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Table 1 Parameters and calculated results of volumetric changes during charge and discharge in different cell systems

Parameter LRMO-Li Li-S LRMO-ZLMA
Cathode type LRMO S LRMO
Cathode density/(g-cm™) 4.50 2.07 4.50
Cathode charging volume change/% -9.00 —26.30 -9.00
Solid electrolyte type Li;InClg Li;0GeP,S), Li;InClg
Solid electrolyte density/(g-cm™) 2.59 2.04 2.59
Conductive additive CNT CNT CNT
Conductive additive density/(g-cm ) 2.10 2.10 2.10
Cathode specific capacity/(mA-h-g) 300.00 1000.00 300.00
Active material ratio 0.63 0.48 0.64
Solid electrolyte ratio 0.36 0.32 0.35
Conductive additive ratio 0.01 0.20 0.01
Areal capacity/(mA-h-cm ) 2.50 3.00 2.50
Cathode mass/(mg-cm’z) 13.23 6.25 13.02
Calculated thickness of cathode/um 18.52 14.49 18.52
Calculated thickness of solid electrolyte/um 18.39 9.80 17.60
Calculated thickness of conductive additive/um 0.63 5.95 0.62
Calculated thickness of composite cathode/um 37.53 30.25 36.73
Composite cathode thickness change after charging/pum -1.67 =5.17 -1.67
Anode type Li Li ZLMA
Li metal density/(mg-cm ) 0.53 0.53 0.53
Specific capacity/(mA‘hg") 3860.00 3860.00 2000.00
Areal capacity/(mA-h-cm ) 0.25 3.30 0.25
N/P ratio (w/ cathode Li) 1.10 1.10 1.10
Anode mass/(mg-cm ™) 0.06 0.85 0.13
Anode density/(g-cm™) 0.53 0.53 0.20
Anode thickness/um 1.21 16.01 6.25
Anode thickness change after charging/pm 12.13 14.55 0.00
Solid electrolyte type LigPSsCl LigPSsCl LigPSsCl
Solid electrolyte density/(g-cm™) 1.70 1.70 1.70
Solid electrolyte thickness/um 20.00 20.00 20.00
Solid electrolyte mass/(mg-cm 2) 3.40 3.40 3.40
Cell median voltage/V 4.00 2.10 4.00
Theoretical energy density(W-h-kg™") 599.08 599.72 604.38
Cell thickness (discharged)/pm 58.75 58.65 62.98
Cell thickness (charged)/pm 69.20 66.25 61.32
Cathode volume change proportion/% —2.84 -9.09 -2.65
Anode volume change proportion/% 20.64 25.58 0.00
Cell volume change rate during charging/% 17.80 16.49 -2.65

“Current collectors and cell packaging were not considered in this calculation process.
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Fig. 5 Local volume changes in the cathode and their impact
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Table 2 Electrochemical performance of different local volumetric expansion suppression strategies for the anode

