R is the gas constant, and T is the absolute temperature. Based on the
competition between these two deformation processes, Wang et al. proposed that unstable
void formation occurs when

.
εj >

.
εcreep (9)

indicating that Li is stripped faster than it can be replenished through pressure-driven creep.
Under this condition, voids progressively develop at the stripping interface, reducing the
effective contact area and increasing the Rint, which ultimately results in severe polarization.
Increasing the external pressure enhances Li creep, allowing continuous interfacial contact
to be maintained and suppressing void formation. The critical stack pressure is therefore
not an intrinsic material constant but is determined by the dynamic balance between the
electrochemically induced stripping rate and the mechanically driven creep rate of Li metal.

Krauskopf et al. [114] further examined the influence of external mechanical loading
on the interfacial kinetics and morphological stability of Li in contact with garnet-type
LLZO, as shown in Figure 3i. The Rint decreased sharply as the applied load increased.
After isostatic pressing at 400 MPa, the Rint approached zero and reached one of the lowest
values reported for a Li/LLZO interface without an intermediate interlayer. This behavior
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was explained mainly in terms of constriction resistance. Based on the theory of electrical
contact resistance, the interfacial resistance can be expressed as

Rint =
1

2σLi+

√︃
πHLi

F
(10)

where σLi+ is the ionic conductivity of LLZO, HLi is the hardness of Li metal, and F is
the externally applied force. Accordingly, interfacial resistance follows an approximate
scaling relation of Rint ∝ F−1/2, indicating that increasing the external pressure enlarges
the real contact area through plastic deformation of Li and effectively suppresses current
constriction at discrete contact spots. According to this interpretation, the interfacial
impedance originates primarily from current convergence at the limited microscopic contact
points between Li metal and LLZO, rather than from the intrinsic charge-transfer reaction
itself. Furthermore, temperature-dependent measurements showed that the apparent
activation energy of the interfacial process was close to that of Li-ion transport through
bulk LLZO. This finding further suggests that the rate-limiting process is mainly ion
transport within the SE, rather than charge transfer across the interface.

Overall, external pressure affects the interfacial kinetics of ASSLMBs by controlling
solid–solid contact and the creep behavior of Li metal. Excessively high stack pressure,
however, complicates cell and module design and may introduce additional mechanical
risks. Reducing the dependence on large external pressures will therefore require alternative
approaches, such as moderately increasing the operating temperature to promote Li creep,
introducing interfacial coatings to improve Li transport along the interface, or modifying
the metallurgy and microstructure of Li metal to enhance its creep response.

3.4. Interfacial Evolution Under Electro-Chemo-Mechanical Coupling

A complete understanding of interfacial evolution and failure in ASSLMBs requires
simultaneous consideration of electrochemical reactions, interfacial chemistry, and mechani-
cal deformation. These processes are strongly coupled and cannot be treated independently.

Famprikis et al. [7] discussed how the mechanical properties of SEs and electrode
materials affect stress development and interfacial stability across microscopic and meso-
scopic length scales, as illustrated in Figure 3j. During cycling, lithiation and delithiation
generate periodic electrochemical strains within the electrode materials. Because these
strains are constrained by the surrounding SE, they cannot be fully accommodated and
instead produce local stress accumulation. The resulting stresses can drive crack propa-
gation, interfacial debonding, and the loss of contact between neighboring particles. The
mechanical properties of the SE are therefore critical to long-term interfacial stability. KIc

is an important measure of resistance to crack initiation and propagation. Dense oxide
electrolytes generally possess relatively high mechanical strength and KIc. Some sulfide
electrolytes, although softer and better able to accommodate deformation because of their
lower elastic modulus, may still be susceptible to cracking because of their low KIc. The
adhesion strength between the SE and Li metal also directly affects the stability of interfacial
contact during cycling. Weak adhesion facilitates delamination and contact loss, leading to
increased Rint and less uniform charge transfer.

Interfacial evolution is also governed by electrochemical stability. In principle, the
electrochemical stability window of a SE can be predicted using first-principles calculations.
Under practical cycling conditions, however, reaction kinetics and interfacial transport can
considerably alter the apparent stability range. When an electrode contacts a SE, redox
decomposition, elemental interdiffusion, and other side reactions may occur, producing
interphases with different ionic and electronic conductivities. An ideal interphase should
conduct Li-ion while remaining electronically insulating, thereby preventing continuous
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electrolyte decomposition. Strategies based on intrinsic thermodynamic stabilization,
kinetic stabilization, and artificial protective layers, such as LiNbO3 coatings, are therefore
widely used to regulate interfacial reactions, reduce Rint, and improve cycling stability.

Yue et al. [115] combined operando mechanical measurements with electrochemical
analysis to examine interfacial evolution in ASSLMBs under electro-chemo-mechanical
coupling, as illustrated in Figure 3k. Li deposition was found to proceed through several
distinct stages. During the initial stage, Li deposited relatively uniformly. As deposition
continued, mechanical stress gradually accumulated and promoted the formation of in-
terfacial voids. At a later stage, the voids caused local current focusing and further stress
amplification, which facilitated Li-dendrite nucleation and growth and eventually led to
cell failure. The rate of pressure change, (dP/dt), showed a clear correlation with the differ-
ent stages of Li deposition and could therefore serve as an indicator of interfacial evolution
and impending failure. Based on a stress-evolution model and a critical-stress criterion, the
operating stress could be maintained below the failure threshold by optimizing parameters
such as areal capacity, SE thickness, and current density. For example, reducing the areal
capacity to 0.64 mAh·cm−2 or increasing the SE thickness to 1200 µm was shown to lower
the mechanical stress while maintaining relatively low polarization and improved cycling
performance. These results demonstrate that the electrochemical and mechanical design of
ASSLMBs must be considered together. Cell parameters that improve energy density may
also increase mechanical stress, and their optimization therefore requires a balance among
capacity, polarization, and long-term interfacial stability.

4. Electro-Chemo-Mechanical Coupling Failure Mechanisms
During prolonged cycling, Li insertion/extraction in electrode materials, Li plat-

ing/stripping, and interfacial side reactions continuously generate local volume changes
and stress evolution. Mechanical stress, in turn, can deteriorate ion transport, charge-
transfer kinetics, and interfacial stability, thereby further amplifying electrochemical hetero-
geneity and accelerating electro-chemo-mechanical degradation [8,23,117]. This coupling
occurs across several critical regions of ASSLMBs and leads to distinct forms of failure. In
composite cathodes, repeated expansion and contraction of cathode particles can induce
particle cracking, interfacial debonding, and disruption of ionic and electronic transport
networks. Importantly, the evolving physical contact between the cathode active material
and SE also regulates interfacial chemical reactions. Intimate contact provides pathways
for electrochemical decomposition of the SE, whereas cathode contraction and the resulting
interfacial separation can reduce the local reaction area while simultaneously deteriorating
ionic transport. Thus, chemical reactions, volume evolution, and contact loss are mutually
coupled rather than independent degradation processes [118–122]. At the Li-metal anode,
local stress concentrations associated with nonuniform deposition may promote crack initi-
ation and Li penetration through the SE [111,123,124]. Meanwhile, prolonged interfacial
reactions and changes in solid–solid contact can result in contact loss, impedance growth,
and progressive cell degradation [125,126]. The interaction between electrochemical pro-
cesses and mechanical deformation is therefore a central factor governing the lifetime and
safety of ASSLMBs.

With the development of operando characterization, multiscale simulation, and ad-
vanced mechanical analysis, it has become increasingly clear that failure in ASSLMBs
cannot be attributed to a single electrochemical or mechanical process [11]. Instead, it
arises from multiscale coupling among chemical reactions, structural evolution, and stress
redistribution. This section discusses three representative failure modes: electro-chemo-
mechanical degradation in composite cathodes, Li-dendrite growth and penetration of
SEs, and interfacial degradation under electro-chemo-mechanical coupling. Together, these
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mechanisms illustrate how electrochemical reactions induce mechanical instability and
how the resulting mechanical damage feeds back into cell operation, providing a basis for
understanding cell degradation and optimizing electrode and electrolyte design.

4.1. Electro-Chemo-Mechanical Failure in Composite Cathodes

The composite cathode is a multiphase region in which electrochemical reactions, ion
transport, and electronic conduction occur simultaneously. Its structural stability there-
fore has a decisive influence on cell performance. Lithiation and delithiation generate
composition-dependent chemical strain within cathode particles. When this strain is spa-
tially heterogeneous or mechanically constrained by neighboring grains and the surround-
ing SE, heterogeneous stress fields develop within the particles and across cathode/SE
interfaces. These stresses can cause particle cracking, interfacial debonding, and contact
loss, which in turn redistribute Li-ion transport and reaction kinetics and progressively
amplify electrochemical heterogeneity.

Koerver et al. [119] systematically investigated the evolution of the interface between
the Ni-rich layered oxide NCM811 and the sulfide SE β-Li3PS4 in an ASSLMB. The first-
cycle Coulombic efficiency was only 70.5%, substantially lower than that of a comparable
liquid-electrolyte cell. During the following 50 cycles, the capacity continued to decrease
by approximately 1–2% per cycle, eventually reaching a reversible capacity of only 81
mAh·g−1. At the same time, the cathode/SE Rint increased irreversibly by approximately
140 Ω·cm−2 during the first charge and became a major contributor to capacity loss. SEM
images of the composite cathode before and after cycling are shown in Figure 4a,b. In
the pristine electrode, the NCM particles remained in close contact with the SE. After
charging, however, distinct spherical gaps appeared around the particles, indicating that
delithiation-induced contraction of NCM had degraded the interfacial contact. The authors
attributed the capacity fading to a combination of chemical and mechanical processes.
On the chemical side, β-Li3PS4 oxidized at high potential and formed a resistive cathode
electrolyte interphase. On the mechanical side, contraction of NCM811 during delithiation
generated stress and caused the particles to lose effective contact with the surrounding
SE. Importantly, chemical and mechanical degradation at the cathode/SE interface should
not be regarded as independent processes. The evolution of physical contact determines
the spatial extent of interfacial reactions, while reaction products can modify interfacial
adhesion, transport resistance, and the local mechanical response, establishing a reciprocal
chemo-mechanical feedback loop.

Zhang et al. [127] further used ex situ transmission XCT to reveal macroscopic mechan-
ical failure in solid-state cells operated without external pressure. As shown in Figure 4c,d,
an In/Li10GeP2S12 (LGPS)/LCO cell developed pronounced bending and edge cracking
after the first charge. This deformation arose from the mismatch in volume change between
the two electrodes. During delithiation, LCO expanded by approximately 2% along the
c-axis because of increased electrostatic repulsion between adjacent layers. By contrast,
lithiation of the In anode to form InLi1−x involved a tetragonal-to-cubic phase transition
and a volume expansion of up to 105.6%. The authors noted that similar mechanical mis-
match is common in many electrode combinations, including NCM and LFP, and represents
a major challenge for next-generation ASSLMBs.

Low-strain or near-zero-strain electrode materials, such as Li4Ti5O12 (LTO), together
with optimized external mechanical constraint, may therefore help accommodate cycling-
induced volume changes and preserve interfacial stability. Cells operated without external
pressure showed poor cycling performance, whereas pressure-confined cells maintained
substantially more stable electrochemical behavior. This comparison directly demonstrates
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the importance of external pressure in preserving continuous electrode/electrolyte contact
and maintaining ionic and electronic transport pathways.

 
Figure 4. Electro-chemo-mechanical degradation and failure mechanisms in composite cathodes
of ASSLMBs. (a–e) Experimentally observed mechanical degradation of solid-state batteries and
composite cathodes during electrochemical cycling, including cycling-induced electrode deformation,
cell bending and edge cracking caused by electrode-volume mismatch, and progressive loss of solid–
solid contact around cathode particles. (a,b) Reproduced with permission from Ref. [119]. Copyright
2017 American Chemical Society. (c,d) Reproduced with permission from Ref. [127]. Copyright 2017
The Royal Society of Chemistry. (e) Reproduced from Ref. [118] under the CC BY-NC 3.0 license.
Copyright 2020, the authors. Published by the Royal Society of Chemistry. (f,g) Mechanics of cathode
particle/SE interfacial debonding, illustrating the idealized composite-electrode microstructure and
the dependence of critical particle-volume contraction for debonding on interfacial fracture energy
and SE stiffness. (f,g) Reproduced with permission from Ref. [128]. Copyright 2018 American Physical
Society. (h,i) Influence of mechanical constraint imposed by the SE on cathode-particle fracture,
showing the transition from predominantly radial opening-mode cracking under weak constraint to
mixed-mode fracture involving radial and circumferential cracking and grain-boundary shear under
solid-state confinement. (h) Reproduced with permission from Ref. [129]. Copyright 2021 Elsevier Ltd.
(i) Reproduced from Ref. [120] under the CC BY 4.0 license. Copyright 2024, the authors. (j–l) Coupled
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electrochemical–mechanical modeling of cathode particle/SE interfacial failure, illustrating the 3D
ASSLMB configuration, nonuniform interfacial debonding induced by cathode contraction during
delithiation, and the influence of SE mechanical properties on stress accumulation, crack initiation,
and interfacial separation. (j–l) Reproduced with permission from Ref. [130]. Copyright 2025
Elsevier B.V.

Shi et al. [118] systematically examined the relationship between electrochemical
performance loss and mechanical degradation in a composite cathode. The initial discharge
capacity was 129 mAh·g−1 and gradually decreased to 102 mAh·g−1 during the first
26 cycles. A rapid decline then occurred between cycles 30 and 40, and the final capacity
fell below 20 mAh·g−1. Cross-sectional SEM analysis before and after cycling, shown in
Figure 4e, revealed that the volume fraction of contact-loss regions around the cathode
particles increased from 2.87 to 10.4 vol%, demonstrating substantial interfacial debonding.
Notably, contact loss was concentrated mainly on one side of each particle. This asymmetric
debonding may occur because local separation on one side is sufficient to release part of
the strain generated by particle expansion and contraction. The nonuniform debonding
lengthened Li-ion transport pathways and gradually isolated parts of the cathode from
the electrochemical reaction. More importantly, after 50 cycles, reapplying a pressure of
300 MPa restored the capacity to approximately 80 mAh·g−1. This partial recovery directly
confirmed that mechanical degradation was a major cause of the observed capacity loss.

Based on these observations, Shi et al. proposed two possible mechanisms for electro-
chemo-mechanical failure. The first is synergistic chemical and mechanical degradation.
Continued interfacial side reactions, even in the presence of an Li–Zr-oxide (LZO) coating,
produce a reaction layer that weakens interfacial adhesion and facilitates crack propagation.
Residual stresses introduced by the reaction products are then superimposed on the stresses
generated by electrode volume changes. The second mechanism involves the progressive
accumulation of microcracks. Small cracks formed during early cycling may remain below
the detection limit of conventional characterization methods. As cycling continues, they
accumulate and coalesce into large-scale interfacial debonding, eventually causing severe
electrochemical degradation.

In addition to experimental studies, electro-chemo-mechanical models have been
developed to clarify failure in composite cathodes. Bucci et al. [128] used a one-dimensional
radially symmetric analytical model to investigate interfacial debonding between a cathode
particle and the surrounding SE and to evaluate its effect on cell performance. The idealized
electrode microstructure is shown in Figure 4f. The composite electrode was represented
as a periodic assembly of truncated octahedral unit cells, each containing one cathode
particle. Radial symmetry was then used to describe the mechanical coupling between
the particle and the surrounding electrolyte. On this basis, the authors established a
relationship between particle contraction and interfacial failure and calculated contour
maps of the relative particle-volume contraction under different combinations of material
properties, as shown in Figure 4g. For most combinations of interfacial fracture energy
and electrolyte stiffness, a radial strain of only approximately 2.5%, corresponding to a
volume change of about 7.5%, was sufficient to initiate interfacial debonding. A more
compliant SE could accommodate particle deformation and reduce stress accumulation,
allowing particle-volume changes of up to approximately 25% before debonding occurred.
The model also suggested that nanoscale cathode particles with radii of approximately
50–500 nm can stabilize crack growth and reduce the risk of abrupt interfacial separation
during cycling.