. . Critical current Areal capacity/ .
Local volume expansion suppression strategy . > 5. Solid electrolyte type Reference
density/(mA-cm ) (mA-h-cm ™)
In-situ construction of nano-MgF- anode layer, uniform interfacial flux 13 1.3 LigsLasZr; sTagsO12 [102]
In-situ formation of Li-Ga/LiCl composite interlayer, high interfacial energy LiCl 1.5 1.5 LisP3Si [103]
suppresses dendrite growth
LisPSsCl/Li1oGeP,S12  composite electrolyte interlayer, utilizing internal 14 1.4 LisPS;sCl [104]
expansion stress to suppress dendrite penetration
Lil interlayer-LiAg alloy anode, improving interfacial reaction uniformity 1.6 1.6 LigPSsCl [105]
BaTiOs-modified electrolyte grain boundaries, weakening local electric field, 2.7(25 C) 0.1 Li;La;Zr012 [106]
suppressing Li nucleation 6.1(65 C) 0.1
Li/LiCs composite anode improves interfacial contact and enhances Li diffusion 2.4 2.4 Li;La;Zr,012 [107]
kinetics 4.0 0.45
Li/SrsN2 molten composite improves interfacial wettability 1.3 1.3 LigsLasZr; sTagsO1n [108]
PVCa-coated LisPSsCl improves interfacial contact 2.0 2.0 LigPSsCl [109]
Introduction of liquid metal at the anode interface improves interfacial contact 9.8 1.0 LigPSsCl [110]
LiMg/graphite composite anode regulates Li diffusion and stabilizes dynamic 13 1.3 LigPSsCl [93]
interfacial contact
Li/ZnO nanorod molten composite enhances anode ionic conductivity 2.0 0.1 LigPSsCl [94]
Li/black phosphorus molten composite improves anode ionic conductivity 1.5 1.5 Lig4LasZr, 4Tag 6012 [96]
2.5 0.2
Soft carbon-LiN; interlayer enhances Li diffusion at the anode 16.0 0.25 LigPSsCl [97]
Li—SnF> molten composite anode, Li—Sn alloy phase enhances Li diffusion 35 35 LisPSsCl [95]
Li-MCMB-Sn molten composite anode improves Li transport capability 1.2 1.2 LisPSsCl [111]
Thiourea-calcined soft carbon anode, increases interlayer spacing, enhances Li 36.0 0.5 LisPSsCl [98]
diffusion kinetics
LiF—C-LisN-Bi/LiF-C/LisN-LisBi lithiophobic/lithiophilic interlayer, induces 3.0 3.0 LigPSsCl [99]
directional Li deposition
In-situ formation of LiMg-LisBi-LiMgS,, induces 3D Li deposition 6.0(80 C) 6.0 LigPSsCl [100]
CNT-regulated anode interfacial electric field distribution, induces gradient Li 4.0 4.0 LigPSsCl [101]

nucleation and growth
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Extend abstract

The global energy transition toward sustainable and green energy systems have intensified a demand for advanced
electrochemical energy storage technologies. Lithium-ion batteries (LIBs), while being dominant in portable electronics and electric
vehicles, face some challenges, including safety risks from flammable liquid electrolytes and limited energy density. These limitations
hinder their application in emerging fields such as electric aviation, high-performance drones, and long-range electric vehicles. Recent
incidents of LIB thermal runaway and combustion further highlight an urgency for safe and high-energy-density alternatives. In this
context, all-solid-state lithium metal batteries (ASSLMBs) emerge as a promising next-generation energy storage solution, offering
enhanced safety and superior energy density.

ASSLMBs replace volatile liquid electrolytes with solid-state electrolytes (SSEs), thereby eliminating combustion risks and
improving thermal stability. Also, the use of lithium metal anodes with an ultrahigh theoretical capacity (i.e., 3860 mA-h/g) and a
minimum electrochemical potential (i.e., —=3.04 V vs. SHE) significantly boosts energy density, compared to conventional graphite
anodes. These advantages make ASSLMBs a focal point of research and development. However, despite their theoretical potential,
ASSLMBs face some practical challenges, particularly the electrochemo-mechanical issues induced by volume expansion during
charge and discharge cycles.

Volume changes in ASSLMBs stem from the expansion and contraction of electrode materials during lithium (de)intercalation.
Cathode materials, such as lithium-rich manganese-based oxides, typically exhibit volume changes of 2%—-10%. In contrast, lithium
metal anodes can experience extreme volume expansion of up to 1000% when operating at a low negative-to-positive capacity ratio
(i.e., N/P=1.1). In high-energy-density configurations, such as ASSLMBs targeting about 600 W-h/kg, the overall cell-level volume
change can reach 18%. Unlike conventional LIBs that use liquid electrolytes to accommodate strain, the rigid solid-solid interfaces in
ASSLMBs cannot self-adjust to such deformations. This rigidity leads to significant mechanical stresses, including stack-level
stresses in the MPa range and localized stress concentrations in the GPa range, caused by heterogeneous current distribution, lithium
dendrite growth, and particle cracking. These stresses can result in interfacial delamination, active material fracture, and ion transport
blockages, severely degrading the battery performance and cycle life.