Rezaei et al. [129] developed a thermodynamically consistent framework to describe
intergranular fracture within cathode particles under electro-chemo-mechanical coupling.
As shown in Figure 4h, the study compared particle failure in the absence and presence
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of mechanical constraint from a SE. In a liquid-electrolyte environment, where external
mechanical constraint is weak, cracks primarily propagate radially from the particle inte-
rior toward the surface and are dominated by opening-mode fracture, or normal failure
(Mode I). Under SE constraint, however, the rigid surrounding phase restricts particle
deformation and substantially changes the crack pattern. In addition to radial cracks,
circumferential cracks parallel to the particle surface develop, together with shear sliding
along grain boundaries characteristic of shear failure (Mode II) fracture. The mechanical
constraint imposed by the SE therefore fundamentally alters the damage mode of cathode
particles. Whereas failure in liquid cells is dominated by opening cracks, a stiff SE promotes
mixed-mode fracture involving both normal separation and shear sliding. This change
directly affects particle integrity, interfacial contact, and capacity retention. Mechanical
compatibility between the cathode material and SE is therefore a key requirement for the
long-term stability of composite cathodes.

Yuan et al. [130] developed a fully coupled electrochemical–chemical–mechanical
model to study cracking of cathode particles and failure of the particle/SE interface in
ASSLMBs. The 3D model included a composite cathode, an LLZO SE, and a Li-metal anode,
as illustrated in Figure 4j. During delithiation, the cathode particles contracted, while
the stiff SE could not deform sufficiently to accommodate the shrinkage. The resulting
mechanical mismatch caused interfacial debonding. The maximum debonding gap Gd,
reached approximately 23.4 nm and was strongly nonuniform, leading to a rapid increase
in Rint, as shown in Figure 4k. The authors also examined the influence of the Young’s
modulus of the SE. A lower-modulus electrolyte, such as a sulfide, accommodated particle
contraction more effectively and reduced the associated mechanical stress, thereby delaying
interfacial separation and crack initiation, as shown in Figure 4l. Nevertheless, reducing
electrolyte stiffness only delayed failure and could not eliminate the interfacial degradation
and particle fracture caused by repeated volume changes.

Liu et al. [120] finally examined the role of grain-level chemo-mechanics in the degrada-
tion of composite cathodes. The coupled processes of electrochemical reaction, Li insertion,
structural evolution, and lattice-defect formation are summarized in Figure 4i. Because of
crystallographic anisotropy, SOC-dependent Li diffusion, and substantial lattice-parameter
changes, cycling generates nonuniform elastic strain within the grains and produces local
regions of high stress. These stress concentrations promote the formation of crystal defects
such as dislocations and stacking faults, which tend to accumulate preferentially near the
outer region of secondary particles [48]. Local lattice distortion around these defects alters
the oxygen coordination environment and lowers the formation energy of oxygen vacancies.
Such defect-associated strain fields may lower the energetic barrier for oxygen-vacancy for-
mation and facilitate TM migration, thereby providing a possible mechanistic link between
mechanical defect accumulation and irreversible surface or bulk reconstruction.

Contact loss at the cathode/SE interface was also shown to originate not only from
external operating conditions but from microscopic mismatch between anisotropic chemical
expansion of the cathode and mechanical constraint from the SE. Even under low-rate
cycling, the interface can remain under substantial tensile stress, leading to debonding
and loss of contact. Therefore, composite-cathode degradation is inherently a multiscale
process driven by grain-level electro-chemo-mechanical coupling. Cycling-induced crystal
defects serve as initiation sites for oxygen loss and structural reconstruction, which also
accelerate electrochemical degradation. At the same time, interfacial contact loss arises
from the mismatch between cathode volume change and electrolyte mechanical properties.
Conventional surface coatings or interfacial treatments alone are therefore unlikely to
fully prevent degradation. Effective mitigation will require coordinated control of crystal
structure, interface chemistry, and mechanical compatibility.
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4.2. Li-Dendrite Growth and SE Penetration

The preceding sections established the conditions that destabilize the Li/SE interface:
nonuniform plating and stripping generate localized stress, while the resulting stress and
contact heterogeneity further concentrate current and promote Li transport into defects.
Once this feedback exceeds the ability of Li to relax through creep or of the SE to resist
fracture, the interfacial instability develops into a distinct failure process involving Li-
filament growth, crack propagation, and eventual electrolyte penetration.

Accordingly, this section shifts the emphasis from the origin and electrochemical influ-
ence of stress to the physical progression of failure. Li penetration is treated as a multistage
electro-chemo-mechanical process comprising preferential nucleation at structurally or
electrochemically active sites, pressure buildup within Li-filled defects, crack opening and
extension, and the formation of a continuous electronically conductive pathway through
the SE. Particular attention is given to how the location and nature of defects determine the
initiation site, propagation geometry, and final short-circuit pathway.

4.2.1. Li-Dendrite Growth

Experimentally observed Li-penetration pathways can be classified according to their
initiation location and propagation microstructure. Three representative modes are con-
sidered here: filament growth initiated at interfacial defects, propagation through grain-
boundary or pore networks, and penetration initiated from defects within the bulk elec-
trolyte. Although these modes share the same underlying coupling among deposition,
pressure buildup, and fracture, they differ in their nucleation sites, spatial morphologies,
and dominant propagation pathways.

(1) Li-filament growth initiated at interfacial defects
In this mode, pre-existing surface cracks, pores, or processing defects act as the initial

sites for localized Li insertion. Continued filling pressurizes the defect and mechani-
cally opens the surrounding SE, converting an initially isolated flaw into a propagating
Li-filled crack.

Ning et al. [131] directly observed dendrite-induced crack initiation and propagation in
a sulfide ASSLMB using operando XCT, as shown in Figure 5a. Li deposition did not begin
directly at the electrolyte surface but first appeared within subsurface pores. As deposition
continued, Li filled defect regions through interconnected pores and surface microcracks.
As the viscoplastic flow of Li could not release the pressure rapidly enough, the pressure
inside the pores continued to increase and eventually fractured the SE. Dendrite initiation
was therefore governed by local microstructural factors, including grain-boundary fracture
strength, pore size, pore density, and local current density. Once a crack had formed, its
subsequent propagation was controlled by more macroscopic factors, such as electrolyte KIc,
filament length, current density, stack pressure, and cycling capacity. Importantly, Li did
not simply advance at the crack tip. It deposited within the crack and mechanically forced
the crack to open further. The resulting failure is therefore best described as a coupled
sequence of defect-assisted deposition, stress accumulation, and mechanical fracture.

Stack pressure also affected this process. Pressures of only a few megapascals had
little influence on the critical current for dendrite initiation, whereas pressures above
50 MPa could lower the critical initiation current. Reducing the stack pressure, however,
clearly slowed crack propagation. Mechanical boundary conditions therefore affect not
only dendrite initiation but also the rate of subsequent penetration.

(2) Li propagation through grain boundaries and pores
Grain-boundary- and pore-assisted Li propagation is particularly important in poly-

crystalline SEs. Grain boundaries generally contain more structural defects, may possess
lower mechanical strength, and often exhibit transport properties different from those
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of the grain interiors. These characteristics make them favorable pathways for localized
deposition and continuous Li penetration.

 
Figure 5. Li-dendrite growth and SE penetration mechanisms in ASSLMBs. (a–c) Representative
Li-filament nucleation and propagation pathways in SEs, including defect-assisted Li deposition and
crack initiation from subsurface pores or interfacial defects, preferential Li propagation along grain
boundaries and pore networks, and Li nucleation within the bulk electrolyte associated with local
electronic leakage and electrochemical heterogeneity. (a) Reproduced with permission from Ref. [131].
Copyright 2023, the authors, under exclusive licence to Springer Nature Limited. (b) Reproduced
with permission from Ref. [132]. Copyright 2017 Elsevier Ltd. (c) Reproduced with permission
from Ref. [111]. Copyright 2017 Wiley-VCH GmbH. (d–f) Atomic-scale mechanisms of mechanically
driven Li penetration through crystalline SEs, showing stress accumulation and crack propagation
ahead of Li-filled defects in single-crystalline LLZO, preferential filament deflection and propagation
along grain boundaries in polycrystalline LLZO, and Li-concentration-dependent fracture behavior
associated with local structural reconstruction and crack-tip toughening. (d–f) Reproduced from
Ref. [133] under the CC BY-NC-ND 4.0 license. Copyright 2025, the authors. (g) Progressive electro-
chemo-mechanical degradation of a Li/LAGP interface, illustrating the evolution from an initially
intact electrolyte to radial and circumferential crack networks during cycling and the associated
increase in interfacial resistance. (g) Reproduced with permission from Ref. [134]. Copyright 2019
American Chemical Society. (h–j) Operando visualization of Li penetration through ceramic SEs,
showing Li nucleation at surface defects, subsequent branched filament propagation through the
electrolyte, and eventual formation of a continuous penetration pathway leading to internal short
circuit. (h–j) Reproduced from Ref. [112] under the CC BY-NC-ND 4.0 license. Copyright 2020,
the authors. Published by Elsevier Inc. (k) Defect-mediated Li-penetration mechanism involving
dendrite-induced local stress, dislocation generation and accumulation near the filament tip, and
their potential role in facilitating subsequent crack propagation. (k) Reproduced from Ref. [135]
under the CC BY 4.0 license. Copyright 2024, the authors.
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Cheng et al. [132] observed a network-like Li structure propagating along the grain
boundaries of polycrystalline LLZO, as shown in Figure 5b. The hexagonal network visible
on the fracture surface had a characteristic size of 2.6 ± 0.7 µm, comparable to the LLZO
grain size, and followed the grain-boundary network. Auger electron spectroscopy revealed
a substantially stronger Li signal in this region than in the surrounding LLZO matrix,
directly confirming the presence of metallic Li along the grain boundaries. The authors
attributed preferential deposition to the high defect density, enhanced local ion transport,
and lower mechanical stability of the grain-boundary region. As Li filled the boundaries, it
generated local stress concentrations and promoted intergranular cracking. The opened
grain boundaries then provided continuous pathways for further Li penetration, eventually
connecting the two electrodes and causing a short circuit. This study demonstrates that
bulk mechanical properties, such as the average shear modulus, are insufficient to predict
dendrite resistance in polycrystalline electrolytes. Grain-boundary engineering and defect
control are equally important.

(3) Li penetration initiated within the electrolyte
In principle, SEs are expected to transport Li-ion while blocking electron transport,

so that lithium deposition is restricted to the Li|SE interface. However, if the electronic
conductivity of the SE is not sufficiently suppressed, electrons can infiltrate into the SE and
induce the reduction of Li-ion within the SE. Meanwhile, defects such as pores, microcracks,
and grain boundaries may serve as electron-trapping sites, leading to localized charge
accumulation and internal lithium nucleation. Porz et al. [111] employed transmitted-
light microscopy to visualize Li penetration in dense polycrystalline β-Li3PS4 under high
current density, as shown in Figure 5c. Their observations demonstrated that Li penetration
preferentially initiated from pre-existing defects, such as surface cracks, and propagated by
filling and widening these defects once the critical current density was exceeded.

Han et al. [136] subsequently used operando neutron depth profiling to track changes
in Li concentration and revealed a bulk-nucleation mechanism caused by electronic leakage.
In LiPON, the Li concentration remained nearly unchanged during deposition and no
obvious dendrite formation was detected. In LLZO and Li3PS4, however, the Li concen-
tration increased throughout the bulk electrolyte without a clear dependence on distance
from the electrode interface. This observation indicates that Li did not grow directionally
from the electrode into the electrolyte. Instead, metallic Li nucleated directly within the
bulk. When a SE has appreciable electronic conductivity, electrons can enter the electrolyte
and combine with mobile Li-ion in regions where the local electrochemical potential falls
below the Li-plating potential. Bulk Li formation therefore requires two conditions: mobile
electrons must be present within the electrolyte, and the local electrochemical potential
must be below the Li/Li-ion equilibrium potential.

Unlike interface-driven dendrite growth, electronically induced Li deposition pro-
duces distributed nucleation sites throughout the electrolyte, with little correlation between
Li distribution and distance from the interface. These observations demonstrate that
electronic leakage, defect-assisted lithium nucleation, and the associated electro-chemo-
mechanical coupling collectively govern dendrite formation in SEs.

4.2.2. Penetration of SEs

The ability of soft Li metal to penetrate mechanically strong ceramic electrolytes
has attracted extensive attention. Two main explanations have been proposed. The first
attributes penetration to the accumulation of local stress during Li growth. Once the stress
exceeds the fracture resistance of the electrolyte, cracks initiate and Li advances through the
newly formed pathways. The second proposes that electronic leakage at grain boundaries
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promotes local reduction of Li-ion, generating isolated Li nuclei that eventually connect
into a continuous metallic pathway.

Dehm’s group [137] combined cryogenic electron microscopy with mechanical mod-
eling to investigate the microscopic mechanism of Li penetration. The Li-dendrite tip
produced both transgranular and intergranular fracture and subsequently filled the re-
sulting nanoscale cracks. No isolated Li nuclei were observed ahead of the advancing
tip. This result supports a mechanically driven crack-propagation mechanism rather than
independent Li nucleation caused by electronic leakage. The stress state within the Li
filament was also found to be close to hydrostatic, indicating that pressure generated by
confined Li growth can provide the driving force for electrolyte fracture.

Using molecular dynamics simulations, Zhang et al. [133] examined the atomic-scale
evolution of Li penetration through single-crystalline LLZO. Snapshots at 0, 0.4, 0.9, and
1.2 ns are shown in Figure 5d. Li initially nucleated at a pre-existing defect. Continued
deposition then increased the stress within the Li filament until fracture was initiated
at its tip, allowing Li to advance further into the electrolyte. The simulations therefore
revealed a direct relationship among pre-existing defects, local stress concentration, and
crack propagation. They further showed that the local Li-ion concentration could alter the
fracture response of LLZO. As illustrated in Figure 5f, a reduction in Li-ion concentration
near the crack tip promoted the formation of oxygen bridges behind the advancing crack.
These bridges strengthened local atomic bonding, increased KIc, and slowed further crack
growth. Li-ion therefore influence not only the electrochemical deposition process but also
the mechanical response of the SE by modifying its local atomic structure.

Zhang et al. also investigated Li penetration in polycrystalline LLZO containing a
Σ5(310) grain boundary. As shown in Figure 5e, even when a filament initially nucleated
inside a grain, it deflected upon approaching the grain boundary and then propagated
preferentially along it. Atomic-scale analysis showed that the grain boundary reduced
Li-ion diffusivity and produced a step-like concentration distribution, with a Li-rich region
on one side and a Li-poor region on the other. This resembled a local space-charge layer.
The local electrostatic potential was also lower at the grain boundary, favoring reduction
and deposition of Li. Grain boundaries therefore promote Li penetration in two ways:
mechanically, by acting as weak fracture paths, and electrochemically, by altering local ion
transport and potential distribution.

Tippens et al. [134] used operando XCT to investigate electro-chemo-mechanical degrada-
tion in Li/LAGP/Li cells and directly observed the formation and growth of a crack network.
As shown in Figure 5g, the pristine LAGP electrolyte contained no obvious defects. After
24 h of cycling, radial cracks began to extend from the interior toward the edge. With further
cycling, these cracks developed into a 3D network composed of radial and circumferential
fractures. The cracks were concentrated mainly in the region in contact with Li metal, which
covered approximately 75% of the LAGP surface, whereas the uncovered edge region showed
much less damage. This spatial correlation indicates a close relationship between interfacial
reaction and mechanical failure. EIS showed that the Rint increased from approximately 2.81
to 256 kΩ·cm−2, representing an increase by roughly 175 times. The resistance remained
relatively stable before crack initiation but increased rapidly once cracking began and reached
its maximum when the damaged area reached 72.4%.

The authors attributed fracture to tensile stress generated by the volume expansion of
interfacial reaction products. The rapid increase in resistance was caused mainly by inter-
ruption of Li-ion transport pathways by the cracks rather than by the intrinsic resistance of
the interphase itself.

Kazyak et al. [112] developed an operando transmission Li/LLZO/Li cell that enabled
direct observation of Li deposition, dendrite propagation, and final short circuiting. As
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shown in Figure 5h–j, under galvanostatic plating at 0.5 mA·cm−2, Li first nucleated at
a surface defect and subsequently propagated through LLZO in a branched morphology
until the electrolyte was fully penetrated. The operando platform allowed Li penetra-
tion to be monitored under conditions approaching practical cell operation, including
current densities above 1 mA·cm−2 and Rint below 5 Ω·cm−2. Such direct visualization
provides a basis for developing early-warning indicators of failure and for optimizing
Li/SE interface design.

In addition to crack propagation, dislocations have recently been proposed as possible
contributors to penetration failure in ceramic electrolytes. Unlike metals, dislocation motion
in ceramics is extremely slow at RT, typically ranging from nanometers to micrometers
per second [138,139]. Increasing the applied stress is also more likely to trigger brittle
fracture than sustained dislocation motion. Dislocations are therefore unlikely to move fast
enough to remain ahead of a rapidly growing Li filament. Instead, they may form as local
structural defects in response to dendrite-induced stress. Yildirim et al. [135] proposed the
mechanism illustrated in Figure 5k, in which high local stresses generated by Li growth
nucleate dislocations in the ceramic electrolyte. The residual dislocation structures may
then provide preferred paths for subsequent crack propagation. Dislocation nucleation in
ceramics generally requires stresses on the order of gigapascals, but such stress levels may
be reached locally near an advancing Li filament. Although operando diffraction detected
residual stresses of only several tens of megapascals after dendrite formation, indicating
substantial stress relaxation, the remaining dislocations may still lower the energy barrier
for fracture and promote Li penetration along selected pathways.

Collectively, these observations show that Li-dendrite penetration is not a single-step
deposition event but a progressive failure sequence controlled by defect activation, Li
filling, pressure accumulation, and fracture. The relative importance of these stages de-
pends strongly on electrolyte microstructure, grain-boundary properties, defect population,
current density, and mechanical boundary conditions. Directly resolving such transient and
buried processes requires advanced operando characterization, as discussed in Section 5.2.

4.3. Interfacial Degradation Under Electro-Chemo-Mechanical Coupling

A typical ASSLMB contains a metal anode, a SE, and a composite cathode, together
with several potentially vulnerable interfaces. These include the anode/SE interface,
the cathode/SE interface, and interfaces associated with the CCs. Because electrode/SE
interfaces directly participate in Li-ion transfer and electrochemical reactions, they are
particularly important to cell performance and cycling stability.

The degradation mechanisms of the anode and cathode interfaces are nevertheless dif-
ferent. A metal-anode/SE interface is usually a relatively planar 2D contact. Its stability is
governed mainly by volume changes during Li plating and stripping, local stress evolution,
and the dynamic redistribution of contact. By contrast, the composite-cathode/SE interface
is a complex 3D multiphase network. Its stability depends not only on electrode microstruc-
ture but also on the spatial continuity of contact among cathode particles, SE particles, and
the electronic-conduction network. Understanding the electro-chemo-mechanical behavior
of these different interfaces is therefore essential for clarifying failure in ASSLMBs.

4.3.1. Evolution of Interfacial Contact in Composite Electrodes

Interfacial contact stability is a major determinant of long-term cycling performance.
Huo et al. [140] compared the interfacial evolution of a composite Si/LPSC anode with that
of a Si anode lacking a continuous SE network. Cross-sectional SEM images before and
after cycling, shown in Figure 6a, indicated that the composite Si/LPSC electrode retained
a relatively stable internal structure during prolonged cycling. By contrast, the Si electrode
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without an electrolyte network developed progressive debonding, void formation, and
ion-transport failure because of the large volume changes associated with lithiation and
delithiation. The difference arose because LPSC formed a continuous 3D Li-ion transport
network within the composite electrode and mechanically constrained the Si particles. This
network accommodated part of the local strain generated by repeated particle expansion
and contraction, reduced interfacial stress concentration, and preserved electrochemical
contact. A simple 2D Si/LPSC interface, in contrast, could not adapt sufficiently to the
large deformation of Si and therefore degraded continuously.

 
Figure 6. Electro-chemo-mechanical interfacial degradation in ASSLMBs. (a) Evolution of interfacial
contact in Si-based composite electrodes, illustrating the role of a continuous 3D SE network in
accommodating cycling-induced volume changes, suppressing debonding and void formation,
and preserving ionic transport pathways. (a) Reproduced from Ref. [140] under the CC BY 4.0
license. Copyright 2024, the authors. (b–d) Contact-loss-induced degradation at the Li/SE interface,
showing the evolution of microscopic contact regions and current constriction during Li stripping, the
characteristic impedance response associated with decreasing real contact area, and the asymmetric
contact evolution between Li plating and stripping under different current densities and stack
pressures. (b) Reproduced from Ref. [55]. under the CC BY-NC 4.0 license. Copyright 2025 ASME.
(c) Reproduced from Ref. [141] under the CC BY-NC-ND 4.0 license. Copyright 2022, the authors.
Published by the American Chemical Society. (d) Reproduced from Ref. [142] under the terms of
the CC BY 4.0 license. Copyright 2022, the authors. Published by Wiley-VCH GmbH. (e) Coupled
morphological and mechanical evolution of the SEI during Li deposition, illustrating how nonuniform
Li-ion flux induces localized Li growth and heterogeneous stress, ultimately leading to mechanical
failure of the interfacial layer. (e) Reproduced with permission from Ref. [143]. Copyright 2020
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The mechanical response of a full solid-state cell is not determined solely by the
volume change of one electrode. It also depends on strain matching between the cathode
and anode and on the overall mechanical boundary conditions. For example, half cells
using In/InLi anodes showed a negative pressure change during cycling, whereas full cells
containing Li2B4O7 (LBO)-coated NCM cathodes showed a positive pressure change. This
difference indicates that strain coupling between the two electrodes can alter the internal
mechanical state of the cell and may help maintain contact through sustained compressive
stress. Interfacial-stability assessments based only on half-cell configurations may therefore
not fully represent the mechanical environment of a practical ASSLMB. Longer cycle life
will require low-strain or near-zero-strain electrode materials, or deliberate matching of
cathode and anode volume changes, so that the deformation of the two electrodes can be
coordinated and electro-chemo-mechanical interfacial degradation minimized.

4.3.2. Contact Loss and Impedance Evolution at the Li/SE Interface

Ahmad et al. [55] analyzed interfacial degradation in ASSLMBs from the perspective
of solid–solid contact mechanics. As illustrated in Figure 6b, the work described the
evolution of real contact area during Li stripping and the resulting current-constriction
effect. The interfacial contact state was jointly controlled by current density and external
stack pressure. Higher pressure promoted creep deformation at the interface, increased the
real contact area, and helped compensate for voids formed during Li stripping, thereby
delaying contact failure. As contact area continued to decrease, however, current was
forced through a limited number of conductive regions. The resulting convergence of
current lines increased the local current density and aggravated interfacial polarization.

Eckhardt et al. [141] identified the impedance signature of contact loss at a metal/SE
interface, as shown in Figure 6c. As the contact area decreased, an additional semicircle
appeared in the low-frequency region of the EIS, while the high-frequency bulk resistance
remained essentially unchanged.

The additional low-frequency response originated from the increase in constriction
resistance caused by interfacial voids and the resulting reduction in effective contact area.
It can therefore be used as an electrochemical indicator of mechanical degradation at
solid–solid interfaces. Lu et al. [144] further investigated void formation and impedance
evolution at the Li/SE interface during stripping. They constructed a map of interfacial
contact loss as a function of areal capacity and current density. Severe contact loss occurred
under conditions of both high areal capacity and high current density. This macroscopic
degradation was traced to the accumulation of microscopic voids and the progressive
reduction in real contact area.

Vishnugopi et al. [142] further demonstrated that the interfacial response is strongly
asymmetric between Li plating and stripping, as shown in Figure 6d. For the same trans-
ferred capacity, stripping caused substantially greater contact loss than plating. External
pressure was required during both processes to preserve a high contact-area fraction, but
stripping required a larger pressure. For example, Li plating at 10 mA·cm−2 required
approximately 10 MPa, whereas stripping at only 5 mA·cm−2 required approximately
12 MPa. This asymmetry confirms that stripping-induced void formation is one of the main
factors limiting the cycling stability of ASSLMBs.

4.3.3. Interfacial Reaction Layers and Artificial SEI Design

Unlike in liquid lithium batteries, where the SEI formed by electrolyte decomposition
has long been a central research topic, interfacial studies in ASSLMBs have traditionally
focused on solid–solid contact, space-charge layers, and electro-chemo-mechanical behav-
ior. Increasing evidence nevertheless shows that chemical reactions also occur between
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SEs and electrodes, producing interfacial layers that may either protect or degrade the
interface. Future interface design for ASSLMBs may therefore need to combine mechanical
optimization with strategies adapted from liquid-electrolyte systems. Stable artificial inter-
phases or intermediate layers may improve Li-ion transport, suppress side reactions, and
accommodate interfacial deformation.

Shen et al. [143] showed that the uniformity of an SEI strongly affects Li-deposition
morphology. As illustrated in Figure 6e, a nonuniform SEI produces a locally enhanced
Li-ion flux, leading to the formation of Li protrusions. These protrusions generate vertical
compressive stresses together with in-plane tensile and shear stresses. When the local
von Mises stress exceeds the yield strength of the SEI, the layer fractures and loses its
protective function.

The key requirement for SEI design is not simply the highest possible mechanical
strength. Instead, the layer must combine structural uniformity with suitable mechani-
cal properties. A low-modulus SEI may be unable to restrain morphological instability,
whereas an excessively stiff SEI may undergo brittle fracture because it cannot accommo-
date local deformation. Artificial interphases for ASSLMBs should therefore be designed
to balance structural uniformity, Li-ion conductivity, chemical stability, and mechanical
compliance. Coordinated optimization of these properties is required to suppress interfacial
side reactions while avoiding mechanically induced failure.

5. Characterization Techniques for Electro-Chemo-Mechanical Coupling
Recent advances in in situ, quasi-operando, and operando characterization techniques,

together with the rapid development of 3D imaging methods, have enabled real-time
visualization and quantitative analysis of structural evolution, interfacial dynamics, and
mechanical responses in ASSLMBs. However, the electro-chemo-mechanical processes
occurring within ASSLMBs involve coupled Li-ion transport, phase transitions, stress evo-
lution, interfacial contact, and structural degradation across multiple length and time scales.
Consequently, no single characterization technique can comprehensively capture these
complex phenomena. Instead, different techniques provide complementary information,
each offering distinct capabilities in terms of spatial resolution, operando compatibility, Li
sensitivity, stress sensitivity, etc.

Figure 7 schematically summarizes the complementary roles of advanced character-
ization techniques in resolving electro-chemo-mechanical evolution in ASSLMBs. These
methods probe three major aspects: structural and interfacial evolution in composite
cathodes, dynamic Li plating and stripping at the anode/SE interface, and stress and
mechanical responses across the cell. By combining imaging, spectroscopy, and mechan-
ical sensing across multiple length scales, they enable the evolution of microstructure,
interfacial contact, Li morphology, fracture, and stress distribution to be correlated with
electrochemical cycling. Table 4 summarizes the characteristics of the most widely used
characterization techniques for ASSLMBs, including their measured quantities, spatial
resolutions, operando capability, Li sensitivity, stress sensitivity, major advantages and
limitations. This comparison provides practical guidance for selecting appropriate char-
acterization methods and highlights the complementary roles of different techniques in
elucidating electro-chemo-mechanical coupling mechanisms in ASSLMBs.
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Table 4. Comparison of representative characterization techniques for electro-chemo-mechanical behaviors in ASSLMBs.

Technique Primary Information Spatial Resolution Operando
Capability Li Sensitivity Stress Sensitivity Major Advantages Major Limitations Ref.

Optical microscopy
(OM)

Surface morphology, crack
initiation, dendrite growth ~1–5 µm ✔ ✗ △ Simple, low cost, large field of

view
Limited to surface observations;

no subsurface information [145–147]

Scanning electron
microscopy (SEM)/In

situ SEM

Particle cracking, interface
evolution, Li deposition 5–20 nm ✔ * ✗ △ High spatial resolution; direct

visualization

Vacuum environment; beam
damage; limited buried

interface observation
[148–150]

Focused ion beam
(FIB)–SEM tomography

3D microstructure, porosity,
interfacial contact 10–50 nm ✗ ✗ △ High-resolution 3D

reconstruction
Destructive; time-consuming;

limited volume [118,151]

Synchrotron X-ray
tomography (XCT)

3D crack propagation, pore
evolution 1–5 µm ✔ ✗ △ Non-destructive 3D imaging Weak contrast for Li;

synchrotron required [152,153]

Transmission X-ray
microscopy (TXM)

Morphology, phase
evolution 20–50 nm ✔ △ △ High-resolution operando

imaging
Limited sample size;

synchrotron dependence [154,155]

X-ray absorption
near-edge structure
(XANES) imaging

Local oxidation state,
reaction heterogeneity 30–100 nm ✔ ✗ ✗ Chemical reaction distribution Chemical information only;

indirect mechanical insight [156]

Neutron
imaging/tomography

Li distribution, transport
pathways 10–100 µm ✔ ✔ ✗

Excellent Li sensitivity;
non-destructive 3D imaging

Low spatial resolution; limited
facility access [157,158]

Neutron diffraction Lattice strain, phase
transition Bulk ✔ ✔ ✔

Direct lattice strain
measurement

Poor spatial resolution; large
sample required [159,160]

Synchrotron X-ray
diffraction (XRD)

Lattice strain, phase
transition 10–100 µm beam ✔ △ ✔

High strain sensitivity;
quantitative

Spatially averaged information;
synchrotron required [161]

Raman spectroscopy Stress-induced peak shift
and chemical bonds change ~0.5–1 µm ✔ △ ✔

Sensitive to stress and
chemistry

Fluorescence; limited
penetration depth [162,163]

Digital image
correlation (DIC) Surface strain field ~1–10 µm ✔ ✗ ✔ Full-field strain mapping Surface only; requires optical

access [164,165]

Fiber bragg grating
(FBG) Local stress evolution Local (sensor position) ✔ ✗ ✔

Highly sensitive operando local
stress monitoring

Local measurement only;
sensor integration required [166]

Pressure sensor Overall stack pressure Cell scale ✔ ✗ ✔ Simple implementation Cannot resolve local stress
heterogeneity [167]

Atomic force
microscopy (AFM) Surface modulus, adhesion 10–50 nm △ ✗ ✔

Nanoscale mechanical
mapping Small scan area; slow imaging [168]

Nanoindentation Elastic modulus, hardness ~100 nm ✗ ✗ ✔
Quantitative mechanical

properties
Local and destructive; no

operando capability [169]

Cryo-transmission
electron microscopy

(Cryo-TEM)

Atomic structure,
SEI/interface <1 nm ✗ ✔ △ Atomic-scale interface

characterization
Complex sample preparation;

beam sensitivity [170,171]

Note: ✓, applicable; ✗, not applicable; △, indirect sensitivity, where stress-related information is inferred from morphological or structural changes rather than
directly measured; *, specially designed or modified electrochemical cells are required for operando measurements.
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Figure 7. Schematic overview of advanced characterization techniques for probing composite-cathode
evolution, Li plating/stripping dynamics, and stress and mechanical behavior in ASSLMBs.