This review provides a comprehensive analysis of the electrochemo—mechanical challenges in all-solid-state lithium metal
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batteries (ASSLMBs) and explores some strategies to mitigate these issues. First, we examine the fundamental mechanisms of
mechanical-electrochemical coupling, emphasizing a relationship between material properties (i.e., modulus, fracture toughness),
operational parameters (i.e., current density, pressure), and stress generation. Advanced characterization techniques, such as in-situ
stress sensors, X-ray computed tomography, and finite element modeling, are employed to reveal multi-scale stress evolution and its
impact on the battery performance. These tools enable to visualize and quantify stress distribution in micro- and macro-scale,
providing insights into the dynamic interplay between mechanical and electrochemical processes. Second, we analyze the
consequences of volumetric strain on key performance metrics, including interface stability, lithium deposition behavior, and cathode
degradation.

To address these challenges, we evaluate strategic approaches such as material innovation, interface engineering, and structural
optimization. Material innovation focuses on designing SSEs with balanced ionic conductivity and mechanical compliance.
Strain-tolerant cathode architectures, including single-crystal particles and composite electrodes with buffer matrices, are also
explored to mitigate volume changes. Interface engineering involves introducing functional interlayers, such as Li;N coatings, to
enhance adhesion and redistribute interfacial stresses. Artificial solid-electrolyte interphases (SEI) with self-healing properties are
highlighted for stabilizing lithium anodes and preventing dendrite formation. Structural optimization explores cell-level designs,
including pre-stress mechanisms and gradient porosity electrodes, to mitigate strain accumulation and improve the overall battery
performance. Pressure management strategies for stack assemblies are also discussed to balance contact maintenance with stress
relaxation. ASSLMBs with enhanced mechanical stability, improved electrochemical performance and extended cycle life are
developed via integrating these approaches, paving a way for their practical application in next-generation energy storage systems.

Finally, we outline future research directions, emphasizing a need for multi-physics models that integrate electrochemical,
thermal, and mechanical dynamics across scales. Advanced manufacturing techniques and novel diagnostic tools for real-time stress
monitoring are identified as critical enablers for advancing ASSLMB technology. In addition, we also analyze the existing technical
challenges and potential solutions, which can provide theoretical support and practical guidance.

Summary and prospects One of the core challenges faced by all-solid-state lithium metal batteries during their development is a
mechanical-electrochemical coupling effect caused by volumetric changes. The volumetric changes of active materials during charge
and discharge, especially under high energy density conditions, can significantly negatively impact the structural stability and
electrochemical performance of the battery, leading to some problems such as interface delamination and crack formation. These
problems severely limit the cycle life and high-rate performance of all-solid-state lithium metal batteries, becoming a major obstacle
to their practical application. To address these challenges, some strategies such as optimizing cell module structures, material
modification, and structural regulation have been proposed. Future research should focus on four key directions, i.e., exploring the
mechanical-electrochemical coupling mechanism using advanced experimental techniques and multiscale modeling to better
understand the interactions between stress, ion transport, and electrochemical reactions, developing advanced characterization and
testing methods to cope with the complexity of mechanical-electrochemical coupling mechanism, developing volumetric expansion
suppression strategies for practical applications (i.e., the development of zero-strain electrode materials and interface engineering
designs) to mitigate the adverse effects of volumetric changes during cell cycling while reducing the high stack pressure demands of
all-solid-state lithium metal batteries, and leveraging machine learning and artificial intelligence to accelerate the discovery of
high-performance materials and optimize the battery structure design.

Keywords all-solid-state lithium metal battery; volume expansion; stress responses; mechanical-electrochemical