5.1. Characterization of Composite-Cathode Structure and Interfacial Evolution

The composite cathode is a multiphase region in which ion transport, electronic con-
duction, and electrochemical reactions occur simultaneously. Its microstructural evolution
therefore directly determines reaction uniformity and interfacial stability. A composite
cathode contains several phases, including the cathode material, inorganic SE, electronically
conductive additive, binder, and pores. Conventional 2D characterization is often unable
to accurately resolve their 3D distributions, interfacial contact, and structural degradation
during cycling. A range of advanced 3D imaging and operando or quasi-in situ techniques
have therefore been developed, including FIB-SEM, synchrotron XCT, X-ray absorption
near-edge structure (XANES) imaging, and transmission X-ray microscopy (TXM). These
methods allow structural evolution and electro-chemo-mechanical failure in composite
cathodes to be examined from the microscale down to the nanoscale.

Minnmann et al. [172] used plasma FIB-SEM tomography to investigate how the
particle size of a sulfide SE affects composite-cathode microstructure and electrochemical
performance, as shown in Figure 8a. Serial sectioning combined with high-resolution
imaging enabled 3D visualization and quantitative analysis of the cathode material, SE,
and pore network. Reducing the particle size of the inorganic SE substantially lowered the
porosity of the composite cathode and allowed the electrolyte particles to fill the spaces be-
tween cathode particles more uniformly, thereby reducing cathode-particle agglomeration.
3D analysis further showed that smaller electrolyte particles decreased ionic tortuosity,
shortened Li-ion transport pathways, and increased the effective ionic conductivity. This
work demonstrates that 3D microstructural reconstruction can directly relate pore dis-
tribution and interfacial contact to electrochemical performance. It therefore provides
an effective means of investigating porosity-driven chemo-mechanical degradation in
composite cathodes.
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Figure 8. Advanced 3D characterization of structural and interfacial evolution in composite cathodes.
(a,b) 3D reconstruction and quantitative microstructural analysis of composite cathodes with different
SE particle sizes using plasma FIB–SEM tomography and synchrotron XCT, respectively, revealing
the spatial distributions of cathode materials, SEs, and pores and the effects of SE particle size on
porosity, interfacial contact, ionic-transport pathways, and electrode densification. (a) Reproduced
from Ref. [172] under the CC BY 4.0 license. Copyright 2024, the authors. Published by IOP Publishing
on behalf of The Electrochemical Society. (b) Reproduced from Ref. [173] under the CC BY-NC-ND
4.0 license. Copyright 2024, the authors. Published by Wiley-VCH GmbH. (c) Spatially resolved 3D
XANES imaging of NCM/LPSC composite cathodes with different cathode loadings, correlating local
Ni oxidation-state distributions with lithiation heterogeneity and revealing the relationship among
cathode loading, microstructural degradation, local reaction nonuniformity, and electrochemical
performance. (c) Reproduced with permission from Ref. [51]. Copyright 2025 American Chemical
Society. (d) Full-field TXM reconstruction of cycled NCM811 particles, visualizing 3D internal
cracking and particle fragmentation and quantifying crack-induced disruption of particle integrity
and Li-ion transport pathways. (d) Reproduced from Ref. [109] under the CC BY-NC 4.0 license.
Copyright 2025, the authors. Published by the American Association for the Advancement of Science.

Recent developments have extended FIB-SEM from post-mortem 3D reconstruction to-
ward operando chemical imaging. Sharma et al. [174] integrated a dual-beam FIB-SEM with
secondary ion mass spectrometry (SIMS) and a dedicated electrochemical holder, enabling
simultaneous cell operation and spatially resolved Li imaging in a solid-state half-cell. By
employing a 6Li-enriched electrode as an isotopic tracer, changes in 6Li concentration within
the SE were visualized during current flow, directly revealing transient Li-ion migration
across the electrode/electrolyte region. This operando FIB-SEM-SIMS approach therefore
complements conventional FIB-SEM tomography by providing not only structural infor-
mation but also time-resolved chemical information on Li transport pathways. However,
since ion/electron-beam irradiation may perturb the specimen, beam-induced artifacts and
chemical cross-talk must be carefully evaluated in operando FIB-based measurements.
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Jeong et al. [173] similarly used synchrotron XCT to reconstruct composite cathodes
containing SE particles of different sizes. Image segmentation was used to distinguish
the cathode material, SE, and pores, as shown in Figure 8b. Smaller SE particles pro-
duced a denser and more uniform composite structure. The porosity of the small LPSC
particles (LPSC-S) cathode was approximately 11 vol%, substantially lower than the 16
vol% measured for the large LPSC particles (LPSC-L) cathode. Mechanical testing further
showed that, below a critical pressure of approximately 400 MPa, the more porous LPSC-L
cathode underwent greater deformation and was therefore more mechanically compliant.
Above this pressure, the responses of the two electrodes became similar, indicating that
the pore structures had largely collapsed and become densified. The LPSC-S cathode
also delivered a higher capacity and better cycling stability at different rates. At 0.1C, its
capacity retention reached 94.26%, compared with only 47.33% for the LPSC-L cathode.
This study shows that 3D imaging can reveal not only how porosity and contact influence
ion transport, but also how microstructural evolution is related to macroscopic mechanical
and electrochemical performance.

More recently, operando XCT has been applied directly to zero-excess ASSLMBs to
assess how interfacial nucleation layers modify Li deposition and mechanical stability.
Xu et al. [175] showed that bare Cu favored edge-localized, heterogeneous Li deposition,
whereas an Ag-coated Cu interface promoted more spatially distributed Li growth, demon-
strating how operando tomography can directly correlate interfacial design with deposition
morphology and mechanical failure.

Spatially resolved chemical imaging has also been used to examine reaction hetero-
geneity within composite cathodes. Park et al. [51] applied 3D XANES to composite
cathodes with different NCM/LPSC ratios, as shown in Figure 8c. This technique provides
both the 3D distribution of cathode particles and spatially resolved information on local
elemental oxidation states, allowing variations in lithiation state to be mapped directly.
After full discharge, cathodes with a high NCM fraction showed a higher average Ni
white-line energy, indicating a lower degree of lithiation. Their oxidation-state distribu-
tions were also more heterogeneous. This reaction heterogeneity was attributed mainly to
local Li-ion transport limitations caused by crack formation and loss of interfacial contact
during cycling. 3D chemical imaging can therefore reveal local reaction nonuniformity that
cannot be detected by conventional bulk electrochemical measurements. It also provides
direct evidence linking cathode loading, stress accumulation, reaction heterogeneity, and
capacity fading.

Beyond X-ray-based chemical imaging, vibrational spectroscopy provides comple-
mentary information on local bonding environments and lattice evolution in composite
cathodes. Raman spectroscopy provides a sensitive probe of local bonding environments
and structural evolution in composite cathodes through changes in characteristic vibra-
tional modes, while operando measurements further enable these changes to be correlated
directly with electrochemical states during cycling. For example, Cao et al. [162] employed
operando Raman spectroscopy to track the reaction chemistry of a sulfur cathode in an
all-solid-state Li–S battery. The characteristic Raman bands of S8 at 158, 220, and 473 cm−1

gradually weakened during discharge but remained detectable even at the fully dis-
charged state, revealing incomplete sulfur conversion. Meanwhile, the C–S-related bands at
176 and 310 cm−1, assigned to stretching and in-plane bending vibrations, respectively,
also decreased slightly. During charging, the S8 bands recovered and a transient band at
approximately 438 cm−1 emerged at an intermediate state of charge, which was assigned to
Li2S2, thereby providing direct spectroscopic evidence for the evolution of chemical species
during the solid–solid conversion reaction.
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Raman peak shifts can additionally serve as local fingerprints of lattice and bonding
changes in oxide cathodes. Otoyama et al. [163] demonstrated this capability in LCO–
SE composite cathodes: the pristine LCO exhibited Raman-active Eg and A1g modes at
approximately 486 and 596 cm−1, corresponding to O–Co–O bending and Co–O stretch-
ing, respectively. Upon delithiation, both modes shifted toward lower wavenumbers
and decreased in intensity, reaching approximately 470 and 582 cm−1 after charging to
4.2 V; these changes were attributed primarily to c-axis lattice expansion accompanying
Li extraction. Spatial Raman mapping further distinguished low- and high-SOC LCO
particles and revealed substantial reaction heterogeneity within the composite cathode,
including residual low-SOC particles associated with insufficient contact with the SE. Thus,
Raman spectroscopy can bridge molecular-scale bonding and lattice changes with spatially
heterogeneous electrochemical reactions in composite cathodes.

To examine cycling-induced mechanical damage at the particle scale, Zheng et al. [109]
used full-field TXM to reconstruct the internal structure of cycled NCM811 particles in
three dimensions. This technique enables cracks and internal fracture structures to be
imaged directly at nanoscale resolution, as shown in Figure 8d. After cycling, the NCM811
particles showed pronounced fragmentation and internal cracking, with cracks accounting
for approximately 5.36% of the particle volume. The 3D reconstructions showed that these
cracks not only disrupted particle integrity but also obstructed Li-ion diffusion pathways
and isolated parts of the cathode from electrochemical reaction.

This work illustrates the value of advanced 3D microscopy for resolving complex
failure processes in ASSLMBs and provides direct experimental evidence for understanding
mechanical degradation in cathode particles.

5.2. Dynamic Characterization of Li Plating and Stripping

The failure mechanisms discussed in Section 4.2 develop at buried Li/SE interfaces
and evolve rapidly from localized deposition to crack-assisted penetration. Post-mortem
characterization can identify the final morphology of Li filaments and fractured electrolytes,
but it cannot reliably determine where Li first nucleated, whether deposition preceded
cracking or followed an existing crack, or how stress and microstructural defects altered
the propagation pathway. Resolving these causal relationships requires operando or time-
resolved characterization capable of tracking Li redistribution, interfacial contact, crack
evolution, and local deformation during electrochemical cycling.

Recent advances in in situ SEM, operando optical microscopy (OM), in situ trans-
mission electron microscopy (TEM), 3D focal-variation microscopy, X-ray imaging, and
dark-field X-ray microscopy (DFXM) have enabled different stages of Li plating and strip-
ping to be visualized across complementary length and time scales. Rather than repeating
the mechanisms of dendrite formation, this section focuses on the information provided by
these techniques, including nucleation location, deposition morphology, crack-initiation
sequence, 3D penetration pathway, and the strain or defect fields surrounding Li filaments.

From a characterization perspective, Li-plating and stripping studies address four
principal questions: where Li nucleates, how the Li morphology evolves, whether Li
deposition causes or follows fracture, and how the resulting penetration pathway develops
in three dimensions. Optical and electron microscopies provide high-temporal-resolution
visualization of interfacial morphology, whereas X-ray-based techniques enable buried and
3D structures to be examined. Diffraction-based imaging further resolves lattice orientation,
strain, and defect evolution around Li-filled cracks. These complementary capabilities are
summarized below through representative operando and in situ studies.

Duan et al. [176] used in situ SEM to directly observe crack initiation and propagation
induced by Li deposition in a Li|LPSC|Li symmetric cell, as shown in Figure 9a. The
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operando imaging method captured changes in the surface morphology of the SE and
revealed the dynamic relationship among Li deposition, crack evolution, and final short
circuiting. During plating, a crack network first developed within the SE. Li then progres-
sively filled the cracks and increased the local electronic and ionic conductivity, turning
the damaged regions into rapid pathways for further Li growth. The cell consequently
failed within a short period. These observations show that dendrite-induced failure is
not governed solely by the morphology of deposited Li. It is also controlled by interfacial
contact, local current distribution, and mechanical stress. In situ SEM provided direct
evidence for a positive feedback process involving contact loss, current focusing, stress
accumulation, and crack propagation.

 
Figure 9. Multiscale in situ and operando characterization of Li plating and penetration in ASSLMBs.
(a) In situ SEM observation of Li-deposition-induced crack initiation and propagation in a Li/LPSC/Li
cell, revealing the progressive development of a crack network, subsequent Li filling of the cracks,
and the coupled evolution toward electrolyte penetration and short circuit. (a) Reproduced with
permission from Ref. [176]. Copyright 2023 Elsevier Ltd.; and reproduced from Ref. [112] under the
CC BY-NC-ND 4.0 license. Copyright 2020, the authors. Published by Elsevier Inc. (b1–b4) Direct
visualization of Li penetration across complementary length scales: (b1,b2) operando OM combined
with cross-sectional FIB–SEM analysis of an in-plane Li/LLZO configuration, resolving branched
Li propagation and crack-assisted penetration through the ceramic electrolyte; and (b3,b4) cross-
sectional in situ TEM of a Li/LLZO/CC nanobattery, revealing mechanically confined Li accumulation,
interfacial stress buildup, Li eruption, and associated crack formation in LLZO. (b1,b2) Reproduced
from Ref. [112] under the CC BY-NC-ND 4.0 license. Copyright 2020, the authors. Published by
Elsevier Inc. (b3,b4) Reproduced from Ref. [177] under the CC BY 4.0 license. Copyright 2022, the
authors. (c) Operando 3D focal-variation microscopy of an anode-free Cu/LLZO/Li cell, correlating
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Li nucleation and blister formation at the CC interface with simultaneously measured electrochemical
responses and interfacial deformation. (c) Reproduced with permission from Ref. [178]. Copyright
2022 Elsevier Inc. (d) Correlative operando OM and DFXM of Li penetration in single-crystalline
LLZTO, mapping lattice misorientation, local strain, and dislocation accumulation around the Li-
dendrite tip and revealing the coupling among Li deposition, stress evolution, crystal-defect for-
mation, and fracture. (d) Reproduced from Ref. [135] under the CC BY 4.0 license. Copyright 2024,
the authors.

To overcome the difficulty of observing Li dendrites growing through the thickness
of a conventional solid-state cell, Kazyak et al. [112] designed an in-plane configuration
in which two Li electrodes were deposited on the same surface of an LLZO ceramic
plate. This geometry forced Li to propagate laterally along the electrolyte surface, as
shown in Figure 9(b1,b2). Operando OM, combined with subsequent FIB-SEM cross-
sectional analysis, enabled both real-time observation and 3D structural characterization
of Li penetration. The authors first confirmed that the in-plane configuration showed
cross-sectional evolution similar to that of conventional through-thickness LLZO cells,
demonstrating that the platform could reproduce the essential features of practical Li
penetration. Li propagated mainly in a branched morphology, particularly at high current
density. Cross-sectional FIB-SEM analysis showed that this propagation occurred primarily
through mechanically driven cracking. Li entered pre-existing or newly formed cracks,
generated local stress at the crack tip, and promoted further crack growth and Li filling.
The combination of operando optical imaging and 3D cross-sectional analysis therefore
provides a multiscale method for resolving the propagation of Li through ceramic SEs.

At smaller length scales, nanobattery platforms combined with in situ TEM provide di-
rect access to Li deposition at buried interfaces. Gao et al. [177] constructed a Li|LLZO|CC
nanobattery and used cross-sectional in situ TEM to directly visualize Li-deposition kinetics
and the resulting mechanical failure at the Li/SE interface, as shown in Figure 9(b3,b4).
The mechanical boundary conditions were varied by changing the CC, including a thick
Cu probe, a thin W probe, and a carbon nanotube. This enabled the effects of constraint
and deposition rate on interfacial evolution to be systematically examined. Under strong
mechanical confinement and rapid deposition, Li accumulated quickly within the restricted
space and generated a sharp increase in interfacial stress, eventually producing a “Li erup-
tion.” At the same time, vertical cracks formed in LLZO. Li subsequently filled these cracks
and drove them into the subsurface region. Coupled electro-chemo-mechanical simulations
suggested that the hydrostatic pressure within the confined Li during eruption could reach
the gigapascal range and, in some cases, approach 10 GPa. Such pressures are sufficient
to exceed the theoretical strength of LLZO and induce cleavage even in crystals without
obvious pre-existing defects. This study demonstrates that in situ TEM can directly resolve
nanoscale stress concentration and crack propagation at buried interfaces, providing critical
evidence for understanding mechanical failure of SEs.

Operando X-ray microscopy (XRM) is particularly advantageous for visualizing buried
morphological evolution without disassembling the cell. Using synchrotron XCT, re-
searchers have tracked the 3D evolution of Li metal during plating and stripping in real
time [179]. The reconstructed volumes revealed pronounced current-density-dependent
changes in Li morphology and connectivity, including the development of rapidly growing
fractal Li structures associated with electrochemical instability and eventual cell failure.
Such measurements demonstrate that operando XRM can resolve not only the final location
of deposited Li but also the temporal evolution of its nucleation, growth, connectivity, and
loss of reversibility.
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To eliminate the influence of the initial morphology of a Li-metal anode, Kazyak et al. [178]
constructed an anode-free Cu|LLZO|Li cell and combined controlled stack pressure with
3D focal-variation microscopy. This approach enabled operando 3D observation of surface
morphology at the CC during Li deposition, as shown in Figure 9c. The method simultaneously
recorded electrochemical signals, including voltage and impedance, and correlated them with
changes in deposition morphology. During the initial stage, Li nucleated preferentially at
local surface defects. As the deposited capacity increased, Li volume expansion deformed the
interface and produced observable Li blisters. Changes in the voltage response corresponded
directly to the mechanical evolution of the interface, indicating that abnormal voltage features
may serve as indicators of interfacial failure in ASSLMBs. This work highlights the value of
operando 3D topographic imaging for revealing the coupling between Li deposition and stress
evolution in anode-free solid-state cells.

Understanding the role of crystal defects during Li penetration requires information
on internal strain and dislocation structures within the electrolyte. Yildirim et al. [135]
combined operando OM with DFXM to examine dislocation behavior near a Li-dendrite tip
in single-crystalline LLZTO, as shown in Figure 9d. DFXM can resolve crystal orientation,
local strain, and defect distributions across nanometer-to-micrometer length scales. 3D
strain imaging around the dendrite revealed clear lattice misorientation, highly strained
regions, and dislocation accumulation near the dendrite tip. These observations show that
local stress generated by Li deposition can alter the defect structure of the SE and may
subsequently facilitate crack propagation and Li penetration. This work provided direct
structural evidence at the crystal-defect scale for a coupled sequence of Li deposition, stress
accumulation, dislocation formation, and fracture.

Overall, the development of in situ SEM, OM, TEM, 3D microscopy, and DFXM has
enabled Li plating and stripping to be studied dynamically over multiple length scales,
from macroscopic morphology and buried-interface evolution to crystal defects. These
techniques not only reveal the pathways of dendrite formation and penetration but also
establish direct links among deposition behavior, stress evolution, and SE failure.

5.3. Characterization of Stress and Mechanical Behavior

Electro-chemo-mechanical coupling in ASSLMBs is expressed through the generation,
transfer, redistribution, and release of stress during Li plating and stripping, changes in
interfacial contact, and electrode volume variation. Quantitative operando measurement of
stress and mechanical behavior is therefore required to understand the relationships among
stack-pressure evolution, interfacial degradation, and structural transformations. Recent
developments in operando mechanical characterization have progressed from measurement
of the overall force or pressure of the cell to local stress sensing and spatial visualization of
internal stress fields. These methods provide important tools for understanding electro-
chemo-mechanical coupling in ASSLMBs.

Operando stack-pressure monitoring is among the most widely used methods for
characterizing mechanical response. A typical experimental setup is shown in Figure 10a.
A force sensor integrated outside the cell records changes in stack pressure during cycling
and thereby provides the overall stress evolution of the cell. Han et al. [180] used this
method to study pressure evolution in ASSLMBs containing alloy anodes. The magnitude
of the pressure change was directly related to the amount of Li transferred. Sb produced the
largest pressure variation, approximately 2.25 MPa, whereas Sn and Si generated smaller
changes. The pressure response also depended on electrode architecture and particle size.
Composite electrodes and foil electrodes exhibited different pressure evolution, while
nanoscale Si reduced stress accumulation by filling internal pores within the electrode.
Analysis of the pressure-change rate, dP/dt, also enabled phase transformations in the
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electrode to be identified sensitively. Operando pressure monitoring can therefore provide
more than a measure of the overall mechanical response. It can also serve as an indirect
probe of structural and phase evolution within electrode materials.

 

Figure 10. Operando characterization of stress and mechanical evolution in ASSLMBs. (a,b) Operando
stack-pressure monitoring of the cell-level mechanical response during electrochemical cycling, in-
cluding the experimental configuration for simultaneous pressure and electrochemical measurements
and representative pressure evolution associated with reaction-induced volume changes in different
electrode materials and architectures. (a) Reproduced with permission from Ref. [180]. Copyright
2021 Elsevier Inc. (b1,b2) Reproduced with permission from Ref. [13]. Copyright 2018 The Royal
Society of Chemistry. (c1,c2) Local interfacial stress measurement using an embedded FBG sensor,
showing stress-induced splitting of the Bragg reflection into two polarized peaks and the correspond-
ing reversible evolution of interfacial stress during electrochemical cycling. (c1,c2) Reproduced from
Ref. [166] under the CC BY 4.0 license. Copyright 2022, the authors. (d1,d2) In situ optical-curvature
measurement of stress generated during Li deposition, illustrating the conversion of substrate bend-
ing into the internal pressure of the growing Li layer and the abrupt mechanical response associated
with SE cracking and Li penetration. (d1,d2) Reproduced with permission from Ref. [181]. Copyright
2022 Wiley-VCH GmbH. (e1,e2) Operando photoelastic visualization of dendrite-induced stress fields
in a transparent SE, showing the experimental configuration for optical retardation measurements and
the spatially resolved stress concentration around a propagating Li-dendrite tip. (e1,e2) Reproduced
with permission from Ref. [147]. Copyright 2023 Elsevier Inc.
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Koerver et al. [13] further used operando pressure monitoring to compare stress
accumulation in different all-solid-state cell configurations, as shown in Figure 10(b1,b2).
When the near-zero-strain anode LTO was used, the overall pressure response was governed
mainly by the cathode volume change. Cells containing LCO showed a positive pressure
change, whereas those containing NCM showed a negative change. When Li metal or
graphite, both of which undergo larger dimensional changes, was used as the anode, the
cycling-induced stress increased by approximately one order of magnitude compared with
cathode-dominated cells. Operando pressure monitoring can therefore distinguish the
mechanical contributions of different electrode materials and provide a direct means of
comparing stress evolution among cell chemistries.

External force sensors, however, measure only the average mechanical response of the
entire cell. They cannot resolve local stresses near internal interfaces or within individual
electrodes. Research has therefore increasingly shifted toward operando measurement of
local stress inside the cell.

Blanquer et al. [166] developed a non-invasive operando stress-monitoring method
based on Fiber Bragg grating (FBG) sensors. The FBG sensor was embedded within an
electrode or placed on its surface. Electrode volume changes strained the optical fiber
and shifted the Bragg wavelength (λB). After correcting for temperature and external
pressure, the wavelength shift could be converted into a local stress response. As shown
in Figure 10(c1), the operando FBG spectra collected from an InLix| LPS|LTO cell cycled
at C/30 (5.83 mA·g−1) under an external pressure of 8 MPa exhibit two distinct reflection
peaks. When the FBG sensor is positioned at the electrode/SE interface, the non-uniform
stress acting on the optical fiber induces birefringence, causing the original reflection peak
to split into two polarized peaks (λx and λy). The wavelength separation (λx − λy) can be
directly correlated with the transverse interfacial stress, corresponding to the axial stress
of the cell, with a maximum value of approximately 3.8 MPa. By continuously tracking
the evolution of λx and λy during charge and discharge, the internal stress evolution was
quantitatively determined (Figure 10(c2)). The measured stress evolution showed excellent
reversibility with the electrochemical response, highlighting the superior sensitivity of local
stress monitoring compared with conventional external pressure measurements.

Notably, in symmetric cells, the volume changes of the two electrodes can compensate
for each other at the cell level, causing the external force sensor to detect almost no net
change. An FBG positioned at one electrode interface, however, still recorded a reversible
stress variation of approximately 14–15 MPa during cycling of that electrode. FBG sensing
therefore overcomes the averaging limitation of conventional external pressure measure-
ments and enables quantitative operando monitoring of local stresses inside ASSLMBs. This
technique provides a powerful tool for directly probing localized electro-chemo-mechanical
responses and elucidating interfacial degradation mechanisms during battery operation.

In addition to direct stress sensing, internal stress can be inferred from deformation
of a substrate or cell component. Cho et al. [181] developed an in situ optical-curvature
platform, with the measurement principle illustrated in Figure 10(d1). The method moni-
tored the curvature of a quartz substrate during Li deposition and converted the bending
response into the internal stress of the growing Li layer. As deposition proceeded, pressure
accumulated within the Li metal. At low current density, the curvature eventually reached
a steady value corresponding to an internal pressure of approximately 0.1–0.2 MPa, close to
the yield strength of Li metal. When the cell short-circuited, the curvature signal changed
abruptly. This event corresponded closely to the formation of cracks inside the LLZO
electrolyte, as shown in Figure 10(d2). Post-mortem microscopy further revealed that Li
propagated mainly along grain boundaries and formed a characteristic web-like penetra-
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tion network. In situ curvature measurement can therefore monitor stress accumulation in
real time and may also provide an early warning of mechanical failure in the SE.

To spatially resolve internal stress fields, Athanasiou et al. [147] developed an
operando imaging method based on photoelasticity, with the experimental configura-
tion shown in Figure 10(e1). When a transparent material is stressed, its refractive index
becomes anisotropic and introduces a phase delay between orthogonal polarization com-
ponents. Measuring this optical retardation allows the principal stress difference (σ1–σ2)
to be calculated and the 2D stress field to be reconstructed. The method was applied to
Li-dendrite growth in an LLZTO SE. Following polarization of the metal electrode and
Li deposition, the stress distribution near the dendrite tip was directly imaged, as shown
in Figure 10(e2). A pronounced stress concentration developed at the dendrite tip, and
the measured field closely matched the prediction of an elastic-fracture-mechanics model
for a pressurized crack. This work provided the first direct visualization of a dendrite-
induced stress field inside an ASSLMB. Compared with conventional force measurements,
photoelasticity extends stress characterization from measurement at a single location to
full-field imaging. It can quantify local stress magnitudes while also revealing the positions
and propagation paths of stress concentrations. Photoelastic imaging therefore offers a
powerful operando method for studying dendrite propagation, cathode-particle cracking,
interfacial contact loss, and other electro-chemo-mechanical failure processes.

Overall, stress characterization in ASSLMBs has developed from global pressure
monitoring to local stress measurement and, more recently, full-field stress visualization.
Operando force sensors capture the overall mechanical response of the cell, FBG sensors
provide quantitative measurements of local internal stress, and optical-curvature and pho-
toelastic methods reveal the evolution and spatial distribution of mechanical deformation.
Although it remains difficult to obtain the complete 3D stress evolution associated with
electro-chemo-mechanical failure inside an operating ASSLMB, optical and other indirect
characterization methods already provide increasingly accurate operando measurements of
stress and mechanical behavior. These techniques are essential for establishing quantitative
relationships among electrochemical reactions, structural evolution, and mechanical failure.

6. Modification Strategies for Mitigating Electro-Chemo-Mechanical
Coupling Failure

Electro-chemo-mechanical failure in ASSLMBs arises from the mutual reinforcement of
reaction-induced volume changes, stress accumulation, and interfacial degradation. These
coupled processes eventually lead to crack propagation, contact loss, impedance growth,
and dendrite-induced short circuiting. Optimizing a single material property is therefore
unlikely to address these problems fundamentally. Instead, coordinated design is required
across the material, interface, electrode, and cell levels. This section discusses modification
strategies for cathode materials, interface engineering, and other electro-chemo-mechanical
approaches. Particular attention is given to their roles in relieving stress concentrations,
maintaining interfacial contact, regulating Li deposition, and improving the long-term
cycling stability of ASSLMBs.

6.1. Cathode-Material Modification

During prolonged cycling, cathode materials repeatedly undergo Li insertion and
extraction, resulting in lattice distortion, volume change, and local stress accumulation.
These electrochemically induced mechanical responses can cause internal cracking and
particle fracture, degrade contact at the cathode/SE interface, block ion-transport pathways,
and isolate parts of the cathode from electrochemical reaction. Rational control of the
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intrinsic structure, interfacial stability, and chemo-mechanical response of cathode materials
is therefore essential for mitigating electro-chemo-mechanical degradation.

Current cathode-modification strategies can be broadly divided into three categories:
interfacial stabilization, composite-electrode design, and regulation of the intrinsic stress
response. Surface coatings and artificial interphases can suppress side reactions between
the cathode and SE while improving the retention of contact during cycling. Composite
cathodes with both high ionic conductivity and mechanical compliance can reduce porosity,
homogenize Li-ion transport, and accommodate cycling-induced strain. More recently,
active control of crystallographic orientation and texture has emerged as a means of tailoring
the stress response of cathodes, reducing the need for large external stack pressures and
improving long-term stability.

6.1.1. Cathode Surface Coatings and Interfacial Stabilization

Surface coating is a relatively simple and cost-effective approach for improving cath-
ode stability. An artificial protective layer separates the cathode from the SE, suppresses
interfacial side reactions, and can also improve the mechanical integrity of the particle and
interface during cycling. Although surface coatings can suppress interfacial side reactions
and improve chemical compatibility, excessively thick or poorly conductive coatings may
increase Li-ion transport resistance and reduce active-material utilization. Therefore, coat-
ing composition and thickness must be optimized to balance interfacial protection against
kinetic penalties. Zheng et al. [109] prepared LNO-coated NMC811 and systematically
evaluated its electrochemical performance. As shown in Figure 11(a1), the LNO@NMC811
cathode exhibited substantially better cycling stability than uncoated NMC811. It delivered
an initial discharge capacity of 133 mAh·g−1 and retained 116 mAh·g−1 after 200 cycles,
together with a high Coulombic efficiency. In contrast, the capacity of uncoated NMC811
rapidly decreased from 110 to only 6 mAh·g−1. The LNO layer served not only as a chem-
ical barrier that suppressed interfacial side reactions, including oxidation of the sulfide
electrolyte, but also as a mechanical reinforcement for the cathode particles. After cycling,
uncoated NMC811 showed severe fragmentation and extensive internal cracking. These
cracks obstructed Li-ion diffusion and isolated active regions. The coated particles, by com-
parison, exhibited a higher fracture strength and a crack-volume fraction of only 0.058%.
The coating also promoted a more uniform Li-ion distribution and reduced chemical
and structural heterogeneity during cycling. LNO coating therefore mitigated electro-
chemo-mechanical degradation through three complementary effects: suppression of
interfacial reactions, improvement of particle mechanical integrity, and homogenization of
Li-ion transport.

In addition to conventional dry solid-state and wet-chemical coating methods, thin-
film deposition techniques have recently enabled more precise control overcoating thickness
and interfacial structure. Cheng et al. [182] used aerosol deposition to form a Li3BO3-coated
LCO film on an Al-doped LLZO substrate at RT, as shown in Figure 11(a2). Li3BO3 acted
as a Li-ion-conducting solder. During heat treatment, it softened and filled the interfacial
gaps, improving contact between LCO particles and the LLZO substrate and lowering the
interfacial impedance. Optimization of this interface substantially improved the perfor-
mance of the Li/LLZO/LCO cell. The study also showed that mechanical degradation of
the interface, particularly crack formation, was a major cause of capacity fading. Interfa-
cial solder materials that combine high Li-ion conductivity with mechanical adaptability
may therefore be valuable for maintaining low resistance and structural continuity during
long-term cycling.
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Figure 11. Cathode engineering strategies for mitigating electro-chemo-mechanical degradation in
ASSLMBs. (a1,a2) Surface-coating strategy for stabilizing Ni-rich layered oxide cathodes, showing
the improved cycling performance of LNO-coated NMC811 and the suppression of cycling-induced
particle cracking, structural fragmentation, and reaction heterogeneity through simultaneous interfacial
protection and mechanical reinforcement. (a1) Reproduced from Ref. [109] under the CC BY 4.0 license.
Copyright 2025, the authors. Published by the American Association for the Advancement of Science.
(a2) Reproduced with permission from Ref. [182]. Copyright 2023 Elsevier Ltd. (b1,b2) Mechanically
compliant polymer-assisted composite-cathode design using a PVDF–PAN framework, illustrating
homogenized Li-ion transport, accommodation of cycling-induced strain, improved structural integrity,
and reduced interfacial resistance and polarization during prolonged cycling. (b1,b2) Reproduced
with permission from Ref. [183]. Copyright 2023 Elsevier B.V. (c) Bimodal particle-size engineering
of composite cathodes by combining large polycrystalline NCWA with small single-crystalline NCM
particles, enabling denser particle packing, reduced porosity and ionic tortuosity, improved cathode/SE
contact, and enhanced electrochemical kinetics and mechanical integrity. (c) Reproduced with permis-
sion from Ref. [184]. Copyright 2026 American Chemical Society. (d1–d6) Crystallographic texture
engineering for active regulation of cathode stress, illustrating anisotropic lattice deformation of LCO
during delithiation, orientation-dependent compressive and tensile pressure responses, tailoring of the
magnitude and direction of electrode stress through controlled grain orientation, and improved cycling
stability of stress-regulated ASSLMBs under low external stack pressure. (d1–d6) Reproduced from
Ref. [185] under the CC BY-NC-ND 4.0 license. Copyright 2025, the authors.

6.1.2. Composite-Cathode Design for Stress Accommodation

Beyond surface coatings, composite-cathode architectures that combine rapid ion
transport with mechanical compliance offer another route to reducing stress concentrations
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and preserving interfacial contact. Polymer components in such electrodes must, however,
simultaneously provide Li-ion transport and mechanical regulation, and these requirements
are not always compatible.

Jiang et al. [183] combined the relatively high ionic conductivity of polyacrylonitrile
(PAN) with the mechanical flexibility of polyvinylidene fluoride (PVDF) to construct a
composite NCM811 cathode with a PAN inner layer and a PVDF outer layer, denoted PVDF–
PAN@NCM811, as shown in Figure 11(b1). After 200 cycles at 4.5 V and 0.1C, the solid-state
cell containing PVDF–PAN@NCM811 retained a capacity of 146.2 mAh·g−1, substantially
higher than that of the cathode containing PVDF alone. It also showed a more stable voltage
profile and lower polarization. EIS, shown in Figure 11(b2), revealed a lower initial Rint

and slower resistance growth during cycling. These results indicate that the PAN-rich inner
layer improved ionic contact and stabilized the cathode/electrolyte interface. The cycled
electrode also retained a more intact structure, confirming the stress-buffering effect of the
polymer matrix. Both simulation and experiment showed that PAN primarily promoted
homogeneous Li-ion transport within the composite cathode, whereas the more compliant
PVDF outer layer accommodated cycling-induced strain. Their combined functions reduced
transport heterogeneity and suppressed structural degradation.

A bimodal particle-size distribution can also improve the chemo-mechanical integrity
of composite cathodes. Oh et al. [184] showed that cathode performance is strongly
influenced not only by material chemistry but also by particle size and single-crystalline
or polycrystalline morphology. Small single-crystalline NCM particles were used to fill
the voids between larger polycrystalline LiNi0.88Co0.10W0.01Al0.01O2 (NCWA) particles,
while LPSC provided ionic conduction and mechanical support. The resulting densely
packed bimodal cathode, shown in Figure 11c, had a porosity 35–58% lower than that
of comparable unimodal electrodes. When the ratio of large polycrystalline NCWA to
small single-crystalline NCM was optimized to 7:3, the cathode delivered the highest
discharge capacity at 0.5C and maintained strong performance at 2–3C. After 200 cycles,
the capacity retention reached 87.8%, markedly higher than that of conventional unimodal
cathodes. The higher packing density and improved capacity utilization also resulted in
greater volumetric energy density. This strategy demonstrates that matching particles of
different sizes and structural types can produce a denser electrode network, reduce porosity
and ionic tortuosity, and increase the effective ionic conductivity. Bimodal architectures
therefore provide a useful route to simultaneously improving electrochemical kinetics and
mechanical integrity.

6.1.3. Cathode Microstructural Design and Dynamic Cell Volume Compensation

Although coatings and composite-electrode design can improve interfacial stability,
continuous volume changes of cathode particles still generate local stress during prolonged
or high-rate cycling. These stresses can promote void formation, reduce contact area, and
increase electrochemical polarization. Regulating the intrinsic electro-chemo-mechanical
response through crystallographic orientation and texture therefore offers a more direct
means of controlling stress.

Moradi et al. [185] prepared dense LCO cathodes with controlled crystallographic ori-
entation using electrodeposition. LCO undergoes strongly anisotropic lattice deformation
during delithiation, expanding by approximately 2% along the c-axis while contracting
by approximately 0.2% within the ab plane, as illustrated in Figure 11(d1). Based on this
anisotropy, the authors prepared two LCO textures: 003-oriented LCO with the c-axis normal
to the substrate and 110-oriented LCO with the ab plane aligned parallel to the substrate,
as shown in Figure 11(d2). During charging, 003-LCO generated a positive compressive
pressure response of approximately 40 kPa, whereas 110-LCO produced a negative tensile
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response of approximately −30 kPa. Their pressure evolution and reversibility are shown
in Figure 11(d3). By further adjusting grain orientation, three distinct LCO textures were
obtained, and their microstructures and delithiation-induced stress responses were compared,
as shown in Figure 11(d4,d5). Crystallographic texture could strengthen, eliminate, or even
reverse the pressure response generated by the cathode.

The authors then constructed LCO- and NMC-based ASSLMBs and compared their
performance under a low stack pressure of 1 MPa, as shown in Figure 11(d6). A cell containing
a negative-stress composite NMC622 cathode cycled for more than 200 cycles at an areal
capacity of 5 mAh·cm−2 and a current density of 1.25 mA·cm−2 without an interlayer at the
Li/electrolyte interface, retaining 99% of its capacity. The negative-stress cathode promoted
uniform Li deposition and generated a mechanical response favorable for closing interfacial
voids during stripping. A positive-stress cathode, in contrast, could worsen nonuniform
Li deposition and facilitate void formation and growth. This approach departs from the
conventional strategy of relying on large external stack pressures. By actively designing the
intrinsic stress response of the cathode, stable operation can be achieved under much lower
external pressure, providing a new direction for practical ASSLMB design.

The severe mechanical degradation arising from the enormous volume change (~300%)
of Si anodes remains one of the fundamental obstacles to the practical implementation of all-
solid-state batteries. To address this challenge, Hu et al. [186] developed a stress-compensated
Si–S all-solid-state battery based on a dynamic volume compensation concept. Rather than
relying solely on material-level modifications, this approach exploits the complementary
volume evolution of silicon anodes and sulfur cathodes during lithiation and delithiation,
enabling spontaneous compensation of cell-level deformation throughout battery operation.
In contrast to Li–S half cells, which exhibit a pronounced increase in interfacial impedance
upon discharge due to deformation-induced contact deterioration, the Si–S full cell maintained
relatively stable charge-transfer and solid-state diffusion resistances during cycling. These
results indicate that the dynamic volume compensation design effectively preserves intimate
solid–solid contact and continuous ion-transport pathways. Overall, this work highlights that
rational cell-level structural design, through the synergistic coupling of the electrochemical
and mechanical responses of alloy-type anodes and conversion-type cathodes, can effectively
mitigate stress accumulation in all-solid-state Si–S batteries. This dynamic volume com-
pensation concept provides a scalable cell-design paradigm for developing next-generation
all-solid-state batteries with high energy density, long cycle life, and enhanced safety.

6.2. Interface Engineering

Interfacial stability directly governs Li-ion transport, charge-transfer kinetics, and me-
chanical integrity in ASSLMBs. Unlike a liquid electrolyte, which can wet and refill newly
formed gaps, a rigid solid–solid interface cannot readily maintain conformal contact. Inter-
facial voids, local stress concentrations, and nonuniform ion transport can therefore develop
easily. Cycling-induced volume changes, interfacial reactions, and Li plating/stripping
further destabilize these interfaces, leading to resistance growth, dendrite-induced short
circuiting, and capacity fading. Controlling interfacial chemistry, structure, and mechanical
state is consequently a central strategy for mitigating electro-chemo-mechanical failure.
Current approaches include surface cleaning and reconstruction, construction of functional
internal interfaces, external stress engineering, and artificial interlayer design.

6.2.1. Surface Cleaning and Reconstruction

Garnet-type LLZO combines high Li-ion conductivity with relatively good chemi-
cal stability and is regarded as a promising SE. Its practical use is nevertheless limited
by poor wettability with Li metal and a high Li/LLZO Rint, which commonly exceeds
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100 Ω·cm2. Sharafi et al. [187] developed an interfacial treatment based on wet polishing,
high-temperature annealing, and preheating, without introducing an additional coating, as
shown in Figure 12a. Air-exposed LLZO was found to develop a surface contamination
layer composed mainly of LCO and LiOH. This layer prevented direct contact between Li
metal and LLZO and hindered Li-ion transport across the interface. Dry-polished LLZO
remained largely covered by carbonate species, whereas wet polishing reduced some of the
carbonate but produced a LiOH-rich surface. Mechanical polishing alone was therefore
insufficient to remove the contamination. Annealing the wet-polished LLZO under an
inert atmosphere at temperatures up to 500 ◦C removed LiOH and reduced the carbonate
content, producing a surface composition closer to that of bulk LLZO. After wet polishing,
annealing at 500 ◦C, and preheating at 175 ◦C, the Li/LLZO Rint decreased to approximately
2 Ω·cm2, lower than that of some conventional liquid-electrolyte interfaces. This study
demonstrates that control of surface chemistry alone can markedly improve solid–solid
contact and interfacial transport without requiring an additional protective layer.

 

Figure 12. Interfacial engineering strategies for mitigating electro-chemo-mechanical degradation in
ASSLMBs. (a) Surface cleaning and reconstruction of garnet-type LLZO, illustrating the removal of
LCO/LiOH surface contamination through wet polishing, high-temperature annealing, and Li preheat-
ing to improve Li wettability, restore intimate Li/LLZO contact, and reduce interfacial resistance. (a) Re-
produced with permission from Ref. [187]. Copyright 2017 American Chemical Society. (b) Functional
interface engineering within thick composite cathodes through transient-liquid-assisted densification,
showing stress-driven redistribution and redeposition of soluble components into interparticle voids to
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form continuous secondary boundaries that enhance particle bonding, mechanical toughness, and 3D
ion/electron transport. (b) Reproduced from Ref. [188] under the CC BY 4.0 license. Copyright 2025,
the authors. (c1,c2) External stress engineering using a through-thickness temperature gradient across
LLZTO, generating a residual compressive-stress field that reduces the Mode-I crack-driving force
for Li-filled defects and thereby increases the critical current density and cycling stability against
Li-dendrite penetration. (c1,c2) Reproduced with permission from Ref. [189]. Copyright 2025 Elsevier
Inc. (d1–d4) Artificial interlayer strategies for stabilizing the Li/garnet interface, including the
formation of a conductive LiySn/Li3N composite interface from a SnNx precursor and an ultrathin
Li–Al alloy interlayer, both of which improve Li wettability, homogenize interfacial contact, and
substantially reduce interfacial resistance. (d1,d2) Reproduced with permission from Ref. [190].
Copyright 2020 Wiley-VCH GmbH. (d3,d4) Reproduced from Ref. [191] under the CC BY-NC 4.0
license. Copyright 2017, the authors. Published by the American Association for the Advancement
of Science. (e1–e4) Regulation of Li deposition microstructure using Au, Ag, and Bi interlayers,
illustrating how interlayer chemistry modifies Li grain size, crystallographic texture, lattice strain,
and grain-growth behavior, thereby providing an additional route to controlling electro-chemo-
mechanical stability at the Li/SE interface. (e1–e4) Reproduced from Ref. [192] under the CC BY 3.0
license. Copyright 2026, the authors. Published by the Royal Society of Chemistry.

6.2.2. Functional Interfaces Within Composite Cathodes

The complex multiphase interfaces within composite cathodes are also critical to
battery performance. Contact among the cathode material, SE, and electronic-conduction
network determines ion and electron transport and influences how mechanical strain is
distributed during cycling.

Inspired by the densification of geological minerals, Nie et al. [188] developed a
transient-liquid-assisted densification process to form multifunctional secondary bound-
aries in thick composite electrodes, as shown in Figure 12b. Under uniaxial pressure,
moderate heating, and a small amount of transient liquid such as dimethylformamide or
acetone, localized solvothermal environments formed between ceramic particles. Soluble
components, including LiTFSI and PVDF-co-hexafluoropropylene (HFP), dissolved from
highly compressed regions and were transported by stress-driven mass migration into
interparticle voids, where they redeposited as a polyionic-liquid gel secondary phase. This
process lowered the activation energy and temperature required for densification and
avoided thermal degradation of organic components. The continuous secondary-boundary
phase strengthened bonding between inorganic particles and the organic interphase, in-
creased the toughness and damage tolerance of the thick electrode, and formed a 3D ion-
and electron-transport network. Transient-liquid-assisted densification therefore offers a
potential route to mechanically robust, high-loading electrodes and may be compatible
with scalable processing of large-format ASSLMBs.

Cheng et al. [193] further demonstrated that introducing an ionic liquid into the
cathode to construct a non-flowable quasi-solid-state composite cathode is an effective
strategy for overcoming the large interfacial resistance between ceramic SEs and cathode
materials. The ionic liquid acts as an interfacial wetting agent within the composite
cathode, significantly improving the interparticle contact between LCO particles as well
as the interfacial contact between LCO and the Al-doped LLZO electrolyte. This study
confirmed that the appropriate incorporation of ionic liquids provides a simple, effective,
and manufacturing-compatible approach to substantially reducing the cathode interfacial
resistance in ASSLMBs.

6.2.3. External Stress Engineering

Since interfacial failure in ASSLMBs is closely associated with mechanical evolution,
deliberate control of the stress state through external conditions can also be regarded as a
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form of interface engineering. Increasing stack pressure improves solid–solid contact and
suppresses stripping-induced void formation; however, excessive pressure may promote
Li penetration, fracture brittle SEs, complicate cell packaging, and reduce the practical
gravimetric and volumetric energy density. Yu et al. [189] applied a sustained through-
thickness temperature gradient, ∆T, across an LLZTO garnet electrolyte and performed
both unidirectional deposition and symmetric plating/stripping experiments, as shown in
Figure 12(c1). The thermal gradient generated a stable residual compressive-stress field
within the electrolyte, particularly near the hotter Li-plating interface. Under this gradient,
the critical current density of an LLZTO symmetric cell increased by approximately a factor
of three relative to an isothermal cell at the same average temperature, while the cycling
life increased by more than fourfold, as shown in Figure 12(c2). From a fracture-mechanics
perspective, a Li dendrite can be regarded as a pressurized internal crack. Compressive
thermal stress reduces the effective Mode-I crack-driving force generated during confined
Li growth, thereby increasing the resistance of the SE to crack extension. Consequently, a
larger mechanical driving force is required for dendrite propagation.

This work experimentally demonstrated that residual compressive stress could sup-
press Li-dendrite growth and introduced thermal-gradient control as a mechanical strength-
ening strategy that could be combined with chemical interface engineering.

6.2.4. Artificial Interlayers

Functional interlayers are widely used to improve wettability, lower Rint, and regulate
Li deposition in ASSLMBs. Interlayers that are lithiophilic, ionically conductive, and
mechanically stable can reduce local current concentration and suppress dendritic growth.

Shi et al. [190] deposited a SnNx layer on LLZTO by magnetron sputtering. Reaction
with molten Li then formed a conductive composite interface (CCI) consisting of LiySn alloy
and Li3N, as illustrated in Figure 12(d1). Cross-sectional SEM of the Li/LLZTO@CCI inter-
face, shown in Figure 12(d2), confirmed good wettability and the formation of a continuous,
dense LiySn/Li3N interphase. The interlayer reduced the Rint of a Li/LLZTO/Li symmetric
cell from 4468 to 164.8 Ω, a decrease of approximately 27 times. The cell cycled stably for
more than 1200 h and reached a critical current density of 1.5 mA·cm−2. Fu et al. [191]
similarly introduced an ultrathin Al interlayer to form a Li–Al alloy interface, as shown in
Figure 12(d3). A 20 nm Al film deposited on the garnet surface reacted with molten Li and
converted the initially lithiophobic LLZO surface into a lithiophilic interface, allowing Li
to spread uniformly over the electrolyte, as shown in Figure 12(d4). The charge-transfer
resistance of the Li/garnet interface decreased from approximately 950 to 75 Ω·cm−2 at
20 ◦C and to approximately 30 Ω·cm−2 at 60 ◦C, approaching values found in conventional
liquid-electrolyte cells.

Interlayers also alter the microstructure of deposited Li. Becker et al. [192] system-
atically investigated Au, Ag, and Bi interlayers and their effects on Li morphology and
crystallographic structure, as shown in Figure 12(e1–e4). Without an interlayer, Li formed
large columnar grains. An Au interlayer produced Li15Au4 alloy particles that restricted
grain growth through a Zener-pinning-like mechanism, resulting in smaller Li grains. Ag
formed a Li–Ag solid solution, introduced lattice strain, and modified the surface energy
of Li, thereby suppressing grain coarsening. Bi formed a Li3Bi alloy layer and changed
the deposition substrate, leading to a different evolution of Li grain orientation. These
results show that interlayer chemistry governs not only Rint and wettability but also the mi-
crostructure of deposited Li. Evaluation of dendrite suppression should therefore consider
the evolution of Li grain size, texture, and defect structure in addition to the macroscopic
deposition morphology.
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6.3. Other Electro-Chemo-Mechanical Strategies

Electro-chemo-mechanical failure can also be mitigated through electrolyte function-
alization, mechanical regulation of CCs, and cell-level structural design. Unlike local
modification of a single material or interface, these approaches focus on the interaction
among ion transport, deformation, and structural integrity. Their common objective is to
maintain continuous ion-transport pathways, stable interfacial contact, and a controlled
stress distribution under cycling or external loading. At the material level, self-healing
composite electrolytes can repair cracks and accommodate strain. At the electrode level,
compliant substrates and 3D CCs can release deposition-induced stress and homogenize
local current density. At the device level, helical, overlapping, wrinkled, arched, or kirigami
structures can convert macroscopic deformation into reversible geometric motion, protect-
ing brittle active layers and interfaces.

6.3.1. Self-Healing Composite Electrolytes

Conventional solid polymer electrolytes often struggle to simultaneously achieve high
ionic conductivity, sufficient mechanical strength, and stable interfacial contact. Segmental
motion promotes Li-ion transport but can weaken mechanical support, whereas higher
crosslinking density or stiffness improves structural stability at the cost of RT conductivity.
Combining polymers with complementary functions and introducing reversible dynamic
bonds provides one route to balancing these properties.

Ye et al. [194] combined a self-healing polyurethane (PNPU), containing multiple
hydrogen-bonding interactions with PVDF–HFP to prepare a PNPU–PVDF–HFP solid
polymer electrolyte. The dynamic hydrogen-bond network increased both strength
and ductility and could reform after local damage. The modified electrolyte showed
a denser microstructure and greater ability to accommodate deformation, as shown in
Figure 13(a1–a3), helping to maintain contact with both electrodes. PNPU also increased
the fraction of amorphous polymer and introduced oxygen-containing groups that pro-
vided additional coordination and migration sites for Li-ion. As a result, the RT ionic
conductivity increased and the activation energy for ion transport decreased, as shown
in Figure 13(a4). A Li/Li symmetric cell using this electrolyte showed stable long-term
plating and stripping, as shown in Figure 13(a5). The dynamic polymer network therefore
did more than improve toughness: it simultaneously preserved the mechanical frame-
work and the ion-transport network. When microcracks or local interfacial separation
developed, reversible-bond reformation slowed further damage and increased tolerance to
cycling-induced strain.

Introducing highly conductive ceramic fillers into a polymer electrolyte can further
improve ion transport and mechanical stability. Conventional physically blended polymer–
ceramic composites, however, often suffer from particle agglomeration, interfacial debond-
ing, and high-temperature phase separation. The nature of the polymer–ceramic interface
is therefore critical. Lei et al. [195] covalently grafted a polyurethane–urea polymer (PUS)
containing dynamic disulfide bonds onto Li7P3S11 ceramic particles. P–N bonds formed
between the ceramic surface and polymer chains, strengthening the interface and promot-
ing uniform particle dispersion, as shown in Figure 13(b1). The dynamic disulfide bonds
in PUS provided rapid self-healing. Damaged membranes could heal at RT and recover
substantial tensile deformability, as shown in Figure 13(b2–b4). Compared with physical
blending, chemical grafting suppressed rearrangement and separation of the polymer
and ceramic phases under heat or repeated stress and improved load transfer across the
interface. A composite electrolyte combining a stable covalent interface with a dynamic
reversible network can therefore mitigate phase separation, interfacial debonding, and
mechanical cracking simultaneously.
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Figure 13. Multiscale electro-chemo-mechanical regulation strategies for mechanically robust
ASSLMBs. (a1–a5) Self-healing polymer–electrolyte design based on a PNPU–PVDF–HFP network
with reversible hydrogen bonding, illustrating enhanced mechanical strength and deformability,
recovery of structural integrity after damage, improved Li-ion transport, and stable long-term Li
plating/stripping enabled by simultaneous preservation of the mechanical framework and ionic-
conduction network. (a1–a5) Reproduced with permission from Ref. [194]. Copyright 2023 Wiley-
VCH GmbH. (b1–b4) Chemically bonded self-healing polymer–ceramic composite electrolyte formed
by covalently grafting dynamic polyurethane–urea chains onto Li7P3S11 particles, showing strength-
ened polymer/ceramic interfacial adhesion, homogeneous particle dispersion, RT self-healing and
recovery of tensile deformability, and improved resistance to phase separation, interfacial debonding,
and mechanical cracking. (b1–b4) Reproduced with permission from Ref. [195]. Copyright 2022
Elsevier B.V. (c1–c3) Stress regulation of Li deposition through compliant CCs and 3D deposition
substrates, comparing stress-constrained Li growth on rigid Cu with stress-relieved deposition on
Cu/PDMS and porous Cu@PDMS architectures, where substrate deformation and increased effec-
tive surface area redistribute deposition-induced compressive stress and local current density to
promote more uniform Li nucleation and growth. (c1–c3) Adapted from Ref. [196]. Copyright 2018
Springer Nature Limited. (d1–d4) Cell-level mechanical regulation through geometrically flexible
battery architectures, including helical, overlapping rigid–flexible, wrinkled/arched, and kirigami
configurations that convert bending, twisting, stretching, and other macroscopic deformations into
reversible geometric motion, thereby reducing strain accumulation in brittle active materials and
critical interfaces while maintaining electrochemical functionality. (d1) Reproduced with permission
from Ref. [197]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d2) Repro-
duced with permission from Ref. [198]. Copyright 2023 Wiley-VCH GmbH. (d3) Reproduced with
permission from Ref. [199]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(d4) Reproduced with permission from Ref. [200]. Copyright 2023 Elsevier B.V.

Overall, self-healing composite electrolytes should be designed to provide continuous
Li-ion pathways, sufficient strength and deformability, and the ability to restore local
structure and contact after damage. Dynamic hydrogen bonds, disulfide bonds, and other
reversible interactions offer useful design tools, although their long-term chemical stability,
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healing efficiency, and compatibility with high-voltage cathodes and Li metal remain to be
fully established.

6.3.2. Stress Release Through Compliant Deposition Substrates

Li deposition is governed not only by current density and interfacial chemistry but also
by the mechanical properties of the CC and deposition substrate. On a rigid CC, volume
growth and lateral constraint generate residual compressive stress. If this stress cannot
be released, it may promote local plastic deformation, defect growth, and nonuniform
deposition, ultimately facilitating dendrite formation.

Wang et al. [196] proposed plating Li on a compliant substrate and identified
deposition-induced compressive stress as an important driving force for dendrite growth.
On conventional rigid Cu foil, the compressive stress generated during Li deposition is con-
strained by the substrate and cannot be relieved through overall deformation. Li therefore
tends to protrude from local defects and develop into dendritic structures, as illustrated in
Figure 13(c1). To modify this boundary condition, the authors deposited a thin Cu layer on
a soft polydimethylsiloxane (PDMS) substrate. As Li accumulated, the Cu film released
compressive stress through wrinkling and out-of-plane deformation. Li deposited more
uniformly and with fewer sharp dendrites, as shown in Figure 13(c2). The CC therefore
does more than conduct electrons. Its modulus, thickness, and deformation mode define
the mechanical boundary conditions of Li growth. A lower substrate stiffness can convert
compressive stress within the Li deposit into reversible deformation of the CC, reducing
stress-driven morphological instability.

A 3D Cu@PDMS scaffold was subsequently developed, as shown in Figure 13(c3).
Its porous structure increased the effective deposition area and lowered the local current
density, while the compliant PDMS framework accommodated deposition stress. Together,
these effects improved Li nucleation and growth uniformity and produced more stable
cycling. This strategy simultaneously regulates current distribution through 3D geometry
and stress distribution through substrate compliance. Future optimization may involve sub-
strate modulus, metal-layer thickness, pore size, and surface lithiophilicity. An excessively
soft substrate, however, may suffer from insufficient dimensional stability, excessive inter-
facial deformation, or packaging difficulties. The goal is therefore not simply to minimize
modulus, but to balance mechanical support, contact stability, and stress-release capacity.

6.3.3. Flexible Battery Architectures

Whereas compliant substrates regulate local deposition stress at the electrode level,
flexible battery architectures can mitigate damage caused by external bending, stretching,
and twisting. Conventional layered cells concentrate stress at electrode, separator, or
electrolyte interfaces under large deformation, leading to cracking, delamination, and
contact loss. Geometric structures can instead convert macroscopic deformation into helix
extension, interlayer sliding, wrinkle flattening, or structural rotation, thereby reducing the
strain experienced by electrochemically active regions.

Kwon et al. [197] developed a cable-type battery with hollow multi-helix electrodes,
as shown in Figure 13(d1). The helical architecture produced a spring-like mechanical
response. During bending, twisting, and even knotting, deformation was accommodated
mainly through extension and contraction of the helix rather than direct stretching of the
active-material layer. This design demonstrates that changing the conventional planar stack
can effectively decouple macroscopic deformation from local electrochemical regions.

Bao et al. [198] developed an overlapping architecture composed of alternating rigid
energy-storage units and flexible connecting regions, as shown in Figure 13(d2). Energy
storage and mechanical deformation were spatially separated: the rigid units preserved
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energy density and electrochemical stability, while the flexible joints accommodated most
of the deformation. Compared with making the entire cell flexible, this locally rigid–flexible
architecture reduced strain accumulation in the active materials while maintaining both
mechanical load-bearing capability and energy-storage performance.

For cells requiring large tensile deformation, wrinkled and arched structures are
commonly used. Weng et al. [199] constructed a sandwich electrode containing an aligned
carbon-nanotube framework, active material, and an elastic binder. Releasing a prestrained
substrate produced arched wrinkles, as shown in Figure 13(d3). During stretching, the
arches unfolded before the electrode materials themselves were significantly strained. The
aligned CNT network also maintained electronic continuity and reduced loss of active
particles, limiting the influence of mechanical deformation on electrochemical performance.

Gao et al. [200] used a kirigami architecture to construct a low-modulus electrode,
as shown in Figure 13(d4). During stretching, the cut patterns rotated, opened, and
deformed out of plane, converting tensile strain into geometric motion. Unlike designs that
depend on the intrinsic elasticity of the electrode materials, kirigami structures place lower
demands on the ductility of the active material and CC and can accommodate deformation
in multiple directions.

These examples show that flexible battery design does not require every component to
be highly extensible. Instead, geometric decoupling can reduce the actual stress carried by
brittle active materials and critical interfaces. Helical structures are suited to bending and
twisting, overlapping rigid–flexible structures balance energy density and load bearing,
wrinkled or arched structures accommodate large uniaxial strain, and kirigami designs
enable multidirectional deformation.

Despite these advances, most flexible battery designs have been demonstrated using
liquid or gel electrolytes. Extending these concepts to ASSLMBs remains challenging
because inorganic SEs generally possess high elastic moduli and limited fracture strains. In
addition, the fabrication of complex geometries may introduce extra interfaces, structural
defects, and processing difficulties, all of which can compromise mechanical integrity and
interfacial stability. Future ASSLMB architectures may therefore require thin, segmented,
or modular electrolyte designs in which deformation is preferentially accommodated by
compliant connectors while brittle electrolyte layers and solid–solid interfaces remain
mechanically protected.

Beyond material and interfacial engineering, advanced manufacturing technologies
have recently emerged as an effective means of realizing mechanically optimized battery
architectures. Among these approaches, 3D printing offers unprecedented freedom in
tailoring geometry, porosity, and interfacial configuration [201]. Unlike conventional slurry
coating and lamination, additive manufacturing techniques such as direct ink writing
(DIW) and stereolithography (SLA) enable the fabrication of hierarchical porous frame-
works, lattice structures, and conformal interfaces with precisely controlled microstructures.
These architectures can accommodate electrode deformation, redistribute local stress, im-
prove solid–solid interfacial contact, and construct continuous 3D ion-transport pathways
without sacrificing ionic or electronic conductivity. Consequently, 3D printing provides
a promising manufacturing platform for integrating structural optimization with electro-
chemo-mechanical regulation, offering new opportunities to suppress stress accumulation
caused by volume changes and interfacial mismatch in ASSLMBs.

At present, however, a unified electro-chemo-mechanical evaluation framework for
flexible ASSLMBs is still lacking. Existing studies employ different bending radii, tensile
strains, loading frequencies, and electrochemical testing protocols, making quantitative
comparison across different structural designs difficult. Future evaluation should simulta-
neously consider energy density, capacity retention, maximum deformation, mechanical-
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cycle durability, and interfacial-impedance evolution, while also incorporating multiaxial
loading, long-term fatigue resistance, packaging reliability, manufacturing scalability, and
production cost. Establishing standardized evaluation protocols will facilitate objective com-
parison among different structural strategies and accelerate their practical implementation.

Overall, electro-chemo-mechanical regulation has evolved from optimizing individ-
ual materials toward designing integrated multiscale battery systems. At the material
level, self-healing polymers and chemically coupled polymer–ceramic electrolytes im-
prove damage tolerance while preserving ion-transport pathways. At the electrode level,
compliant substrates and 3D CCs relieve Li-deposition-induced stress and homogenize
current distribution. At the device level, flexible architectures redistribute macroscopic
deformation through rational geometric design. Ultimately, achieving durable ASSLMBs
will require electro-chemo-mechanical design principles to be incorporated throughout the
entire battery—from material selection and interface engineering to electrode architecture,
cell configuration, and scalable manufacturing—thereby enabling mechanically resilient
and high-energy ASSLMBs for practical applications.

7. AI-Driven Electro-Chemo-Mechanical Prediction and Intelligent Design
The electro-chemo-mechanical behavior of ASSLMBs originates from the strong cou-

pling among Li-ion transport, electrochemical reactions, stress evolution, interfacial contact,
and microstructural degradation across multiple length and time scales. Conventional
experimental characterization and multiphysics simulations have substantially advanced
the understanding of these coupled processes. However, the increasing complexity of
solid–solid interfaces, together with the rapid growth of imaging, spectroscopy, electro-
chemical, and mechanical datasets, makes quantitative interpretation and predictive design
increasingly challenging. Artificial intelligence (AI) therefore provides a promising op-
portunity to bridge experimental characterization, physics-based simulations, and battery
design [202–204]. Rather than replacing conventional approaches, AI is increasingly being
integrated with electro-chemo-mechanical models to establish efficient frameworks for
failure prediction, mechanism interpretation, and inverse optimization [205–207].

7.1. AI-Assisted Prediction of Electro-Chemo-Mechanical Failure

A representative example was recently reported by Wu et al. [208], who developed
a prior-knowledge-driven machine-learning framework for predicting electro-chemo-
mechanical failure in SEs. Instead of relying solely on data-driven learning, coupled
electro-chemo-mechanical finite-element simulations were first used to generate defect–
stress datasets for various defect distributions. Physically meaningful descriptors, including
defect curvature, eccentricity, aspect ratio, symmetry, and defect density, were subsequently
incorporated into a physics-informed SE-UNet model during network training. Compared
with conventional convolutional neural networks (CNN), residual networks (ResNet),
and UNet models, the proposed framework achieved significantly higher accuracy in
reconstructing von Mises stress fields while exhibiting improved generalization across
different defect configurations. More importantly, it reduced the computational cost of con-
ventional finite-element analysis by several orders of magnitude. Such physics-informed
surrogate models provide an efficient route for rapidly identifying stress-concentration
regions, evaluating electro-chemo-mechanical failure risks, and guiding the optimization
of pore morphology, defect density, and grain-boundary distributions in SEs.

7.2. AI-Driven Interface Design and Optimization

Beyond predicting stress evolution in bulk SEs, AI has recently become an increas-
ingly powerful tool for optimizing the complex electrode/SE interfaces that dominate
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electro-chemo-mechanical degradation in ASSLMBs. Unlike bulk-material design, inter-
face engineering requires the simultaneous optimization of multiple competing factors,
including chemical stability, Li-ion transport, electronic insulation, interfacial adhesion, me-
chanical compliance, and long-term structural stability. Consequently, interface optimiza-
tion naturally becomes a multi-objective optimization problem rather than a conventional
single-property screening task.

Wang et al. [209] summarized three major AI strategies for SE and interface engineer-
ing, including structure–property screening pipelines, molecular dynamics accelerated by
machine-learning force fields (MLFFs), and inverse materials design based on generative
models. Together, these approaches establish an efficient framework for discovering stable
interfaces, understanding interfacial evolution, and optimizing interfacial structures under
realistic operating conditions.

Recent advances in halide solid electrolytes further demonstrate the potential of
machine learning for materials screening, ion-transport analysis, and prediction of in-
terfacial reactions, providing a complementary route toward data-driven interface opti-
mization [210]. One representative application is the prediction of Li-metal/SE interfacial
stability. Rather than classifying interfaces simply as thermodynamically stable or un-
stable, recent AI-assisted approaches distinguish stable, passivating, and continuously
reactive interfaces according to atomic rearrangement, decomposition kinetics, and sublat-
tice diffusion [211]. This distinction is particularly important for electro-chemo-mechanical
analysis because a moderately reactive interface may still be desirable if it forms a dense,
ionically conductive, and electronically insulating passivation layer. In contrast, continu-
ously reactive interfaces usually undergo persistent decomposition, interphase thickening,
local volume expansion, and mechanical degradation, resulting in increasing interfacial
resistance and stress accumulation during cycling. Compared with evaluating reaction
energy alone, AI-based kinetic classification therefore provides a more realistic criterion for
selecting Li-compatible SEs and artificial interphases.

Mechanical properties should also be incorporated explicitly into interface optimiza-
tion. Several machine-learning frameworks have been developed to predict the bulk
modulus, shear modulus, elastic anisotropy, and thermodynamic stability of candidate
SEs [212,213]. By combining graph-based machine learning with high-throughput first-
principles calculations, these studies screened garnet-type electrolytes while simultaneously
considering ionic conductivity, electronic insulation, thermodynamic stability, and elastic
properties. Rather than maximizing a single parameter, the resulting models identify ma-
terials that balance mechanical robustness with efficient Li-ion transport, illustrating the
advantages of AI for multidimensional interface design.

From the perspective of electro-chemo-mechanical coupling, interface optimization
can therefore be formulated as a multiobjective optimization problem,

min
x

[︂
Rint, ∆Grxn, σmax, Ddamage

]︂
(11)

subject to
σion ≥ σmin, σe ≤ σe,max, KIc ≥ KIc,min (12)

where x represents design variables such as interphase composition, coating thickness,
porosity, elastic modulus, adhesion strength, and processing conditions. Here, Rint, ∆Grxn,
σmax, and Ddamage denote the interfacial resistance, reaction free energy, maximum lo-
cal stress, and a damage descriptor, respectively. This formulation highlights that the
optimal interface should simultaneously minimize electrochemical polarization, sup-
press side reactions, and alleviate stress concentration, rather than optimizing any single
property independently.
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AI-assisted optimization is equally valuable for cathode/SE interfaces, where coating
layers must remain chemically stable against both high-voltage cathodes and reactive
SEs. High-throughput screening frameworks have therefore been developed to identify
coating materials according to electronic insulation, electrochemical stability, reaction
energy, and Li-ion diffusivity. Machine-learning force fields further enable molecular
dynamics simulations over much larger temporal and spatial scales than conventional ab
initio molecular dynamics, allowing realistic investigation of interfacial reconstruction,
elemental interdiffusion, and Li-ion migration.

A representative example is the optimization of amorphous LiF coatings at the
LCO/LPSC interface [214]. Machine-learning-assisted molecular dynamics demonstrated
that LiF effectively suppresses direct chemical reactions between LCO and LPSC while
preserving the structural integrity of the sulfide electrolyte. However, when the coating
thickness exceeded approximately 1 nm, increasingly ordered LiF regions developed and
substantially impeded Li-ion transport. This study illustrates an important electro-chemo-
mechanical principle: the thickest or chemically most stable coating is not necessarily
optimal. Instead, coating layers should be sufficiently thick to suppress side reactions and
accommodate interfacial deformation, yet sufficiently thin and ionically conductive to min-
imize transport resistance. AI therefore provides an efficient strategy for simultaneously
optimizing coating composition, thickness, ionic conductivity, and mechanical compliance.

7.3. AI-Enhanced Electro-Chemo-Mechanical Characterization

Besides interface optimization, AI has begun to substantially enhance advanced electro-
chemo-mechanical characterization techniques. Conventional electrochemical measure-
ments, such as EIS and cyclic voltammetry (CV), primarily monitor electrical responses
and therefore cannot directly distinguish stress accumulation, crack formation, interfa-
cial contact loss, and chemical degradation. Emerging techniques, including mechano-
electrochemical impedance spectroscopy (MEIS) and mechano-voltammetry (MV), simul-
taneously acquire electrochemical and mechanical signals during battery operation [215].
Combined with AI-assisted feature extraction and machine-learning algorithms, these
techniques enable automatic identification of mechanically sensitive spectral features for
SOC and state-of-health estimation while providing quantitative information on stress
relaxation, particle breathing, porous-electrode compaction, and stress-coupled transport
processes that are inaccessible using conventional electrochemical measurements.

AI also enables multimodal characterization by integrating electron microscopy, XCT,
diffraction, spectroscopy, impedance, strain, and pressure measurements into a unified
analytical framework. Computer-vision algorithms can automatically extract particle
morphology, pore distribution, crack density, grain-boundary characteristics, and inter-
facial contact fractions from large imaging datasets. Multimodal learning subsequently
correlates these structural descriptors with electrochemical and mechanical responses,
allowing different degradation mechanisms to be distinguished even when they produce
similar voltage or impedance signatures. Such developments considerably improve the
interpretability of operando characterization and provide quantitative descriptors for
electro-chemo-mechanical modeling.

7.4. Toward Closed-Loop Electro-Chemo-Mechanical Design

Despite these advances, current AI applications in ASSLMBs remain largely focused
on individual tasks, such as property prediction, interface screening, or image analysis.
In contrast, future electro-chemo-mechanical research will increasingly rely on closed-
loop AI frameworks that integrate characterization, physics-based modeling, intelligent
optimization, and experimental validation into a unified workflow [216,217].
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In a typical closed-loop framework, multimodal operando characterization
techniques—including electron microscopy, X-ray imaging, spectroscopy, and electrochemical–
mechanical measurements—first provide quantitative descriptors of microstructure, stress
evolution, and interfacial degradation. These data are subsequently combined with physics-
informed machine learning and multiscale simulations to establish predictive models for Li-ion
transport, stress distribution, and damage evolution. The resulting models can then be coupled
with Bayesian optimization, active learning, or generative AI to inversely design SEs, artificial
interphases, coating layers, electrode microstructures, and operating conditions with targeted
electro-chemo-mechanical performance [218]. Experimental validation continuously updates the
training database, enabling iterative improvement of both the predictive models and material
design strategies.

Such a closed-loop framework transforms AI from a passive data-analysis tool into an
active decision-making platform for electro-chemo-mechanical engineering. Rather than
optimizing electrochemical, mechanical, or interfacial properties independently, future AI
models are expected to simultaneously consider ionic transport, chemical stability, me-
chanical integrity, and interfacial evolution across multiple length scales. As standardized
multimodal databases, physics-informed learning algorithms, and autonomous experi-
mentation continue to mature, AI will play an increasingly important role in accelerating
the inverse design of mechanically robust ASSLMBs with stable solid–solid interfaces and
predictable long-term degradation.

8. Summary and Outlook
Electro-chemo-mechanical coupling fundamentally distinguishes ASSLMBs from con-

ventional liquid-electrolyte batteries. Throughout battery operation, electrochemical reac-
tions continuously generate mechanical stresses through cathode volume changes, chemo-
mechanical mismatch, Li plating and stripping, stack pressure, and thermal effects. These
stresses are not merely passive consequences of electrochemical processes; they actively
modify ion transport, reaction kinetics, interfacial contact, and current distribution, giving
rise to a dynamic feedback loop that governs structural degradation, interfacial instability,
and ultimately cell performance. In this review, we have established a unified framework
linking the origins of stress with its electrochemical consequences, representative failure
mechanisms, advanced characterization techniques, mitigation strategies, and emerging
AI-assisted approaches. Rather than treating electrochemical and mechanical phenomena
independently, this framework highlights that battery degradation arises from their contin-
uous interaction across multiple length scales, from atomic defects and grain boundaries to
composite electrodes and full cells.

Despite remarkable progress over the past decade, several fundamental questions
remain unresolved. Although numerous studies have investigated individual aspects of
electro-chemo-mechanical coupling, a quantitative understanding of their interactions is
still lacking. How can local stress, ion transport, electrochemical reactions, and fracture be
quantitatively linked across different length and time scales? Existing models often focus
on isolated processes and therefore cannot fully describe the coupled evolution of practical
ASSLMBs. Which operando signals can reliably predict mechanical failure before an abrupt
voltage collapse or internal short circuit occurs? While pressure, strain, impedance, acoustic
emission, and imaging techniques have each revealed part of the degradation process,
robust early-warning indicators remain elusive. Can mechanically compatible electrodes
and adaptive interfaces maintain stable solid–solid contact under practically relevant stack
pressures, high areal capacities, and long-term cycling? Addressing these questions will
require a deeper understanding of the interplay between electrochemistry, mechanics,
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and interfacial evolution, rather than continued optimization of individual materials or
interfaces in isolation.

Future progress will depend on closer integration between experiments, modeling,
and materials design. Experimentally validated multiphysics models that couple electro-
chemical reactions, ion transport, mechanics, thermal effects, and interfacial evolution are
needed to establish quantitative relationships between local physicochemical processes and
macroscopic battery performance. At the same time, multimodal operando characterization
techniques should move beyond observing individual phenomena toward simultaneously
resolving Li transport, stress evolution, chemical reactions, structural degradation, and
contact evolution within buried solid–solid interfaces. Standardized testing under prac-
tically relevant conditions—including realistic stack pressures, areal capacities, current
densities, temperatures, and cycling protocols—will also be essential for enabling mean-
ingful comparisons among different materials and cell configurations and for translating
laboratory-scale observations into practical cell designs.

Looking forward, the goal of electro-chemo-mechanical research should extend be-
yond identifying individual degradation mechanisms or developing isolated mitigation
strategies. A more important objective is to establish quantitative design principles that
relate material properties, interface characteristics, electrode architectures, and operating
conditions to long-term mechanical and electrochemical stability. Such principles would en-
able the rational design of ASSLMBs based on predictive rather than empirical approaches.
As advanced characterization, multiscale modeling, data-driven methods, and intelligent
materials design continue to develop, electro-chemo-mechanical studies are expected to
evolve from qualitative interpretation toward quantitative prediction. This transition will
not only deepen our fundamental understanding of coupled degradation processes but
also provide a more reliable scientific foundation for developing high-energy, mechanically
robust, and commercially viable ASSLMBs.
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